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SUMMARY 
 
 
Ultraviolet-B (UV-B) radiation is an integral component of natural sunlight reaching the 

Earth’s surface. Although being a potentially harmful and damaging agent, UV-B is a key 

environmental signal for plants initiating diverse responses that affect their metabolism, 

development and viability. The majority of these responses involve the differential 

regulation of gene expression and all require accurate perception of the effective light 

quality by a photoreceptor. The recent identification of UV RESISTANCE LOCUS8 

(UVR8) as a UV-B photoreceptor has been an important milestone in plant UV-B research 

(Rizzini et al., 2011; Christie et al., 2012; Wu et al., 2012). However, rather little is known 

yet about the precise mechanisms of photoreception and signal transduction. Therefore, the 

overall aim of this study was to investigate how the structure of the UVR8 protein 

determines its function in the UV-B response in Arabidopsis.  

The mechanism of light perception by UVR8 differs from other so far characterized 

photoreceptors since UVR8 does not bind an external cofactor as chromophore but 

performs UV-B photoreception using some of its intrinsic tryptophans. To identify 

structurally and functionally important amino acids of UVR8, site-directed mutagenesis of 

a conserved and repeated motif GWRHT was carried out. The tryptophans of these motifs 

form the base of the postulated UV-B perceiving pyramid (Christie et al., 2012). The 

impact of the introduced mutations was assessed in vitro and in vivo by various methods 

such as size exclusion chromatography (SEC), far-UV circular dichroism (CD) 

spectroscopy and forms of polyacrylamide gel electrophoresis (PAGE). Results showed 

that in the absence of UV-B UVR8 forms a dimer that is very effectively held together by a 

network of cross-dimer salt bridges. Especially important for stable dimerisation were salt 

bridges that are located adjacent to the UV-B perceiving tryptophan pyramid, in particular 

those involving R286 and their disruption by mutation led to constitutive monomerisation 

of the photoreceptor. Several mutations resulted in a destabilized and weakened dimer 

which could only be detected as dimer in vitro but appeared monomeric in vivo.  

The currently most upstream identified event of UV-B perception by UVR8 is its UV-B 

induced monomerisation which happens very rapidly and in a fluence rate dependent 

manner (Rizzini et al., 2011). UV-B also causes physical interaction between UVR8 and 

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) which is essential to initiate 

UVR8-mediated signalling (Favory et al., 2009). Stable transgenic Arabidopsis lines 

expressing various UVR8 salt bridge mutants as GFP-fusions in the uvr8-1 background 
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were generated to analyse structural requirements of UVR8 for its interaction with COP1 

and to test the photomorphogenic response with respect to UV-B induction of 

ELONGATED HYPOCOTYL5 (HY5) and CHALCONE SYNTHASE (CHS) gene expression 

and suppression of hypocotyl extension. The results established that, in vivo, constitutive 

monomerisation and constitutive interaction with COP1 are not sufficient to initiate a 

UVR8-mediated response in the absence of UV-B. Furthermore, a constitutively 

monomeric mutant that still showed a photomorphogenic response in the presence of 

UV-B could be identified, suggesting that dimerisation is not required for UV-B perception 

and UVR8-mediated signalling in vivo.  

One characteristic feature of the UV-B perceiving tryptophan pyramid is that the close 

proximity of the aromatic side chains allows overlap of their electronic orbitals resulting in 

exciton coupling of the tryptophans which could be monitored by far-UV CD spectroscopy 

(Christie et al., 2012). Exciton coupling was absent after UV-B induced monomerisation 

and was reduced in several salt bridge mutants. The close proximity of UV-B perceiving 

tryptophan residues to essential dimer maintaining salt bridges led to the hypothesis that 

electron transfer may occur between the tryptophans and adjacent salt-bridging arginines 

leading to charge neutralization and thus dimer destabilization and monomerisation 

(Christie et al., 2012). Fourier transform infrared (FTIR) spectroscopy was employed to 

detect UV-B induced changes in the chemical structure of the amino acid side chains and 

the overall conformation of the protein. However, the signals obtained in the light-induced 

difference spectra could not be clearly assigned to a specific process and require further 

experiments. Changes in the local environment of the tryptophan chromophore could be 

detected by fluorescence spectroscopy. Here, a UV-B induced red shift of the protein’s 

emission spectrum was observed which shows that the initially buried tryptophan pyramid 

becomes solvent exposed, which is consistent with UV-B induced monomerisation. UV-B 

induced conformational changes of the photoreceptor’s C-terminus were revealed by 

limited proteolysis experiments. The pattern of peptides produced by mild trypsin digestion 

of UVR8, which are derived from the C-terminus, changes after UV-B exposure 

suggesting that UV-B not only induces monomerisation but also conformational changes in 

the C-terminus that lead to changes in its accessibility. Those changes are required for 

activation of the signalling pathway as seen in vivo. 

Finally, to allow regulation of UVR8 signal transduction and an optimally balanced UV-B 

response, the activated monomeric form must return to its homodimeric ground state once 

UV-B is no longer present. This process had so far not been investigated and therefore the 

kinetics of dimer regeneration were analysed in various Arabidopsis genotypes and under 
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influence of a protein synthesis inhibitor as well as an inhibitor of proteasomal activity. 

The level of total UVR8 protein remained unchanged in the presence of these inhibitors 

and also the kinetics of dimer regeneration were only slightly affected, which suggests that 

regeneration of dimeric UVR8 occurs by reversion from the monomer to the dimer. 

Regeneration of the UVR8 dimer was also possible in vitro with illuminated plant extract 

or purified UVR8 but was considerably slower, suggesting that the presence of intact cells 

is required. The absence of the C-terminus, which is known to interact with COP1 and 

REPRESSOR OF UV-B PHOTOMORPHOGENESIS (RUP) 1 and 2 (Cloix et al., 2012), 

had the greatest effect in slowing regeneration of the dimer in vivo but did not completely 

prevent it.  

The present study has extended our understanding of UV-B perception and signal 

transduction by UVR8 in plants in several respects and even if many questions still remain 

to be answered, slowly, the position and role of UVR8 in the great network of light signal 

transduction is emerging. 
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1. INTRODUCTION
 

 

1.1 Impact of the sunlight spectrum on plants

Light has profound effects on the development of plants and acts throughout their entire 

lifecycle. Being photoautotrophic and sessile organisms, light is the plants’ source of 

energy driving photosynthesis and ensuring biomass production. However, light i

source of information and 

1-1). The most striking effects of light 

are observed when a germinating seedling emerges from the soil and is ex

the first time. Numerous changes are

hypocotyl growth, stimulation of cotyledon expansion and chloroplast development

prepare the plant for photosynthesis (Taiz and Zeiger, 2002). Th

photomorphogenic processes is only possible because plants have evolved sophisticated 

perception systems to sense 

photoreceptors are coupled to networks of signal transduction pathwa

massive reprogramming of the pl

FIGURE 1-1: Photomorphogenesis during the life cycle of Arabidopsis. 
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Light is therefore essential for plant survival but also comprises harmful radiation that has 

an extensive effect on the biosphere. Due to the stratos

damaging ultraviolet-
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Light has profound effects on the development of plants and acts throughout their entire 

lifecycle. Being photoautotrophic and sessile organisms, light is the plants’ source of 

energy driving photosynthesis and ensuring biomass production. However, light is also a 

the important process of photomorphogenesis (Fig 

mediated changes in plant growth and development 

are observed when a germinating seedling emerges from the soil and is exposed to light for 

triggered in the plant shoot, such as inhibition of 

growth, stimulation of cotyledon expansion and chloroplast development to 

prepare the plant for photosynthesis (Taiz and Zeiger, 2002). The induction of these 

photomorphogenic processes is only possible because plants have evolved sophisticated 

different parameters of the light environment. Those 

photoreceptors are coupled to networks of signal transduction pathways triggering a 

ant transcriptome in response to light (Jiao et al., 2007). 
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pheric ozone layer, the non-visible 
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reaching the Earth’s surface (Caldwell et al., 2003). However, UV-B radiation has the 

highest energy of the daylight spectrum that reaches the Earth and therefore, although only 

small quantities of UV-B are involved, it is notorious for being a ubiquitous and potent 

environmental carcinogen affecting human skin cells (Gilchrest et al., 1999). Organisms 

have therefore evolved mechanisms to protect themselves against UV-B and to repair UV 

damage (Rozema et al., 1997). The systems of UV-protection and repair in plants are 

evidently very effective because in the natural environment they rarely show any signs of 

UV damage. Nevertheless, UV-B is not simply a damaging agent for plants. Just like the 

other spectral parts of the daylight spectrum, UV-B is a key environmental signal for plants 

affecting plant morphology, gene regulation and changes in the plants metabolism 

accounting for UV-B acclimation and protection (Brosche and Strid, 2003; Frohnmeyer 

and Staiger, 2003; Ulm and Nagy, 2005; Jenkins, 2009). To be able to generate such 

responses the plant has to be able to ‘see the invisible’ (Gardner and Correa, 2012). Several 

action spectra for photomorphogenic UV-B responses have been published and most show 

maxima between 280 and 300 nm suggesting involvement of a UV-B photoreceptor 

(Yatsuhashi et al., 1982; Takeda and Abe 1992; Ensminger 1993). Decades of research on 

the postulated presence of a UV-B photoreceptor have finally been successful by 

identifying, characterising and also elucidating the crystal structure of UV RESISTANCE 

LOCUS8 (UVR8) as a plant UV-B photoreceptor (Hahlbrock and Grisebach, 1979; 

Kliebenstein et al., 2002; Brown et al., 2005; Rizzini et al., 2011; Christie et al., 2012; Wu 

et al., 2012). 

 

1.2 Visible light perception and signalling respons es in Arabidopsis 

Photoreceptors are proteins responsible for light perception and they are able to initiate a 

signalling cascade resulting in a light specific response. Today, this conversion of light of 

different wavelengths into biochemical signals is well understood for photoreceptors 

sensitive to visible light (400 - 700 nm). Since the polypeptide backbone and the amino 

acid side chains do not absorb in the visible light range, the primary site of photon 

absorption is a non-protein, organic component, the so-called chromophore. The energy of 

light causes photoisomerization or photoreduction of the chromophore, a physical change 

perceived by the apoprotein which initiates the light signal transduction (Taiz and Zeiger, 

2002). The chemical nature and the photochemistry of the chromophore form the basis of 

photoreceptor classification and at present three different classes of visible light 

photoreceptors are known in plants: phytochromes, cryptochromes and light-oxygen-

voltage (LOV) sensors including phototropins and zeitlupe proteins (Fig 1-2). 
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known as dark reversion (Rockwell et al., 2006). The biological active Pfr form is 

translocated into the nucleus, localises to speckles or nuclear bodies and triggers a 

transcription cascade that leads to the regulation of a large number of light-responsive 

genes (Yamaguchi et al., 1999; Kircher et al., 1999; Chen et al., 2003).  

The five members of the phytochrome family differ in their light stabilities and fluence rate 

requirements. Four of the five, phyB, phyC, phyD and phyE, are light-stable in 

Arabidopsis and function primarily in regulation of responses to low-fluence red light and 

to the R:FR light ratio. In contrast, phyA is rapidly degraded in its Pfr form and controls 

plant responses to very low fluence rates and high-irradiance (Nagy and Schaefer, 2002). A 

further characteristic of some of the light stable phytochromes is their ability to 

heterodimerise. Whereas phyA, phyB and phyD form homodimers, phyC and phyE are 

present in seedlings only as heterodimers with phyB and phyD (Sharrock and Clack, 2004; 

Clack et al., 2009). 

Yeast two-hybrid screening has identified a number of phytochrome-interacting proteins as 

well as transcription factors, such as for example PHYTOCHROME INTERACTING 

FACTOR3 (PIF3) (Leivar and Quail, 2011). Although PIF3 was originally considered as a 

positive regulator of phytochrome-induced signalling, recent evidence shows that upon 

continued red light exposure, signalling by the Pfr form is terminated by PIF promoted 

CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) -mediated degradation sugges-

ting that PIF3 is also a negative regulator of phy-induced signalling (Castillon et al., 2007; 

Jang et al., 2010). Furthermore, phytochromes interact with the UV-A/blue light 

photoreceptors cryptochromes 1 and 2 (Ahmad et al., 1998; Mas et al., 2000), the clock 

proteins ZEITLUPE/ADAGIO1 (ZTL/ADO1) (Jarillo et al., 2001) as well as phototropins 

(Jaedicke et al., 2012) allowing photoreceptor regulation and integration of other light 

signal transduction pathways. 

1.2.2 Cryptochromes  

The blue part of the visible light spectrum is absorbed and utilized by the cryptochromes 

(cry) which are members of a larger blue light-absorbing chromoprotein superfamily 

present in plants, animals, fungi and bacteria (Batschauer et al., 2007). This family also 

includes the DNA photolyases which catalyze the repair of UV light-damaged DNA and 

are postulated to be the ancestors of cryptochromes (Chaves et al., 2011). All members of 

the cry/photolyase family share an amino-terminal photolyase-related (PHR) domain that is 

responsible for binding the chromophores, both a primary/catalytic flavin and a second 

light-harvesting deazaflavin or pterin (Fig 1-2; Liscum et al., 2003). However, 
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cryptochromes lack DNA repair activity and also differ from photolyases by the presence 

of a carboxyl-terminal extension (CCT) beyond the PHR domain which was shown to be 

important for protein interactions and mediation of signalling processes (Cashmore et al., 

1999; Yang et al., 2000). 

The cryptochrome family in Arabidopsis currently consists of three members: 

cryptochrome 1 and 2 (cry1 and cry2) entrain the circadian clock and trigger 

developmental processes such as de-etiolation and flower induction (Moeglich et al., 

2010). Cryptochrome 3 (cry3), belonging to the cry-DASH (Drosophila, Arabidopsis, 

Synechocystis and Homo) class of cryptochromes is the only plant cryptochrome with 

clear DNA-binding and also DNA-repair activities (Brudler et al., 2003). Evolutionarily, it 

therefore forms an intermediate between cryptochromes and photolyases. Furthermore, 

Arabidopsis cry3 also lacks the CCT and is localized in chloroplasts and mitochondria 

(Kleine et al., 2003).  

In terms of subcellular localization cry1 and cry2 greatly differ: whereas cry1 is nuclear in 

the dark but largely cytoplasmic under light, cry2 is constitutively nuclear localized (Jiao et 

al., 2007). In the nucleus, homodimers of cry1 and cry2 both constitutively interact with 

COP1, an E3 ubiquitin ligase which forms a central switch in plant photomorphogenesis 

(see also section 1.5; Yang et al., 2001; Yi and Deng, 2005). Perception of UV-A or blue 

light causes photoexcitation of cry1 and cry2 which in turn leads to rapid phosophorylation 

and conformational change of the C-terminal domains of the receptors which is considered 

to be an important step in the signalling pathway (Shalitin et al., 2002; Bouly et al., 2003; 

Liu et al., 2010). Rapid phosphorylation-based cryptochrome activation results in COP1 

deactivation, thus preventing the degradation of activators of the light response by 

polyubiquitination, such as ELONGATED HYPOCOTYL5 (HY5), LONG AFTER FAR-

RED1 (LAF1), and LONG HYPOCOTYL IN FAR-RED1 (HFR1), which is an important 

event during seedling de-etiolation processes (Osterlund et al., 2000; Wang et al., 2001; 

Seo et al., 2003; Jang et al., 2005).  

1.2.3 Phototropins and Zeitlupe proteins 

Besides the cryptochrome family, a second family of blue light sensors that utilizes LOV 

domains for light perception is present in plants. LOV domains were first discovered as 

tandem sensor domains in plant phototropins (Christie et al., 1998) and have since been 

found in several plant, fungal and bacterial proteins (Crosson et al., 2003). In Arabidopsis, 

phototropins (phot1 and phot2) mediate a variety of relatively fast, light-induced responses 
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that serve to optimize photosynthetic performance, including phototropism, chloroplast and 

leaf movements and stomatal opening (Christie, 2007).  

Phototropins are plasma-membrane associated serine/threonine kinases with an N-terminal 

photosensory input region which contains two LOV domains, LOV1 and 2, each 

non-covalently binding a flavin mononucleotide acting as chromophore (Fig 1-2) (Briggs 

and Christie, 2002). Upon excitation with blue light, a reversible photocycle is activated 

that involves the formation of a covalent adduct between the flavin and a conserved cystein 

residue within the LOV domain (Salomon et al., 2000). This subsequently induces 

conformational changes in the protein (Harper et al., 2003) which relieves repression of the 

kinase activity resulting in rapid fluence rate dependent autophosphorylation of the 

photoreceptor required for phototropin signalling (Chen et al., 2004).  

In contrast to phytochromes and cryptochromes, the contribution of phototropins to 

transcriptional regulation is relatively small and only a limited number of genes are under 

their control (Jiao et al., 2007). Several proteins essential for phototropin signalling have 

been identified to date (Inada et al., 2004; de Carbonnel et al., 2010). Among them is a 

phot1-interacting protein, NON-PHOTOTROPIC HYPOCOTYL3 (NPH3) that is essential 

for lateral auxin redistribution and phototropism (Motchoulski and Liscum, 1999). New 

insights into auxin redistribution during phototropism are provided by a recent study that 

identified the auxin efflux transporter ATP-BINDING CASSETTE B19 (ABCB19) as a 

phosphorylation target of phot1 (Christie et al., 2011). This process inhibits the efflux 

activity of ABCB19, thereby redistributing auxin to halt vertical growth and prime lateral 

fluxes that are subsequently channelled to the elongation zone by PIN-FORMED3 (PIN3). 

Light-mediated polarization of PIN3 has also recently been demonstrated to be essential 

for phototropic responses (Ding et al., 2011). 

A second group of blue light receptors utilizing LOV domains for light sensing are the 

proteins of the ZEITLUPE family which currently comprises three members: Zeitlupe 

(ZTL, also known as Adagio, ADO), Flavin-binding Kelch Repeat F-box 1 (FKF1) and 

LOV Kelch Protein 2 (LKP2) (Demarsy and Fankhauser, 2009). All three proteins contain 

only one LOV domain with an FMN chromophore followed by an F-box domain and 

several Kelch repeats (Fig 1-2). These proteins mediate ubiquitin-dependent protein 

degradation in a light-controlled manner (Mas et al., 2003), ultimately leading to 

photoperiodic expression and/or accumulation of key proteins involved in flowering onset 

and entrainment of the circadian clock, after which they were named (Kim et al., 2007). 
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1.3 UV-B radiation and its biological effects 

1.3.1 UV-B radiation 

Plants in their natural environment are not only exposed to visible light wavelengths but 

also to UV-A and UV-B-radiation which are integral parts of the sunlight reaching the 

surface of the Earth. By definition, UV-B radiation comprises wavelengths between 280 

and 315 nm, though only wavelengths greater than 290 nm can reach the Earth’s surface 

due to effective absorption of even shorter wavelengths by the stratospheric ozone layer. 

The intensity of solar UV-B radiation incident on organisms and ecosystems is influenced 

by a range of factors, making it a highly dynamic component of the environment 

(McKenzie et al., 2003). In particular, large scale effects are due to latitude, altitude and 

the seasons that affect the solar angle and hence the thickness of the atmosphere that UV-B 

must penetrate (Paul and Gwynn-Jones, 2003). Short term changes that also affect the level 

of UV-B present are the time of the day, the degree of cloud cover and the dispersal of 

atmospheric aerosols and pollutants that can absorb UV-B (Jenkins, 2009). Overall, the 

effects of UV-B radiation on plants can be broadly divided into two classes reflecting the 

function of the response: firstly, UV-B damage causing an acute stress response that will 

help the plant to survive exposure to elevated levels of UV-B and secondly UV-B causing 

a photomorphogenic response in the plant, a non-damage response that establishes UV-B 

protection and modifies development (Jenkins, 2009). Examples of both responses will be 

described in the following two sections. 

1.3.2 UV-B as a damaging agent 

In general, the damaging nature of UV-B radiation is due to the high energy per photon of 

such short wavelengths combined with the ability of a wide range of biologically active 

molecules including nucleic acids, aromatic acids and lipids to absorb it. DNA damage can 

occur in several ways; however UV-B exposure most prevalently induces the formation of 

cyclobutane pyrimidine dimers (CPD) and to a lesser extent pyrimidine [6-4] pyrimidinone 

dimers (6-4 photoproduct) (Britt, 2004). The presence of these photoproducts leads to 

inhibition of replication and transcription, mutation, growth arrest and finally cell death. In 

order to cope with these damages, most organisms have developed DNA repair 

mechanisms, which involve photoreactivation, excision repair and homologous 

recombination (Ulm, 2006). Pyrimidine dimers are mainly repaired by photoreactivation 

which is mediated by photolyases in the presence of UV-A/blue light (Britt, 2004). 

Functional photolyases are critical for plant survival under UV-B and several mutants 
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hypersensitive to UV-B due to deficiencies in DNA repair have been identified (Britt et al., 

1993; Jiang et al., 1997; Landry et al., 1997).  

One response to UV-B radiation as an environmental stress involves mitogen-activated 

protein kinase (MAPK) signalling cascades (Jenkins, 2009). UV-B dependent activation of 

the two best-characterized stress activated MAPKs of Arabidopsis, MPK3 and MPK6, is 

initiated by pyrimidine dimers resulting from UV-B damage (González Besteiro and Ulm, 

2013). MPK3 and MPK6 are negatively regulated by becoming dephosphorylated by 

MAPK phosphatase1 (MKP1), which is required to cope with UV-B stress but is not 

involved in UV-B acclimation (González Besteiro et al., 2011). DNA damage signalling in 

response to UV-radiation (UV-C and UV-B) has also been characterized in other systems. 

Although no UV-B photoreceptor has yet been identified in mammalian systems, UV 

radiation initiates DNA damage signalling pathways that arrest cell cycle progression and 

promote DNA repair in mammalian cells (Sancar et al., 2004). Exposure to UV also 

triggers a transcriptional induction response including the activation of transcription factors 

such as AP-1 and nuclear factor-κB (NF-κB) as well as the initiation of signal-transduction 

events mediated by receptor tyrosine kinases (Devary et al., 1992).  

In addition to the effects on survival, UV-B mediated DNA damage in plants induces, for 

example, the expression of a pathogenesis-related (PR) protein (β-1,3-glucanase) in bean 

(Kucera et al., 2003) and promotes isoflavonoid synthesis in leguminous plants (Beggs et 

al., 1985).  

At the whole-plant level, extensive exposure to UV-B results in reduced plant biomass and 

crop yield, mainly due to growth inhibition as well as tissue destruction (Casati and 

Walbot, 2004 a; Caldwell et al., 2007). Further damage by UV-B is caused by crosslinking 

of ribosomes and ribosome oxidation which subsequently inhibits protein synthesis (Casati 

and Walbot, 2004 b). UV-B also impinges on various aspects of photosynthesis whereby 

its damaging effects on photosystem II caused by triggering the rapid degradation of the 

D1 and D2 proteins from photosystem II, are the best characterized effect (Jansen et al., 

1998). Inhibition of photosynthetic electron transport due to UV-B can be one source of 

increased accumulation of reactive oxygen species (ROS) observed after UV-B exposure 

of plants (Mackerness et al., 2001; Barta et al., 2004; Hideg et al., 2002). ROS accumulate 

in response to various abiotic and biotic stresses and cause oxidative damage to cellular 

components, and their levels therefore need to be controlled by the plant. Oxidative stress 

is reduced by increased activity of ROS-scavenging enzymes, such as ascorbate peroxidase 

and superoxide dismutase, which is observed following UV-B treatments, although mostly 

only under very high doses (Foyer et al., 1994; Rao et al., 1996). Another UV-B induced 
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stress response that overlaps with other environmental stimuli is the activation of wound 

and defence signalling pathways due to UV-B dependent accumulation of signal molecules 

such as ROS, jasmonic acid or ethylene that mediate wound/defence mechanisms 

(Mackerness et al., 1999, Brosche and Strid, 2003). The signalling pathways and target 

genes involved in these high fluence UV-B responses are however not UV-B specific. 

1.3.3 UV-B mediated photomorphogenesis  

Clearly distinguishable from the non specific UV-B signalling pathways under high UV-B 

fluence rate are the photomorphogenic UV-B signalling pathways that act at low and very 

low fluence rates of UV-B to regulate UV protection and morphogenesis. The phenotypic 

responses evoked in plants by those fluence rates are diverse, ranging from hypocotyl 

growth inhibition, cotyledon expansion, phototropic growth and regulation of stomatal 

opening to the induction of UV protective secondary metabolites such as flavonoids and 

sinapic acid esters (Ballare et al., 1995; Frohnmeyer et al., 1999; Shinkle et al., 2004; 

Wargent et al., 2009). The fact that mutants defective in DNA repair mechanisms, which 

would be expected to show increased levels of responses mediated by DNA damage 

signalling, do not show an alteration of any of the above processes, is evidence that distinct 

photomorphogenic signalling processes exist. The two most extensively studied responses 

are the suppression of hypocotyl extension (Kim et al., 1998; Shinkle et al., 2004) and the 

UV-B induced induction of genes involved in flavonoid biosynthesis especially 

CHALCONE SYNTHASE (CHS) (Feinbaum and Ausubel, 1988; Jenkins et al., 2001). 

Both phenotypes have been successfully used to identify specific UV-B-photomorphogenic 

mutants. A screen for mutants lacking a UV-B mediated suppression of hypocotyl 

extension led to the isolation of the UV-B light insensitive (uli) mutants (Suesslin and 

Frohnmeyer 2003). These mutants were also impaired in UV-B induced expression of CHS 

and PR1 compared to the response in wild-type plants. The ULI3 gene is predicted to 

encode a cytoplasmic protein with homology to human diacylglycerol kinases but lacking 

the conserved kinase domain; thus, its exact biochemical function remains to be 

determined (Suesslin and Frohnmeyer, 2003). 

Moving from morphogenesis towards UV-protection in the photomorphogenic UV-B 

signalling pathway, the most effective protection mechanism stimulated under such light 

conditions is the biosynthesis of flavonoids and other UV-B-absorbing phenolic 

compounds (Frohnmeyer and Staiger, 2003). The flavonoid biosynthesis pathway is a 

branch of the phenylpropanoid pathway that results in the production of several important 

secondary metabolites such as for example anthocyanins, flavones and flavonols (Winkel, 
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2006). The basic flavonols kaempferol and quercetin are further glycosylated by a number 

of glycosyltransferases and accumulate mainly in the upper epidermal cell layer and 

selectively absorb only harmful UV-B wavelengths, allowing photosynthetically active 

radiation to penetrate into the cells below thus not diminishing photosynthetic yields 

(Jansen et al., 1998). Mutants devoid of these photoprotective pigments are hypersensitive 

to UV-B (Li et al., 1993; Landry et al., 1995; Casati and Walbot, 2004 b) whereas mutants 

with enhanced flavonoid levels show increased resistance to UV-B (Bieza and Lois, 2001).  

Additionally, flavonoids can act as scavengers of free radicals allowing further protection 

against high levels of UV-B (Rice-Evans et al., 1997). Regulation of the flavonoid 

biosynthesis pathway largely takes place at the level of transcription by a network of 

transcription factors including the PRODUCTION OF FLAVONOL GLYCOSIDES (PFG) 

family of R2R3-MYB TFs (Stracke et al., 2007). PFG gene expression is up regulated by 

UV-B in a HY5 dependent manner and they contribute to the establishment of UV-B 

tolerance as shown by loss of function mutants and overexpressor lines (Stracke et al., 

2007). These findings demonstrate the physiological relevance of flavonoids as UV-B 

sunscreens during the acclimation response allowing plants to inhabit high latitudes and 

altitudes and to endure extensive exposure to UV-B (Jordan, 1996). 

The regulation of CHS transcripts has been the focus of many studies. CHS, encoded by a 

single gene in Arabidopsis, is the first enzyme in the flavonoid specific branch of the 

phenylpropanoid biosynthesis pathway and therefore a key enzyme in the secondary 

metabolism and regulated by a variety of environmental stimuli (Weisshaar and Jenkins, 

1998). The transcriptional regulation of CHS has become a well-established model system 

to analyse the interplay of UV-B radiation with other wavelengths of the daylight spectrum 

since it relies on complex interactions within a network of phytochrome-, cryptochrome- 

and UV-B-signalling pathways (Jenkins et al., 2001). In brief, distinct UV-A and blue light 

pathways interact synergistically with the UV-B pathway to enhance CHS expression, 

whereas phyB is a negative regulator of the UV-B inductive pathway (Fuglevand et al., 

1996; Wade et al., 2001). This extensive signalling network is just one example of 

‘crosstalk’ between signal transduction pathways highlighting how plants are able to 

integrate information of a wide range of environmental stimuli, UV-B radiation being one 

of them. 
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1.3.4 UV-B signal transduction 

An indispensable requirement for all of the above described UV-B induced responses is the 

ability of the plant to specifically sense UV-B. The long-lasting search and finally the 

successful identification of a UV-B photoreceptor will be described in the next section. 

Nevertheless, after UV-B perception, signal transduction pathways must be recruited to 

generate responses such as gene activation or repression. It still remains elusive how many 

different UV-B signalling pathways a plant possesses as well as how they actually work 

(Jenkins, 2009). Over the years, a number of signalling intermediates have been linked to 

the UV-B signalling pathways including ROS, Ca2+/calmodulin, nitric oxide (NO), 

reversible protein phosphorylation and various plant hormones (Frohnmeyer and Staiger, 

2003; Ulm, 2006).  

Pharmacological studies suggest that the generation of ROS, from multiple sources, is 

required for the induction and repression of a number of UV-B responsive genes such as 

PR1 or PDF1.2 (Mackerness et al., 2001). In contrast, UV-B mediated induction of CHS 

expression is independent of ROS confirming the existence of several signal transduction 

pathways (Mackerness et al., 2001, Jenkins et al., 2001). Further pharmacological 

approaches using NO scavenger or NO synthase (NOS) inhibitors indicate that the up 

regulation of CHS expression by UV-B requires NO (Mackerness et al., 2001). A study by 

Tossi et al. (2011) in maize and Arabidopsis demonstrates that UV-B perception increases 

NO concentration, which is an important step in UV-B protection by the ability of NO to 

scavenge ROS and also to up-regulate expression of some transcription factors that are 

involved in the phenylpropanoid pathway. The involvement of Ca2+, calmodulin and 

protein phosphorylation in UV-B signal transduction pathways was demonstrated by 

inhibitor studies with cell suspension cultures. Millisecond UV-B pulses caused an 

immediate rise of cytosolic calcium correlating with the subsequent stimulation of CHS 

expression (Frohnmeyer et al., 1999). The effects of calcium-channel antagonists and Ca2+-

ATPase inhibitors suggest the involvement of an intracellular calcium pool rather than flux 

across the plasma membrane (Christie and Jenkins, 1996; Long and Jenkins, 1998).  

The output of these still rather poorly understood signal transduction pathways is a 

transcriptional response with altered levels of gene expression. Genome-wide gene 

expression profiling via microarrays has shown that UV-B leads to profound changes in 

gene expression and these changes can account to some extent for the effects observed at 

the physiological level (Brosche et al., 2002; Casati and Walbot, 2003; Izaguirre et al., 

2003; Casati and Walbot, 2004; Ulm et al., 2004, Brown et al., 2005). One of the most 

extensive transcript profilings was performed in 2004 by Ulm and co-workers which 
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identified a robust set of early low-level UV-B responsive genes that were postulated to 

comprise a UV-B photoreceptor readout. Perhaps the most significant finding of this 

microarray study was that among the UV-B induced transcriptional regulators is the basic 

leucine zipper (bZIP) transcription factor HY5 which is known as a key player regulating 

the transition from growth in complete darkness to growth in light (Osterlund et al., 2000). 

The importance of UV-B mediated gene expression changes will be discussed further in 

the following section. 
 
 

1.4 UVR8 – a UV-B photoreceptor 

1.4.1 Isolation and characterisation of the uvr8 mutant 

The UV resistance locus 8-1 (uvr8-1) was first identified by Kliebenstein and co-workers 

in 2002 in a screen for UV-B sensitive plants. The uvr8-1 mutant displayed necrosis of the 

leaves and cotyledons after the exposure of the plants to UV-B radiation. The uvr8-1 

mutant also showed lack of UV-B induced accumulation of flavonoids and CHS transcripts 

as well as CHS protein (Kliebenstein et al., 2002). The inhibition of CHS induction in the 

mutant was not caused by a general loss of stress responsive gene expression since stress-

induced proteins like PR1 and PR5 as well as ROS scavengers like manganese SOD 1 

(MSD1) were still induced and even more rapidly and to a higher level than in wild-type 

plants (Kliebenstein et al., 2002). Loss of UVR8 therefore subjects the plants to increased 

stress under UV-B, allowing the conclusion that UVR8 transduces a UV-B signal initiating 

UV-protection of the plant. The UV-B specificity of the inhibition of CHS induction in the 

uvr8 mutant was further established by Brown and co-workers showing that CHS gene 

expression is still induced by cold, sucrose, UV-A radiation and far red light in UVR8 

mutant plants (Brown et al., 2005). This was a key discovery as it identified UVR8 as the 

first gene exclusively involved in UV-B responses and ever since made it the most 

promising candidate for being a UV-B photoreceptor. Further screens for mutants lacking 

specifically the UV-B induction of HY5 or CHS gene expression identified several 

additional uvr8 alleles and a mutation in the COP1 gene (Brown et al., 2005; Favory et al., 

2009). Failure to identify any UV-B specific components upstream of UVR8 by these 

screens also supports the idea of UVR8 being a UV-B photoreceptor. The uvr8 mutant is 

further impaired in other important photomorphogenic responses, the suppression of 

hypocotyl elongation under UV-B (Favory et al., 2009) as well as regulation of leaf 

expansion (Wargent et al., 2009). In line with the loss of function mutants, overexpression 

of UVR8 leads to enhanced expression of HY5 and CHS genes resulting in increased UV-B 
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tolerance but also causing a dwarfed and dark green phenotype (Favory et al., 2009). These 

overexpressor lines illustrate that a major role of the UV-B induced photomorphogenic 

response is the acclimation of plants to finally establish UV-B tolerance essential for 

survival. 

The ultimate breakthrough in proving that UVR8 is the long sought UV-B photoreceptor 

was achieved by Rizzini and co-workers in 2011. They revealed by co-

immunoprecipitation of endogenous UVR8 with CFP-UVR8 only under dark conditions 

that UVR8 undergoes a UV-B light dependent conversion from a dark state dimer to a lit-

state monomer (Rizzini et al., 2011). This UV-B induced monomerisation is very rapid, 

fluence rate dependent and shows a reciprocal relationship between treatment duration and 

fluence rate (Rizzini et al., 2011). The ability of UVR8 to directly perceive UV-B was 

shown through an in-gel UV-B illumination assay of the protein leading to accessibility of 

an antibody epitope to detect the dark-state dimer. This UV-B induced change in 

conformation is linked to the observed in vivo monomerisation of the UVR8 dimer and 

finally established UVR8 as a UV-B photoreceptor. Further proof that UVR8 has 

photoreceptor properties was given by examining monomerisation in heterologous 

systems. UV-B induced monomerisation can be observed in transformed yeast cells as well 

as in transfected human embryonic kidney cells demonstrating activation of the receptor 

(Rizzini et al., 2011).  

1.4.2 UVR8 regulated genes 

In addition to the UV-B specific induction of CHS transcripts, microarray analyses have 

shown that UVR8 regulates the expression of a large number of genes involved in 

photoprotection and photomorphogenesis in a UV-B dependent manner (Brown et al., 

2005; Favory et al., 2009). Amongst those regulated genes is for example the one coding 

for the photolyase PHR1, which is required for photoreactivating DNA repair. 

Furthermore, UVR8 regulates genes concerned with protection against oxidative stress 

(e.g. glutathione peroxidases) and photooxidative damage (e.g. EARLY LIGHT 

INDUCED PROTEINS (ELIP)) ensuring UV-protection of the plant. An important role of 

the HY5 transcription factor in the UV-B response was already highlighted by Ulm et al. 

(2004). Extension of the microarray analysis of the uvr8 mutant to a hy5 mutant clearly 

revealed that the HY5 transcription factor functions downstream of UVR8 and regulates 

about half of the genes that are also regulated by UVR8 (Brown et al., 2005). Therefore, 

HY5 is a main effector of the UVR8 pathway and the hy5 mutant shows greatly reduced 

viability when exposed to UV-B (Brown et al., 2005; Oravecz et al., 2006). In Arabidopsis, 
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HY5 has a close homolog, HYH (HY5 HOMOLOG), which is 49% identical to HY5 

containing the critical functional domains and also acting redundantly with HY5 

particularly under blue light (Holm et al., 2002). Unsurprisingly, HY5 and HYH also have 

overlapping roles in the UV-B pathway; however, hyh is less sensitive to UV-B than hy5 

indicating that HYH is of secondary importance (Brown and Jenkins, 2008).  

Transcriptome analysis also identified a large number of UV-B regulated genes that were 

not regulated by UVR8, indicating the presence of a UVR8 independent signalling 

pathway (Brown et al., 2005). RT-PCR analyses of individual genes produced two 

genetically distinct UV-B signalling pathways that stimulate gene expression, but only the 

UVR8-dependent pathway operates at low UV-B fluence rates (Brown and Jenkins, 2008). 

Analysis of UV-B induced transcript levels of various UV-B regulated genes in hy5 and 

hyh mutant plants also showed that the presence of HY5 and HYH is only required for the 

UVR8-dependent pathway (Brown and Jenkins, 2008). UV-B photoreception by UVR8 

and downstream signalling via HY5/HYH emerges as one important photomorphogenic 

signalling pathway, but variation in responsiveness to different wavelengths of UV-B 

suggest that multiple, yet unidentified pathways might exist (Kalbina et al., 2008; Ulm et 

al., 2004). 

1.4.3 Localisation of UVR8 

The role of UVR8 in UV-B induced regulation of transcription was further examined by 

localisation studies of the UVR8 protein. UVR8 is expressed throughout the whole plant in 

all stages of development at a constant level (Rizzini et al., 2011). GFP-UVR8 fusion 

proteins can be detected in the cytoplasm as well as in the nucleus in the absence of UV-B 

(Brown et al., 2005), but exposure of plants to low fluence rates of UV-B causes a rapid 

nuclear accumulation of the protein (Kaiserli and Jenkins, 2007). Furthermore, UVR8 was 

found to associate with chromatin fragments containing the HY5 promoter (Brown et al., 

2005) and therefore suggesting a general mechanistic basis for the involvement of UVR8 

in the transcriptional regulation of target genes. However, UVR8 was only found to 

interact with chromatin containing promoter regions of some of the genes it regulates, such 

as MYB12 (encodes a TF that regulates CHS and flavonol biosynthesis genes) or CRYD 

(encodes a putative chloroplast photolyases) but not for example with promoter regions of 

CHS or HYH (Cloix and Jenkins, 2008). These interactions can already be observed in the 

absence of UV-B suggesting that UVR8 might be part of a multi-protein complex that 

associates with chromatin but so far unidentified components are responsible for UV-B 

signal transduction to mediate UV-B induced gene expression (Cloix and Jenkins, 2008). 
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Additionally, nuclear localisation of UVR8 is required for function, but constitutively 

nuclear localized UVR8 is insufficient to cause expression of target genes in the absence of 

UV-B (Kaiserli and Jenkins, 2007). A 23 amino acid deletion at the N-terminus greatly 

impairs the ability of UVR8 to accumulate in the nucleus as well as its ability to induce 

HY5 or CHS expression in response to UV-B (Kaiserli and Jenkins, 2007). The nuclear 

fraction nevertheless is still able to bind to chromatin indicating that it still has the potential 

to function in transcriptional regulation.  

Regulation of gene expression is closely connected to specific posttranslational 

modifications of particular histones that facilitate the remodelling of chromatin structure. 

UVR8 interacts with chromatin via histones and competition experiments have identified 

preferential interaction with histone H2B (Cloix and Jenkins, 2008). Following UV-B 

treatment, the promoter regions of some UV-B regulated genes were enriched in chromatin 

containing diacetyl-histone H3 (K9/K14) suggesting that histone modification might result 

in increased transcriptional activity in response to UV-B (Cloix and Jenkins, 2008). 

Histone acetylation and chromatin remodelling was also shown to be required for UV-B 

dependent transcriptional activation of regulated genes in maize (Casati et al., 2008). 

Microarray analysis further indicated that among UV-B responsive transcripts are several 

genes implicated in chromatin remodelling which were also generally transcribed at higher 

levels in maize lines adapted to higher altitudes with increased levels of UV-B (Casati et 

al., 2006). Thus, chromatin remodelling seems to be an important process in acclimation to 

UV-B. 

1.4.4 UVR8 – a member of the WD40 protein family 

Before the very recent elucidation of the UVR8 crystal structure, structural modelling of 

UVR8 was based on the structurally related human REGULATOR OF CHROMATIN 

CONDENSATION1 (RCC1) protein. UVR8 and RCC1 are 35% identical and 50% similar 

in their amino acid sequences and a number of amino acids, mostly glycines, which are 

required for the structural integrity of RCC1 are well conserved within UVR8 

(Kliebenstein et al., 2002). RCC1 is a guanine nucleotide exchange factor (GEF) for the 

small GTP-binding protein Ran, which is involved in nucleocytoplasmic transport, 

regulation of the cell cycle and mitosis (Seki et al., 1996). Despite their sequence 

similarities, UVR8 and RCC1 are not functional homologues since UVR8 only displays 

insignificant GEF activity and is also unable to interact with Ran (Brown et al., 2005). 

Moreover, UVR8 mutants are indistinguishable from wild-type in the absence of UV-B, 

whereas rcc1 mutants in yeast and mammalian cells fail to grow (Brown et al., 2005). 
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Structurally, RCC1 belongs to the large family of WD40 proteins and folds into a seven 

bladed β-propeller whereby each blade consists of four anti-parallel β-sheets with loops in 

between (Renault et al., 1998). UVR8 also has a seven bladed β-propeller fold, but unlike 

canonical WD-40 repeats, each blade in UVR8 comprises only three β-strands, whereby 

the third strand is followed by an extended loop (Wu et al., 2012; Christie et al., 2012). It is 

remarkable that all three β-strands in all seven blades exhibit a nearly identical main chain 

conformation which is very similar to the conformation of RCC1 (Wu et al., 2012). Further 

structural differences between the majority of WD40 proteins including RCC1 and UVR8 

can be observed in the topology of the blades. Usually, β-propeller proteins have a “velcro” 

closure meaning that one of the blades is formed from β-strands from both the most 

N-terminal and the most C-terminal parts of the sequence (Smith et al., 1999). This 

arrangement is supposed to further stabilize the β-propeller fold in addition to the extensive 

hydrophobic interactions between the β-sheets (Xu and Min, 2011). Nevertheless it is not 

essential, since the “velcro” closure is for example absent in AipI (Actin-interacting 

protein 1, Voegtli et al., 2003) and in the yeast polarity protein Sro7 where the terminal 

blades associate only via hydrophobic interactions (Hattendorf et al., 2007). The same is 

true for UVR8, where each blade is contiguous in sequence with the N and C termini in the 

first and last blades, respectively, potentially permitting greater conformational flexibility 

(Christie et al., 2012). 

In general, WD40 proteins perform diverse cellular functions by acting as hubs in cellular 

networks (Stirnimann et al., 2012). Proteins of this family are especially well suited to 

serve as interaction platforms because they offer three distinct surfaces for interactions 

with other proteins: the top and the bottom region of the propeller as well as the 

circumference (Stirnimann et al., 2012). The general scaffolding role of WD40 proteins is 

also supported by the fact that no WD40 domain has been found yet with intrinsic 

enzymatic activity which also fits for UVR8 so far (Stirnimann et al., 2012). Most 

interacting peptides bind to the top region of the propeller which also forms the 

dimerisation surface of UVR8 (Christie et al., 2012). So far only a small number of UVR8 

interacting proteins are known (Oravecz et al., 2006; Gruber et al., 2010; Cloix et al., 2012) 

but the general scaffolding role of WD40 proteins suggests that further unknown 

interactors are very likely. 
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1.4.5 UV-B photoreception 

The discovery of UV-B induced monomerisation of UVR8 immediately evoked the 

question how this protein can specifically act as a UV-B photoreceptor since in general all 

proteins can absorb UV-B radiation. Amongst the aromatic amino acids, tryptophan is 

particularly well suited as a UV-B chromophore since its absorption maximum in solution 

lies at 280 nm extending towards 300 nm (Lakowicz, 2006). An action-spectrum based on 

the UV-B induced accumulation of HY5 transcripts mediated by UVR8 suggests maximum 

photon effectiveness at 280 nm but with still significant action at longer UV-B 

wavelengths (Brown et al., 2009). The high abundance of tryptophan residues in UVR8 (14 

in total) has always been striking leading to the hypothesis that unlike other known 

photoreceptors, UV-B photoreception does not rely on a bound chromophore but is 

mediated by aromatic amino acids of the receptor itself (Jenkins, 2009).  

The mutation of selected tryptophan residues of UVR8 and the analysis of their impact on 

UV-B induced monomerisation provided first evidence for a tryptophan-based perception 

mechanism, with one tryptophan as a key residue (Rizzini et al., 2011). The recently 

reported x-ray crystallographic structure finally proved that photoactive UVR8 lacks any 

bound co-factor and that UV-B induced monomerisation is a property intrinsic to the 

protein (Christie et al., 2012; Wu et al., 2012). The crystal structure also revealed that the 

UVR8 dimer is very effectively maintained by a network of salt bridges formed via 

charged side chains positioned on the dimer interface (Christie et al., 2012; Wu et al., 

2012). The role of these salt bridges for structure and function of the photoreceptor is 

analysed in detail in Chapter 3 and 4 of this thesis. Further biophysical characterisation of 

the purified photoreceptor mainly by far-UV circular dichroism (CD) spectroscopy has 

shown that four tryptophan residues which form a pyramid within the UVR8 dimer are key 

to photoperception (Christie et al., 2012). The close proximity of the aromatic side chains 

allows overlap of electronic orbitals resulting in exciton coupling of the tryptophans which 

will be described in detail in Chapter 3. Of the four tryptophans, W285 and W233 seem to 

play more crucial roles, whereas the other two, W94 and W337, are of auxiliary nature 

(Christie et al., 2012). The importance of tryptophan residues for UV-B photoperception 

has not only been shown in vitro but has also been reported in vivo (O’Hara and Jenkins, 

2012). Mutational studies of three of the four pyramid forming tryptophans showed 

different extents of impaired photomorphogenic responses in plants, leading to the 

conclusion that also in vivo one specific tryptophan seems absolutely essential for UVR8 

function (Christie et al., 2012; O’Hara and Jenkins, 2012). Each of the three tryptophans 

forming the base of the UV-B perceiving tryptophan pyramid is flanked by an arginine 
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residue. Two of these arginines participate in important dimer maintaining cross-dimer salt 

bridges and are essential for function of the photoreceptor (Chapter 3). Analysis of various 

tryptophan and arginine mutants suggests that the proximity and coupling of arginines and 

tryptophans provides a specific mechanism whereby photoreception leads to 

monomerisation (Christie et al., 2012). However, the precise primary response of UVR8 to 

UV-B at a structural level still remains elusive and needs further investigation (Chapter 6). 

 
 

1.5 COP1 – a central switch of light signal transdu ction 

1.5.1 COP1 as a negative regulator  

One of the central components in light signal transduction is the now long known and 

extensively studied COP1 protein. It was established early on that COP1 negatively 

regulates light-mediated development in seedlings since cop1 mutant seedlings undergo 

photomorphogenic development in the dark and cop1 null alleles are lethal (Deng and 

Quail, 1992). Research in the past years has expanded the role of COP1 beyond seedling 

photomorphogenesis indicating a role of COP1 for example in flowering, circadian rhythm 

and plant defence (Liu et al., 2008; Yu et al., 2008; Jeong et al., 2010; Lau and Deng, 

2012).  

COP1 is an E3 ubiquitin ligase with three structural domains conserved in higher plants 

and vertebrates: a RING finger domain, a coiled-coil domain and seven WD40 repeats at 

the C-terminus. All three domains play a role in protein-protein interactions between COP1 

and its substrates and the coiled-coil domain has also been shown to mediate self-

dimerization of COP1 (Yi and Deng, 2005). COP1 is part of a multimeric E3 ubiquitin 

ligase complex that includes CULLIN4 (CUL4), DAMAGED DNA-BINDING 

PROTEIN1 (DDB1), RING-BOX1 (RBX1), and SUPPRESSOR OF PHYA (SPA) 

proteins (Chen et al. 2010). Through its E3 ubiquitin ligase activity, COP1 targets 

photomorphogenesis-promoting transcription factors of different families, such as HY5, 

LAF1 or HFR1 for ubiquitination and degradation in the dark to suppress their activities 

(Fig 1-3; Osterlund et al., 2000; Seo et al., 2003; Jang et al., 2005). The four SPA proteins 

act in concert with COP1 to suppress photomorphogenesis in the dark as shown by several 

mutant studies (Laubinger et al., 2004). Although the SPA proteins mostly act redundantly, 

they have distinct roles during plant development and the regulated abundance of SPA 

family members possibly leads to different COP1/SPA complexes with distinct functions 

(Fittinghoff et al., 2006; Chen et al., 2010) 



CHAPTER 1  INTRODUCTION 

 
 

19 

COP1 activity has long been postulated to be primarily regulated by its nucleocytoplasmic 

partitioning controlled by light (von Arnim and Deng, 1994). Nuclear COP1 depletes upon 

light exposure and therefore nuclear-localized transcription factors can re-accumulate and 

activate the transcription of downstream genes required for photomorphogenesis. Since the 

nuclear abundance change of COP1 is rather slow this mechanism may represent only 

long-term suppression of COP1 under extended light conditions (von Arnim et al., 1997). 

A more rapid mechanism for down-regulation of COP1 by phytochromes and 

cryptochromes is believed to exist because far-red, red and blue light can initiate changes 

in the transcriptome observable within one hour (Jiao et al., 2007; Tepperman et al., 2001). 

Furthermore, COP1 has been detected in the cytoplasm as well as in the nucleus of 

etiolated seedlings or seedlings exposed to red light, which shows that the regulation of 

COP1 activity is far more complex than a simple spatial distribution of the protein (Jang et 

al., 2010). Recently, several studies revealed how cryptochromes inactivate the COP1 

complex in response to blue light to allow accumulation of transcription factors required 

for photomorphogenesis. Here, blue light leads to interaction between CRY1 and SPA1 

inhibiting at the same time COP1-SPA1 binding which is essential for COP1-mediated 

protein degradation (Lian et al., 2011). The interplay between CRY2, SPA1 and COP1 

functions slightly different but also results in rapid inactivation of COP1 activity. The 

light-regulated CRY2-SPA1 interaction does not affect the interaction between COP1 and 

SPA1 but rather strengthens the CRY2/COP1 complex which suppresses the proteolytic 

activity of the COP1/SPA1 complex (Liu et al., 2011; Zuo et al., 2011). This allows 

accumulation of CONSTANS (CO) and initiates flowering under long day conditions. 

COP1 does not only interact with cryptochromes, it also interacts with phytochromes 

placing COP1 as a central regulator between photoreceptors and transcription factors. 

However, the mechanism by which phytochromes rapidly inhibit COP1 in response to red 

or far-red light is still largely unknown. 

1.5.2 COP1 as a positive regulator of the UV-B response 

The involvement of COP1 in the UV-B response was first reported by Oravecz and co-

workers in 2006 when they observed that the cop1-4 mutant is impaired in flavonoid 

accumulation and that the expression of as much as 75% of UV-B induced genes, including 

HY5, depends on the presence of functional COP1 (Oravecz et al., 2006). Combined with 

the microarray analyses of the uvr8 mutant, this strongly indicates that almost all genes of 

the photomorphogenic UV-B pathway are activated in a UVR8- and COP1-dependent 

manner (Favory et al., 2009). COP1 and HY5 both accumulate in the nucleus under white 
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precise mechanism of COP1 function in the signalling pathway still remains elusive. 

However, the positive role of COP1 appears not to be specific to UV-B because a positive 

relationship between COP1 and photomorphogenic responses mediated via phyB has been 

observed (Boccalandro et al., 2004). Weak alleles of cop1 show reduced rather than 

enhanced cotyledon unfolding under red light compared to darkness and conversely COP1 

overexpressor lines show enhanced de-etiolation under red light (Boccalandro et al., 2004).  

Very recently, it has been reported that COP1 is a UV-B inducible gene, whose full 

activation requires binding of the two transcription factors HY5 and FAR-RED 

ELONGATED HYPOCOTYL3 (FHY3) to its promoter region establishing a positive 

feedback loop that maintains the activated UVR8-COP1-HY5 signalling pathway (Huang 

et al., 2012). So far, it cannot be excluded that COP1 acts as a positive regulator in other 

light responses as well. Also whether COP1 functions in the UV-B response as an E3 

ubiquitin ligase degrading so far unidentified negative regulators of the pathway or 

whether COP1 may act via a yet undiscovered mechanism remains to be seen.  

 

1.6 Negative feedback regulation of light signallin g pathways 

Equally important to activation of a signalling pathway is the negative regulation of 

signalling to ensure that a response to a single stimulatory event is not perpetuated 

indefinitely. One of the most important post-translational regulatory events is the 

degradation of receptor proteins and other signalling components through ubiquitination 

and proteolysis (Henriques et al., 2009). Over the years, COP1 and associated proteins of 

the E3 ubiquitin ligase complex have been implicated in light regulated feedback 

mechanisms that control the level of activated photoreceptors.  

The first photoreceptor that was described as a degradation substrate for COP1 was the 

light labile photoreceptor phyA (Seo et al., 2004). COP1 and phyA interaction and 

subsequent ubiquitination of phyA was shown in vitro and phyA accumulated to higher 

levels in cop1 mutant plants after exposure to light compared to wild-type (Seo et al., 

2004). More recently it was discovered that the light stable phytochromes B-E are also 

subject to degradation to prevent over-activation of their signalling pathways. Several 

studies using various single and double pif-mutant combinations revealed that upon 

continued exposure to red light, signalling by the Pfr form of phyB is terminated by COP1-

mediated degradation, which is promoted by PIFs (Leivar et al., 2008; Al-Sady et al., 2008; 

Jang et al., 2010). Possibly, the binding of PIFs to both phyB and COP1 increases the 

affinity of the photoreceptor for COP1, thereby increasing ubiquitination and its 
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degradation. However, in contrast to the nuclear turnover of phyB, the cytosolic pool of 

phyB has shown to be rather stable dampening the overall decay rate and justifying its 

designation as a light-stable photoreceptor (Jang et al., 2010). 

For the cryptochromes, so far only degradation of the light labile cry2 has been observed. 

Irradiation of seedlings with blue lights leads to cry2 phosphorylation and poly-

ubiquitination (Shalitin et al., 2002; Yu et al., 2007). Higher levels of cry2 can be observed 

in cop1 mutant plants under blue light compared to wild-type (Shalitin et al., 2002). 

Furthermore, cycloheximide and proteasome inhibitor studies have shown that the decrease 

in cry2 is due to 26S-proteasome mediated degradation in the nucleus (Yu et al., 2009). 

The stability of cry2 is further controlled by phyA and SPA1, which reveals another 

molecular mechanism of interaction between cryptochromes and phytochrome 

photoreceptors (Weidler et al., 2012).  

Limited knowledge yet exists about negative feedback regulation of the UVR8-dependent 

UV-B signalling pathway. UVR8 seems to be light stable with unchanged protein levels 

after exposure to UV-B (Kaiserli and Jenkins, 2007; Rizzini et al., 2011). The SPA 

proteins, which have been shown to be important regulators of COP1 activity in all light 

qualities (Laubinger et al., 2004) are not required for COP1 function in the UV-B response 

since UV-B responsive gene activation is still possible in a spa1 spa2 spa3 spa4 quadruple 

mutant (Oravecz et al., 2006). The enhanced UV-B photomorphogenic response in UVR8 

overexpressor lines suggests that a balanced UV-B response also requires negative 

regulation. Recently, two highly related WD40-repeat proteins, REPRESSOR OF UV-B 

PHOTOMORPHOGENESIS1 (RUP1) and RUP2, were identified as potent repressors of 

UV-B signalling (Gruber et al., 2010). RUP1 and RUP2 were identified and described in 

parallel as EARLY FLOWERING BY OVEREXPRESSION1 (EFO1) and EFO2, 

overexpression of which leads to an early flowering phenotype (Wang et al., 2011). 

Transcript levels of EFO1 and EFO2 are regulated by the circadian clock showing high 

expression levels at night peaking at daybreak and declining during the day (Wang et al., 

2011). Transcriptional activation of both genes requires functional COP1, UVR8 and HY5 

and is observed under UV-B but also under other light qualities (Gruber et al., 2010). The 

rup1 rup2 double mutants showed an enhanced response to UV-B and elevated UV-B 

tolerance after acclimation. Conversely, overexpression of RUP2 reduced UV-B induced 

photomorphogenesis and impaired acclimation, leading to UV-B hypersensitivity of the 

mutant. Importantly, UVR8 levels were not affected by altered RUP1 and RUP2 

accumulation. The role of RUP1 and RUP2 in the UV-B signalling pathway is far from 

being understood especially since both proteins are able to interact with UVR8 in the 
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presence and absence of UV-B (Gruber et al., 2010) and the interaction is mediated by the 

C-terminal C27 region of UVR8 which is also the site of interaction between UVR8 and 

COP1 (Cloix et al., 2012). 

Negative regulation of the UV-B signalling pathway also seems to be possible through 

regulation of HY5 activity. The UV-B inducible STO/BBX24 (SALT TOLERANCE/B-

BOX ZINC FINGER PROTEIN24) protein interacts with COP1 and HY5 in a UV-B 

dependent manner and negatively regulates UV-B induced HY5 accumulation (Yan et al., 

2011; Jiang et al., 2012). However, the precise role of BBX4 in the UV-B response and its 

relationship to UVR8 and COP1 needs further investigation. The fact that BBX24 has been 

described as a negative regulator in phytochrome and cryptochrome signalling (Indorf et 

al., 2007) reveals once more the connectivity of visible light and UV-B signalling 

pathways since UV-B is an integral component of natural sunlight and plants constantly 

have to cope with this environmental factor. 

 

1.7 Conclusion 

Research within the last decade has produced major breakthroughs in the area of light 

perception and signal transduction and has widened our understanding of how plants can 

cope with their ever changing environment. The very recent discoveries in UV-B 

photoperception finally establish a further class of plant photoreceptors, extending 

photoreception of plants beyond the visible part of the electromagnetic spectrum. 

Elucidation of the crystal structure of UVR8 as well as the discovery of UV-B induced 

monomerisation of the protein has led to rapid advances in the field of UV-B signalling 

within the time period of producing this thesis. Remarkably, UV-B photoreception is 

distinct from other known photoreceptors in exploiting the UV-B absorbance of UVR8’s 

intrinsic tryptophans, rather than a bound chromophore. To fully understand the 

mechanism of UVR8 photoreception and downstream signalling will be a future challenge 

and will reveal a new mechanism of light perception. The so far known UVR8 signalling 

pathway shares similarities with visible light signalling but also shows some major 

differences. The study of central interactors of all pathways will shed light on the crosstalk 

and integration of UVR8 signalling pathways with visible light photoreceptor pathways 

extending the light signalling network beyond the visible part of sunlight. 
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1.8 Aims of this study 

The key aspect of this study was to investigate how the structure of the UVR8 protein 

determines its function in the UV-B response in Arabidopsis. Several regions of the protein 

have been shown to be essential for UVR8 function (Kaiserli and Jenkins, 2007; Kaiserli, 

Ph.D. thesis, 2007) but prior to the present study, no specific single amino acids involved 

in the UV-B response had been identified. Sequence analysis of UVR8 showed a 

conserved and repeated motif GWRHT that surrounds three tryptophans that were 

postulated to be involved in UV-B perception. This motif was chosen as a starting point for 

the undertaken structure-function studies in Chapters 3 and 4.  

In order to identify the role of specific amino acids in this motif, a site-directed 

mutagenesis approach was applied. Stable transgenic Arabidopsis lines expressing various 

mutant forms of GFP-UVR8 were generated and were assessed for functionality by testing 

complementation of the uvr8-1 phenotype with respect to HY5 and CHS gene expression, 

occurrence of a photomorphological UV-B response, i.e. suppression of hypocotyl 

extension, as well as interaction between UVR8 and COP1. This interaction can also be 

seen in yeast and therefore a yeast two-hybrid system was used as well. 

An abundance of structural information became available with elucidation of the crystal 

structure of UVR8 (Christie et al., 2012). Furthermore, the discovery that UVR8 exists as a 

homodimer and UV-B induces monomerisation (Rizzini et al., 2011) opened another way 

of characterizing mutant forms of UVR8 and assigning function to single amino acids. It 

was possible to extend the mutagenesis approach to previously unidentified interacting 

amino acids spanning across the dimer interface. The key question arising from these 

studies was whether monomeric UVR8 is sufficient for photoreception and function. 

Another focus of this study was the important issue of regeneration of the functional UVR8 

photoreceptor following photoreception. Since UV-B photoreception converts the UVR8 

dimer into a monomer, the dimeric photoreceptor has to be restored at some point. Two 

possible ways of regeneration were investigated - de novo synthesis following degradation 

of the monomer and regeneration by reversion from monomer to dimer. 

Finally, a biophysical approach was pursued to gain first insights into the mechanism of the 

very initial steps of UV-B photoreception through the tryptophan pyramid and its adjacent 

arginine salt bridges. Fourier transform infrared (FTIR) spectroscopy was applied to detect 

photo-induced changes in the protein structure and amino acid side chains. To investigate a 

possible electron transfer between tryptophans and arginines ultrafast transient absorption 

spectroscopy was used to detect possible tryptophan radicals formed following UV-B 

absorption. 
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In summary, the aim of this study is to contribute to the understanding of how UVR8 

regulates UV-B initiated responses in plants. Therefore, it is essential to have a detailed 

knowledge of the structural properties of the photoreceptor and its early signalling 

mechanism to understand how UV-B perception initiates signal transduction. 
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2. MATERIAL AND METHODS 

 
 

2.1 Materials 

2.1.1 Chemicals 

The chemicals used for all experiments described were obtained from Fisher Scientific UK 

Ltd. (Loughborough, Leicestershire, UK), VWR International Ltd. (Poole, Dorset, UK) and 

Sigma Aldrich Ltd. (Poole, Dorset, UK) unless stated otherwise. 

2.1.2 Antibiotics 

Ampicillin and gentamycin were purchased from Melford Ltd. (Ipswich, Suffolk, UK). 

Kanamycin was obtained from Sigma-Aldrich and chloramphenicol from Duchefa 

Biochemie B.V. (Haarlem, The Netherlands). Working concentrations of the antibiotics are 

given in the following table: 

 
TABLE 2-1: Working concentrations of used antibiotics. 

 

Antibiotic Solvent Working 
Concentration 

Ampicillin H2O 100 µg/ml 

Chloramphenicol EtOH 34 µg/ml 

Gentamycin H2O 30 µg/ml 

Kanamycin (E. coli) H2O 50 µg/ml 

Kanamycin (plants) H2O 75 µg/ml 

 

2.1.3 Enzymes 

Enzymes used for DNA restriction digests, ligations, synthesis and DNA/RNA 

modifications were purchased from Promega (Southampton, Hampshire, UK), New 

England Biolabs (Hitchin, Hertfordshire, UK) as well as Ambion Inc. (Huntigdon, 

Cambridgeshire, UK) and were used according to the manufacturer’s instructions. 

2.1.4 Vectors 

The following plasmid DNA vectors were used in this study: 
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TABLE 2-2: Used plasmid DNA vectors. 
 

Plasmid Vector Application Source 

pEZR(K)L-C 
GFP tagged transgenic 

Arabidopsis lines 
Dr. Gert-Jan de 

Boer 

pGBKT7 Yeast two-hybrid Clontech 

pGADT7 Yeast two-hybrid Clontech 

pHS 
E. coli protein 

expression/purification 
Michael Hothorn 

 

2.1.5 Bacterial and yeast strains 

E. coli strains TOP10, XL1-Blue and Gold (Agilent Technologies, California, USA) and 

Rosetta 2 (DE3) pLysS (Novagen, Merck KGaA, Darmstadt, Germany) were transformed 

with various plasmid vector constructs for sub-cloning and protein expression. 

A. tumefaciens strain GV3101 was used for Arabidopsis transformation with the 

pEZR(K)L-C vector containing various constructs of mutant UVR8. S. cerevisiae strain 

AH109 (Clontech) was used for the yeast two-hybrid assay transformed with bait and prey 

vectors (pGBKT7 and pGADT7 respectively) 

2.1.6 Other reagents 

All reagents required for protein work (electrophoresis and immunoblotting) were 

purchased from Bio-Rad Laboratories (California, USA) unless stated otherwise. 

 

2.2 Preparation of media and solutions 

2.2.1 Measurement of pH 

The pH of solutions and media was measured using either a glass electrode connected to a 

Jenway 3320 pH meter (Jenway, Felsted, Essex, UK) or pH Indicator Strips (BDH, Poole, 

Dorset, UK). 

2.2.2 Autoclave sterilisation 

Solutions and equipment were sterilised using a benchtop autoclave (Prestige Medical, 

Model 220140). 
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2.2.3 Filter sterilisation 

Heat sensitive solutions or solutions of small volume were sterilised by filtration through a 

0.2 µm pore diameter Nalgene filter. 

 

2.3 Plant material 

2.3.1 Seed stocks 

Wild-type A. thaliana cv. Landsberg erecta (Ler) and Wassilewskija (Ws) seeds were 

obtained from The European Arabidopsis Stock Centre (NASC, Nottingham, UK). Prof. 

Daniel Kliebenstein (UC Davis, CA, USA) provided the uvr8-1 mutant (Ler), Dr. Bobby 

Brown the uvr8-2 mutant (Ler) (Brown et al., 2005) and Prof. Roman Ulm (University of 

Geneva, Switzerland) the cop1-4 (Ws) mutant. The hy5-ks50, hyh and hy5-ks50-hyh 

mutants (all in Ws) were supplied by Prof. Xing Wang Deng (Yale University, CT, USA). 

The GFP-UVR8 and GFP-∆C27UVR8 lines were generated in the Jenkins lab by Eirini 

Kaiserli (Kaiserli and Jenkins, 2007; Cloix et al., 2012). 

2.3.2 Growth of plants on soil 

Arabidopsis seeds were sown on the surface of pots containing compost soaked in 

insecticide solution (0.2 g/l Intercept® (Scotts, Ipswich, Suffolk, UK)). The pots were kept 

under a humidifier during a vernalisation period of 2-4 days and for one week after 

germination in the growth chamber at 20°C. In general, plants grown on soil were either 

used for transformation with Agrobacterium or for seed collection of transgenic lines. In 

both cases, plants were grown under high fluence rate of white light (100 µmol m-2 s-1) 

until flowering or until dried out. Plants used for treatments and experiments were 

generally grown on agar plates with ½ MS medium (see 2.3.4).  

2.3.3 Surface sterilisation of Arabidopsis seeds 

Arabidopsis seeds were surface sterilised for growth of plants on agar plates with ½ MS 

medium by a 5 min incubation in a sodium hypochlorite solution (50% (v/v)) followed by 

three washes in sterile dH2O.  

2.3.4 Growth of Arabidopsis plants on agar plates 

Sterilised Arabidopsis seeds were sown on 0.8% agar plates containing 2.15 g/l Murashige 

and Skoog salts (½ MS) with the pH adjusted to 5.7. For segregation studies of transgenic 

Arabidopsis lines 75 µg/ml kanamycin was added. Seeds were cold-treated on the plates in 
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the dark at 4°C for 2-4 days and then grown under high fluence rate of white light (100 

µmol m-2 s-1) for the required period of time. Plants for RT-PCR experiments were grown 

for ten days under high fluence rate of white light and then transferred for 4 days under low 

fluence rate of white light (20 µmol m-2 s-1). Protein extractions were performed on 7-14 d 

old seedlings grown under high white light. 

 

2.4 Treatments 

2.4.1 Light sources 

Light treatments were carried out in growth chambers at 20°C. Warm white fluorescent 

tubes L36W/30 (Osram, Munich, Germany) were used for white light (Fig 2-1 A). Two 

UV-B sources were used in this study: either narrowband UV-B tubes, Philips 

TL20W/01RS (Philips, Aachen, Germany; Fig 2-1 B) or broadband UVB-313 fluorescent 

tubes (Q-Panel Co., USA; Fig 2-1 C). The broadband UVB-313 fluorescent tubes were 

covered by cellulose acetate filter (Cat No. FLM400110/2925, West Design Products, 

Nathan Way, London) which was changed every 24 h in order to eliminate any UV-C.  

This source has a maximal emission at 313 nm and emits very low levels of UV-A and 

blue light, which have been found to be insufficient to induce CHS expression (Christie 

and Jenkins, 1996). The narrowband UV-B source has a maximal emission at 311 nm. The 

use of various cut-off filters in combination with this UV-B source has also shown that the 

very low levels of UV-A and blue light that are emitted are insufficient to induce a 

UV-A/blue light specific response (Ulm et al., 2004). 

2.4.2 Light fluence rate measurements 

Fluence rates of white light were measured using a LI-250A light meter with a LI-190 

quantum sensor (LI-COR, Lincoln, NE, USA). UV-B fluence rates were measured using 

either a RS232 meter or a Spectro Sense 2 SKL904 meter fitted with a UV-B Sensor (SKU 

430/SS2) (Skye Instruments, Powys, UK). For detailed spectral measurements a Macam 

Spectroradiometer Model SR9910 (Macam Photometrics Ltd., Livingston, UK) recording 

wavelengths of light between 240 and 800 nm was used. 
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 (A) Spectrum of the white 
Spectrum of the narrowband UV-B tubes, Philips 

313 fluorescent tubes, Q panel. 

-B treatment. Plants were 

(Philips TL20W/01RS) for 3 h if not indi-

 s-1 narrowband UV-B for 

3 µmol m-2 s-1 broadband 

narrowband UV-B for 1 h. 

For measurements of hypocotyl length, seedlings were grown for 4 d under 1.5 µmol 

narrowband UV-B. A UV-B cut-

off filter ('Clear 130' mylar filter, Lee Filters, Andover, UK) was used for control plants 

For reversion studies, plants were moved back in 

darkness after exposure for ascertained times before preparation of protein extracts. 
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2.4.4 Cycloheximide and MG132 

For cycloheximide and MG132 treatments, plants were transferred to liquid ½ MS medium 

containing cycloheximide (100 µM, dissolved in dimethyl sulfoxide (DMSO); Sigma) or 

MG132 (100 µM, dissolved in DMSO; Calbiochem) and were incubated for 1 h or 11 h 

respectively prior to the UV-B treatment. Control plants were equally treated with 0.1% 

DMSO. 

 

2.5 Bacterial transformation 

2.5.1 Preparation of competent E. coli cells for electroporation 

A colony of E. coli TOP10 cells was inoculated in a 5 ml subculture of Luria broth (LB) 

medium and grown overnight at 37˚C with constant shaking (200 rpm). The following day, 

250 ml LB medium was inoculated with the subculture and grown until it reached an OD600 

of ̴ 0.4. Cells were then pelleted at 4,000 g for 10 min at 4°C. The supernatant was 

discarded and the pellet was washed 3 times with 50 ml ice cold water and once with 20 ml 

CCMB80 buffer (10 mM KOAc pH 7.0, 80 mM CaCl2·2H2O, 20 mM MnCl2·4 H2O, 

10 mM MgCl2·6 H2O, 10% glycerol, adjust pH to 6.4 with 0.1 N HCl). The pellet was 

finally resuspended in 5 ml CCMB80 buffer. Aliquots of 100 µl were snap frozen in liquid 

nitrogen and stored at -80°C. 

2.5.2 Transformation of chemically competent E. coli  cells 

Various strains of chemically competent E. coli cells TOP10, Rosetta 2 (DE3) pLysS 

(Novagen, Merck KGaA, Darmstadt, Germany), XL1-Blue and XL10-Gold (Agilent 

Technologies, CA, USA) were used. All strains were transformed according to the 

manufacturer’s instructions with a heat shock at 42°C and plated onto agar plates 

containing LB medium and the appropriate antibiotic for the selection of the plasmid. 

Plates were incubated at 37°C overnight. 

2.5.3 Preparation of competent A. tumefaciens  cells for electroporation 

An aliquot of Agrobacterium strain GV3101 was inoculated in a 10 ml subculture of LB 

medium containing 30 µg/ml gentamycin and grown for 20-24 h at 28°C with constant 

shaking (200 rpm). The following day, one litre of LB medium with rifampicillin and 

gentamycin was inoculated with the subculture to approximately an OD600 of 0.1 and 

grown until it reached an OD600 of 0.5 - 0.8. Cells were then pelleted at 2,000 g for 10 min 

at 4°C. The supernatant was discarded and the pellet was gently resuspended in 100 ml 
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cold sterile 10% (v/v) glycerol. Centrifugation and resuspension was repeated twice only 

changing the volume of 10% glycerol used to 10 ml and finally 1 ml. Aliquots of 50 µl 

were frozen on dry ice and stored at -80°C. 

2.5.4 Transformation of electroporation competent A. tumefaciens  cells 

To competent cells of Agrobacterium (2.5.3) 1-2 µl of plasmid DNA were added and 

incubated on ice for 20-30 min. Cells were then transferred into a chilled electroporation 

cuvette (Bio-Rad) and pulsed with 2.2 kV using a MicroPulserTM Electroporator (Bio-Rad). 

Immediately after, 950 µl of LB medium was added to the cells which were then 

transferred to a 15 ml Falcon® tube and incubated at 28°C at constant shaking (200 rpm) 

for 3 h (expression of antibiotic resistance genes). To ensure colonies with good separation 

from each other on the plates were obtained, 50 µl of 1/10 and 1/1000 dilutions were 

spread onto LB agar plates containing appropriate selective antibiotics. Plates were 

incubated at 28°C for 2 days and colonies for further use tested using colony PCR with the 

appropriate primers.  

 

2.6 DNA and RNA methods 

2.6.1 Isolation of genomic DNA from Arabidopsis plants 

Genomic DNA from Arabidopsis plant tissue was isolated using the DNeasy® Plant Mini 

Kit (Qiagen, Crawley, West Sussex, UK) according to the manufacturer’s instructions. 

Approximately 100 mg of tissue were ground to fine powder under liquid nitrogen using a 

mortar and pestle and then transferred into an Eppendorf tube. Cell lysis and genomic 

DNA purification was carried out as described in the Qiagen DNeasy® Plant Mini Kit. 

Purified genomic DNA was eluted from the DNeasy membrane by adding 50 µl of pre-

heated buffer AE. Genomic DNA samples were stored at 4°C. 

2.6.2 Isolation of plasmid DNA 

Small and large-scale plasmid DNA purifications from E. coli were performed using the 

Qiagen® Plasmid Mini or QIAfilterTM Plasmid Maxi Kit respectively. A single bacterial 

colony was inoculated into 10 ml (small-scale) or 250 ml (large-scale) of LB medium 

containing the appropriate antibiotics for plasmid selection. The cultures were incubated 

overnight at 37°C with constant shaking (200 rpm). Cells were pelleted at 6,000 g for 

10 min and the supernatant was discarded. Cell lysis and plasmid DNA purification was 

carried out according to the manufacturer’s instructions. Plasmid DNA was stored at 

-20°C. 
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2.6.3 Isolation of total RNA from Arabidopsis plants 

Total RNA from Arabidopsis leaf tissue was isolated using the RNeasy® Plant Mini Kit 

(Qiagen) according to the manufacturer’s instructions. Approximately 100 mg of tissue 

were ground to fine powder under liquid nitrogen using a mortar and pestle and then 

transferred into an Eppendorf tube. Cell lysis was performed with RLT buffer and 

β-mercaptoethanol. The procedure described in the Qiagen manual was followed in order 

to obtain purified RNA, which was eluted from the RNeasy spin column with 30 µl of 

RNase free water. RNA samples were stored at -80°C. 

2.6.4 Quantification of DNA and RNA 

To quantify purified nucleic acids, 2 µl of DNA or RNA were diluted in 70 µl of dH2O and 

the absorbance at 260 nm as well as 280 nm was measured (Eppendorf Bio Photometer) 

against a dH2O blank sample. An absorbance of 1 at 260 nm corresponds to a 

concentration of 50 µg/ml double-stranded DNA or 40 µg/ml of single-stranded DNA or 

RNA (Sambrook and Russell, 2001). The ratio of the absorbance 260/280 indicates the 

purity of the sample (1.8 for DNA, 2.0 for RNA). 

2.6.5 Restriction digest 

For restriction digests 0.5 to 1 µg of DNA were digested using the appropriate restriction 

enzymes and buffers at concentrations and incubation conditions according to the 

manufacturer’s instructions. 

2.6.6 DNA ligation 

Digested and purified DNA derived from PCR amplifications or plasmid DNA with 

appropriate restriction sites were used for subsequent DNA ligations. An aliquot of plasmid 

vector and DNA insert was separated on an agarose gel to estimate quantities. An 

approximate 3:1 ratio of insert:vector was calculated. Reactions were done in a total 

volume of 10 µl containing 1 x ligation buffer and 1 µl of T4 DNA ligase (Promega). The 

ligation mix was incubated either at room temperature for 3 h or at 4°C overnight. 2-5 µl of 

the ligation mix was used for transformation of competent E. coli cells (TOP10). 

A second ligation method using polyethylene glycol (PEG) as a crowding reagent was also 

applied in some cases. PEG alters the distribution of ligation products thereby suppressing 

intramolecular ligation and favouring intermolecular joining events even at concentrations 

of DNA that favour circularisation. PEG 6000 was used in a final concentration of 2.5% 

together with 1 x ligation buffer and 1 µl of T4 DNA ligase and a 1:1 ratio of vector:insert 

accounting for 8.6 µl of the total 12 µl reaction volume. The ligation mix was incubated at 
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room temperature for 1 h followed by a 30 min inactivation period at 68°C. Two µl of the 

ligation was used for transformation of competent E. coli cells. 

2.6.7 Site-directed mutagenesis  

Specific mutations in the UVR8 gene were introduced by site-directed mutagenesis using 

Pfu Polymerase (Promega) and extension times of 2 min per kb at 68˚C. Primers that were 

used are listed in the table below. All constructs were verified by DNA sequencing. 

 
 

TABLE 2-3: Primers used for site-directed mutagenesis. 
 

Mutation    Primer Sequence 

D96N F  5'-ACAGTTGGGGATGGGGTAATTTTGGGAGATTAGGC-3' 

R 5'-GCCTAATCTCCCAAAATTACCCCATCCCCAACTGT-3' 

D107N F  5'-GCCATGGTAACTCAAGCAACTTGTTTACTCCGCTA-3' 

R 5'-TAGCGGAGTAAACAAGTTGCTTGAGTTACCATGGC-3' 

R146A F  5'-GTCCAGAGTTGGGGCGCCAACCAGAATGGTCA-3' 

R 5'-TGACCATTCTGGTTGGCGCCCCAACTCTGGAC-3' 

R234A F  5'-AATGGTTGCTTGTGGATGGGCGCACACAATATCAGTTTCC-3' 

R 5'-GGAAACTGATATTGTGTGCGCCCATCCACAAGCAACCATT-3' 

H235A F  5'-GTTGCTTGTGGATGGCGGGCCACAATATCAGTTTCCTAC-3' 

R 5'-GTAGGAAACTGATATTGTGGCCCGCCATCCACAAGCAAC-3' 

R286A F  5'-CCAGATTTCGGGAGGTTGGGCACATACAATGGCATTGACT-3' 

R 5'-AGTCAATGCCATTGTATGTGCCCAACCTCCCGAAATCTGG-3' 

R286K F  5'-CCAGATTTCGGGAGGTTGGAAACATACAATGGCATTG-3' 

R 5'-CAATGCCATTGTATGTTTCCAACCTCCCGAAATCTGG-3' 

R286E F  5'-CCAGATTTCGGGAGGTTGGGAACATACAATGGCATTGACT-3' 

R 5'-AGTCAATGCCATTGTATGTTCCCAACCTCCCGAAATCTGG-3' 

H287A F  5'-GATTTCGGGAGGTTGGAGAGCTACAATGGCATTGACTTCA-3' 

R 5'-TGAAGTCAATGCCATTGTAGCTCTCCAACCTCCCGAAATC-3' 

T288A F  5'-CGGGAGGTTGGAGACATGCAATGGCATTGACTTCA-3' 

R 5'-TGAAGTCAATGCCATTGCATGTCTCCAACCTCCCG-3' 

R338A F  5'-CAAGTCTCATGTGGATGGGCACATACCTTGGCTGTCAC-3' 

R 5'-GTGACAGCCAAGGTATGTGCCCATCCACATGAGACTTG-3' 

H339A F  5'-GTCTCATGTGGATGGAGAGCTACCTTGGCTGTCACTGA-3' 

R 5'-TCAGTGACAGCCAAGGTAGCTCTCCATCCACATGAGAC-3' 

 

2.6.8 Electrophoresis of DNA 

Gel electrophoresis of DNA was performed on 1% agarose gels with 0.2 µg/ml ethidium 

bromide (1% (w/v) agarose melted in 1 x TAE buffer (40 mM Tris-HCl, 1 mM EDTA)). 

DNA samples were mixed with 6 x loading buffer (Promega) and separated by agarose gel 

electrophoresis in TAE buffer at 100 V. 
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2.6.9 Extraction and purification of DNA from agarose gels  

From DNA separated on 1% agarose ethidium bromide-stained gels, bands of the expected 

size were excised under a UV-illuminator. The DNA was then purified according to the 

instructions of the QIAquick® Gel Extraction Kit (Qiagen).  

2.6.10 DNA sequencing 

Sequencing of DNA was carried out by the Dundee Sequencing Service (University of 

Dundee, UK) or by GATC Biotech (Konstanz, Germany) according to the service’s 

instructions. Sequencing was always performed after a series of sub-cloning reactions to 

verify the sequence of the DNA insert in every vector used in this study. 

 

2.7 Semi-quantitative Reverse Transcriptase PCR (RT -PCR) 

2.7.1 DNase treatment of RNA 

Following extraction of total RNA, a DNase treatment (DNA-free, Ambion) was used to 

eliminate contamination with genomic DNA. Approximately 5 µg of RNA were incubated 

with 4 units of DNase I and 1 x DNase buffer at 37° C for 1 h. The reaction was terminated 

by adding DNase Inactivation Reagent to the samples and incubating for 2 min at room 

temperature before pelleting the inactivation reagent by microcentrifugation. Efficiency of 

the DNase treatment was tested by a 35 cycle PCR reaction using primers for ACTIN2. If 

no PCR product was detected, DNase treated samples were used for cDNA synthesis. 

Otherwise the DNase treatment was repeated until no PCR product due to genomic DNA 

contamination could be detected. 

2.7.2 Synthesis of cDNA 

Synthesis of cDNA was performed according to Brown et al. (2005). 20 µl of the DNA-

free RNA samples were incubated with 0.24 µM oligo dT (dTTP15) at 70°C for 10 min. 

The mixtures were cooled down on ice and 1 x AMV Reverse Transcriptase Reaction 

Buffer (Promega), 20 units of AMV Reverse Transcriptase (Promega), 1 mM of dNTPs 

(Promega) and 50 units of RNase inhibitor (Promega) were added. The reactions were 

allowed to proceed at 48°C for 45 min followed by 5 min at 95°C to inactivate the enzyme. 

The cDNA samples were stored at -20°C. 
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2.7.3 RT-PCR primers 

ACTIN2, HY5 and CHS transcripts were assayed by RT-PCR with gene-specific primers as 

used in Brown and Jenkins (2008). Primers were synthesised by Invitrogen and are listed in 

the table below. 

TABLE 2-4: Primers used for RT-PCR. 
 

Gene 
 

Primer Sequence Fragment 
size (bp) 

ACTIN2 
(at3g18780) 

F 
R 

5'-CTTACAATTTCCCGCTCTGC-3' 
5'-GTTGGGATGAACCAGAAGGA-3' 500 

HY5 
(at5g11260) 

F 
R 

5'-GCTGCAAGCTCTTTACCATC-3' 
5'-AGCATCTGGTTCTCGTTCTG-3' 404 

CHS 
(at5g13930) 

F 
R 

5'-ATCTTTGAGATGGTGTCTGC-3' 
5'-CGTCTAGTATGAAGAGAACG-3' 337 

 
 

2.7.4 RT-PCR conditions 

Equivalent amounts of cDNA, estimated using reactions with ACTIN2 primers, were used 

as template for semi-quantitative RT-PCR reactions with the following PCR conditions: 

2.5 min at 94˚C, 1 min at 55˚C, 2 min at 72˚C for one cycle, then 45 s at 94˚C, 1 min at 

55˚C, 1 min at 72˚C for 24 cycles (ACTIN2) and 28 cycles for CHS and HY5 followed by 

5 min at 72˚C. Each PCR reaction contained 1x PCR buffer (New England Biolabs), 

0.1 mM dNTPs, 0.5 µM of each gene-specific primer and 0.625 units Taq DNA 

polymerase (New England Biolabs) in a final volume of 25 µl. PCR products were 

visualized by electrophoresis on agarose gels containing ethidium bromide. 

 

2.8 Protein methods 

2.8.1 Protein extraction from Arabidopsis plants 

For protein extractions, Arabidopsis plants were ground on ice with a mortar and pestle in 

micro-extraction buffer (20 mM HEPES pH 7.8, 450 mM NaCl, 50 mM NaF, 0.2 mM 

EDTA, 25% (v/v) glycerol, 0.5 mM PMSF, 1 mM DTT and protease inhibitor mix 

(Complete Mini, Roche)). The homogenate was then centrifuged at 16,000 g for 10 min at 

4°C and the supernatant was transferred to a fresh tube. 
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2.8.2 Protein extraction from N. benthamiana  plants 

For protein extractions from N. benthamiana plants, leaf parts were frozen in liquid 

nitrogen and ground with a mortar and pestle. N. benthamiana is rich in phenolic 

compounds and to avoid interference of those with downstream applications a spatula of 

polyvinyl-pyrrolidone (PVP), an effective absorbent for phenolic compounds, was added 

as soon as the liquid nitrogen had evaporated. Once ground, the plant material was 

transferred to a microcentrifuge tube and approximately one volume of extraction buffer 

(25 mM Tris-HCl pH 7.5, 1 mM EDTA, 10% glycerol, 5 mM DTT, 0.1% Triton) was 

added and vortexed to mix homogenously. Samples were then centrifuged at 16,000 g for 

15 min at 4°C and the supernatant was transferred to a fresh tube. 

2.8.3 Quantification of protein concentrations 

The protein concentration of obtained samples was determined by the Bradford 

colorimetric method using bovine serum albumin (BSA) as a standard. Bradford assay 

solution (Bio-Rad, UK) was diluted five-fold with distilled water and filter sterilized to 

remove any particles. 1 µl of protein extract was added to 1 ml of Bradford solution and 

mixed well to obtain a homogenous colour. The absorbance at 595 nm was recorded with a 

spectrophotometer (Eppendorf, Germany) against a blank sample (Bradford solution 

without added protein). The concentration of each sample was calculated based on the 

equation of a standard curve that was generated using a serial dilution of BSA standards of 

known concentrations (1, 2, 4, 6, 8, 10 µg/µl). 

2.8.4 Immunoprecipitation of GFP-tagged proteins from plant extracts 

Total protein extracts from either Arabidopsis or N. benthamiana plants were used for 

immunoprecipitation of GFP-tagged proteins using magnetic anti-GFP micro-beads 

(µMacTM beads, 130-091-370, Miltenyi Biotech). Per IP reaction, 1.5 mg (Arabidopsis cell 

extract) or 7.5 mg protein (N. benthamiana extract) was used. The protein samples were 

incubated on ice in the dark or under UV-B with 50 µl micro-beads for 30 min. A 

microcolumn was equilibrated with 200 µl lysis buffer (450 mM NaCl, 1% (v/v) Triton-X, 

50 mM Tris-HCl pH 8) before the lysate containing the anti-GFP micro beads was applied 

on the column. Non-GFP tagged proteins were allowed to flow through the column and the 

GFP-tagged proteins together with any interacting proteins were retained on the column 

via magnetic interaction through the micro-breads. The column was washed four times 

with 200 µl high salt lysis buffer and once with 100 µl wash buffer 2 (300 mM NaCl, Tris-

HCl pH 7.5). To elute, 20 µl of elution buffer (0.1 M triethylamine pH 11.8, 0.1% (v/v) 
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Triton X) was applied on the column and incubated for 5 min at room temperature. An 

extra 50 µl of elution buffer were added and the eluate was collected in a microcentrifuge 

tube containing 3 µl of 1 M MES pH 3 in order to neutralise the pH of the samples to avoid 

abnormalities during migration on SDS-PAGE.  

Immunoprecipitated samples that were used for subsequent size exclusion chromatography 

were buffer exchanged into wash buffer II (50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM 

β-mercaptoethanol) or wash buffer II HS (50 mM Tris-HCl pH 7.5, 500 mM NaCl, 1 mM 

β-mercaptoethanol) using spin concentrators with a MWC of 30,000 kD. 

2.8.5 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) 

Protein samples were denatured by adding required amounts of 4 x SDS protein sample 

buffer (250 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 20% (v/v) β-mercaptoethanol, 40% (v/v) 

glycerol, 0.5% (w/v) bromophenol blue) and subsequent boiling of the samples for 5 min at 

95°C. Depending on the size of the protein of interest either a 7.5%, 10% or a 12.5% 

polyacrylamide separating gel with a 4% polyacrylamide stacking gel was used 

(Separating: 7.5%, 10% or 12.5% (w/v) polyacrylamide, 0.38 M Tris-HCl pH 8.8, 0.1% 

(w/v) SDS, 0.05% (w/v) APS, 0.07% (v/v) TEMED; Stacking: 4% (w/v) polyacrylamide, 

132 mM Tris-HCl pH 6.8, 0.1% (w/v) SDS, 0.05% (w/v) APS, 0.15% (v/v) TEMED). 

Proteins were separated according to their size in SDS running buffer (25 mM Tris-HCl pH 

8.5, 190 mM glycine and 0.1% (w/v) SDS) at 200 V for approximately 40 min. Protein 

molecular weights were determined using a prestained molecular weight marker (P7708, 

New England Biolabs) 

2.8.6 Semi-native SDS-PAGE  

To investigate the dimeric state of UVR8 proteins semi-native SDS-PAGE gels were used. 

SDS-PAGE gels with the respective percentages were used as described in 2.8.5. Required 

amounts of 4 x SDS protein sample buffer were added to the samples and loaded on a 

SDS-PAGE gel without boiling. The following protein separation was carried out as 

described in 2.8.5. 

2.8.7 Native PAGE 

To analyze protein samples under non denaturing conditions on PAGE gels, 2x native 

sample buffer (Invitrogen, LC0725) was added to samples and separated on 7.5% native 

PAGE gels (7.5% (w/v) polyacrylamide, 0.38 M Tris-HCl pH 8.8, 0.05% (w/v) APS, 

0.07% (v/v) TEMED). Proteins were separated according to their charge and conformation 

in running buffer (25 mM Tris-HCl pH 8.5, 190 mM glycine) at 120 V for approximately 
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100 min in the cold room. Molecular weight of proteins was estimated by using 

NativeMark™ unstained Protein standard (LC0725, Invitrogen). 

2.8.8 Coomassie Blue staining 

Gels were stained for approximately 10 min at room temperature in 0.1% Coomassie 

Brilliant Blue R250 (Bio-Rad), 45% methanol and 10% acetic acid and subsequently 

destained in 45% methanol and 10% acetic acid. To completely remove all background 

stain, gels were left in rehydration buffer (10% ethanol and 5% acetic acid) overnight 

before gels were scanned and dried under vacuum onto 3M paper. 

2.8.9 Western Blot transfer 

Protein extracts separated by SDS-PAGE were transferred onto nitrocellulose membranes 

(Bio-Rad, UK) at 400 mA for 45 min in transfer buffer (25 mM Tris-HCl pH 8.5, 190 mM 

glycine and 20% (v/v) methanol). Membranes were then stained with Ponceau solution 

(0.1% (w/v) Ponceau S, 1% (v/v) acetic acid) to reveal protein bands and thus determine if 

equal loading of protein samples had been achieved. Membranes were blocked using 8% 

(w/v) non-fat dried milk in TBS-T (25 mM Tris-HCl pH 8, 150 mM NaCl, 2.7 mM KCl, 

0.1% (v/v) Triton-X) to prevent non-specific binding of the antibodies. 

2.8.10 Immunolabelling 

Primary antibodies were either used in concentrations shown in the table below in TBS-T 

with 8% or 5% (COP1 and CHS) non-fat dried milk. Incubation was preferably done 

overnight; if not feasible, the incubation time was shortened to 1 h at room temperature. 

Between primary and secondary antibody incubations, membranes were washed 4 times 

with TBS-TT (25 mM Tris-HCl pH 8, 150 mM NaCl, 2.7 mM KCl, 0.1% (v/v) Triton-X, 

0.05% (v/v) Tween) and one time with TBS-T for a total of 25 min. Secondary anti-rabbit, 

anti-mouse (both Promega), anti-rat (Dako Denmark A/S, Glostrup, Denmark) or anti-goat 

HRP conjugated antibodies (Sigma) were used either in 1:5000, 1:10000 or 1:20000 

dilutions in TBS-T with 8% non-fat dried milk. The incubation time of 1 h was followed 

by five washes with TBS-TT and 2 washes with TBS for a total of 35 min. 
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TABLE 2-5: Primary antibodies used for immunoblotting. 
 

Primary antibody Dilution Source 

anti-CHS (N-20) 1:1000 Santa Cruz 

anti-c-myc 1:1000 Roche 

anti-COP1 1:1000 X.W. Deng 

anti-GFP 1:5000 Clontech 

anti-HA 1:5000 Roche 

anti-Ubiquitin 1:2500 
Agrisera  

(A. Sadanandom) 
anti-UVR8 

(C-terminal) 
1:5000 

E. Kaiserli 
(Kaiserli and Jenkins, 2007) 

anti-UVR8 
(N-terminal) 

1:1000 
E. Kaiserli 

(Cloix and Jenkins, 2008) 
 

 

2.8.11 Immunodetection 

For chemiluminescent detection of the protein bands the ECL PlusTM Western Blotting 

Detection Reagent (Amersham or Pierce Fisher) was used according to the manufacturer’s 

instructions. After incubation with the ECL reagents, the membranes were placed between 

two sheets of clear plastic and subsequently placed into an X-ray cassette. Under safe red 

light conditions sheets of X-ray film (Kodak) were applied on top of the membranes in the 

cassettes. Films were developed by the X-OMAT developing system. 

2.8.12 Stripping of immunolabelled protein membrane 

A stripping procedure is necessary for complete antibody removal from an already 

immunolabelled protein membrane in order to re-probe with different antibodies. 

Membranes developed by chemiluminescence were washed in TBS and then incubated in 

stripping buffer (100 mM β-mercaptoethanol, 2% (w/v) SDS, 62.5 mM Tris-HCl pH 6.8) at 

50°C for 30 min with gentle agitation (30 rpm). Membranes were then washed at least 

three times with TBS-T for at least 15 min in total at room temperature followed by 

blocking with 8% non-fat dried milk in TBS-T for 1 h. Immunolabelling and immuno-

detection were carried out as described in 2.8.10 and 2.8.11.  
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2.8.13 Quantification of Western Blots 

Quantification of UVR8 monomer loss in darkness following UV-B exposure was 

undertaken for representative Western blots from three independent experiments. The 

immunodetected UVR8 bands were quantified using Image J. Data were corrected for 

background and normalized against the value of the monomer after UV-B illumination, 

taken as 100%. Points were plotted and fitted using Curve Fitting Toolbox in MATLAB 

(Version 7.12.0). The type of fit that gave an R2 value closest to 1 (R2 = 1.0 would 

represent a perfect fit) was chosen and a 95% confidence level of the fit is shown. To 

facilitate comparison between treatments and genotypes, the time taken for loss of 50% of 

the monomer was calculated. 

2.8.14 Analytical Size-Exclusion Chromatography 

To assess dimer monomer status of purified protein or immunoprecipitated GFP-UVR8 

derived from N. benthamiana plants before and after UV-B treatment gel filtration 

experiments were performed on a Superdex 200 HR10/30 column (GE Healthcare). The 

column was equilibrated with wash buffer II (50 mM Tri-HCl pH 7.5, 150 mM NaCl, 

1 mM β-mercaptoethanol, 0.02% sodium azide) and run at a flow rate of 0.5 ml/min at 4°C 

on an AKTA FPLC system. For size and shape approximation the standard proteins 

aldolase, albumin, ovalbumin, chymotrypsinogen A and ribonuclease A were used. 

Collected fractions from gel filtration runs of immunoprecipitated GFP-UVR8 and mutants 

derived from N. benthamiana plants were concentrated with Strata Clean Resin (Agilent) 

before separation by SDS-PAGE and immunoblotting. 

2.8.15 Trypsin digests 

Limited proteolysis with trypsin was used to probe conformational changes of purified 

UVR8 and mutants before and after UV-B treatment. About 5 µg of protein was digested 

on ice with 0.02 µg of trypsin (TPCK treated trypsin (Sigma), dissolved at 10 mg/ml in 

25 mM Tris-HCl pH 7.5, 150 mM NaCl). Samples were taken before trypsin was added 

and after 5 and 30 min incubation respectively. The reaction was stopped by adding PMSF 

and 4 x SDS protein sample buffer. The samples were boiled and separated on a 10% SDS-

PAGE gel and stained with Coomassie Blue. 
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2.9 Generation of stable transgenic Arabidopsis lin es 

2.9.1 Generated constructs 

A number of selected point mutations in UVR8 were chosen to generate stable transgenic 

lines to examine functionality of these mutant proteins in Arabidopsis plants. All constructs 

were cloned at restriction sites 5' EcoRI and 3' SalI in the pEZR(K)L-C vector at the 

C-terminal region of eGFP and are expressed under the control of the constitutive 35S 

promoter of the Cauliflower Mosaic Virus. The following point mutations were chosen: 

D96N, D96N/D107N, R146A, R234A, R286A, R286K, H287A, R338A, R286A/R338A, 

and R146A/R286A. 

2.9.2 Agrobacterium mediated transformation of Arabidopsis by floral 

dip 

The transgenic lines described in this study were either generated in the uvr8-1 mutant or 

in WT background by Agrobacterium mediated transformation. Arabidopsis plants for 

transformation were grown in high white light until flowers developed (4-5 weeks). A 

single colony of Agrobacterium containing the plasmid construct of interest was inoculated 

in 500 ml of LB medium with appropriate antibiotics for selection and grown at 28°C 

under constant shaking (200 rpm) until the culture reached an OD600 of approximately 1.5 - 

2.0. The cells were then pelleted by centrifugation at 2,000 g for 15 min and resuspended 

in infiltration medium (2.2 g/l MS salts, 50 g/l sucrose, 0.5 g/l MES and 200 µl/l Silwet 

L-77) to an OD600 of approximately 0.8. Upper parts of the plants were immersed in the 

Agrobacterium solution described for 1 min with gentle agitation. Plants were kept under 

humid conditions in autoclave bags overnight and were returned into the growth room the 

next day. Two to four days later plants were once again immersed in the Agrobacterium 

solution. Plants were then allowed to develop seeds. 

2.9.3 Screen for homozygous lines 

Transgenic seeds were grown on 0.8% agar plates containing ½ MS and 75 µg/ml 

kanamycin for selection. 20-30 surviving T1 seedlings were transferred to soil and allowed 

to set seeds. T2 generation plants showing a 3:1 segregation on selective plates and a 

satisfying GFP expression (checked by confocal microscopy) were carried on. Finally, at 

least three independent homozygous T3 lines exhibiting 100% resistance to kanamycin and 

showing satisfying expression levels were used for complementation and protein 

characterisation studies. 
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2.9.4 Confocal microscopy 

The expression of GFP-UVR8 fusions was visualised by a confocal laser scanning 

microscope (Zeiss LSM 510) under water with a 20 x objective lens. The GFP fluorescent 

tag was excited using an argon laser at 488 nm. GFP emission was collected between 505-

530 nm to avoid cross-talk with chloroplast autofluorescence.  

 

2.10 Transient expression of gene constructs in N. benthamiana 

A single colony from freshly transformed Agrobacterium cells with the desired plasmid 

DNA was inoculated in 10 ml of LB medium with appropriate antibiotics and grown 

overnight at 28°C under constant shaking (200 rpm). When cultures had reached an OD600 

of about 0.6 - 1.0, cells were pelleted by centrifugation at 2,000 g for 10 min. The cells 

were then resuspended in 10 mM MgCl2, 10 mM MES pH 6.5 and 200 µM acetosyringone 

at an OD600 of 0.2 and incubated at room temperature for 3 hours. The Agrobacterium 

medium was infiltrated in N. benthamiana plants at the lower side of the leaves using a 

syringe. The infiltrated plants were moved back into the growth room at 28°C and left for 

2-3 days before examining gene expression by confocal microscopy or protein extracts 

were prepared. 

 

2.11 Yeast two-hybrid methods 

2.11.1 Yeast transformation and yeast two-hybrid assay 

Several colonies of yeast strain AH109 grown on YPD agar plates (20 g/l peptone, 10 g/l 

yeast extract, 20 g/l glucose, 20 g/l agar) were resuspended in 30 µl dH2O. For 

cotransformation 30-50 µg of each plasmid DNA and 270 µl of transformation solution 

containing 40% (w/v) PEG, 0.1 M lithium acetate and 10 mM TE buffer pH 8.0 were 

added to the cell suspension followed by vigorously vortexing and an incubation at 42°C 

for 15 min vortexing every 5 min. Cells were then pelleted by centrifugation at 1,000 g for 

5 min. The supernatant was discarded and the cells resuspended in 500 µl of YPD medium 

and incubated at room temperature for 2-3 h. Cells were then pelleted again and 

resuspended in 0.8% NaCl and incubated overnight. The next day cells were once again 

pelleted, resuspended in 100 µl of 0.8% NaCl and plated on agar plates with double 

dropout medium (46.7 g/l Minimum SD Agar Base, (63041; Clontech) 0.64 g/l L- W- DO 

Supplements (630417; Clontech)). The plates were incubated at 30°C for 2 to 3 days until 

colonies developed.  
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A single colony was then taken from each plate, resuspended in 100 µl of 0.8% NaCl and 

5 µl aliquots were spotted on agar plates containing quadruple dropout medium (46.7 g/l 

Minimum SD Agar Base, 0.60 g/l L- W- A- H- DO Supplements (630428; Clontech)) to test 

for interaction of prey and bait protein. Plates were incubated at 30°C in the dark or under 

narrowband UV-B (0.1 µmol m-2 s-1) for 3 to 4 days. 

2.11.2 Isolation of protein from yeast 

A colony of transformed yeast was inoculated in 10 ml of liquid SD-L- W- and grown over 

night at 30˚C under constant shaking (200 rpm) until the OD600 reached about 1. Then 2 ml 

of overnight culture were harvested (16,000 g for 2 min) and resuspended in lyse and load 

buffer (L&L) containing 50 mM Tris-HCl pH 6.8, 4% SDS, 8 M urea, 30% glycerol, 0.1 M 

DTT and 0.005% bromophenol blue whereby the amount of L&L buffer added to the 

sample in µl corresponded to the OD x 100 of the sample (e.g. OD600 0.95, add 95 µl L&L 

buffer). Samples were heated for 20 min at 65˚C before separation on a 10% SDS-PAGE 

gel and subsequent immunoblotting. 

 

2.12 Protein expression in E. coli 

2.12.1 Generated constructs 

The cDNA encoding Arabidopsis UVR8 was cloned at restriction sites 5' NcoI and 3' NotI 

into a modified pET (Novagen) expression vector providing N-terminal 7 x His and StrepII 

affinity tags for purification (pHS vector, obtained from Michael Hothorn). Because UVR8 

contains an internal NcoI restriction site, the isoschizomer BspHI was used to digest the 

PCR fragment. The protein is expressed as a SUMO (small ubiquitin-related modifier) 

fusion protein, where the SUMO is used to cleave off the affinity tags after purification of 

the protein by incubation with a SUMO protease. Several UVR8 mutants were generated in 

this vector by site-directed mutagenesis with primers and conditions as described under 

2.6.7. 

2.12.2 Culture growth 

A starter culture of 100 ml LB medium with appropriate antibiotics was inoculated with a 

single colony of transformed Rosetta (DE3) pLysS cells and incubated overnight at 37°C 

with constant shaking (200 rpm). The next morning, one litre of Terrific Broth medium 

(ForMedium™, Hunstanton, UK) with appropriate antibiotics was inoculated with 10 ml of 

the overnight culture. The culture was incubated on a shaking incubator at 37°C until its 



CHAPTER 2  MATERIAL AND METHODS 

 
 

45 

density reached an OD600 of 1.0. Cultures were then transferred to a 16°C shaker and 

allowed time to adapt before protein expression was induced by adding isopropyl-beta-D-

thiogalactopyranoside (IPTG) to a final concentration of 60 µM. The cultures were then 

incubated overnight at 16°C with constant shaking. Cells were pelleted the next morning 

by centrifugation at 4,000 rpm at 4°C for 20 min. Pellets were flash frozen in liquid 

nitrogen and stored at -80°C until proteins were purified.  

2.12.3 Protein purification 

Cells were resuspended in wash buffer I (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 20 mM 

imidazole, 1 mM β-mercaptoethanol, 10% glycerol, EDTA free protease inhibitor tablets 

(Roche)) at a 3:1 ratio of buffer to cells. Cells were lysed by sonication at 4˚C until 

viscosity of the lysate decreased. To remove nucleic acids 2 µl Benzonase®Nuclease 

(Novagen) per 100 ml of lysate was added. Cell debris was pelleted by centrifugation at 

20,000 rpm at 4°C for 30 min and the supernatant was collected.  

All steps of the following purification were carried out in the cold room at 4°C. 0.8 ml 

nickel charged resin (Ni-NTA Super flow, 30401, Qiagen) per 1l TB culture was 

equilibrated by washing with 10 column volumes (CV) of wash buffer I. Equilibrated resin 

was transferred to a beaker and incubated with the supernatant collected in 2.13.1 for one 

hour with mixing. The mixture was then transferred back into the column, the supernatant 

allowed to flow through followed by a wash step with 10 CV of wash buffer I. 

Subsequently, the ends of the column were capped and the resin with the bound proteins 

resuspended in 3 CV of incubation buffer (50 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM 

MgATP, 2.5 mM MgCl2, 1 mM β-mercaptoethanol) to remove bound chaperone proteins. 

After a 15 min incubation period on a rolling shaker, the cap was removed and the buffer 

allowed flowing through followed by a final wash step with 10 CV of wash buffer II 

(50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM β-mercaptoethanol). To elute the His 

tagged protein five one CV fractions were collected after addition of elution buffer (50 mM 

Tris-HCl pH 7.5, 150 mM NaCl, 250 mM imidazole, 1 mM β-mercaptoethanol). Fractions 

two to four were pooled and used for the second purification step.  

0.35 ml strep resin (Strep-Tactin® Superflow®, 2-1208-002, IBA, Goettingen, Germany) 

per 1l TB culture was equilibrated with 5 CV wash buffer II. Equilibrated resin was 

transferred to a beaker and incubated with the pooled elution fractions from the first 

purification step for one hour with mixing. Again the mixture was transferred back to the 

column, the supernatant allowed to flow through and the resin washed with 5 CV of wash 

buffer II. For the on-column cleavage of the tags, the ends of the column were capped, the 
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resin resuspended in 2 CV of wash buffer II and SUMO protease was added. The mixture 

was incubated on a rolling shaker overnight. The next morning, the column was uncapped 

and the flow through collected. Subsequently the column was washed 3 times with one CV 

of wash buffer II. All three wash steps were collected and pooled with the flow through. 

Purified proteins were flash frozen in liquid nitrogen and stored at -80˚C. 

2.12.4 Purification of SUMO protease 

Cleavage of the affinity tags of purified UVR8 was done via incubation with SUMO 

protease. SUMO protease is a highly active cysteinyl protease also known as Ulp which 

cleaves in a highly specific manner, recognizing the tertiary structure of the ubiquitin-like 

protein, SUMO rather than an amino acid sequence. A recombinant fragment of Ulp1 (Ubl-

specific protease 1) from S. cerevisiae (ScUlp1 residues 403-621) was cloned into a vector 

with a non cleavable N-terminal 6 x His and StrepII tag (construct obtained from Michael 

Hothorn) and expressed in Rosetta (DE3) pLysS cells. Culture growth, induction of protein 

expression as well as harvesting of the culture was essentially done as described under 

2.12.2.  

Thawed cell pellets were resuspended in a 3:1 ratio buffer:pellet in lysis and wash buffer 

(25 mM Tris-HCl pH 7.6, 1 M NaCl , 2 mM β-mercaptoethanol, 10 mM imidazole) and 

sonicated as described under 2.12.3. The lysate was then centrifuged as described under 

2.12.3. Cobalt resin (2 ml resin per 1 l TB medium used for culture growth) was 

equilibrated with lysis and wash buffer as described under 2.12.3, incubated with the 

clarified cell lysate, washed and incubated with incubation buffer containing ATP to wash 

off chaperone proteins (50 mM Tris-HCl pH 7.6, 1 M NaCl, 10 mM MgATP, 2.5 mM 

MgCl2, 1 mM β-mercaptoethanol). After another wash step, the SUMO protease was eluted 

from the column with 4 CV of elution buffer (25 mM Tris-HCl pH 7.6, 1 M NaCl, 2 mM 

β-mercaptoethanol, 200 mM imidazole). The purified protease was then desalted with a 

Sephadex G-25 M column (GE-Healthcare) and concentrated to a final concentration of 

3 mg/ml (final storage buffer: 25 mM Tris-HCl pH 8, 350 mM NaCl, 2 mM 

β-mercaptoethanol). Aliquots of 100 µl were snap frozen in liquid nitrogen and stored at 

-80ºC. 
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2.13 Spectroscopy 

2.13.1 Circular Dichroism spectroscopy 

2.13.1.1 Far- and near-UV measurements 

Wild type and mutant UVR8 proteins were analyzed in the far- and near-UV region before 

and after UV-B treatment (1 h, 1.5 µmol m-2 s-1 narrowband UV-B). Circular Dichroism 

(CD) spectra were recorded on a Jasco J-810 spectropolarimeter. Spectra in the far-UV 

(190 nm - 260 nm) were measured in a 0.2 cm path length cell using a scan speed of 

50 nm/min, a 0.5 s response and a bandwidth of 1 nm. Spectra in the near-UV (260 nm - 

320 nm) were recorded in a 0.2 cm path length cell using a scan speed of 10 nm/min, a 2 s 

response and a bandwidth of 1 nm. Eight scans were accumulated and averaged. Spectra 

were corrected by subtraction of a buffer blank spectrum and respective sample 

concentration. Data were expressed in units of molar ellipticity [θ] (degrees cm2 dmol-1). 

2.13.1.2 Thermal melt 

Wild type and mutant UVR8 proteins were analyzed at different temperatures in a 

wavelength range between 220 and 320 nm. A Peltier thermal device was used to increase 

the starting temperature of 5°C in 5°C steps up to 60°C. Spectra were recorded in a 0.2 cm 

path length cell using a scan speed of 10 nm/min, a 2 s response and a bandwidth of 1 nm. 

One scan was performed for each temperature step.  

2.13.2 Ultrafast transient absorption spectroscopy 

Time-resolved transient absorption measurements were performed on a visible pump-

visible probe setup in the LaserLab facilities at the Vrije Universiteit Amsterdam. The 

system uses a Coherent Libra Titanium:Sapphire amplifier oscillator (1 kHz), providing a 

light source with a central wavelength of 800 nm, bandwidth of 30 nm at full-width half-

maximum, with an energy of >3.5 mJ/pulse and a duration of ~40 fs. The 800 nm pulse 

was split into two parts: one part was used for third harmonic generation to create a 266 nm 

pump beam to trigger the photoreaction. The second part was focused on a rotating CaF2 

crystal to generate a white light continuum that was used as the probe beam. The 

polarization between pump and probe beam was set to magic angle (54.7°). The probe 

pulse was focused on the sample by parabolic mirrors. Parabolic mirrors and an achromatic 

lens (fl: 200 mm) were used to focus the pump beam on the sample. The pump pulse was 

progressively delayed with respect to the probe using a 60 cm long delay stage (Newport 

IMS-6000) to cover a time window up to 3.7 ns. The sample, placed in a quartz flow cell of 

2 mm optical path, was fixed in the focal plane of the two focusing elements (achromatic 
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lens and parabolic mirror) and circulated by a peristaltic pump. Pump and probe beams 

were spatially separated after the sample. The probe beam was collimated and focused on 

the entrance slit of a spectrograph (Oriel Instruments, Newport Corporation, USA) and 

spectrally dispersed across a home-built camera equipped with a 256 element photodiode 

array (Hamamatsu Photonics, Japan). This 256 pixel array is read out by a computer to 

calculate the transient absorption. Out of the thousand pulses per second, 500 pump pulses 

were blocked by a synchronized chopper in order to calculate the difference in absorption 

of the white light between pumped and non-pumped sample. The transient absorption setup 

is described in detail in Berera et al. (2009) 

The resulting data was corrected for pre-time-zero signals by calculating the average signal 

at each wavelength before time-zero and subtracting the result from the corresponding time 

trace. The pre-treated data was analyzed by global analysis using the Glotaran software 

package (Snellenburg et al., 2012). The time-resolved data can be described in terms of a 

parametric model in which some parameters, such as those descriptive of the instrument 

response function (IRF), are wavelength-dependent, whereas others, such as the lifetime of 

a certain spectrally distinct component underlay the data at all wavelengths. This allows 

the application of global analysis techniques, which model wavelength-invariant 

parameters as a function of all available data. The spectral evolution was investigated using 

a compartmental model, in which so-called evolution associated difference spectra (EADS) 

sequentially interconvert with increasing lifetimes (1->2->3->…; τ1< τ 2< τ 3<…). 

2.13.3 Fourier Transform Infrared (FTIR) spectroscopy 

The differential FTIR spectra were recorded at room temperature using a FTIR 

spectrometer (IFS 66s Bruker) equipped with a nitrogen cooled photovoltaic MCT detector 

(20 MHz, KV 100, Kolmar Technologies, Inc., USA) at the LaserLab facilities of the VU 

Amsterdam. A UV-LED light (Photon systems, Covina, CA, USA) emitting at 280 nm was 

used to convert UVR8 and its mutant forms to their light activated states. The light minus 

dark FTIR data was obtained, by subtracting an initially over one minute recorded dark 

state spectrum from the light activated protein spectrum also recorded over the duration of 

one minute but under continuous UV illumination. Background and sample interferogram 

data were averaged from 100 interferogram scans, at 3 cm-1 spectra resolution. 

Light-minus-dark difference spectra were corrected for experimental drift by subtraction of 

the corresponding dark-minus-dark difference spectrum. Measurements were repeated after 

a 24 h recovery of the sample. The FTIR samples were prepared by using 10-15 µl sample 

at OD280 of  ̴ 70 (in 50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM β-mercaptoethanol) and 
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spread between two tightly fixed CaF2 windows. The sample can be considered as a 

hydrated film. 

2.13.4 Fluorescence spectroscopy 

The fluorimeter (Fluorolog, Horiba Jobin-Yvon) was set to 280 nm excitation with an 

excitation bandpass of 1 nm. Emission spectra were recorded with an emission bandpass of 

5 nm between 285 nm and 500 nm with steps of 2 nm. The light intensity of the excitation 

source was determined to be 40 µW. Protein samples were diluted to OD280 ~ 0.04 - 0.06 in 

a 1x1 cm quartz fluorescence cuvette. Two times 100 emission spectra were recorded with 

an acquisition time of each spectrum of about 38 s. The excitation shutter was closed 

during the resetting procedure between the spectra. The samples were continuously stirred. 

Excitation and absorption spectra were recorded before and after each measurement. For 

analysis of the UVR8 WT monomer, the sample was preilluminated for ~ 10 min by an 

UV-LED emitting at 280 nm (Photon systems, Covina, CA, USA).  
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3. DIMER-MONOMER STATE OF UVR8 SALT BRIDGE MUTANTS 

 
 

3.1 Introduction 

The UV-B induced monomerisation of UVR8 is an important property of the photoreceptor 

and requires stable dimerisation of the protein in the absence of UV-B. To investigate the 

importance of ionic interactions in maintaining the UVR8 dimer, site-directed mutagenesis 

was used to mutate residues predicted to participate in cross-dimer salt bridges. UVR8 

mutants were generated for two main approaches: Firstly, to test their dimer-monomer 

state in vitro by using recombinantly expressed protein purified from E. coli and, secondly, 

to test effects of mutations in vivo by generating transgenic Arabidopsis lines with the 

respective mutation (see Chapter 4). Three methods were applied for each approach 

respectively: size-exclusion chromatography (SEC), native polyacrylamide gel 

electrophoresis (PAGE) and semi-native SDS-PAGE. The last method was established by 

Rizzini and coworkers (2011), whereby samples in SDS loading buffer are not heat 

denatured and therefore the highly stable UVR8 dimer can be detected on a SDS-PAGE 

gel. Purified protein was also analysed by far- and near-UV circular dichroism (CD) 

spectroscopy to assess exciton coupling of tryptophans and also indirectly the dimer-

monomer state of the protein. The major findings of this chapter are that the UVR8 dimer 

is very effectively held together by cross-dimer salt bridges and mutation of involved 

residues can lead to constitutive monomerisation. Especially important for stable 

dimerisation are salt bridges that are located adjacent to the UV-B perceiving tryptophan 

pyramid, in particular those involving R286.  

 

3.2 The UVR8 dimer is held together by a complex ne twork of salt 

bridges  

Elucidation of the crystal structure of UVR8 revealed the forces and residues that are 

involved in stable dimerisation of the photoreceptor in the absence of UV-B. Remarkable 

is the high content of aromatic residues (seven tryptophans, three phenylalanines and two 

tyrosines) and charged side chains across the dimer interface. The latter ones will be the 

focus of this chapter. Distinct regions of complementary electrostatic potential are formed 

within each monomer and the dimer offset and the two-fold symmetry align arginine and 
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carboxylate side chains to form a complex network of salt bridges across the dimer 

interface (Fig 3-1 A). These ionic interactions are the dominating force to hold the dimer 

together whereas hydrophobic interactions play a negligible 

FIGURE 3-1: View of the UVR8 dimer 
bridges across the dimer interface (B).
periphery of each disk
Positive charges are shown in blue, negative charges in red. The tryptophan pyramid is 
black, hydrogen bonds and water molecules are shown in turquoise. For clarity, residues from only 
one half of the interface are displayed (adapted from Christie et al.
 
The crystallographic structure allowed the identification of individual residues involved in 

ionic interactions (Fig 3

between R286 and D107 and between R146 and E182. Single hydrogen bonded salt 

bridges are formed between a number of residues such as R286 and D96, R354 and E53 

and E43 as well as between R338 and D44 and also between R200 and E158. By using 

site-directed mutagenesis, the importance of a number of these residues was 

the present chapter. 

 

carboxylate side chains to form a complex network of salt bridges across the dimer 

). These ionic interactions are the dominating force to hold the dimer 

together whereas hydrophobic interactions play a negligible role. 

View of the UVR8 dimer (A) and close-up view of residues forming salt 
bridges across the dimer interface (B). Hydrophilic residues are located along the entire 
periphery of each disk-like monomer and are shown in red (top subunit) and orange (bottom). 
Positive charges are shown in blue, negative charges in red. The tryptophan pyramid is 

bonds and water molecules are shown in turquoise. For clarity, residues from only 
one half of the interface are displayed (adapted from Christie et al., 2012). 

The crystallographic structure allowed the identification of individual residues involved in 

ionic interactions (Fig 3-1 B). Two strong double hydrogen bonded salt bridges are formed 

between R286 and D107 and between R146 and E182. Single hydrogen bonded salt 

bridges are formed between a number of residues such as R286 and D96, R354 and E53 

3 as well as between R338 and D44 and also between R200 and E158. By using 

mutagenesis, the importance of a number of these residues was 
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carboxylate side chains to form a complex network of salt bridges across the dimer 

). These ionic interactions are the dominating force to hold the dimer 

 

 
up view of residues forming salt 

Hydrophilic residues are located along the entire 
like monomer and are shown in red (top subunit) and orange (bottom). 

Positive charges are shown in blue, negative charges in red. The tryptophan pyramid is colored in 
bonds and water molecules are shown in turquoise. For clarity, residues from only 

2012).  

The crystallographic structure allowed the identification of individual residues involved in 

1 B). Two strong double hydrogen bonded salt bridges are formed 

between R286 and D107 and between R146 and E182. Single hydrogen bonded salt 

bridges are formed between a number of residues such as R286 and D96, R354 and E53 

3 as well as between R338 and D44 and also between R200 and E158. By using 

mutagenesis, the importance of a number of these residues was examined in 
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3.3 The salt bridge formed through R286 is essentia l to maintain the 

UVR8 dimer 

Several mutations were carried out to test the importance of the double hydrogen bonded 

salt bridge involving R286 and D107 as well as D96 (Fig 3-2 A). This salt bridge is 

positioned directly adjacent to the UV-B perceiving tryptophan pyramid which will be 

described in more detail later on. To completely interrupt the ionic interaction, R286 was 

mutated to alanine and in a second mutant the two aspartic acid residues (D96 and D107) 

were replaced by asparagines. The proteins were expressed as SUMO fusion proteins in 

E. coli cells and purified through an N-terminal 7x His and Strep II affinity tag. To assess 

the dimerisation state of the mutant protein, SEC was used as first method of choice. Wild-

type UVR8 protein shows UV-B induced monomerisation when it is exposed to 1.5 µmol 

m-2 s-1 narrowband UV-B for 1 h (Fig 3-2 B). Elution volumes of the non-treated and 

UV-B treated wild-type protein correspond to approximately 96 and 58 kDa respectively, 

showing the dimer and monomer states of UVR8 (for calibration curve see Fig A-1 

Appendix). In contrast, the UVR8D96N/D107N and UVR8R286A mutants both show constitutive 

monomerisation under non UV-B conditions and remain unchanged after exposure to 

UV-B (Fig 3-2 B). The elution volumes are slightly different in both cases compared to the 

monomeric wild-type form; however, size exclusion chromatography is greatly influenced 

not only by size but by the hydrodynamic radius, i.e. the shape of the protein, which might 

well be altered due to the introduced mutations. To be able to exclude concentration 

dependency of the elution volumes, a range of concentrations was tested with the 

UVR8D96N/D107N mutant. Fig 3-2 C shows absence of concentration dependence of the 

elution volume and therefore strengthens the finding that the two mutants are constitutive 

monomeric forms of UVR8. 

To test the importance of the positively charged side chain, a conserved mutation of R286 

was carried out as well, replacing the arginine by lysine. The elution profile of the 

UVR8R286K mutant shows a UV-B induced dimer to monomer shift (Fig 3-2 D). A 

positively charged side chain in this position is therefore essential for dimerisation. 

However, the elution volume of the UVR8R286K dimer differs from wild-type UVR8 

suggesting most likely a different overall shape of the protein. To further investigate the 

variability of dimer shapes the behaviour of the UVR8R286K mutant was tested under 

500 mM NaCl conditions (HS). Under non UV-B high salt conditions the elution volume 

of the UVR8R286K dimer is shifted towards the wild-type dimer and about a third of the 

protein elutes at the position of the monomer. Complete monomerisation was observed 
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after UV-B treatment with the same elution volume for the UVR8

low salt conditions.  

FIGURE 3-2: The salt bridge formed through R286 is essential to maintain the UVR8 
dimer. Purified proteins exposed or not (
for 1 h (+UV-B, dotted line) were run on a Superdex 200 column (GE Healthcare) which was 
calibrated using the low molecular weight calibration Kit (GE Healthcare). Elution points of 
aldolase (158 kDa), albumin (75 kDa) and ovalbumin (43 kDa) a
diagram. (A) Close up view of the salt bridge formed
of wild-type UVR8, UVR8
monomerisation. (C) Constitutive 
concentration. (D), (E) 
two single mutants UVR8
shown in B, C and D are
are representative of two independent experiments.
 

The negatively charged aspartic acids were investigated further by introducing only a 

single point mutation to asparagi

UVR8D107N are still able to dimerize under n

exposure to UV-B (Fig 3

 

treatment with the same elution volume for the UVR8

 

: The salt bridge formed through R286 is essential to maintain the UVR8 
Purified proteins exposed or not (-UV-B, solid line) to 1.5 µmol m

, dotted line) were run on a Superdex 200 column (GE Healthcare) which was 
calibrated using the low molecular weight calibration Kit (GE Healthcare). Elution points of 
aldolase (158 kDa), albumin (75 kDa) and ovalbumin (43 kDa) are indicated in the top of each 

Close up view of the salt bridge formed between R286 and D107 and D96.
type UVR8, UVR8D96N/D107N and UVR8R286A mutants. The two mutants show

Constitutive monomerisation of UVR8D96N/D107N 

(D), (E) and (F) Dimerisation is still possible in the UVR8
two single mutants UVR8D107N and UVR8D96N (HS = high salt conditions: 500

are representative of three independent experiments. Data shown in E and F 
representative of two independent experiments. 

The negatively charged aspartic acids were investigated further by introducing only a 

single point mutation to asparagine at a time. Both mutant forms, UVR8

are still able to dimerize under non UV-B conditions and monomeris

(Fig 3-2 E and F). The elution volume of the UVR8
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treatment with the same elution volume for the UVR8R286K monomer as under 

 

: The salt bridge formed through R286 is essential to maintain the UVR8 
, solid line) to 1.5 µmol m-2 s-1 narrowband UV-B 

, dotted line) were run on a Superdex 200 column (GE Healthcare) which was 
calibrated using the low molecular weight calibration Kit (GE Healthcare). Elution points of 

re indicated in the top of each 
between R286 and D107 and D96. (B) SEC 

mutants. The two mutants show constitutive 
D96N/D107N is independent of protein 

Dimerisation is still possible in the UVR8R286K mutant and in the 
(HS = high salt conditions: 500 mM NaCl). Data 

representative of three independent experiments. Data shown in E and F 

The negatively charged aspartic acids were investigated further by introducing only a 

ne at a time. Both mutant forms, UVR8D96N and 

conditions and monomerise after 

2 E and F). The elution volume of the UVR8D107N dimer differs 
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again from wild-type UVR8, which is also most likely due to an overall change in the 

shape of the protein. A likely scenario would be a minor reorientation of R286 to form a 

tighter interaction with the remaining D96. Removing only the single hydrogen bonded salt 

bridge between R286 and D96 has the least effect on shape alteration, resulting in close to 

wild-type elution volumes during size exclusion chromatography. To further test the 

strength of cross-dimer salt bridges in the UVR8D96N dimer, chromatography runs were 

performed under high salt conditions as well. In contrast to UVR8R286K, where high salt 

condition lead to partial monomerisation, UVR8D96N still mainly elutes as a single peak 

under non UV-B conditions close to the wild-type dimer. The elution volume has changed 

slightly; however changes in compactness and shape of the dimer are most likely 

responsible for this behaviour. As expected, the UVR8D96N monomer remains unaffected 

by high salt conditions and elutes in the same position as under low salt conditions. 

It can be concluded from these mutations that the salt bridge formed through R286 is 

essential to maintain the UVR8 dimer. The ionic interactions and UV-B induced 

monomerisation will only be sustained as long as either side can participate with a 

positively and at least one negatively charged side chain. 

 

3.4 R338 and D44 form a second important salt bridg e to stabilize the 

dimer 

R338 forms a cross-dimer salt bridge with D44 adjacent to the above described double 

hydrogen bonded salt bridge and also in close proximity to the tryptophan pyramid (Fig 

3-3 A). R338 also forms a second much weaker salt bridge via a water molecule with E43. 

The contribution of the salt bridges to maintain the dimer was again examined by 

mutagenesis, changing R338 to alanine to eliminate the positive charge. The SEC elution 

profile of the UVR8R338A mutant shows monomer-dimer equilibrium under low salt 

conditions but UVR8R338A becomes constitutively monomeric independent of exposure to 

UV-B if examined under high salt conditions (Fig 3-3 B). R338 is therefore less crucial for 

dimerisation than R286 since complete monomerisation in the UVR8R338A mutant only 

occurs if enough counterions in solution are present to prevent charged residues pairing up 

across the dimer interface. 

Besides the UVR8R338A single mutant, the double mutant UVR8R286A/R338A and the triple 

mutant UVR8R234A/R286A/R338A were generated. The main purpose hereby was to determine 

the combined effect of the loss of arginines on the enclosed tryptophan pyramid. However, 

both mutants showed partial proteolytic cleavage during protein expression and 



CHAPTER 3 

 

purification and therefore analysis of these mutants was limited. Due to the

R286A mutation causing constitutive monomerisation, UVR8

UVR8R234A/R286A/R338A

for wild-type UVR8

alterations in their shape (Fig 3

a mixed species of protein

observed in the absence of 

likely, this second monomeric species has a changed conformation induced by 

possibly narrow down the region of conformational change, the UVR8

was treated with trypsin before SEC

C-terminus (Christie et al

after UV-B exposure

length UVR8R286A/R338A

 

FIGURE 3-3: R338 is also important f
Purified proteins exposed or not (
(+UV-B, dotted line) were run on a Superdex 200 column (GE Healthcare) which was calibrated 
using the low molecular weight calibration Kit (GE Healthcare). Elution points of aldolase (158 
kDa), albumin (75 kDa) and ovalbumin (43 kDa) are indicated in the top of 
Close up view of the salt bridge formed between R338 and D44. 
protein compared to UVR8
conditions (HS: 500 mM
after trypsin treatment of the protein
representative of two experiments
 

 

purification and therefore analysis of these mutants was limited. Due to the

R286A mutation causing constitutive monomerisation, UVR8
R234A/R286A/R338A are monomeric as well. However, the elution volume is greater than 

type UVR8, caused by the proteolytic cleavage as well as probably major

alterations in their shape (Fig 3-3 C and D). Exposure of UVR8R286A/R338A

a mixed species of protein; whereas one species coincides with the monomeric form 

erved in the absence of UV-B, the second species elutes earlier from the column

likely, this second monomeric species has a changed conformation induced by 

possibly narrow down the region of conformational change, the UVR8

was treated with trypsin before SEC, which eliminates the last 40 amino acids o

(Christie et al., 2012). Trypsin treated UVR8R286A/R338A

exposure, suggesting a changed conformation of the 
R286A/R338A protein induced by UV-B. 

R338 is also important for stable dimerisation of UVR8.
Purified proteins exposed or not (-UV-B, solid line) to 1.5 µmol m-2 s-1

, dotted line) were run on a Superdex 200 column (GE Healthcare) which was calibrated 
using the low molecular weight calibration Kit (GE Healthcare). Elution points of aldolase (158 
kDa), albumin (75 kDa) and ovalbumin (43 kDa) are indicated in the top of 
Close up view of the salt bridge formed between R338 and D44. (B)
protein compared to UVR8R338A shows constitutive monomerisation under low and high salt 

mM NaCl). (C) SEC of UVR8R286A/R338A shows a UV
after trypsin treatment of the protein. (D) SEC of UVR8R234A/R286A/R338A. 
representative of two experiments. Experiment shown in D has not been repeated.
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purification and therefore analysis of these mutants was limited. Due to the effect of the 

R286A mutation causing constitutive monomerisation, UVR8R286A/R338A and 

are monomeric as well. However, the elution volume is greater than 

caused by the proteolytic cleavage as well as probably major 
R286A/R338A to UV-B leads to 

whereas one species coincides with the monomeric form 

the second species elutes earlier from the column. Most 

likely, this second monomeric species has a changed conformation induced by UV-B. To 

possibly narrow down the region of conformational change, the UVR8R286A/R338A mutant 

which eliminates the last 40 amino acids of the 
R286A/R338A remains unchanged 

suggesting a changed conformation of the C-terminus in the full 

 

of UVR8. 
1 narrowband UV-B for 1 h 

, dotted line) were run on a Superdex 200 column (GE Healthcare) which was calibrated 
using the low molecular weight calibration Kit (GE Healthcare). Elution points of aldolase (158 
kDa), albumin (75 kDa) and ovalbumin (43 kDa) are indicated in the top of each diagram. (A) 

(B) SEC of wild-type UVR8 
shows constitutive monomerisation under low and high salt 

UV-B response which is lost 
 Data shown in B and C are 

. Experiment shown in D has not been repeated. 
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3.5 R146 and E182 form a second double hydrogen 

The contribution to dimerisation of a third 

mutagenesis of R146. The second double hydrogen bonded salt bridge formed between 

R146 and E182 is not directly adjacent to the tryptophan pyramid bu

symmetry axis of the protein (Fig 3

with R234 which contributes little to dimerisation but is still a remarkable arrangement: it 

connects the cross-dimer

since R234 neighbours W233 of the tryptophan triad. To completely prevent formation of 

the R146 and E182 salt bridge, R146 was mutated to alanine. The SEC elution profile 

shows dimerisation of UVR8

exposure to UV-B (Fig 3

 

FIGURE 3-4: R146 and E182 form the second double hydrogen bonded salt bridge 
further distanced from the tryptophan pyramid. 
solid line) to 1.5 µmol m
Superdex 200 column (GE Healthcare) which was calibrated using the low molecular weight 
calibration Kit (GE Healthcare). Elution points of ald
ovalbumin (43 kDa) are indicated in the top of each diagram. 
salt bridge formed between R146 and E182 and its interaction with R234. 
UVR8 protein compared to UV
an altered shape of the mutant protein. Trypsin treated UVR8
type protein. (C) SEC of UVR8
treatment of the protein. 
dimeric. Data shown is representative of two independent experiments. The trend of the data shown 
in C has been observed several times but with slightly 
 

 

R146 and E182 form a second double hydrogen 

The contribution to dimerisation of a third cross-dimer salt bridge was investigated by 

mutagenesis of R146. The second double hydrogen bonded salt bridge formed between 

R146 and E182 is not directly adjacent to the tryptophan pyramid bu

symmetry axis of the protein (Fig 3-4 A). E182 also forms an intermolecular salt bridge 

with R234 which contributes little to dimerisation but is still a remarkable arrangement: it 

dimer salt bridge between R146 and E182 to the tryptophan pyramid, 

since R234 neighbours W233 of the tryptophan triad. To completely prevent formation of 

the R146 and E182 salt bridge, R146 was mutated to alanine. The SEC elution profile 

shows dimerisation of UVR8R146A in the absence of UV-B and monomerisation after 

(Fig 3-4 B). 

R146 and E182 form the second double hydrogen bonded salt bridge 
further distanced from the tryptophan pyramid. Purified proteins 
solid line) to 1.5 µmol m-2 s-1 narrowband UV-B for 1 h (+UV-B, dotted line) were run on a 
Superdex 200 column (GE Healthcare) which was calibrated using the low molecular weight 
calibration Kit (GE Healthcare). Elution points of aldolase (158 kDa), albumin (75 kDa) and 
ovalbumin (43 kDa) are indicated in the top of each diagram. (A) Close up view of the 
salt bridge formed between R146 and E182 and its interaction with R234. 
UVR8 protein compared to UVR8R146A shows a dimer to monomer shift after 
an altered shape of the mutant protein. Trypsin treated UVR8R146A shows similar behavior to wild

SEC of UVR8R146A/R286A shows a UV-B response which is lost after trypsin 
tment of the protein. (D) SEC of UVR8R234A shows no response to 

Data shown is representative of two independent experiments. The trend of the data shown 
in C has been observed several times but with slightly differing elution volumes.
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R146 and E182 form a second double hydrogen bonded salt bridge 

salt bridge was investigated by 

mutagenesis of R146. The second double hydrogen bonded salt bridge formed between 

R146 and E182 is not directly adjacent to the tryptophan pyramid but lies close to the 

4 A). E182 also forms an intermolecular salt bridge 

with R234 which contributes little to dimerisation but is still a remarkable arrangement: it 

182 to the tryptophan pyramid, 

since R234 neighbours W233 of the tryptophan triad. To completely prevent formation of 

the R146 and E182 salt bridge, R146 was mutated to alanine. The SEC elution profile 

and monomerisation after 

 

R146 and E182 form the second double hydrogen bonded salt bridge 
Purified proteins exposed or not (-UV-B, 

, dotted line) were run on a 
Superdex 200 column (GE Healthcare) which was calibrated using the low molecular weight 

olase (158 kDa), albumin (75 kDa) and 
Close up view of the cross-dimer 

salt bridge formed between R146 and E182 and its interaction with R234. (B) SEC of wild-type 
shows a dimer to monomer shift after UV-B exposure with 

shows similar behavior to wild-
response which is lost after trypsin 

shows no response to UV-B and appears to be 
Data shown is representative of two independent experiments. The trend of the data shown 

elution volumes. 
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However, the elution volumes of this mutant differ greatly from wild-type UVR8, but 

nevertheless two distinct states are visible before and after exposure to UV-B. To 

investigate whether an altered shape of UVR8R146A causes the shift in elution volume, the 

protein was treated with trypsin as described before. The elution profile of trypsin treated 

UVR8R146A closely resembles the elution profile of wild-type UVR8 before and after 

exposure to UV-B suggesting that the mutation of R146 to alanine somehow affects the 

conformation of the C-terminus. Nevertheless, UVR8R146A is not impaired in dimerisation 

and it responds to UV-B by monomerisation. 

The last cross-dimer salt bridge mutant that was generated and characterized was 

UVR8R146A/R286A effectively lacking the two double hydrogen bonded salt bridges. Size 

exclusion chromatography shows constitutive monomerisation of UVR8R146A/R286A (Fig 3-4 

C) but exposure to UV-B shows a similar effect of generation of two mixed species as 

observed for the UVR8R286A/R338A mutant in Fig 3-3 C. Similarly, treatment of 

UVR8R146A/R286A with trypsin before the chromatography run eliminated the shape change 

after exposure to UV-B leading to a constitutively monomeric form of UVR8 unresponsive 

to UV-B. It should be mentioned at this point that reproducibility of elution profiles of the 

two double mutants UVR8R146A/R286A and UVR8R286A/R338A have been problematic during 

this study. Both mutants always showed elution volumes close to the wild-type monomer 

and therefore these mutants are clearly monomeric. However, the shape of both proteins 

can be altered greatly by the conformation of the C-terminus as shown by the treatment 

with trypsin. Shape alterations have especially been problematic under low salt conditions 

where the charged residues of the C-terminus may interact with the dimer interface of the 

same subunit. Differences in protein concentrations under these circumstances may result 

in differing C-terminal conformations leading to different shapes and elution volumes. 

Conclusions drawn from the SEC data of these two mutants, besides the fact that they are 

constitutively monomeric, have to be considered were carefully. 

Finally, the intermolecular salt bridge between R234 and E182 was investigated by 

mutation of R234 to alanine. Fig 3-4 D suggests that UVR8R234A mainly exists as a dimer 

under non-UV-B conditions, however the broadening of the peak towards the right hand 

side shows a less tight conformation of the dimer compared to the wild-type protein. 

Remarkable is the loss of UV-B induced monomerisation of this mutant. Most likely the 

rather drastic mutation from arginine to alanine adjacent to the tryptophan pyramid has 

altered the tryptophan arrangement and therefore disabled the UV-B sensing mechanism. 

Nevertheless, the dimeric state of this mutant has to be investigated further especially by 

trypsin treatment of the protein. The elution volume of UVR8R146A after exposure to UV-B 
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is very similar to the elution volume of UVR8R234A, and UVR8R146A is supposedly 

monomeric after UV-B treatment with conformational differences in the C-terminus as 

shown by trypsin treatment. It can therefore not be excluded that mutation of R234 to 

alanine even if not directly involved in a cross-dimer salt bridge also leads to constitutive 

monomerisation with an altered shape of the C-terminus by disturbing the arrangement of 

surrounding amino acids. 

To summarize, comparing effects of salt bridge breaking mutations between the two 

double hydrogen bonded salt bridges spanning the interface, the interaction between R146 

and E182 contributes less to dimerisation then the interactions formed through R286.  

 

3.6 Native gel electrophoresis reveals various conf ormations of UVR8 

mutants 

Alongside size exclusion chromatography, the dimerisation state of UVR8 salt bridge 

mutants was also analyzed by native PAGE. Native or non-denaturing gel electrophoresis 

is run in the absence of SDS and therefore the mobility of proteins does not only depend on 

the proteins’ size, as in SDS-PAGE, but on their charge and their hydrodynamic radii. The 

electric charge driving the electrophoresis is determined by the intrinsic charge of the 

protein at the pH of the running buffer and depends on the amino acid composition of the 

protein. Separation of purified wild-type UVR8 protein before and after exposure to 1.5 

µmol m-2 s-1 of narrowband UV-B for 1 h on a 7.5 % native gel reveals only a very small 

shift between the dimeric and monomeric form of the wild-type (Fig 3-5 A). 

The dimeric mutant UVR8R286K, where the total charge of the protein remains unchanged, 

runs in a comparable position to wild-type under non-UV-B conditions, but UV-B induced 

monomerisation results in a much more mobile monomer then seen for wild-type. A 

similar effect can be observed for the two single mutants UVR8D96N and UVR8D107N, 

whereas here the mutation has an effect on the charge of the protein (Fig 3-5 B). This 

clearly demonstrates that the monomeric form of these three mutants is present in a 

different conformation to the wild-type monomer under the native gel conditions. Further 

changes in the mobility of monomeric forms can be seen for UVR8R286A and 

UVR8D96N/D107N (Fig 3-5 A). 
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FIGURE 3-5: Mutation of salt bridge forming 
mutants on native gels in various ways.
µmol m-2 s-1 narrowband 
with Coomassie Blue. 
 

Whereas size exclusion chromatography suggests the same size and shape for these two 

mutants, their behaviour differs under native PAGE conditions resulting in bands in 

different positions. In accordance to the SEC data, both mutants however show no 

response to exposure 

UV-B as seen before; however, their mobilities

conformation of monomeric mutants. Finally, the conformation and mobility of the double 

mutant UVR8R286A/R338A

unchanged after exposure to 

two proteins which has been described earlier becomes clearly visible. The only mutation 

that results in a mutant form showing wild

conditions is R146 to alanine

and UV-B exposed protein can be observed. 

The conclusion that can be drawn from this set of experi

protein is altered after exposure to 

coincides with UV

chromatography. This method however does not allow clear as

monomer state to mutants if compared to the wild

 

 

Mutation of salt bridge forming residues alters the mobility of UVR8 
mutants on native gels in various ways. Purified proteins were exposed (+) or not (

narrowband UV-B for 1 h. Samples were separated on a 7.5% native gel a

ize exclusion chromatography suggests the same size and shape for these two 

mutants, their behaviour differs under native PAGE conditions resulting in bands in 

different positions. In accordance to the SEC data, both mutants however show no 

osure to UV-B. UVR8R338A and UVR8R146A/R286A also show no response to 

before; however, their mobilities suggest two further variations 

conformation of monomeric mutants. Finally, the conformation and mobility of the double 
86A/R338A and the triple mutant UVR8R234A/R286A/R338A

unchanged after exposure to UV-B (Fig 3-5 D). However, the proteolytic cleavage of the 

two proteins which has been described earlier becomes clearly visible. The only mutation 

n a mutant form showing wild-type characteristics under native PAGE 

to alanine (Fig 3-5 D), where a similar small shift between unexposed 

exposed protein can be observed.  

The conclusion that can be drawn from this set of experiments is that the mobility of the 

protein is altered after exposure to UV-B if the mutant is still responsive to 

UV-B induced monomerisation observed by size exclusion 

chromatography. This method however does not allow clear as

monomer state to mutants if compared to the wild-type form. 
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residues alters the mobility of UVR8 
Purified proteins were exposed (+) or not (-) to 1.5 

h. Samples were separated on a 7.5% native gel and stained 

ize exclusion chromatography suggests the same size and shape for these two 

mutants, their behaviour differs under native PAGE conditions resulting in bands in 

different positions. In accordance to the SEC data, both mutants however show no 

also show no response to 

suggest two further variations in the 

conformation of monomeric mutants. Finally, the conformation and mobility of the double 
R234A/R286A/R338A also remain 

5 D). However, the proteolytic cleavage of the 

two proteins which has been described earlier becomes clearly visible. The only mutation 

type characteristics under native PAGE 

5 D), where a similar small shift between unexposed 

is that the mobility of the 

if the mutant is still responsive to UV-B and this 

induced monomerisation observed by size exclusion 

chromatography. This method however does not allow clear assignment of dimer or 
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3.7 Semi-native SDS

salt bridge mutants

Finally, a third method was applied to test the contributions of individual salt bridges to 

dimer stability. Purified proteins were analysed by semi

advantage of the observation 

strong to resist denaturation by SDS if samples are not heat denatured (Rizzini e

2011). As shown in Figure 3

forms of UVR8. Whereas wild

of narrowband UV-B

UVR8D96N, even though

the wild-type UVR8 dim

of 100 kDa would be expected according to the molecular weight marker

omitting denaturation of the protein by boiling leads to ‘semi

described above, the conformation of the protein

under such conditions. This matter was also investigated with UVR8 whole p

extract and will be described later in this chapter.

FIGURE 3-6: Salt bridge mutants are constitutively monomeric under semi
SDS-PAGE conditions. 
narrowband UV-B for 1h. Unboiled samples in SDS
PAGE gel and stained with Coomassie Blue. 
 
 

3.8 The UVR8 dimer shows exciton coupling

Besides the use of SEC, far

study as an important tool to assess the dimer

responsiveness of UVR8 and its mutant forms. The monomer interaction surface includes 

seven tryptophans, of which

monomer facing W94 on the other monomer. This arrangement 

mentioned tryptophan pyramid which is responsible for photoreception (Christie et al., 

 

native SDS -PAGE shows constitutive monomerisation of all 

salt bridge mutants  

Finally, a third method was applied to test the contributions of individual salt bridges to 

dimer stability. Purified proteins were analysed by semi-native SDS

of the observation that interactions that maintain the dimer are sufficiently 

strong to resist denaturation by SDS if samples are not heat denatured (Rizzini e

2011). As shown in Figure 3-6, this approach is rather debatable for salt bridge mutant 

forms of UVR8. Whereas wild-type UVR8 is dimeric before exposure to 1.5 µmol m

B for 1 h, no dimer can be detected for UVR8

though dimerisation was observed by SEC. It should also be noted that 

type UVR8 dimer runs at a much lower size than a protein of an approximate size 

of 100 kDa would be expected according to the molecular weight marker

omitting denaturation of the protein by boiling leads to ‘semi-native’ conditions and as 

the conformation of the proteins greatly influences separation behaviour 

under such conditions. This matter was also investigated with UVR8 whole p

extract and will be described later in this chapter. 

Salt bridge mutants are constitutively monomeric under semi
PAGE conditions. Purified proteins were exposed (+) or not 

for 1h. Unboiled samples in SDS-loading buffer were run on a 7.5% SDS
PAGE gel and stained with Coomassie Blue.  

The UVR8 dimer shows exciton coupling  

Besides the use of SEC, far-UV CD spectroscopy has also been

study as an important tool to assess the dimer-monomer state as well as the 

responsiveness of UVR8 and its mutant forms. The monomer interaction surface includes 

of which W233, W285 and W337 form a closely p

monomer facing W94 on the other monomer. This arrangement 

mentioned tryptophan pyramid which is responsible for photoreception (Christie et al., 
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PAGE shows constitutive monomerisation of all 

Finally, a third method was applied to test the contributions of individual salt bridges to 

native SDS-PAGE hereby taking 

that interactions that maintain the dimer are sufficiently 

strong to resist denaturation by SDS if samples are not heat denatured (Rizzini et al., 

6, this approach is rather debatable for salt bridge mutant 

type UVR8 is dimeric before exposure to 1.5 µmol m-2 s-1 

for 1 h, no dimer can be detected for UVR8R286K, UVR8R146A or 

should also be noted that 

a protein of an approximate size 

of 100 kDa would be expected according to the molecular weight marker. However, 

native’ conditions and as 

greatly influences separation behaviour 

under such conditions. This matter was also investigated with UVR8 whole plant cell 

 

Salt bridge mutants are constitutively monomeric under semi-native 
Purified proteins were exposed (+) or not (-) to 1.5 µmol m-2 s-1 of 

loading buffer were run on a 7.5% SDS-

UV CD spectroscopy has also been established during this 

monomer state as well as the UV-B 

responsiveness of UVR8 and its mutant forms. The monomer interaction surface includes 

W233, W285 and W337 form a closely packed triad in one 

monomer facing W94 on the other monomer. This arrangement constitutes the earlier 

mentioned tryptophan pyramid which is responsible for photoreception (Christie et al., 
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2012). These four tryptophans are less than 5Å apart which is suffic

electronic orbitals would overlap, permitting exciton coupling as seen in other proteins 

(Kuwajima et al., 1991; Vuilleumier et al., 1993; Andersson et al., 2001). Three more pairs 

of aromatic residues from the surface W198 

a perimeter fence of aromatic residues that isolates the tryptophan triad from solvent.

Exciton coupling of tryptophans gives rise to signals in the far

(Grishina and Woody, 1994

a strong peak at 234 nm and a trough at 221 nm which is characteristic of exciton coupling 

between tryptophans (Fig 3

narrowband UV-B for 1 h strongly diminishes thes

tryptophan exciton coupling is greatly reduced, presumably by separation 

disordering of the tryptophan cluster upon dimer dissociation. The near

is dominated by the signal of all 14 tryptoph

to 290 nm with fine structures between 290 and 305 nm (Fig 3

CD spectrum shows integrity of the protein with a nicely folded tertiary structure with no 

major changes after exposure to 

FIGURE 3-7: The UVR8 dimer shows exciton coupling and a 
(A) and (B) Far- and near
line) to 1.5 µmol m-2 s-1

dimeric UVR8D96N, UVR8
CD spectra of dimeric UVR8
 

 

 

2012). These four tryptophans are less than 5Å apart which is suffic

electronic orbitals would overlap, permitting exciton coupling as seen in other proteins 

(Kuwajima et al., 1991; Vuilleumier et al., 1993; Andersson et al., 2001). Three more pairs 

esidues from the surface W198 - Y201, W250 - Y253 and W302 

a perimeter fence of aromatic residues that isolates the tryptophan triad from solvent.

Exciton coupling of tryptophans gives rise to signals in the far-UV CD spectra of proteins 

(Grishina and Woody, 1994; Kelly et al., 2005). The far-UV CD spectrum of UVR8 

a strong peak at 234 nm and a trough at 221 nm which is characteristic of exciton coupling 

between tryptophans (Fig 3-7 A). Exposure of wild-type UVR8 to 1.5 µmol m

for 1 h strongly diminishes these far-UV CD features, indicating that 

tryptophan exciton coupling is greatly reduced, presumably by separation 

disordering of the tryptophan cluster upon dimer dissociation. The near

is dominated by the signal of all 14 tryptophans present in UVR8 giving a main peak close 

to 290 nm with fine structures between 290 and 305 nm (Fig 3-7 B). Overall the near

CD spectrum shows integrity of the protein with a nicely folded tertiary structure with no 

major changes after exposure to UV-B. 

The UVR8 dimer shows exciton coupling and a UV
and near-UV CD spectra of wild type UVR8 protein exposed or not (

1 narrowband UV-B for 1 h (+UV-B, dotted line) 
, UVR8D107N and UVR8R286K mutants with same treatment as in (A) 

CD spectra of dimeric UVR8R146A mutant with same treatment as in (A). 
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2012). These four tryptophans are less than 5Å apart which is sufficiently close that 

electronic orbitals would overlap, permitting exciton coupling as seen in other proteins 

(Kuwajima et al., 1991; Vuilleumier et al., 1993; Andersson et al., 2001). Three more pairs 

Y253 and W302 - F305 create 

a perimeter fence of aromatic residues that isolates the tryptophan triad from solvent. 

UV CD spectra of proteins 

UV CD spectrum of UVR8 shows 

a strong peak at 234 nm and a trough at 221 nm which is characteristic of exciton coupling 

type UVR8 to 1.5 µmol m-2 s-1 

UV CD features, indicating that 

tryptophan exciton coupling is greatly reduced, presumably by separation and possibly 

disordering of the tryptophan cluster upon dimer dissociation. The near-UV CD spectrum 

ans present in UVR8 giving a main peak close 

7 B). Overall the near-UV 

CD spectrum shows integrity of the protein with a nicely folded tertiary structure with no 

 

UV-B response.  
UV CD spectra of wild type UVR8 protein exposed or not (-UV-B, solid 

, dotted line) (C) Far-UV CD spectra of 
s with same treatment as in (A) (D) Far-UV 

mutant with same treatment as in (A).  
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The presence of exciton coupling in the UVR8 dimer was next examined in those mutants 

that were characterized as dimeric by size exclusion chromatography. UVR8D107N, 

UVR8R286K and UVR8R146A show only a very small reduction in exciton coupling under 

non UV-B conditions compared to wild-type UVR8 (Fig 3-7 C and D). This is most likely 

due to minor changes in side chain orientations around the tryptophan pyramid caused by 

the mutations, which will influence distances of overlapping orbitals and thus the intensity 

of exciton coupling. All three mutants respond to UV-B by showing the same loss in 

exciton coupling as wild-type. The UVR8D96N mutant shows the greatest reduction of 

exciton coupling amongst the dimeric mutants; however, exposure to UV-B still flattens 

the signal even further like in the wild-type protein (Fig 3-7 C). Near-UV CD spectra were 

also recorded for all UVR8 mutants. All spectra are fairly similar compared to wild-type 

UVR8 and are therefore shown in the appendix (Fig A-2). 

 

3.9 Exciton coupling is reduced in the monomeric mu tants 

To test whether exciton coupling requires an intact UVR8 dimer, the monomeric mutants 

were investigated by far-UV CD spectroscopy (Fig 3-8). None of the spectra recorded for 

the monomeric mutants resembles that of the monomeric wild-type protein after exposure 

to UV-B. This observation suggests that a change of the tryptophan arrangement can only 

be achieved by UV-B induced monomerisation and not through monomerisation by 

mutagenesis. The far-UV CD spectrum of UVR8D96N/D107N shows the greatest reduction in 

exciton coupling amongst the monomeric mutants (Fig 3-8 A). Exciton coupling seems to 

be reduced slightly further after exposure of the protein to UV-B; however, the overall 

shape of the curve has not changed as seen for wild-type UVR8. A similar observation can 

be made for UVR8R286A, except exciton coupling is less reduced at 234 nm but more at 221 

nm. The far-UV CD spectrum of UVR8R338A is comparable in height to the 234 nm exciton 

coupling peak and also shows subtle changes after exposure to UV-B (Fig 3-8 B). The two 

double mutants UVR8R286A/R338A and UVR8R146A/R286A show similar strength of exciton 

coupling as the other monomeric mutants but remain unchanged after exposure to UV-B 

(Fig 3-8 C). Interestingly, exciton coupling is greatly reduced in the UVR8R234A mutant in 

respect to the 234 nm peak but not the 221 nm trough (Fig 3-8 D). However, whether this 

mutation truly leads to monomerisation or not needs to be investigated further. 
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FIGURE 3-8: Exciton coupling is reduced in the monomeric UVR8 mutants.
(A) Far-UV CD spectra of monomeric UVR8
UV-B, solid line) to 1.5 µmol m
CD spectra of monomeric UVR8
monomeric UVR8R146A/R286A 

UV CD spectra of dimeric UVR8
 
 

3.10 Analysis of the UVR8 homodimer in plants

Besides the in vitro studies of the dimer

effects of mutations were also tested in transgenic 

GFP-UVR8 with the respective mutation under control of the CaMV 

uvr8-1 allele has a 15 bp deletion in the middle of the gene which includes an among 

RCC1 homologues highly conserved glycine residue and leads t

protein (Kliebenstein et al., 2002). 

the generated mutant lines used during this study. Three independent homozygous T3 lines 

(numbered) were selected for each GFP

4 for GFP-UVR8D96N/D107N

 

Exciton coupling is reduced in the monomeric UVR8 mutants.
UV CD spectra of monomeric UVR8D96N/D107N and UVR8R286A

, solid line) to 1.5 µmol m-2 s-1 narrowband UV-B for 1 h (+UV-
CD spectra of monomeric UVR8R338A with same treatment as in (A) 

R146A/R286A and UVR8R286A/R338A mutants with same treatment as in (A)
UV CD spectra of dimeric UVR8R234A mutant with same treatment as in (A).

Analysis of the UVR8 homodimer in plants  

Besides the in vitro studies of the dimer-monomer state of UVR8 salt bridge mutants, 

effects of mutations were also tested in transgenic uvr8-1 Arabidopsis lines expressing 

UVR8 with the respective mutation under control of the CaMV 

allele has a 15 bp deletion in the middle of the gene which includes an among 

RCC1 homologues highly conserved glycine residue and leads to complete absence of the 

protein (Kliebenstein et al., 2002). Fig 3-9 shows the expression levels of GFP

the generated mutant lines used during this study. Three independent homozygous T3 lines 

(numbered) were selected for each GFP-UVR8 mutant except for GFP
D96N/D107N where plants of the T2 generation were used. 
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Exciton coupling is reduced in the monomeric UVR8 mutants.  
R286A mutants exposed or not (-

-B, dotted line) (B) Far-UV 
 (C) Far-UV CD spectra of 

mutants with same treatment as in (A) (D) Far-
ment as in (A). 

monomer state of UVR8 salt bridge mutants, 

Arabidopsis lines expressing 

UVR8 with the respective mutation under control of the CaMV 35S promoter. The 

allele has a 15 bp deletion in the middle of the gene which includes an among 

o complete absence of the 

9 shows the expression levels of GFP-UVR8 in 

the generated mutant lines used during this study. Three independent homozygous T3 lines 

ept for GFP-UVR8R146A and line 

where plants of the T2 generation were used.  
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FIGURE 3-9: Expression levels of GFP
Immunoblot analysis of plant cell 
fusions. Extracts were
antibody. Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading control. Three 
independent homozygous T3 lines (numbered) were selected for each GFP
T2 generation for GFP-
each line was compared to that in GFP
expression is sufficient to functionally complement 
 
 
UV-B-dependent monomerisation of UVR8 in plants was first shown by 

co-immunoprecipitation assay. Whole cell extracts were obtained from wild

expressing GFP-UVR8 treated or not with 3 

Subsequently, a co-immunoprecipitation assay with anti GFP

the same conditions. Figure 3

UVR8 forming a heterodimer under non

exposure to UV-B since the native UVR8 protein is no longer pulled down by GFP

 

Expression levels of GFP-UVR8 in transgenic lines.
Immunoblot analysis of plant cell extracts of transgenic lines expressing the indicated GFP

. Extracts were separated by SDS-PAGE and immunoblots were probed with anti
antibody. Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading control. Three 

ent homozygous T3 lines (numbered) were selected for each GFP
-UVR8R146A and line 4 for GFP-UVR8D96N/D107N)

each line was compared to that in GFP-UVR8 line 6-2, in which the level of GFP
expression is sufficient to functionally complement uvr8-1 (Kaiserli and Jenkins, 2007). 

dependent monomerisation of UVR8 in plants was first shown by 

immunoprecipitation assay. Whole cell extracts were obtained from wild

UVR8 treated or not with 3 µmol m-2 s-1 narrowband 

immunoprecipitation assay with anti GFP-beads was carried out under 

the same conditions. Figure 3-10 A shows that native UVR8 protein interacts with 

forming a heterodimer under non-UV-B conditions. The interaction is lost after 

since the native UVR8 protein is no longer pulled down by GFP
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UVR8 in transgenic lines. 
extracts of transgenic lines expressing the indicated GFP-UVR8 

PAGE and immunoblots were probed with anti-GFP 
antibody. Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading control. Three 

ent homozygous T3 lines (numbered) were selected for each GFP-UVR8 mutant (except 
). The level of expression in 

2, in which the level of GFP-UVR8 
and Jenkins, 2007).  

dependent monomerisation of UVR8 in plants was first shown by undertaking a 

immunoprecipitation assay. Whole cell extracts were obtained from wild-type plants 

narrowband UV-B for 4 h. 

beads was carried out under 

10 A shows that native UVR8 protein interacts with GFP-

conditions. The interaction is lost after 

since the native UVR8 protein is no longer pulled down by GFP-UVR8. 
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This demonstrates UV

experiment can only be used for the wild

plants with a GFP-tagged and an untagged mutant form of UVR8 at the same time is not 

easily accomplished. 

FIGURE 3-10: UVR8 
(A) UV-B induces monomerisation of GFP
from wild-type Ler plants transformed with GFP
UV-B for 4 h. A co-
immunoblot was probed with anti
and Ler plants transformed with GFP
(+) or not (-) to 4 µmol m
extracts, and unboiled samples were run on a 7.5% SDS
with anti-UVR8 antibody. GFP
forms are indicated. Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading 
control.  
 
 
In vivo studies of the dimer

SDS-PAGE were already in progress before expression and purification of the 

protein was achieved in 

interacting with UVR8 under non 

detected by the UVR8 antibody in plant cell extract in the dark state really was a UVR8 

homodimer since it was running much lower than its expected molecular weight. 

Interestingly, the fact that the proteins ar

therefore protein conformation greatly influences their separation behaviour only seems to 

 

UV-B induced monomerisation in plants. However, this kind of 

riment can only be used for the wild-type form of UVR8, since transformation of 

tagged and an untagged mutant form of UVR8 at the same time is not 

easily accomplished.  

UVR8 forms a homodimer in plants. 
induces monomerisation of GFP-UVR8 and UVR8 dimers. Whole cell extracts obtained 

plants transformed with GFP-UVR8 treated (+) or not (
-immunoprecipitation assay was performed with anti

immunoblot was probed with anti-UVR8 antibody. (B) Whole cell extracts obtained from 
plants transformed with GFP-UVR8 and extracts from Ler wild type plants were exposed 

mol m-2 s-1 narrowband UV-B for 30 min. SDS-loading buffer was added to the 
extracts, and unboiled samples were run on a 7.5% SDS-PAGE gel. The immunoblot was probed 

UVR8 antibody. GFP-UVR8/UVR8 heterodimers and homodimer as well as monomeric 
e indicated. Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading 

of the dimer-monomer state of UVR8 and GFP-

PAGE were already in progress before expression and purification of the 

protein was achieved in E. coli. Since very little was known at that time

interacting with UVR8 under non UV-B conditions, concerns arouse whether the band 

detected by the UVR8 antibody in plant cell extract in the dark state really was a UVR8 

homodimer since it was running much lower than its expected molecular weight. 

Interestingly, the fact that the proteins are separated under semi

therefore protein conformation greatly influences their separation behaviour only seems to 
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induced monomerisation in plants. However, this kind of 

type form of UVR8, since transformation of 

tagged and an untagged mutant form of UVR8 at the same time is not 

 

UVR8 and UVR8 dimers. Whole cell extracts obtained 
UVR8 treated (+) or not (-) with 3 µmol m-2 s-1 

ay was performed with anti-GFP beads and the 
Whole cell extracts obtained from uvr8-1 

wild type plants were exposed 
loading buffer was added to the 

PAGE gel. The immunoblot was probed 
UVR8/UVR8 heterodimers and homodimer as well as monomeric 

e indicated. Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading 

-UVR8 using semi-native 

PAGE were already in progress before expression and purification of the recombinant 

at that time about any proteins 

conditions, concerns arouse whether the band 

detected by the UVR8 antibody in plant cell extract in the dark state really was a UVR8 

homodimer since it was running much lower than its expected molecular weight. 

e separated under semi-native conditions and 

therefore protein conformation greatly influences their separation behaviour only seems to 
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be true for the dimer but not for the monomer since a band around the expected 46 kDa 

marker band is detected for the monomer.  

To prove that UVR8 is indeed forming a homodimer in plants that can be maintained 

during semi-native SDS-PAGE conditions and detected by immunoblotting, whole cell 

extracts obtained from uvr8-1 and Ler plants transformed with GFP-UVR8 and extracts 

from Ler wild-type plants were analyzed. Fig 3-10 B shows that in wild-type plants 

expressing GFP-UVR8 three bands can be detected by the UVR8 antibody in the dark 

state. These correspond to the GFP-UVR8 and UVR8 homodimers and the intermediate 

corresponds to the heterodimer formed between GFP-UVR8 and UVR8. In the absence of 

UV-B, the intermediate band is only present if GFP-UVR8 is expressed in the wild-type 

background but not if expressed in the uvr8-1 mutant background proving that this is 

indeed a heterodimer formed between the tagged and the endogenous form of UVR8. Upon 

exposure of the extract to 4 µmol m-2 s-1 narrowband UV-B for 30 min, the GFP-UVR8 

and the UVR8 monomers can be detected. The experiment therefore demonstrates that 

even if the UVR8 dimer runs at a rather unexpected low molecular weight, it is a 

homodimer and not an interaction with another protein. This ties in with the analysis of 

purified protein as shown in Fig 3-6 where a band of the same size appears under in vitro 

conditions excluding possible interactions with other proteins and only allowing 

homodimerisation. 

 

3.11 Dimer-monomer state of UVR8 salt bridge mutant s expressed in 

plants analysed by PAGE 

To find an appropriate technique to reliably investigate the dimer-monomer state of the salt 

bridge mutants expressed in plants has been rather difficult. As already shown for the 

purified UVR8 salt bridge mutants, the very convenient method of semi-native SDS-PAGE 

does not rigorously show whether a UVR8 mutant is monomeric or dimeric if compared to 

data gained from SEC experiments. The limitations of native PAGE in this respect have 

been described earlier on as well. Furthermore, due to limited amount of plant material and 

presumably unknown interacting proteins, as well as possible complex formations in vivo, 

the method of choice for purified UVR8 protein, size exclusion chromatography, is not as 

straight forward to apply as one might wish for an in vivo analysis of UVR8 dimerisation 

state.  

Nevertheless, semi-native SDS-PAGE was undertaken with whole cell extracts obtained 

from uvr8-1 plants transformed with GFP-UVR8 or GFP-UVR8 salt bridge mutant forms.  
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Extracts were exposed 

separation on a SDS-

3-9) were tested by semi

antibody and not unexpectedly all salt bridge mutants

monomers (Fig 3-11).

FIGURE 3-11: Semi
whole cell extracts 
GFP-UVR8 salt bridge mutant forms. 
narrowband UV-B for 30
were run on a 7.5% SDS
UVR8 dimer and monomer bands are indicated. Ponceau S
is shown as a loading control. 
 
The same extracts were also separated by native PAGE and UVR8 was again revealed by 

immunoblotting with an anti

monomeric form of endogenous UVR8 obtained from wild

once again very subtle whereas also a smear below the monomeric band is observed 

especially on longer exposed immunoblots (not shown). A similar observation can be made 

for GFP-UVR8 (Fig 3

states and assess effects of mutations. 

UVR8 mutant forms and the native PAGE of whole cell extract reveal

difference: whereas the various purified mutants show great differences in mobility, the 

GFP-UVR8 mutants expressed in plants show bands in the same position suggesting rather 

similar conformations and charges (Fig 3

of the UVR8D96N and UVR8

whole cell extract samples. The only exception is GFP

GFP-UVR8 wild-type behaviour with a very small shift visible after 

also a smear below the supposedly monomeric form of GFP

native PAGE results of whole cell extract 

of salt bridge mutants and a further approach had to be considered. 

 

 

exposed or not to 4 µmol m-2 s-1 narrowband UV

-PAGE gel. All transgenic lines that were generated in this study 

were tested by semi-native SDS-PAGE and immunoblotting using an anti

and not unexpectedly all salt bridge mutants were detected as constitutive 

11). 

Semi-native SDS-PAGE to show dimer-monomer state of UVR8 in 
 obtained from uvr8-1 plants transformed with GFP

UVR8 salt bridge mutant forms. Extracts were exposed (+) or not
for 30 min. SDS sample buffer was added to the extracts

were run on a 7.5% SDS-PAGE gel. An immunoblot was probed with anti
UVR8 dimer and monomer bands are indicated. Ponceau S staining of Rubisco large subunit (rbcL) 
is shown as a loading control.  

The same extracts were also separated by native PAGE and UVR8 was again revealed by 

immunoblotting with an anti-UVR8 antibody (Fig 3-12). The shift between the dimeric and 

form of endogenous UVR8 obtained from wild-type L

once again very subtle whereas also a smear below the monomeric band is observed 

especially on longer exposed immunoblots (not shown). A similar observation can be made 

8 (Fig 3-12 B) thus making it very difficult to distinguish between the two 

effects of mutations. Comparison between the native PAGE of purified 

UVR8 mutant forms and the native PAGE of whole cell extract reveal

reas the various purified mutants show great differences in mobility, the 

UVR8 mutants expressed in plants show bands in the same position suggesting rather 

similar conformations and charges (Fig 3-12 B-D). Especially the putative dimeric bands 

and UVR8R286K mutants visible in Fig 3-5 A and B are not detected in the 

whole cell extract samples. The only exception is GFP-UVR8R146A

type behaviour with a very small shift visible after 

lso a smear below the supposedly monomeric form of GFP-UVR8

of whole cell extract shed very little light on the dimer

of salt bridge mutants and a further approach had to be considered. 
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UV-B for 30 min before 

All transgenic lines that were generated in this study (Fig 

PAGE and immunoblotting using an anti-UVR8 

were detected as constitutive 

 

monomer state of UVR8 in 
plants transformed with GFP-UVR8 or 

Extracts were exposed (+) or not (-) to 4 µmol m-2 s-1 

uffer was added to the extracts and unboiled samples 
PAGE gel. An immunoblot was probed with anti-UVR8 antibody. GFP-

staining of Rubisco large subunit (rbcL) 

The same extracts were also separated by native PAGE and UVR8 was again revealed by 

12). The shift between the dimeric and 

type Ler plants (Fig 3-12 A) is 

once again very subtle whereas also a smear below the monomeric band is observed 

especially on longer exposed immunoblots (not shown). A similar observation can be made 

12 B) thus making it very difficult to distinguish between the two 

Comparison between the native PAGE of purified 

UVR8 mutant forms and the native PAGE of whole cell extract reveals one major 

reas the various purified mutants show great differences in mobility, the 

UVR8 mutants expressed in plants show bands in the same position suggesting rather 

D). Especially the putative dimeric bands 

5 A and B are not detected in the 
R146A which shows a close to 

type behaviour with a very small shift visible after UV-B treatment and 

UVR8R146A. Overall, the 

shed very little light on the dimer-monomer state 

of salt bridge mutants and a further approach had to be considered.  
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FIGURE 3-12: Native 
extracts of WT Ler and several transgenic GFP
cell extracts were exposed (+) or not (
were separated on a 7.5% native gel and immunoblots were probed with anti
Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading control.
 
 

3.12 Dimer- monomer state of UVR8 salt bridge 

plants analysed by SEC

Since size exclusion chromatography served as the most instructive approach for dimer

monomer analysis of purified protein, it was ultimately tested for plant derived UVR8. Due 

to limited amounts of plant materia

progress, GFP-UVR8 and GFP

N. benthamiana plants. GFP

in response to UV-B

amounts of plant cell extract containing 

However, it is unclear if Arabidopsis UVR8 can interact with COP1 or other so far 

unidentified interactors

 

Native PAGE to show dimer-monomer state of UVR8 in 
and several transgenic GFP-UVR8 salt bridge mutant lines

cell extracts were exposed (+) or not (-) to 4 µmol m-2 s-1 of narrowband 
were separated on a 7.5% native gel and immunoblots were probed with anti
Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading control.

monomer state of UVR8 salt bridge mutants expressed in 

plants analysed by SEC  

Since size exclusion chromatography served as the most instructive approach for dimer

monomer analysis of purified protein, it was ultimately tested for plant derived UVR8. Due 

to limited amounts of plant material and several homozygous transgenic lines still in 

UVR8 and GFP-UVR8 salt bridge mutants were transiently expressed in 

plants. GFP-UVR8 transiently expressed in N. benthamiana

B and this approach was therefore suitable in generating sufficient 

amounts of plant cell extract containing UV-B responsive GFP-

However, it is unclear if Arabidopsis UVR8 can interact with COP1 or other so far 

unidentified interactors in N. benthamiana. Information about possible complex formation 
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monomer state of UVR8 in whole cell 
UVR8 salt bridge mutant lines. Whole 
of narrowband UV-B for 30 min. Samples 

were separated on a 7.5% native gel and immunoblots were probed with anti-UVR8 antibody. 
Ponceau S staining of Rubisco large subunit (rbcL) is shown as a loading control. 

mutants expressed in 

Since size exclusion chromatography served as the most instructive approach for dimer-

monomer analysis of purified protein, it was ultimately tested for plant derived UVR8. Due 

l and several homozygous transgenic lines still in 

UVR8 salt bridge mutants were transiently expressed in 

benthamiana monomerises 

as therefore suitable in generating sufficient 

-UVR8 (data not shown). 

However, it is unclear if Arabidopsis UVR8 can interact with COP1 or other so far 

Information about possible complex formation 



CHAPTER 3  RESULTS 

 
 

69 

is lacking as well. Nevertheless, it was hoped that GFP-UVR8 under control of the 35S 

promoter would be expressed at such high levels in the plant that even if any of the above 

interactions were formed, enough cytosolic UVR8 would still be available to analyse the 

dimerisation state of the protein. To purify the protein, GFP-UVR8 was 

immunoprecipitated under native conditions before being applied to the SEC column. 

GFP-UVR8 was then detected by SDS-PAGE of the collected chromatography fractions 

followed by immunoblotting using an anti-GFP-antibody.  

Fig 3-13 A shows a clearly distinguishable shift in elution volumes between immuno-

precipitated wild-type GFP-UVR8 derived from N. benthamiana plants before and after 

exposure to 4 µmol m-2 s-1 narrowband UV-B for 30 min. The main peak of non UV-B 

exposed GFP-UVR8 is detected around 160-260 kDa. After UV-B exposure, 

monomerisation becomes visible, resulting in a peak at approximately 75 kDa, the 

expected size of a GFP-tagged UVR8 monomer. Even if the assigned size of the GFP-

UVR8 dimer is higher than predicted, conformational contributions have to be considered 

as described above. However, the most important observation is that with this method a 

clear shift between the dimeric and the monomeric form is visible which is necessary for 

subsequent analysis and classification of the respective mutants.  

Next, the two monomeric mutants GFP-UVR8R286A and GFP-UVR8D96N/D107N were tested 

in the established system. Fig 3-13 A and B show similar elution volumes for GFP-

UVR8R286A, GFP-UVR8D96N/D107N and for UV-B exposed wild-type GFP-UVR8 

confirming the constitutive monomerisation of the two mutants. It was now of interest to 

test whether the GFP-UVR8R286K dimer detected by size exclusion chromatography of 

purified protein was also present in plant derived GFP-UVR8R286K. However, the mutant 

form could only be detected in elution fractions assigned to the monomeric form (Fig 3-13 

C). Since the immunoprecipitation assay contains several high salt washes and as seen 

before higher salt conditions favour monomerisation of the UVR8R286K mutant, washes 

were performed with low salt buffers resulting in a small shift towards higher molecular 

weight of the GFP-UVR8R286K elution profile. Nevertheless, the elution profile did not 

match the profile of dimeric wild-type GFP-UVR8.  
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FIGURE 3-13: Dimerisation of GFP-UVR8 expressed in N. benthamiana plants. 
(A) SEC profiles of immunoprecipitated GFP-UVR8 (WT) expressed in N. benthamiana plants 
before and after UV-B treatment (30 min, 4 µmol m-2 s-1 narrowband UV-B). Empty vector just 
containing GFP was used as a control. Eluates of immunoprecipitation assays with anti-GFP beads 
were loaded onto a Superdex 200 column and fractions 15 to 30 were used for SDS-PAGE and 
immunoblotting with an anti-GFP antibody. The column was calibrated using a low molecular 
weight calibration Kit (GE Healthcare). (B) SEC profiles of immunoprecipitated GFP-
UVR8D96N/D107N and GFP-UVR8R286A before and after UV-B treatment (30 min, 4 µmol m-2 s-1 

narrowband UV-B). (C) SEC profiles of GFP-UVR8R286K immunoprecipitated under low and high 
salt conditions (150 mM NaCl (LS) and 500 mM NaCl (HS)) and after a 24 h recovery period 
between immunoprecipitation and SEC.  
 

The observed constitutive monomerisation for the UVR8R286K mutant might be due to the 

combined effect of UVR8R286K forming a destabilized dimer, as seen by semi-native SDS-

PAGE and the fact that the elution step of the immunoprecipitation assay involves a drastic 

change in pH up to 11.8. The highly stable wild-type dimer can be maintained during this 

step, which is followed by immediate neutralization of the eluate, but possibly not a by 

mutation-weakened dimer as for example UVR8R286K. Knowing that monomerisation is 

reversible, immunoprecipitation of GFP-UVR8R286K was carried out and a 24 h recovery 

period of the eluate at room temperature was allowed before SEC was performed to 

facilitate possible regeneration of the dimer. However, once again the elution profile 

showed GFP-UVR8R286K being monomeric (Fig 3-13 C). Due to time restraints none of the 

other dimeric mutants were tested in this system.  
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A number of other mutants were also tested in an attempt to gain information about 

whether different conformations of the monomeric mutants are present in plant derived 

UVR8. GFP-UVR8R234A, GFP-UVR8R338A, GFP-UVR8R286A/R338A and GFP-

UVR8R146A/R286A all showed monomeric behaviour under non UV-B conditions matching 

what has been observed in vivo but without any further gain of information on 

conformation (Fig 3-14 B). Notably, the double mutant UVR8R286A/R338A only showed 

proteolytic cleavage when expressed in E. coli but not when expressed in either 

Arabidopsis or N. benthamiana plants as GFP fusion proteins. 

 

FIGURE 3-14: Constitutive monomerisation of GFP-UVR8 salt bridge mutants 
expressed in N. benthamiana plants. (A) SEC profiles of immunoprecipitated GFP-UVR8 
(WT) expressed in N. benthamiana plants before and after UV-B treatment (30 min, 4 µmol m-2 s-1 

narrowband UV-B). Empty vector just containing GFP was used as a control. Eluates of 
immunoprecipitation assays with anti-GFP beads were loaded onto a Superdex 200 column and 
fractions 15 to 30 were used for SDS-PAGE and Western Blotting with anti-GFP antibody. The 
column was calibrated using a low molecular weight calibration Kit (GE Healthcare). (B) SEC 
profiles of GFP-UVR8R234A, GFP-UVR8R338A, GFP-UVR8R286A/R338A, GFP-UVR8R146A/R286A, 
immunoprecipitated under low salt conditions (LS: 150 mM NaCl). 
 

To conclude, results from SEC of immunoprecipitated plant derived GFP-UVR8 salt 

bridge mutants could not confirm the dimeric state of UVR8R286K observed when the 

protein was expressed in vitro. Even modifications of the most critical steps of the 

immunoprecipitation assay did not lead to detection of a GFP-UVR8R286K dimer. It remains 

therefore to be established whether salt bridge mutants, in particular GFP-UVR8R286K, 

GFP-UVR8D96N, GFP-UVR8D107N and GFP-UVR8R146A are indeed able to dimerize when 

expressed in plants. 
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3.13 Discussion 

3.13.1 Dimerisation of plant photoreceptors 

The current chapter is focused on the characterisation of the dimer maintaining forces of 

UVR8 with respect to individual contributions of amino acid side chains present on the 

dimer interface. Homodimerisation is a common feature of plant photoreceptors but 

activation of the receptor by light induced monomerisation of the protein is unique to 

UVR8. All currently characterized phytochromes act as dimer whereby phyA is mostly 

found as homodimer and the light-stable phytochromes (phyB-E) can also form tightly 

bound heterodimers (Sharrock and Clack, 2004). Formation of such heterodimeric 

photoreceptors increases the potential complexity of R/FR light sensing and signalling 

mechanisms of phytochromes. Remarkably, there is no evidence for homodimerization of 

phyC or phyE, indicating that these two forms are present in cells only as heterodimers 

with phyB or phyD (Clack et al., 2009). In clear contrast to UV-B induced monomerisation 

of UVR8, light regulated subunit-subunit dissociation is not the signalling mechanism used 

by plant phytochromes.  

For cryptochromes, homodimerisation mediated by the cryptochrome N-terminal domain is 

required for function (Sang et al., 2005). Activation of the photoreceptor is achieved by 

rapid phosphorylation upon irradiation with blue light and a subsequent conformational 

change of the C-terminal domains (Yang et al., 2000). However, during this process of 

activation the cryptochrome dimer is still maintained. Dimerisation of the second class of 

blue light receptors, the phototropins, still needs to be fully proven. It has been reported 

that the LOV1 domain may promote dimerisation of the phototropins based on size 

exclusion chromatography in addition to x-ray crystallography studies of purified LOV1 

(Salomon et al., 2004; Nakasako et al., 2008). Furthermore, a fully active version of phot1 

can transphosphorylate a kinase-dead version of phot1 in planta, suggesting that 

homodimerization is likely and the dimer is maintained in the active state of the receptor 

(Kaiserli et al., 2009). As for phytochromes and cryptochromes, monomerisation is not the 

underlying mechanism of phototropin signalling.  

In summary, it still has to be determined what precise functional role dimerisation plays in 

regulating photosensing activity of the visible light photoreceptors. Likewise, the role of 

dimerisation of UVR8 is not sufficiently characterised yet but several implications of the 

homodimeric ground state of the receptor will be described and discussed throughout this 

thesis. Regardless, the UV-B induced dimer to monomer transition of UVR8 to activate the 

receptor is a new and unique feature in plant photoreceptor responses described so far. 
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3.13.2 Constitutive monomerisation of several UVR8 salt bridge mutants 

Elucidation of the crystal structure revealed an extensive salt bridge network very 

effectively stitching together the two monomers in the absence of UV-B. Site directed 

mutagenesis of charged amino acids, especially arginine residues, along the dimer interface 

has demonstrated their important contributions to dimerisation. This is in accordance with 

studies for example by Clackson and Wells (1995) showing that single residues can 

contribute a large fraction of the binding free energy of proteins. Free energies are not 

uniformly distributed across protein interfaces; instead, certain critical residues contribute 

the most to the binding free energy and are therefore called ‘hot spots’. These ‘hot spots’ 

are enriched in tryptophan, tyrosine and arginine residues (Bogan and Thorn, 1998). The 

abundance of arginine in protein interfaces relates to the versatility of its side chain as a 

contributor to multiple types of intermolecular interactions (Bogan and Thorn, 1998). 

Arginine has the ability to form a hydrogen bond network with up to five hydrogen bonds 

and a salt-bridge with its positively charged guanidinium motif, while the methylene 

groups can contribute favourably to the hydrophobic effect. Mutations of R286 to alanine 

or lysine highlight some of these features, causing UVR8 monomerisation or a destabilized 

dimer, respectively (Fig 3-2 A and 3-6). Furthermore, cation-π interactions between 

arginines and aromatic side chains are another potentially beneficial interaction at the 

protein-protein interface (Crowley and Golovin, 2005). Cation-π interactions for R286 

within the monomer have been identified by Wu and co-workers (2012) confirming and 

extending the structural importance of this residue. R286 is surrounded by four aromatic 

residues (W285, W302, Y253 and W250) which are sufficiently close to allow cation-π 

interactions which are of structural relevance. The salt bridge formed through R286 is 

therefore essential for structural integrity as seen by constitutive monomerisation of 

UVR8R286A and UVR8D96N/D107N and also has major influence on the function of the 

photoreceptor, as will be described in Chapter 4. 

The identification of constitutive monomeric mutant forms of UVR8 is a very valuable tool 

for elucidation of the UV-B perception mechanism and to investigate the function of 

dimerisation during this process. Monomerisation of purified UVR8 mutants was assessed 

by SEC using the wild-type protein as reference point (Fig 3-2 B). However, variation of 

elution volumes of the UVR8 mutant proteins due to putative shape alterations caused by 

the mutations had to be addressed to ensure genuine monomerisation and to rule out 

concentration-dependent or buffer-condition-dependent monomerisation (Fig 3-2 C). Our 

collaborators (E. Getzoff, The Scripps Research Institute, La Jolla, CA, USA) analysed 

three monomeric mutants UVR8D96N/D107N, UVR8R146A/R286A and UVR8R286A/R338A by multi-



CHAPTER 3  RESULTS 

 
 

74 

angle laser light scattering (MALS) to determine their molecular masses. UV-B treated 

wild-type and constitutive monomeric mutants eluted with similar monomeric molecular 

masses however, distinct hydrodynamic radii were also observed by peak shifts in the 

elution profiles during MALS confirming the SEC results (Christie et al., 2012).  

Variation of the ionic strength in the buffer also caused shifts in the elution volumes, in 

particular for UVR8R286K and UVR8R338A (Fig 3-2 D and 3-3 B). This observation fits the 

model of ionic interactions maintaining the dimer since increasing the salt concentration 

reduces the strength of ionic interactions across the dimer interface by providing 

competing ions for the charged residues. Thus monomerisation will occur. The shifted 

dimer peak also suggests that the compactness of the protein is greatly influenced by its 

ionic environment. Conformational changes were also caused by altered arrangements of 

the C-terminus as shown by treatments of the mutants with trypsin (Fig 3-4). The 

C-terminus contains a high number of charged residues (11 out of 42: three arginines, two 

lysines, four aspartic acids and two glutamic acids) which might cause artefacts in vitro 

interfering with counter ions in solution. 

Besides the identification of monomeric mutants, a second set of mutants comprising 

UVR8R286K, UVR8D96N, UVR8D107N and UVR8R146A was characterised (Fig 3-2 and 3-4). 

Here, mutation of an interface residue did not prevent dimerisation under SEC conditions. 

However, monomerisation was observed under semi-native SDS-PAGE conditions (Fig 

3-6). It can therefore be concluded that mutation of any of the salt bridges results in a 

destabilized or weakened dimer that monomerizes if buffer conditions become harsher as 

for example during semi-native SDS-PAGE. In the case of UVR8R286K, where no salt 

bridge is removed in contrast to the other three mutants, the destabilized dimer is most 

likely caused by the fact that lysine only contains a single amino group, meaning it is more 

limited in the number of hydrogen bonds it can form. It can therefore only partially 

substitute for the double hydrogen bonded salt bridge formed through R286. 

The monomeric as well as the weakened dimeric forms of UVR8 identified in the in vitro 

studies were ultimately tested in transgenic Arabidopsis plants as GFP fusion proteins. 

Dimerisation of wild-type GFP-UVR8 could be shown by semi-native SDS-PAGE and 

also by SEC of immunoprecipitated GFP-UVR8 derived from N. benthamiana plants (Fig 

3-11 and 3-13). Dimerisation however, could not be shown for GFP-UVR8R286K, GFP-

UVR8D96N or GFP-UVR8R146A. The semi-native SDS-PAGE of these purified mutants 

reveals a weakened or destabilized dimer compared to wild-type UVR8 and most likely 

this dimer cannot be maintained under the immunoprecipitation conditions. 

Immunoprecipitation of GFP-UVR8 before SEC analysis is nevertheless essential, since 
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SEC of whole plant cell extract omitting immunoprecipitation has led to the detection of 

GFP-UVR8 in a rather big complex at roughly 300 kDa. This unidentified complex 

remains more or less unchanged after exposure to UV-B making this an unsuitable 

technique for mutant analysis (Headland, Ph.D. thesis, 2009). It can also not be excluded 

that discrepancies might exist between UVR8 expressed in vitro and UVR8 expressed in 

vivo. A weakened dimer in vivo might allow interaction with so far unknown proteins 

pushing the dimer-monomer equilibrium towards monomerisation. Also the cytosolic pH 

might favour monomer formation. These possibilities have to be kept in mind for the 

functional analysis of the generated Arabidopsis salt bridge mutant lines undertaken in 

Chapter 4. 

3.13.3 The influence of dimerisation on exciton coupling 

Many interactions involving aromatic residues have the potential to contribute to CD 

features of a protein. Exciton coupling between tryptophan residues has been observed in 

several proteins before, including the dihydrofolate reductase (DHFR) of E. coli 

(Kuwajima et al., 1991) and the bacterial ribonuclease barnase (Vuilleumier et al., 1993). 

The utilization of far-UV CD spectroscopy to investigate exciton coupling in wild-type 

UVR8 and tryptophan mutants has given first insights into a possible mechanism of UV-B 

perception (Christie et al., 2012). In respect to the salt bridge mutants, it was now of 

interest to test whether dimer formation is essential for exciton coupling, since a complete 

loss of it is observed after UV-B exposure of the protein. However, CD spectra of proteins 

are quite complex and difficult to unravel, as they represent the sum of contributions of 

backbone peptide groups in different conformations, aromatic side chains and coupling of 

electronic transitions arising from interactions involving aromatic residues and side-chain 

amide as well as charged groups in an asymmetric environment (Strickland, 1974).  

The contribution of single tryptophans to the observed exciton coupling of UVR8 has been 

investigated by site directed mutagenesis revealing that W285A causes the greatest loss of 

exciton coupling, with its far-UV CD spectrum closely resembling that of the triple-mutant 

UVR8W233A/W285A/W337A and UV-B treated wild-type (Christie et al., 2012). None of the 

monomeric mutants show such a profound loss of exciton coupling, only different levels of 

reduction were observed (Fig 3-8). This suggests that dimerisation maximises the extent of 

exciton coupling but is not a requirement for it to occur. This hypothesis is supported by 

the fact that mutation of W94A, the apex of the UV-B perceiving pyramid on the opposing 

monomer, still allows exciton coupling but is similarly reduced as, for example, in 

UVR8R286A or UVR8R338A. Amongst the mutations that only lead to a destabilized dimer 
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but not to a constitutive monomer, UVR8D96N is strikingly different in respect to its ability 

of exciton coupling. UVR8D96N shows the greatest reduction of exciton coupling amongst 

the dimeric mutants comparable to the monomeric mutant UVR8R286A. However, exposure 

of UVR8D96N to UV-B still flattens the signal even further like in the wild-type protein (Fig 

3-7 C) indicating that UV-B photoreception does not necessarily require intensive exciton 

coupling. One should be aware that conclusions drawn from these experiments have to be 

considered very carefully since the basic requirement for exciton coupling is sufficient 

proximity of the chromophores (Grishina and Woody, 1994). Thus, a specific feature of a 

spectrum including intensity of signals is very sensitive to changes in the tertiary structure 

of the protein. Those will be created more or less severely by the introduced mutation and 

can lead to unpredictable rearrangements of essential residues. 

3.13.4 The role of the salt bridges during photoreception 

To understand the role of the salt bridges during photoreception the overall structural 

arrangement of the arginine residues within the dimer interface has to be considered. 

Several bulky aromatic residues are tightly packed around the key charged residues, in 

particular R286. R338 and R234 are positioned as ‘book ends’ flanking W285 and W233 

of the tryptophan pyramid (Christie et al., 2012). The proximity and coupling of arginines 

and tryptophans suggest a specific mechanism whereby photoreception leads to 

disruption of the salt bridges (Christie et al., 2012). The closely packed central W285-

R286 pair is possibly the linker between UV-B photoreception and salt-bridge status. The 

impact of the W-R arrangement on structure as well as on function can be characterized 

by comparison of the UVR8R286A and the UVR8D96N/D107N mutants, since both mutants are 

monomeric but the latter mutation does not directly alter the tryptophan-arginine 

arrangement. Unfortunately, the far-UV CD spectrum only reveals a small difference in 

the occurrence of exciton coupling which does not allow a more specific assignment on 

the role of R286 (Fig 3-8). Nevertheless, the native PAGE of purified protein reveals two 

different conformations for the two mutants (Fig 3-5). In respect to function, the two 

mutants can be clearly distinguished, which will be described in the following chapter. So 

far the photoreception mechanism remains hypothetical and needs further experimental 

proof. A possible scenario would be that photoreception by the tryptophan pyramid, 

predominantly W285 and W233, results in the effective transfer of an excited electron 

from a tryptophan to a neighbouring arginine, leading to charge neutralization followed 

by breakage of cross-dimer salt bridges and dissociation of the two subunits (Christie et 
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al. 2012). Once monomerisation is achieved, interaction with COP1 is the next defined 

step in the UVR8 signalling pathway which will be analysed in the next chapter. 
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4. FUNCTIONAL ANALYSIS OF UVR8 SALT BRIDGE MUTANTS 

 
 

4.1 Introduction 

UV-B induced dissociation of the UVR8 dimer into monomers is one of the very early 

events of UV-B signalling that ultimately leads to the expression of a range of genes 

essential for UV-B protection. A great number of UVR8-regulated genes are controlled by 

the transcription factor HY5 and UVR8 regulates transcript levels of HY5 (Brown et al., 

2005). Another known essential process to initiate signal transduction is the interaction 

between UVR8 and COP1 (Favory et al., 2009). The objective of this chapter was to 

determine the effect of UVR8 salt bridge mutations in respect to functionality of the 

mutant in plants. To do so, the interaction between UVR8 and COP1 was assayed 

alongside with RT-PCR experiments to test UV-B induced HY5 and CHS gene expression, 

analysis of CHS protein levels and assessment of a photomorphological UV-B response 

mediated by UVR8. The site-directed mutagenesis was also extended towards residues in a 

conserved and repeated motif GWRHT that embeds the tryptophan triad and the main salt 

bridge formed through R286. The major findings of this chapter are firstly that constitutive 

monomerisation and interaction with COP1 are not sufficient to initiate a UVR8-mediated 

response in the absence of UV-B in vivo and secondly that dimerisation is not required for 

UVR8-mediated signalling in vivo. 

 

4.2 The evolutionarily conserved reoccurring motif GWRHT 

Initial sequence analysis before the crystal structure of UVR8 became available resulted in 

identification of an evolutionarily conserved and three times repeated motif (GWRHT) 

which was used as a starting point for the structure-function studies. Looking at orthologs 

of UVR8 in other higher plants, e.g. the poplar (Populus trichocarpa) or rice (Oryza 

sativum), protein sequences show a high degree of conservation being about 75% identical 

(Fig 4-1). Extending the comparison from higher to lower plants like the moss 

Physcomitrella patens or the green algae Chlamydomonas reinhardtii, sequences are still 

67% and 49% identical respectively, raising the possibility that UVR8 has evolved because 

plants needed to be exposed to sun light required for photosynthesis but have to be 

protected against UV radiation at the same time especially during land plant evolution 

(Wolf et al., 2010). As shown before, stretches containing the 14 tryptophans and also the 
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structurally important gl

throughout the plant kingdom (Christie et al., 2012

conserved even in lower plants 

This suggests that this motif has 

Furthermore, the crystal structure shows that these pentapeptides, occurring in blades 5, 6 

and 7 form protruding tight turns that project

histidine residues (in all seven blades) inward to form a buried rin

function (Christie et al., 2012).

FIGURE 4-1: The GWRHT motif is conserved among UVR8 orthologs in higher and 
lower plants. Multiple sequence 
sequences from various higher and lower plant species. The plant species shown are: 
rapa, Populus trichocarpa, Oryza sativum 
mays, Physcomitrella patens, Selaginella moellendorfii,
reinhardtii. The arginines of the three motifs are R234, R286 and R338 respectively.

 

structurally important glycines which maintain the blade structure are 

throughout the plant kingdom (Christie et al., 2012; O’Hara and Jenkins 2012). Likewise 

conserved even in lower plants is the GWRHT motif which embeds the tryptophan triad. 

at this motif has an important role in the function of the protein. 

Furthermore, the crystal structure shows that these pentapeptides, occurring in blades 5, 6 

form protruding tight turns that project tryptophan and arginine

(in all seven blades) inward to form a buried rin

function (Christie et al., 2012). 

The GWRHT motif is conserved among UVR8 orthologs in higher and 
Multiple sequence alignment of full length Arabidopsis

sequences from various higher and lower plant species. The plant species shown are: 
rapa, Populus trichocarpa, Oryza sativum (subspecies japonica), Brachypodium distach
mays, Physcomitrella patens, Selaginella moellendorfii, Volvox carteri 

The arginines of the three motifs are R234, R286 and R338 respectively.
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ycines which maintain the blade structure are especially conserved 

O’Hara and Jenkins 2012). Likewise 

is the GWRHT motif which embeds the tryptophan triad. 

function of the protein. 

Furthermore, the crystal structure shows that these pentapeptides, occurring in blades 5, 6 

arginine residues outward and 

(in all seven blades) inward to form a buried ring of so far unknown 

 

The GWRHT motif is conserved among UVR8 orthologs in higher and 
Arabidopsis UVR8 with UVR8 

sequences from various higher and lower plant species. The plant species shown are: Brassica 
Brachypodium distachyon, Zea 

Volvox carteri and Chlamydomonas 
The arginines of the three motifs are R234, R286 and R338 respectively. 



CHAPTER 4 

 

4.3 UV-B dependent interaction of UVR8 mutants and COP1 in y east

The effects of mutations within the GWRHT motif on UVR8 function were first 

investigated by application of a yeast two

and COP1 interaction. The suitability of this system to investigate 

interaction of the two proteins has been shown before (Rizzini et al., 201

2012; O’Hara and Jenkins 2012). It is possible since yeast does not contain a COP1 

homolog (Yi and Deng, 2005) or a UVR8 protein

between UVR8 and COP1

signalling pathway (Cloix et al., 2012). 

Yeast strain AH109 was co

(BD) of the yeast GAL4 transcription factor 

and a vector expressing the GAL4 activation domain (AD) fused to COP1. Successfully 

transformed yeast colonies were then spotted on plates lacking essential amino acids

growth requires activation of reporter genes 

of the full-length GAL

COP1 interaction is observed when yeast are grown under 

UV-B at 30°C but not if grown in d

FIGURE 4-2: Yeast two
UVR8 and COP1 and UVR8
UVR8R286A, UVR8R234A

with pGBKT7-p53 and pGADT7
COP1 or pGBKT7-UVR8 (mutation
used as a negative control. 
narrowband UV-B (+) at 30°C on fully selective plates (SD
undiluted on non-selective plates (SD
 

 

dependent interaction of UVR8 mutants and COP1 in y east

of mutations within the GWRHT motif on UVR8 function were first 

investigated by application of a yeast two-hybrid system in S. cerevisi

and COP1 interaction. The suitability of this system to investigate 

two proteins has been shown before (Rizzini et al., 201

O’Hara and Jenkins 2012). It is possible since yeast does not contain a COP1 

homolog (Yi and Deng, 2005) or a UVR8 protein. Furthermore,

between UVR8 and COP1 is UV-B specific and is not mediated by the yeast DNA damage 

signalling pathway (Cloix et al., 2012).  

Yeast strain AH109 was co-transformed with a vector expressing the DNA binding domain 

(BD) of the yeast GAL4 transcription factor fused to UVR8 wild

and a vector expressing the GAL4 activation domain (AD) fused to COP1. Successfully 

transformed yeast colonies were then spotted on plates lacking essential amino acids

growth requires activation of reporter genes which is only possible through recons

length GAL4 transcription factor by interaction of the fused proteins. UVR8 and 

COP1 interaction is observed when yeast are grown under 0.1 µ

but not if grown in darkness (Fig 4-2).  

Yeast two-hybrid assay showing UV-B dependent interaction between 
and UVR8R286K and COP1 as well as constitutive interaction between 

R234A and UVR8R338A and COP1. Yeast strain AH109 was either transformed 
p53 and pGADT7-T-antigen (positive control), pGBKT7

UVR8 (mutations indicated) and pGADT7-COP1. The empty vectors 
used as a negative control. Yeast were left to grow in darkness (- UV-B

(+) at 30°C on fully selective plates (SD-L-W-A
tive plates (SD-L-W) for 4 days.  
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dependent interaction of UVR8 mutants and COP1 in y east  

of mutations within the GWRHT motif on UVR8 function were first 

cerevisiae to test for UVR8 

and COP1 interaction. The suitability of this system to investigate UV-B dependent 

two proteins has been shown before (Rizzini et al., 2011; Cloix et al. 

O’Hara and Jenkins 2012). It is possible since yeast does not contain a COP1 

. Furthermore, the observed interaction 

specific and is not mediated by the yeast DNA damage 

transformed with a vector expressing the DNA binding domain 

fused to UVR8 wild-type or a mutant form 

and a vector expressing the GAL4 activation domain (AD) fused to COP1. Successfully 

transformed yeast colonies were then spotted on plates lacking essential amino acids; 

only possible through reconstitution 

4 transcription factor by interaction of the fused proteins. UVR8 and 

0.1 µmol m−2 s−1 narrowband 

 

dependent interaction between 
and COP1 as well as constitutive interaction between 

Yeast strain AH109 was either transformed 
antigen (positive control), pGBKT7-UVR8 and pGADT7-

COP1. The empty vectors (-) were 
B) or under 0.1 µmol m−2 s−1 
A-H) in serial dilutions or 



CHAPTER 4 

 

Next, each of the three arginines in t

UV-B independent constitutive interaction between COP1 and UVR8

UVR8R338A respectively occurs. To test whether the strength of interaction differs under 

dark and UV-B conditions, a serial dilution of yeast spots was carried out showing a 

slightly stronger interaction in the dark. The interaction between UVR8

well as UVR8R338A and COP1 seems to be stronger then between UVR8

When R286 was replaced by lysine

UVR8 can be restored between UVR8

interaction was observed if the negatively charged amino acid glutamate 

position 286 (Fig 4-3 A). 

 
 
Similar to the arginines, all three histidines of the GWRHT moti

and tested in the yeast two

the three mutants UVR8

 

Next, each of the three arginines in the GWRHT repeats were mutated to alanine and a 

independent constitutive interaction between COP1 and UVR8

respectively occurs. To test whether the strength of interaction differs under 

conditions, a serial dilution of yeast spots was carried out showing a 

slightly stronger interaction in the dark. The interaction between UVR8

and COP1 seems to be stronger then between UVR8

replaced by lysine, the UV-B dependent interaction as see for wild

UVR8 can be restored between UVR8R286K and COP1. However, complete loss of the 

observed if the negatively charged amino acid glutamate 

3 A).  

 

FIGURE 
assay showing 
interaction between UVR8 and 
COP1 and los
between mutant
and COP1.
(A) Yeast strain AH109 was either 
transformed with pGBKT7
pGADT7-T
pGBKT7-UVR8 and pGADT7
or pGBKT7
indicated) and pGADT7
empty vectors
negative control. 
grow in darkness (
0.1 µmol m
(+) at 30°C on fully selectiv
(SD-L-W-A
plates (SD
Expression of proteins from yeast two
hybrid vectors shown in (A) to detect 
the presence of fusion proteins 
expressed from the BD and AD 
vectors. Yeast cells were grown in 
liquid SD-
overnight. Adequate volumes of the 
culture were resuspended in lyse and 
load buffer and samples were 
separated on
Western blots were probed with anti
myc or anti
respectively. 

the arginines, all three histidines of the GWRHT motifs

yeast two-hybrid system. Fig 4-3 A shows a loss of interaction between 

the three mutants UVR8H235A, UVR8H287A and UVR8H339A and COP1 respectively. 
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mutated to alanine and a 

independent constitutive interaction between COP1 and UVR8R234A, UVR8R286A and 

respectively occurs. To test whether the strength of interaction differs under 

conditions, a serial dilution of yeast spots was carried out showing a 

slightly stronger interaction in the dark. The interaction between UVR8R286A and COP1 as 

and COP1 seems to be stronger then between UVR8R234A and COP1. 

dependent interaction as see for wild-type 

and COP1. However, complete loss of the 

observed if the negatively charged amino acid glutamate was introduced at 

FIGURE 4-3: Yeast two-hybrid 
assay showing UV-B dependent 
interaction between UVR8 and 
COP1 and loss of interaction 
between mutant forms of UVR8 
and COP1. 

Yeast strain AH109 was either 
transformed with pGBKT7-p53 and 

T-antigen (positive control), 
UVR8 and pGADT7-COP1 

or pGBKT7-UVR8 (mutations 
) and pGADT7-COP1. The 

empty vectors (-) were used as a 
negative control. Yeast were left to 
grow in darkness (− UV-B) or under 

µmol m−2 s−1 narrowband UV-B 
(+) at 30°C on fully selective plates 

A-H) or on non-selective 
plates (SD-L-W) for 4 days. (B) 
Expression of proteins from yeast two-
hybrid vectors shown in (A) to detect 
the presence of fusion proteins 

d from the BD and AD 
vectors. Yeast cells were grown in 

-L-W medium at 30°C 
overnight. Adequate volumes of the 
culture were resuspended in lyse and 
load buffer and samples were 
separated on a 10% SDS-PAGE gel. 
Western blots were probed with anti-

yc or anti-HA antibodies, 
respectively.  

fs were mutated to alanine 

3 A shows a loss of interaction between 

and COP1 respectively. The 
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lack of interaction is not due to failure of the yeast cells to express the proteins, as each 

protein was detectable in an immunoblot probed for UVR8 or COP1 with anti-myc or 

anti-HA antibodies (Fig 4-3 B). Finally, one of the conserved threonines was mutated to 

alanine (UVR8T288A) which also results in a loss of interaction with COP1 even though the 

protein was expressed at similar levels to wild-type UVR8 (Fig 4-3 A and B). 

 

4.4 UV-B dependent interaction of UVR8 mutants and COP1 in 

Arabidopsis 

Following the UVR8-COP interaction study in yeast, a co-immunoprecipitation assay with 

transgenic GFP-UVR8 Arabidopsis lines was established to test the interaction in plants. 

Co-immunoprecipitation of UVR8 and COP1 has been carried out before by Favory and 

co-workers (2009), however, mutant lines expressing YFP-COP1 were generated in a cop1 

background and therefore allowed immunoprecipitation with an anti-YFP antibody and 

detection of UVR8 in the immunoprecipitate with an anti-UVR8 antibody. To be able to 

analyse the generated GFP-UVR8 salt bridge mutant lines described in Chapter 3 (Fig 3-9), 

GFP-UVR8 had to be immunoprecipitated with an anti-GFP antibody and the 

immunoprecipitate had to be analysed for the presence of COP1 using an anti-COP1 

antibody. Immunoprecipitation of GFP-UVR8 from whole cell extract of plants kept in 

darkness or exposed to 3 µmol m−2 s−1 narrowband UV-B for 3 h was carried out with anti-

GFP microbeads (µMacs) pulling down GFP-UVR8 and any associated proteins. 

Immunoblot analysis of the immunoprecipitate using an anti-COP1 antibody shows UV-B 

dependent interaction between GFP-UVR8 and COP1 (Fig 4-4 A). 

Having established the method for wild-type UVR8, transgenic lines expressing mutant 

forms of UVR8 could be tested. The constitutive interaction reported in yeast between 

UVR8R234A, UVR8R286A and UVR8R338A with COP1 can only be observed for GFP-

UVR8R234A and GFP-UVR8R338A in plants (Fig 4-4 H, I). Mutation of R286 to alanine in 

plants shows a loss of interaction between GFP-UVR8R286A and COP1 (Fig 4-4 B). Thus, 

combined mutation of R286 as well as R338 to alanine results in constitutive interaction 

between GFP-UVR8R286A/R338A and COP1 (Fig 4-4 J). Yeast and in planta data show 

further discrepancies when comparing the results of the mutants GFP-UVR8H287A and 

GFP-UVR8R286K. Whereas mutation of H287 to alanine showed a loss of interaction in the 

yeast two-hybrid system (Fig 4-3 A), wild-type behaviour regarding COP1 interaction can 

be observed in plants (Fig 4-4 D). Differences between yeast and plant data are less severe 

for the GFP-UVR8R286K mutant, since UV-B dependent interaction with COP1 is present in 
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both systems; however, in plants, the interaction with COP1 is

thus the amount of COP1 pulled down is considerably lower than following the 

treatment (Fig 4-4 C). A similar pattern of UVR8

weaker interaction in dark

to UV-B can be observed for three of the salt bridge mutants introduced in Chapter 3, i.e. 

GFP-UVR8D96N, GFP

FIGURE 4-4: Effect
Arabidopsis. Co-immunoprecipitation of GFP
obtained from uvr8-1 plants transformed with GFP
exposed (+) or not (-) to 3 µmol m
assays were performed under the same conditions. Input samples (15 µg, IN) and eluates (IP) were 
loaded on a SDS-PAGE gel, and the immunoblot was probed with anti
antibodies. The following transgenic lines were used for the assay: 
UVR8R286A 6-8, (C) GFP
GFP-UVR8D96N/D107N 5-
9-3 and (J) GFP-UVR8
mutation.  
 
 
 

 

however, in plants, the interaction with COP1 is also detectable in dark

thus the amount of COP1 pulled down is considerably lower than following the 

4 C). A similar pattern of UVR8-COP1 interaction with a seemingly 

weaker interaction in darkness and a much stronger interaction after exposure of the plants 

can be observed for three of the salt bridge mutants introduced in Chapter 3, i.e. 

, GFP-UVR8D96N/D107N and GFP-UVR8R146A (Fig 4

Effect of salt bridge mutations on UVR8 and COP1 interaction in 
immunoprecipitation of GFP-UVR8 and COP1 in whole plant cell extracts 

plants transformed with GFP-UVR8 or a GFP-UVR8 salt bridge mutant form 
) to 3 µmol m-2 s-1 of narrowband UV-B for 3 h. Co

assays were performed under the same conditions. Input samples (15 µg, IN) and eluates (IP) were 
PAGE gel, and the immunoblot was probed with anti

tibodies. The following transgenic lines were used for the assay: (A)
GFP-UVR8R286K 2-3, (D) GFP-UVR8H287A 2-2 , (E) 

-2, (G) GFP-UVR8R146A 9, (H) GFP-UVR8R234A 

UVR8R286A/R338A 20-2. The data is representative of at least two repeats for each 
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also detectable in darkness, 

thus the amount of COP1 pulled down is considerably lower than following the UV-B 

COP1 interaction with a seemingly 

n after exposure of the plants 

can be observed for three of the salt bridge mutants introduced in Chapter 3, i.e. 

(Fig 4-4 E-G). 

 

of salt bridge mutations on UVR8 and COP1 interaction in 
UVR8 and COP1 in whole plant cell extracts 

UVR8 salt bridge mutant form 
for 3 h. Co-immunoprecipitation 

assays were performed under the same conditions. Input samples (15 µg, IN) and eluates (IP) were 
PAGE gel, and the immunoblot was probed with anti-COP1 and anti-GFP 

(A) GFP-UVR8 6-2, (B) GFP-
(E) GFP-UVR8D96N 13-3, (F) 

R234A 16-5, (I)  GFP-UVR8R338A 

The data is representative of at least two repeats for each 
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To conclude, the yeast two-hybrid assay and the co-immunoprecipitation assay using 

Arabidopsis whole cell extract are two valuable and informative tools to investigate the 

UVR8-COP1 interaction. Four different interaction patterns between mutant forms of 

GFP-UVR8 and COP1 were identified: behaviour like wild-type, a complete loss of the 

interaction, constitutive interaction or constitutive interaction followed by an increase of 

the interaction after UV-B treatment. An interpretation of these results will be provided in 

the Discussion in combination with the functional studies of the mutants, as well as 

possible explanations for the observed discrepancies between the yeast and plant system. 

 

4.5 The positive charge of R286 is essential for UV R8 function  

The findings of Kliebenstein et al. (2002) and Brown et al. (2005) that Arabidopsis uvr8 

mutant plants are hypersensitive to UV-B and deficient in the induction of HY5 and CHS 

gene expression in response to UV-B provided the basics for establishing a 

complementation assay to test the functionality of UVR8 mutants (Kaiserli and Jenkins 

2007). Therefore, RT-PCR analysis of the induction of HY5 and CHS gene expression in 

response to UV-B of three independent homozygous transgenic lines expressing a GFP-

UVR8 mutant form in the uvr8-1 background was carried out. Figure 4-5 A shows that 

there is an increase in HY5 and CHS mRNA but not in control ACTIN2 transcript levels 

when wild-type plants are exposed for 4 h to 3 µmol m-2 s-1 broadband UV-B. In contrast, 

uvr8-1 mutant plants show no induction of HY5 or CHS gene expression in response to 

UV-B and therefore serve as a negative control. Expression of GFP-UVR8R286A in the 

uvr8-1 background is not able to restore HY5 and CHS gene expression after UV-B 

treatment even if there is some basal HY5 expression visible under both light conditions. If 

the positive charge at position 286 is conserved by replacing the arginine by lysine, a 

functional mutant is created showing similar HY5 and CHS expression levels after UV-B 

treatment like wild-type.  

To extend the analysis from transcript levels to protein accumulation, a plant cell extract of 

five day old seedlings expressing GFP-UVR8 with the respective mutations as well as 

control plants were tested for CHS protein accumulation. Plants were grown in 1.5 µmol 

m−2 s−1 white light to avoid CHS induction by high white light and treated plants were 

additionally supplemented with 1.5 µmol m−2 s−1 narrowband UV-B. In accordance to 

UV-B induced accumulation of CHS transcript levels in wild-type and GFP-UVR8R286K 

plants, accumulation of CHS protein can be detected in an immunoblot of respective plant 

cell extract probed with anti-CHS antibody (Fig 4-5 B). Seedlings expressing GFP-
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UVR8R286A showed a very weak induc

was also detectable in the 

FIGURE 4-5: The positive charge of R286 is essential for UVR8 
(A) RT-PCR assays of 
uvr8-1/35Spro:GFP-UVR8
2-3, 7-5, and 20-4) plants grown under 20 
s−1 broadband UV-B
uvr8-1/UVR8pro:GFP-UVR8, 
UVR8R286K (line 2-3) and 
with 1.5 µmol m−2 s−1 narrowband 
Rubisco large subunit (rbcL) is shown as 
 
Another way of assessing functionality of UVR8 mutants is by testing their 

response to UV-B. Although

elusive, some of the genes regulated by UVR8 seem to be involved in morphogenesis, 

since the uvr8 mutant is altered in the 

(Favory et al., 2009) and regulation of leaf expansion (Wargent et al., 2009). The 

induced suppression of hypocotyl extension was measured using seedlings of various 

genotypes grown under 

m−2 s−1 narrowband UV

exhibit hypocotyl suppression under 

GFP-UVR8R286A have

positive charge of R286 is essential to mediate the 

growth suppression by 

the hy5/hyh mutant under 

uvr8-1 plants expressing GFP

4-5 A where a lack of 

 

owed a very weak induction of CHS protein compared to wild

was also detectable in the uvr8-1 mutant even if slightly lower. 

The positive charge of R286 is essential for UVR8 
PCR assays of HY5, CHS and control ACTIN2 transcripts in L

UVR8R286A (lines 6-8, 9-4, and 18-4) and uvr8-1/35S
4) plants grown under 20 µmol m−2 s−1 white light (−) and 

 for 4 h (+). (B) Immunoblot of plant cell extract of 5 d old 
UVR8, uvr8-1/35Spro:GFP-UVR8R286A (line 18

3) and uvr8-1 plants grown in 1.5 µmol m−2 s−1 white
narrowband UV-B (+) probed with anti-CHS antibody. Ponceau S staining of 

Rubisco large subunit (rbcL) is shown as a loading control.  

Another way of assessing functionality of UVR8 mutants is by testing their 

Although details of the effects of UV-B on morphogenesis remain 

elusive, some of the genes regulated by UVR8 seem to be involved in morphogenesis, 

mutant is altered in the UV-B induced suppression of hypocotyl

(Favory et al., 2009) and regulation of leaf expansion (Wargent et al., 2009). The 

induced suppression of hypocotyl extension was measured using seedlings of various 

genotypes grown under 1.5 µmol m−2 s−1 white light alone or supplemented w

UV-B for four days. uvr8-1 mutant plants expressing GFP

exhibit hypocotyl suppression under UV-B, similar to wild-type, whereas 

have similar hypocotyl lengths to uvr8-1 (Fig 4-6), dem

positive charge of R286 is essential to mediate the UV-B induced 

growth suppression by UV-B is mediated by HY5/HYH as seen in the long hypocotyl of 

mutant under UV-B. Therefore the lack of response in 

expressing GFP-UVR8R286A ties in with the RT-PCR results shown in Fig 

5 A where a lack of HY5 gene induction is observed. 
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tion of CHS protein compared to wild-type, which 

 

The positive charge of R286 is essential for UVR8 function. 
transcripts in Ler, uvr8-1, 
35Spro:GFP-UVR8R286K (lines 

−1 white light (−) and exposed to 3 µmol m−2 
Immunoblot of plant cell extract of 5 d old 

(line 18-4), uvr8-1/35Spro:GFP-
white light (−) supplemented 

CHS antibody. Ponceau S staining of 

Another way of assessing functionality of UVR8 mutants is by testing their morphological 

on morphogenesis remain 

elusive, some of the genes regulated by UVR8 seem to be involved in morphogenesis, 

induced suppression of hypocotyl extension 

(Favory et al., 2009) and regulation of leaf expansion (Wargent et al., 2009). The UV-B 

induced suppression of hypocotyl extension was measured using seedlings of various 

supplemented with 1.5 µmol 

plants expressing GFP-UVR8R286K 

whereas those expressing 

6), demonstrating that the 

B induced response. Hypocotyl 

as seen in the long hypocotyl of 

the lack of response in uvr8-1 plants and in 

PCR results shown in Fig 
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FIGURE 4-6: Plants expressing GFP
hypocotyl extension.
background) , uvr8-1, uvr8
uvr8-1/35Spro:GFP-UVR8
supplemented with 1.5 µ
n = 10) of plants shown in (A). Data 
 
 

4.6 The monomeric mutant GFP

Arabidopsis

By applying the three above described methods to determine the functionality of UVR8 

mutants, a number of mutations introduced in Chapter 3 were now investigated in respect 

to their function. RT

GFP-UVR8D96N or the double mutant GFP

induction of HY5 and 

accordance, CHS protein accumulation can also be observed in the two transgenic lines 

whereas it is absent in the 

 

 

 

Plants expressing GFP-UVR8R286K show UV-B 
hypocotyl extension. (A) Four day-old wild-type Ler, wild-type W

uvr8-1/UVR8pro:GFP-UVR8, uvr8-1/35Spro:GFP
UVR8R286K (line 2-3) plants grown in 1.5 µmol m

supplemented with 1.5 µmol m−2 s−1 narrowband UV-B (+UV-B). (B) 
10) of plants shown in (A). Data are representative of three independent experiments.

The monomeric mutant GFP -UVR8D96N/D107N is functional in 

Arabidopsis  

By applying the three above described methods to determine the functionality of UVR8 

mutants, a number of mutations introduced in Chapter 3 were now investigated in respect 

to their function. RT-PCR analysis of uvr8-1 plants expressing either the single mutant 

or the double mutant GFP-UVR8D96N/D107N 

and CHS transcripts similar to wild-type plants (Fig 4

accordance, CHS protein accumulation can also be observed in the two transgenic lines 

whereas it is absent in the hy5/hyh mutant (Fig 4-7 B).  
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 induced suppression of 
type Ws, hy5-ks50 hyh (Ws 

pro:GFP-UVR8R286A (line 9-4), and 
µmol m−2 s−1 white light (-UV-B) 

(B) Hypocotyl lengths (±SE, 
representative of three independent experiments.  

is functional in 

By applying the three above described methods to determine the functionality of UVR8 

mutants, a number of mutations introduced in Chapter 3 were now investigated in respect 

plants expressing either the single mutant 
D96N/D107N show a UV-B induced 

type plants (Fig 4-7 A). In 

accordance, CHS protein accumulation can also be observed in the two transgenic lines 
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FIGURE 4-7: The monomeric mutant GFP
(A) RT-PCR assays of 
uvr8-1/35Spro:GFP-UVR8
(lines 4, and 5-2) plants grown under 20 
s−1 broadband UV-B for 4 h (+). 
uvr8-1/35Spro:GFP-UVR8
plants grown in1.5 µmol m
UV-B (+) probed with anti
shown as a loading control. 
 
Furthermore, the gene ex

of GFP-UVR8D96N and GFP

induced suppression of hypocotyl extension resulting in wild

(Fig. 4-8). As will be discussed later, the double mutant UVR8

seen as a constitutive monomer in various assays in vitro and in vivo (see Chapter 3) but 

still retains its function in inducing gene expression leading to 

plant. 

 

The monomeric mutant GFP-UVR8D96N/D107N is functional in plants.
PCR assays of HY5, CHS and control ACTIN2 transcripts in L

UVR8D96N (lines 12-4, 13-3, and 20-3) and uvr8-1/35S
2) plants grown under 20 µmol m−2 s−1 white light (−) and exposed to 3 

for 4 h (+). (B) Immunoblot of plant cell extract of 4 d old wild
UVR8D96N (line 12), uvr8-1/35Spro:GFP-UVR8D96N/D107N 

µmol m−2 s−1 white light (−) supplemented with 1.5 
(+) probed with anti-CHS antibody. Ponceau S staining of Rubisco large subunit (rbcL) is 

loading control.  

Furthermore, the gene expression data is supported by the morphological

and GFP-UVR8D96N/D107N since both mutations do not impair the 

induced suppression of hypocotyl extension resulting in wild-type like growth under 

8). As will be discussed later, the double mutant UVR8

seen as a constitutive monomer in various assays in vitro and in vivo (see Chapter 3) but 

still retains its function in inducing gene expression leading to 
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is functional in plants. 
transcripts in Ler, uvr8-1, 

35Spro:GFP-UVR8D96N/D107N 

−1 white light (−) and exposed to 3 µmol m−2 
plant cell extract of 4 d old wild-type Ler, 

D96N/D107N (line 5) and hy5/hyh 
−1 white light (−) supplemented with 1.5 µmol m−2 s−1 narrowband 

CHS antibody. Ponceau S staining of Rubisco large subunit (rbcL) is 

morphological characterisation 

since both mutations do not impair the UV-B 

type like growth under UV-B 

8). As will be discussed later, the double mutant UVR8D96N/D107N is consistently 

seen as a constitutive monomer in various assays in vitro and in vivo (see Chapter 3) but 

still retains its function in inducing gene expression leading to UV-B protection of the 
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FIGURE 4-8: Plants expressing GFP
induced suppression of hypocotyl extension.
(Ws background) , uvr8
12, 13 and 20), and uvr8
µmol m−2 s−1 white light (
(+UV-B). (B) Hypocotyl lengths (±
two T2 lines uvr8-1/35S
are shown. Data are representative of three independent experiments.
 
 

4.7 Influence of various mutations on functionality of GFP

Arabidopsis

Apart from mutations affecting the salt bridge formed through R286, the importance of 

other salt bridges for UVR8 functionality was tested. The GFP

formation of the second double hydrogen bonded 

shows no impairment in function (Fig 4

similar to wild-type plants is observed as well as 

extension. 

 

 

Plants expressing GFP-UVR8D96N or GFP-UVR8
induced suppression of hypocotyl extension. (A) Four day-old wild

uvr8-1, uvr8-1/UVR8pro:GFP-UVR8, uvr8-1/35Spro:GFP
uvr8-1/35Spro:GFP-UVR8D96N/D107N (T2 lines 4 and 5) plants grown in

white light (−UV-B) supplemented with 1.5 µmol m
Hypocotyl lengths (± SE, n = 10) of plants shown in (A). 

35Spro:GFP-UVR8D96N and uvr8-1/35Spro:GFP-UVR8 
representative of three independent experiments.  

Influence of various mutations on functionality of GFP

Arabidopsis  

Apart from mutations affecting the salt bridge formed through R286, the importance of 

other salt bridges for UVR8 functionality was tested. The GFP-UVR8

of the second double hydrogen bonded cross-dimer 

shows no impairment in function (Fig 4-9). UV-B induction of HY5

type plants is observed as well as UV-B induced suppression of hypocotyl 
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UVR8D96N/D107N show UV-B 
old wild-type Ler, hy5-ks50 hyh 

pro:GFP-UVR8D96N (T2 lines 
(T2 lines 4 and 5) plants grown in 1.5 

µmol m−2 s−1 narrowband UV-B 
 Mean values of the three or 

UVR8 D96N/D107N respectively 

Influence of various mutations on functionality of GFP-UVR8 in 

Apart from mutations affecting the salt bridge formed through R286, the importance of 

UVR8R146A mutant, where 

 salt bridge is prevented 

HY5 and CHS transcripts 

induced suppression of hypocotyl 
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FIGURE 4-9: Mutation of R234 neighbouring the tryptophan pyramid has more 
severe effects on functionality then mutation of R146 forming a 
bridge. (A) RT-PCR assays of 
uvr8-1/35Spro:GFP-UVR8
light (−) and exposed to 3 
extract of 5 day old uvr8
grown under 20 µmol m
4 h (+) probed with anti CHS antibody. Ponceau
shown as a loading control. 
UVR8R146A (line 14) and 
s−1 white light (−UV-B
Hypocotyl lengths (± 
independent experiments.
  
 
Mutation of the two arginines in each of the two remaining GWRHT motifs

R338, to alanine has severe effects on function. GFP

the uvr8-1 phenotype in the 

induction of HY5 and 

induced accumulation of CHS protein can be detected either (Fig 4

mutant GFP-UVR8R286A/R338A

accumulation since the results of the two single mutants already suggested that the 

mutation would lead to a loss of function phenotype. As expected

the single mutants, CHS protein accumulation was not induced af

GFP-UVR8R286A/R338A

 

Mutation of R234 neighbouring the tryptophan pyramid has more 
severe effects on functionality then mutation of R146 forming a 

PCR assays of HY5, CHS and control ACTIN2 transcripts in L
UVR8R146A (T2 lines 9, 14 and 20) plants grown under 20 

−) and exposed to 3 µmol m−2 s−1 broadband UV-B for 4 h (+). (B)
uvr8-1/UVR8pro:GFP-UVR8 and uvr8-1/35Spro:GFP

mol m−2 s−1 white light (−) and exposed to 3 µmol m−

h (+) probed with anti CHS antibody. Ponceau S staining of Rubisco large subunit (rbcL) is 
loading control. (C) Four day old wild-type Ler, hy5/hyh, uvr8
(line 14) and uvr8-1/35Spro:GFP-UVR8R234A (line 16-5) plants grown in1.5 

B) supplemented with 1.5 µmol m−2 s−1 narrowband 
 SE, n = 10) of plants shown in (C). Data are

independent experiments.  

Mutation of the two arginines in each of the two remaining GWRHT motifs

R338, to alanine has severe effects on function. GFP-UVR8R338A 

phenotype in the morphological UV-B response and the 

and CHS transcripts is also absent (Fig 4-10). Therefore, no 

induced accumulation of CHS protein can be detected either (Fig 4
R286A/R338A was only tested for UV-B 

accumulation since the results of the two single mutants already suggested that the 

mutation would lead to a loss of function phenotype. As expected

, CHS protein accumulation was not induced af
R286A/R338A plants (Fig 4-10 B). 
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Mutation of R234 neighbouring the tryptophan pyramid has more 
severe effects on functionality then mutation of R146 forming a cross-dimer salt 

transcripts in Ler, uvr8-1 and 
(T2 lines 9, 14 and 20) plants grown under 20 µmol m−2 s−1 white 

(B) Immunoblot of plant cell 
pro:GFP-UVR8R146A (line 14) 

−2 s−1 narrowband UV-B for 
S staining of Rubisco large subunit (rbcL) is 

uvr8-1, uvr8-1/35Spro:GFP-
5) plants grown in1.5 µmol m−2 

narrowband UV-B (+UV-B). (D) 
are representative of three 

Mutation of the two arginines in each of the two remaining GWRHT motifs, R234 and 

 is unable to complement 

response and the UV-B induced 

10). Therefore, no UV-B 

induced accumulation of CHS protein can be detected either (Fig 4-10 B). The double 

 induced CHS protein 

accumulation since the results of the two single mutants already suggested that the 

mutation would lead to a loss of function phenotype. As expected from the phenotypes of 

, CHS protein accumulation was not induced after UV-B treatment of 
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FIGURE 4-10: The monomeric mutant GFP
(A) RT-PCR assays of 
uvr8-1/35Spro:GFP-UVR8
light (−) and exposed to 3 
extract of 10 day old 
uvr8-1/35Spro:GFP-UVR8
white light (−) and exposed to 3 
antibody. Ponceau S staining 
Four day old wild-type L
UVR8R338A (lines 3-1, 9
supplemented with 1.5 µ
n = 10) of plants shown in 
shown. Data are representative of three independent experiments.
 
 
Another mutant that is unable to complement the 

Disruption of the intermolecular salt bridge formed adjacent to the tryptophan pyramid has 

more severe effects on functionality 

cross-dimer salt bridge. However, functionality of this mutant was only tested via the 

hypocotyl extension assay. GFP

than wild-type plants under 

hypocotyl growth suppression left since the length of the 

reached (Fig 4-9 B and C). This observation however is preliminary and needs much 

further investigation, especially by applying qPCR analysis to detect if 

is present. 

 

: The monomeric mutant GFP-UVR8R338A is non
PCR assays of HY5, CHS and control ACTIN2 transcripts in L

UVR8R338A (lines 3-1, 9-3, and 16-2) plants grown under 20 
−) and exposed to 3 µmol m−2 s−1 broadband UV-B for 4 h (+). (B)
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representative of three independent experiments.  

Another mutant that is unable to complement the uvr8-1 phenotype is GFP

Disruption of the intermolecular salt bridge formed adjacent to the tryptophan pyramid has 

effects on functionality than, for example, mutation of R146 

salt bridge. However, functionality of this mutant was only tested via the 

hypocotyl extension assay. GFP-UVR8R234A consistently shows a much longer hypocotyl 

type plants under UV-B; however it seems as if there is some 

hypocotyl growth suppression left since the length of the uvr8

9 B and C). This observation however is preliminary and needs much 

further investigation, especially by applying qPCR analysis to detect if 
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an in vitro method to test the functionality of a recombinantly expressed UVR8 mutant 

e be advantageous. The above described results lead to the hypothesis that 

does not only induce monomerisation of UVR8 but also induces further 

RESULTS 

 

91 

Finally, one mutation concerning the histidine ring was also tested for function in plants. 

shows no impairment in function as shown by UV-B induced induction 

as well as the UV-B induced 
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UV-B induced 

To be able to test the effect of a mutation on UVR8 function beyond just monomerisation, 

as described extensively in 

the present chapter. The generation of transgenic lines is a lengthy and tedious process and 

an in vitro method to test the functionality of a recombinantly expressed UVR8 mutant 

e be advantageous. The above described results lead to the hypothesis that 

does not only induce monomerisation of UVR8 but also induces further 
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conformational changes within the monomer necessary for function. This ties in with in-

gel illumination assays of UVR8 where UV-B exposure causes UVR8 to become 

accessible to antibodies that specifically recognise a C-terminal peptide (Rizzini et al., 

2011). 

This hypothesis was tested by carrying out a proteolysis experiment with the purified 

protein and trypsin, since limited proteolysis experiments have been used successfully to 

probe conformational features of a protein (Cui and Somerville, 1993; Fontana et al., 

1997). Proteolysis of a protein substrate can only occur if the polypeptide chain can bind 

and adapt to the specific stereochemistry of the protease’s active site (Fontana et al., 2004). 

Therefore, the native rigid structure of a globular protein generally cannot act as substrate 

for a protease, as shown by the fact that folded proteins under physiological conditions are 

rather resistant to proteolysis. Trypsin cleaves peptide chains mainly at the carboxyl side of 

lysine or arginine, except when either is followed by a proline. In total, 35 theoretical 

trypsin cleavage sites are present in the UVR8 protein. A treatment of the protein with 

trypsin results only in the loss of the approximately last 45 amino acids of the C-terminus, 

whereas the protein core remains resistant to proteolysis (Christie et al., 2012; Wu et al., 

2012). Hence, limited proteolysis occurs preferentially at those loops which display 

inherent conformational flexibility and are therefore accessible to the protease. Cleavage of 

the C-terminus suggests that parts of it are flexible which allows to hypothesize that a 

change in its conformation might play a role in UVR8 signalling. 

Purified wild-type UVR8 exposed for 1 h to 1.5 µmol m−2 s−1 narrowband UV-B or kept 

unexposed was treated with trypsin for 5 or 30 minutes before samples were taken and 

separated by SDS-PAGE. Coomassie staining of the protein bands reveals a different 

pattern of peptides when comparing UV-B treated and untreated wild-type protein (Fig 

4-12 A). The most prominent difference can be observed after five minutes incubation with 

trypsin where only two or possibly three products are formed in the dark state but six 

products are distinguishable in the UV-B exposed state. The smallest product formed in the 

UV-B exposed sample is also smaller than the one in the dark control. These observations 

suggest that changes in chain flexibility, i.e. conformational changes must be induced by 

UV-B to allow differing cleavage by the protease. These conformational changes most 

likely involve the C-terminus since the UVR8 core is fairly resistant to proteolysis 

(Christie et al., 2012). 

Subsequently, various mutants were analysed by this method. The four dimeric mutants 

UVR8D96N, UVR8D107N, UVR8R286K and UVR8R146A show quite similar proteolysis 

products with and without UV-B treatment as seen for wild-type UVR8 (Fig 4-12 B). This 
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is consistent with the findings in plants, where these mutants showed no impairment in 

function (no information is available for UVR8D107N since no transgenic line was generated 

for this mutation). 

 

FIGURE 4-12: Limited proteolysis of purified UVR8 protein with trypsin reveals 
conformational changes after UV-B exposure. (A) Wild-type UVR8 protein exposed (+) or 
not (-) to 1.5 µmol m−2 s−1 narrowband UV-B for 1 h before digestion with trypsin (0) and after 5 
and 30 min incubation with trypsin. Products were separated on 10% SDS-PAGE gels and stained 
with Coomassie Blue. (B) Trypsin treatment as described in (A) of dimeric mutants UVR8D96N, 
UVR8D107N, UVR8R286K and UVR8R146A. (C) Trypsin treatment as described in (A) of monomeric 
mutants UVR8R286A and UVR8D96N/D107N. Data in A and C is representative of at least three 
independent experiments. Data in B is representative of two independent expreiments. 
 

Limited proteolysis of the two constitutively monomeric mutants UVR8R286A and 

UVR8D96N/D107N only partially resembles the findings for wild-type (Fig 4-12 C). Whereas 

the proteolysis products of both mutants unexposed to UV-B match the wild-type pattern, 



CHAPTER 4  RESULTS 

 
 

94 

accessibility of cleavage sites seems to be different in the UVR8R286A mutant after 

exposure to UV-B since two of the lower bands detected in wild-type are absent. The 

proteolysis banding profile of the UVR8D96N/D107N mutant matches the wild-type in regard 

of presence of all bands, however the major product after 30 min incubation with trypsin 

seems to be the one with the highest molecular weight, whereas in wild-type and in the 

other dimeric mutants the three end products are present in more or less equal amounts. In 

plants, mutation of R286 to alanine leads to a non-functional form of GFP-UVR8 whereas 

GFP-UVR8D96N/D107N is able to complement the uvr8-1 phenotype. For these two mutants, 

the similarities of the observed banding pattern do not correlate with function of the protein 

as shown for the mutants in Fig 4-12 B. 

Limited trypsin proteolysis was also undertaken with UVR8R338A, UVR8R234A and 

UVR8R146A/R286A as shown in Fig 4-13. The proteolysis pattern is unaffected by exposure of 

the proteins to UV-B indicating absence of conformational changes induced by UV-B. 

This corresponds with the data obtained from plants where at least GFP-UVR8R338A and 

GFP-UVR8R234A were impaired in their functionality (Fig 4-9 and 4-10). Only preliminary 

experiments were undertaken with GFP-UVR8R146A/R286A mutant lines, which nevertheless 

suggest inability of the mutant to complement the uvr8-1 phenotype. 

 

FIGURE 4-13: Limited proteolysis of non-
functional monomeric mutant UVR8 
proteins shows no conformational change 
after UV-B exposure. 
UVR8R338A, UVR8R234A and UVR8R146A/R286A 

protein exposed (+) or not (-) to 1.5 µmol m−2 s−1 
narrowband UV-B for 1 h before digestion with 
trypsin (0) and after 5 and 30 min incubation 
with trypsin. Products were separated on 10% 
SDS-PAGE gels and stained with Coomassie 
Blue. Data is representative of two independent 
experiments. 
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Limited proteolysis was also undertaken with chymotrypsin. However, a quite similar 

digestion pattern to that seen with trypsin was observed since trypsin and chymotrypsin 

cleavage sites in the C-terminus occur rather close to each other. Theoretical cleavage sites 

of other proteases were also investigated but seemed unsuitable for such an approach.  

In summary, the different observed proteolysis patterns support the idea of UV-B induced 

conformational changes leading to flexible or unstructured chain regions in vitro. Those 

mutants showing a proteolysis banding pattern similar to wild-type are functional in plants, 

but mutants showing banding patterns unaffected by UV-B exposure of the proteins are 

non-functional. 

 

4.9 Discussion 

4.9.1 Constitutive monomerisation and COP1 interaction is not sufficient 

for a UVR8 mediated response 

To be able to understand how UV-B mediated signalling by UVR8 and thus UV-B 

protection is achieved it is necessary to understand the structure of the photoreceptor and 

also structural requirements for e.g. interactions with other proteins. Therefore, this chapter 

focused on the functional analysis of the UVR8 mutants, whose structures were 

characterised in the previous chapter. 

The current model (Heijde and Ulm, 2012) proposes that UV-B induces monomerisation of 

UVR8 which then allows COP1 binding to initiate signalling. The yeast two-hybrid assay 

with the two monomeric mutants UVR8R286A and UVR8R338A showing constitutive 

interaction with COP1 and the dimeric mutant UVR8R286K requiring UV-B for 

monomerisation to allow COP1 interaction, seems to support this model. The model then 

already becomes challenged by the observed discrepancies between the yeast and the plant 

system. GFP-UVR8R286A is constitutively monomeric in plants, however rather 

surprisingly it is unable to interact with COP1 in plants. Furthermore, the dimeric mutant 

GFP-UVR8R286K shows constitutive interaction with COP1 followed by an apparent 

increase of the interaction after UV-B treatment. A plausible explanation for this behaviour 

is that UVR8R286K is indeed able to dimerize but the dimer is destabilized and weakened 

compared to the wild-type dimer as seen by semi-native SDS-PAGE analysis. The 

conformation of the destabilized dimer seems to be affected in such way that the COP1 

binding region becomes exposed thus allowing COP1 binding in darkness. This 

assumption is strengthened by the COP1 interaction pattern of the GFP-UVR8H287A 

mutant, being the only mutant to display wild-type like behaviour (Fig 4-4 D). GFP-
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UVR8H287A is the only mutant generated in this study that can be detected as a dimer under 

semi-native SDS-PAGE conditions, thus forming a tight wild-type like dimer that prevents 

interaction between UVR8 and COP1 in the dark.  

It has been established now that UVR8 and COP1 interaction takes place via a stretch of 27 

amino acids of the UVR8 C-terminus and the WD40 domain of COP1 (Cloix et al., 2012). 

The hypothesis that the conformation of the C-terminus is influenced if a destabilized 

UVR8 dimer is formed is supported by the size exclusion chromatography results shown in 

Chapter 3. The destabilized dimers UVR8R286K and UVR8R146A show interaction with 

COP1 in the dark (Fig. 4-4 C and G) and both elute earlier from the SEC column than the 

wild-type dimer, suggesting a somehow inflated shape which can be reduced by a 

treatment with trypsin that leads to cleavage of the C-terminus. Interaction between these 

mutants and COP1 in the absence of UV-B therefore seems justifiable and can be regarded 

almost as an artefact, only appearing due to an altered conformation of the C-terminus but 

independent of UV-B. However, none of the experimental data generated so far is 

sufficient to define the position of the C-terminus in these mutants more precisely. The 

only information so far available on the position of the C-terminus derives from molecular 

envelope data generated from small angle X-ray scattering (SAXS) on the full length 

protein (Christie et al., 2012). Those data match the information generated by 

crystallography regarding the dimer assembly and diameter and locate the missing 

C-terminus at the distal ends of the dimer. Further experiments are required to understand 

how mutation of the dimeric interface can thus lead to changes in the C-terminus if the 

SAXS data, which suggest no direct contact between the interface and the C-termini, 

proves to be correct. 

Moving on to the next step in the proposed model now, namely that the interaction 

between UVR8 and COP1 is essential to initiate UV-B mediated signalling one has to 

assume constitutive signalling if constitutive interaction is observed. However, this is not 

the case, as observed for example with the GFP-UVR8R286K or GFP-UVR8R146A mutants. 

Exposure of the plants to UV-B is still required to induce HY5 and CHS gene expression 

(Fig 4-5 A and 4-9 A) even though there is interaction with COP1 in the absence of UV-B 

(Fig 4-4 C and G). However, functional UVR8 mediated signalling does coincide with a 

change in the apparent strength of interaction between UVR8 mutants and COP1. 

Compared to non-UV-B conditions, elevated levels of COP1 are detected in the eluates of 

the co-immunoprecipitation assays after UV-B exposure for all the functional mutants (Fig 

4-4 C, E, F and G). Constitutive interaction also takes place between COP1 and the two 

monomeric mutants GFP-UVR8R338A and GFP-UVR8R286A/R338A but, as with the other 
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mutants, interaction in the absence of UV-B does not lead to an induction of HY5 and CHS 

gene expression or a photomorphological phenotype. Further examination of the GFP-

UVR8R338A and GFP-UVR8R286A/R338A mutants nevertheless shows that both mutations lead 

to non-functional forms of UVR8, which is also visible in the co-immunoprecipitation 

assay where the detected amount of COP1 is similar with and without exposure of the plant 

to UV-B.  

In summary, the functional analysis of the salt bridge mutants in combination with the 

structural data allows to extend the proposed model of UVR8 function in UV-B 

photoreception. UV-B does not only induce monomerisation of the photoreceptor but also 

seems to initiate a conformational change in the protein that is essential for function. 

Therefore, neither constitutive monomerisation nor constitutive interaction with COP1 is 

sufficient to initiate a UVR8 mediated response in the absence of UV-B. 

4.9.2 Dimerisation is not required for UVR8-mediated signalling 

The identification of several constitutively monomeric mutants allowed to test whether 

dark state dimerisation is required for UV-B photoreception and subsequent UVR8-

mediated signalling, which is a further part of the proposed model. The analysis of the 

exciton coupling phenomena in Chapter 3 has shown that dimerisation maximises the 

extent of exciton coupling but is not a requirement for it to occur. In respect to function, 

the monomeric mutant GFP-UVR8D96N/D107N, showing relatively little exciton coupling 

(Fig 3-8 A), is able to complement the uvr8-1 phenotype (Fig 4-7 A). The GFP-

UVR8D96N/D107N monomer is able to interact constitutively with COP1, although an 

increase in the interaction is observed after UV-B exposure, as described for the 

destabilized dimer mutants (Fig 4-4 F). The GFP-UVR8D96N/D107N mutant shows that a 

UVR8 monomer is able to sense UV-B and to induce the proposed conformational changes 

required for UVR8 to initiate signalling, since GFP-UVR8D96N/D107N becomes active only 

after exposure to UV-B (Fig 4-7 A). The UV-B induced conformational changes are 

evident through the limited proteolysis of purified UVR8D96N/D107N, in that this mutant 

shows a changed proteolysis pattern after UV-B exposure more similar to that observed for 

wild-type UVR8 than for the non-functional mutants (compare Fig 4-12 C to Fig 4-13). In 

this case, the in vitro data nicely link up with the observations on functionality made in 

plants. 

The observation that none of the other monomeric arginine mutants are functional is most 

likely due to the fact that the mutation has impaired the UV-B sensing mechanism and not 

because the mutants are monomeric. By replacing the two aspartates by two asparagines 
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very little structural disturbance should take place because of the close similarity of the two 

amino acids. Additionally, and maybe even more important, the mutation has apparently 

not perturbed the tryptophan-arginine arrangement of the monomer, allowing UV-B 

perception and subsequent signalling. The much more disruptive mutation of arginine to 

alanine, for example in UVR8R338A, leads to a protein that cannot perceive UV-B, since 

limited proteolysis does not reveal any conformational changes which would be necessary 

for UVR8 mediated signalling to induce HY5 and CHS gene expression. 

The results that are most difficult to interpret are those of the monomeric mutant 

UVR8R286A. The limited proteolysis suggests that the protein has not fully lost its ability to 

perceive UV-B and some sort of conformational change still takes place (Fig 4-12 C). The 

inability of GFP-UVR8R286A to complement the uvr8-1 phenotype is due to the inability of 

the mutant to interact with COP1 (Fig 4-4 B). However, none of the experimental data 

generated so far suggests why the mutant is impaired in COP1 binding, also taking into 

consideration that the mutant can bind COP1 in the yeast two-hybrid system. For a better 

understanding of this behaviour, more detailed information is needed on the mechanism of 

UVR8 and COP1 interaction. 

A last point that should not be disregarded during this analysis of mutant function is the 

difficulty of detecting any of the mutant dimers in plants, as described in Chapter 3. Even 

if the main findings of this chapter are not affected by this difficulty it would be desirable 

for the overall understanding of the mechanism to know whether these destabilized dimers 

are present in plants or not. The constitutive interaction of, for example, GFP-UVR8R286K 

with COP1 might simply be due to the protein being monomeric in the plant and hence the 

dimerisation of the purified UVR8R286K can be regarded more as an artefact caused by the 

in vitro conditions. The most suitable approach to clarify this matter in plants in a future 

project would probably be bimolecular fluorescence complementation (BiFC) (e.g. Grefen 

et al., 2010).  

4.9.3 Why does UVR8 form a dimer? 

The discovery of a functional monomeric mutant inevitably leads to the question of the 

purpose of initial dimerisation, if the monomeric form can functionally substitute for the 

dimer. Perhaps rather like the dimer maximises the extent of exciton coupling, the 

functional response is maximised by initial dimerisation. The functional studies undertaken 

here were focused on getting a yes or no answer in respect to functionality of the mutations 

and therefore did not include for example a dose-response analysis. A detailed qPCR 

analysis of the UV-B induced gene expression under different doses of UV-B might show 
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subtle differences in the strength of response between the dimeric wild-type and the 

monomeric GFP-UVR8D96N/D107N mutant, suggesting a purpose for dimerisation of the 

protein.  

Dimerisation also generates a shielding effect in regard to the dimer interface under non-

signalling conditions. The mechanism of exposing the interface and thereby exposing 

possible interaction sites for other proteins is a tempting model and not unreasonable if one 

considers the signalling mechanism of other WD40 proteins. WD40 proteins often act as 

scaffolds in many multi protein complexes and one preferred site of interaction is the 

surface that UVR8 uses for dimerisation (Stirnimann et al., 2012). However, the only so far 

known interactors of UVR8 interact via the C-terminus of UVR8 and not the dimerisation 

interface (Cloix et al., 2012). Since the current crystal structure of UVR8 does not include 

the C-terminal 40 amino acids a more detailed understanding of the mechanism of 

interaction between UVR8 and COP1 is greatly limited at the moment. It is therefore 

crucial to determine where the C27 region resides in the protein and what conformation it 

adopts after exposure to UV-B allowing COP1 interaction. A conceivable model would be 

that the UV-B activated conformation of the C-terminus is stabilized through interactions 

with the interface. One possibility is that charged residues on the surface interact with the 

numerous polar residues in the C-terminus. To test this hypothesis further rather complex 

experiments will be required. Since crystallisation is impaired by the C-terminus and also 

has so far been unsuccessful under UV-B conditions, the implementation of nuclear 

magnetic resonance (NMR) spectroscopy might allow examination of the location of the 

C-terminus and conformational changes induced by UV-B. Furthermore, NMR can provide 

information on conformational changes that occur in the protein ‘core’ following 

photoreception. To be able to ultimately accomplish protein interaction studies between 

UVR8 and COP1 in vitro, to generate, for example, a co-crystal structure of the complex, 

recombinant COP1 has to be expressed successfully in any in vitro system in sufficient 

amounts which so far has not been achieved.  
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5. REGENERATION OF THE UVR8 DIMER AFTER 

PHOTORECEPTION 

 
 

5.1 Introduction 

Elucidation of an unknown signalling mechanism is firstly concerned with characterisation 

of pathways and processes that are involved in generating the active signalling state. 

Equally important is the question of how initial conditions are restored once the activation 

signal is no longer present. Since UV-B photoreception leads to monomerisation of the 

photoreceptor which activates the signalling pathway, how is the dimeric photoreceptor 

subsequently restored to re-establish the initial conditions? In principle, two mechanisms 

are conceivable: Firstly, the monomer could be degraded after signalling and the dimer 

could be replaced via protein synthesis in the cell meaning quite rapid and continual 

turnover of the UVR8 protein. Second, reversion from the monomer to the dimer could 

reconstitute the functional photoreceptor without any requirement for synthesis and 

degradation. Hence, the aim of this chapter was to investigate the kinetics and mechanism 

of regeneration of the UVR8 dimer in vitro and in vivo.  

5.2 Regeneration of the UVR8 dimer is rapid in vivo  

To establish the kinetics of UVR8 dimer regeneration in vivo, wild-type plants were 

exposed for 3 h to 2.5 µmol m-2 s-1 narrowband UV-B. Fig 5-1 A shows that prior to the 

UV-B treatment, UVR8 is present as a dimer as shown by semi-native SDS-PAGE and 

immunoblotting using an anti-UVR8 antibody. UV-B then induces conversion of the 

dimeric to the monomeric form. When plants are subsequently transferred to darkness, a 

decrease in the amount of monomer and a concomitant increase in the amount of dimer is 

seen within 30 minutes. Virtually all the UVR8 protein is present again as a dimer after 

one hour of darkness following the UV-B treatment. The total amount of UVR8 also does 

not appear to change significantly over the observed time course. 



CHAPTER 5 

 

FIGURE 5-1: Regeneration of the UVR8 dimer after 
rapid in vivo than in vitro.
probed with anti-UVR8 antibody. Plants were exposed to 2.5 
3 h (UV-B +) and then transferred to darkness 
prepared. Extract samples were prepared for electrophoresis without boiling and resolved on a 
7.5% SDS-PAGE gel prior to immunoblotting. The UVR8 dimer (D) and monomer (M) are 
indicated. Ponceau staining 
Coomassie stained SDS
1 h (UV-B +) and then transferred to darkness at room temperature for the indicated times. Sampl
were analyzed without boiling on a 7.5% SDS
shown as a control. (C) 
probed with anti-UVR8 antibody. The extract was exposed to 1.5 
+) and then transferred to darkness at room temperature for the indicated times. Samples were 
analyzed without boiling on a 7.5% SDS
Rubisco large subunit (rbcL) is shown as a loadi
 
In contrast, reappearance of the dimer in darkness following exposure of purified UVR8 

protein to 1.5 µmol m

Although partial reversion to the dimer is detectable 3 hours after transfer to darkness, 

most of the protein is still in the monomeric form 6 hours after the end of 

illumination, and approximately 30 hours

regeneration (see also Christie et al., 2012; Wu et al., 2012). Similarly slow regeneration 

kinetics are also seen if whole cell extract obtained from wild

 

Regeneration of the UVR8 dimer after UV-B 
rapid in vivo than in vitro.  (A) Immunoblot of whole cell extracts from wild

UVR8 antibody. Plants were exposed to 2.5 µmol m-

+) and then transferred to darkness for the indicated time periods before extracts were 
prepared. Extract samples were prepared for electrophoresis without boiling and resolved on a 

PAGE gel prior to immunoblotting. The UVR8 dimer (D) and monomer (M) are 
indicated. Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading control. 
Coomassie stained SDS-PAGE gel of purified UVR8 protein exposed to 1.5 

+) and then transferred to darkness at room temperature for the indicated times. Sampl
were analyzed without boiling on a 7.5% SDS-PAGE gel. A non-UV-

(C) Immunoblot of UV-B treated whole cell extract from WT L
UVR8 antibody. The extract was exposed to 1.5 µmol m

+) and then transferred to darkness at room temperature for the indicated times. Samples were 
analyzed without boiling on a 7.5% SDS-PAGE gel prior to immunoblotting. Ponceau staining of 
Rubisco large subunit (rbcL) is shown as a loading control. 

In contrast, reappearance of the dimer in darkness following exposure of purified UVR8 

µmol m-2 s-1 narrowband UV-B for 1 h is considerably slower (Fig 5

Although partial reversion to the dimer is detectable 3 hours after transfer to darkness, 
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exposure is much more 
Immunoblot of whole cell extracts from wild-type Ler plants 
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In contrast, reappearance of the dimer in darkness following exposure of purified UVR8 

for 1 h is considerably slower (Fig 5-1 B). 

Although partial reversion to the dimer is detectable 3 hours after transfer to darkness, 

most of the protein is still in the monomeric form 6 hours after the end of UV-B 

are required to see near complete dimer 

regeneration (see also Christie et al., 2012; Wu et al., 2012). Similarly slow regeneration 

type Arabidopsis plants is 
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exposed to 1.5 µmol m

percentage of the protein can still be detected in its monomeric form 12 hours after the end 

of UV-B illumination.

To be able to show reproducibility of the results and to compensate for the fact that 

ordinary Western blots are not ideally used for quantification, the decay of the monomeric 

state was quantified by measuring the band intensities of the monomer in Western blots 

from three independent experiments. 

normalized against that after 

monomer were plotted 

kinetics.  

FIGURE 5-2: Kinetics of 
exposure. (A) Best fit curves of the decay of the monomeric state of UVR8 in wild
plants in vivo (black), wild
UVR8 protein in vitro (green). UVR8 protein bands were quantified in three representative 
Western blots of each experiment using Image J software. The value for the monomer at each time 
point was normalized against that after 
with time were plotted and the best fit was chosen using Curve Fitting Toolbox in MATLAB 
(Version 7.12.0). (B) 
confidence values at that point. 
The R2 value indicates how well the line fits the data points, where 1.0 would represent a perfect fit.
 
 
 
 

 

µmol m-2 s-1 narrowband UV-B for 1 h (Fig 5

percentage of the protein can still be detected in its monomeric form 12 hours after the end 

illumination. 

To be able to show reproducibility of the results and to compensate for the fact that 

y Western blots are not ideally used for quantification, the decay of the monomeric 

state was quantified by measuring the band intensities of the monomer in Western blots 

from three independent experiments. The value for the monomer at each time point was 

normalized against that after UV-B illumination, which was taken as 100%. Values of % 

monomer were plotted against time and a best fit line was generated to visualise the 

Kinetics of the loss of UVR8 monomer in darkness following UV
Best fit curves of the decay of the monomeric state of UVR8 in wild

(black), wild-type Ler whole cell extract analysed in vitro (purple) and purified 
UVR8 protein in vitro (green). UVR8 protein bands were quantified in three representative 
Western blots of each experiment using Image J software. The value for the monomer at each time 

normalized against that after UV-B illumination, taken as 100%. Values of % monomer 
with time were plotted and the best fit was chosen using Curve Fitting Toolbox in MATLAB 

(B) Time points when the monomer reached 50% are shown +/
confidence values at that point. The type of fit that produced a R2 value

value indicates how well the line fits the data points, where 1.0 would represent a perfect fit.
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for 1 h (Fig 5-1 C). A rather large 

percentage of the protein can still be detected in its monomeric form 12 hours after the end 

To be able to show reproducibility of the results and to compensate for the fact that 

y Western blots are not ideally used for quantification, the decay of the monomeric 

state was quantified by measuring the band intensities of the monomer in Western blots 

The value for the monomer at each time point was 

taken as 100%. Values of % 

line was generated to visualise the 

 

the loss of UVR8 monomer in darkness following UV‐‐‐‐B 
Best fit curves of the decay of the monomeric state of UVR8 in wild-type Ler 

whole cell extract analysed in vitro (purple) and purified 
UVR8 protein in vitro (green). UVR8 protein bands were quantified in three representative 
Western blots of each experiment using Image J software. The value for the monomer at each time 

illumination, taken as 100%. Values of % monomer 
with time were plotted and the best fit was chosen using Curve Fitting Toolbox in MATLAB 

Time points when the monomer reached 50% are shown +/- the 95% 
value closest to 1.0 was chosen. 

value indicates how well the line fits the data points, where 1.0 would represent a perfect fit. 
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In vivo, the monomer declines exponentially in darkness following UV-B exposure 

whereas in vitro for purified UVR8 as well as for whole cell extract the conversion rates 

are much slower and rather linear (Fig 5-2 A). To obtain values for each experiment that 

can be used for significant comparison, the mean time required for 50% loss of the 

monomer was calculated from the graphical data with 95% confidence limits (Fig 5-2 B). 

In vivo, 50% monomer is lost within approximately 18 minutes whereas in vitro it takes 

about 15 hours. Therefore, if the UVR8 dimer is regenerated by reversion, the process is 

greatly accelerated in intact plants compared to in vitro conditions. However, if there is 

monomer degradation and resynthesis in the plant, both must occur rapidly and must be 

carefully coordinated to maintain a constant amount of UVR8. 

 

5.3 Protein synthesis is required for rapid regener ation of the dimer 

Next, it was investigated whether protein synthesis is required for regeneration of the 

initial dimer state. Plants were treated with the protein synthesis inhibitor cycloheximide 

(CHX) and the effects of the treatment were analysed by semi-native SDS-PAGE and 

immunoblotting monitoring dimer and monomer state of UVR8. Plants were transferred to 

liquid MS medium containing 100 µM CHX or DMSO for the control group one hour 

before the start of UV-B exposure to ensure that the chemical entered the cells. 

Subsequently, plants were exposed to 2.5 µmol m-2 s-1 narrowband UV-B for 3 h and then 

transferred to darkness for recovery. Fig 5-3 A shows that UV-B induced conversion of the 

UVR8 dimer to monomer is unaffected by the CHX treatment. Nevertheless, CHX was 

active in the tissue because UV-B induced accumulation of CHS protein is prevented (Fig 

5-3 B) as revealed by immunobloting with a CHS specific antibody. UV-B induced 

accumulation of CHS protein serves as a suitable positive control for the treatment since it 

was shown previously that protein synthesis is required for the initiation of CHS 

expression by UV-B (Christie and Jenkins, 1996). If protein synthesis is required to 

regenerate the UVR8 dimer following hypothetical rapid degradation of the monomer, 

treatment with CHX should lead to a substantial decrease of total UVR8 protein present in 

the plant. However, Fig 5-3 A shows that CHX treatment did not affect the total amount of 

UVR8 up to at least 3 hours following the end of UV-B exposure, when the dimeric form 

is fully regenerated. This result indicates that the UVR8 dimer is not newly synthesized 

once UV-B induced monomerisation has taken place. 
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FIGURE 5-3: Protein synthesis is required to maximize the rate of dimer 
regeneration. (A) Immunoblots 
UVR8 antibody. Plants were placed in medium containing 0.1% DMSO with or without 
cycloheximide 1 h before exposure to 2.5 
to darkness for the indicated times before extracts 
electrophoresis without boiling and resolved on a 7.5% SDS
Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading control. 
from the experiment shown 
specific band recognized by the antibody.
following treatment with cycloheximide and UV
Fig 5-2. (D) Time points when the monomer reached 50% are shown +/
values at that point. The type of fit that produced a 
indicates how well the line fits the data points, where 1.0 wou
 
 
 

 

Protein synthesis is required to maximize the rate of dimer 
Immunoblots of whole cell extracts from WT Ler

UVR8 antibody. Plants were placed in medium containing 0.1% DMSO with or without 
cycloheximide 1 h before exposure to 2.5 µmol m-2 s-1 UV-B for 3 h (UV
to darkness for the indicated times before extracts were prepared. Samples were prepared for 
electrophoresis without boiling and resolved on a 7.5% SDS-PAGE gel prior to immunoblotting. 
Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading control. 

experiment shown in (A) probed with anti-CHS antibody. The asterisk (*) indicates a non
specific band recognized by the antibody. (C) Kinetics of the loss of UVR8 monomer in darkness 
following treatment with cycloheximide and UV‐B exposure. Data was obtained as described 

Time points when the monomer reached 50% are shown +/
The type of fit that produced a R2 value closest to 1.0 was chosen.

indicates how well the line fits the data points, where 1.0 would represent a perfect fit. 
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Protein synthesis is required to maximize the rate of dimer 
er plants probed with anti-

UVR8 antibody. Plants were placed in medium containing 0.1% DMSO with or without 
UV-B +), and then transferred 

were prepared. Samples were prepared for 
PAGE gel prior to immunoblotting. 

Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading control. (B) Immunoblots 
CHS antibody. The asterisk (*) indicates a non-

Kinetics of the loss of UVR8 monomer in darkness 
B exposure. Data was obtained as described in 

Time points when the monomer reached 50% are shown +/- the 95% confidence 
closest to 1.0 was chosen. The R2 value 

ld represent a perfect fit.  
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Nevertheless, Fig 5-3 A shows that the rate of dimer reappearance is slowed down in plants 

treated with CHX; whereas very little monomer remains in control plants 30 minutes after 

transfer to darkness following UV-B treatment, a substantial amount of monomer remains 

in the CHX treated plants after 1 hour and is still detectable after 2 hours of darkness. The 

slower kinetics of monomer loss after CHX treatment are clear if comparing the two 50% 

loss of monomer values: whereas control plants show loss of 50% monomer already after 

14 min, 60 min are required if plants are treated with CHX (Fig 5-3 C and D). 

 

5.4 No evidence of targeted proteolysis of UVR8 via  the proteasome  

To complement the experiments with CHX, the amount and state of UVR8 following 

UV-B exposure and dark recovery was investigated in the presence of MG132, an inhibitor 

of protein degradation via the proteasome. Wild-type plants were transferred to liquid 

medium containing 100 µM MG132 eleven hours before the start of UV-B illumination 

since prolonged pre-incubation with MG132 to see inhibition of the proteasome was 

reported in several previous studies (e.g. Yang et al., 2005; Jang et al., 2005; Dong et al., 

2006). The treatment with MG132 did not impair UV-B induced conversion of the UVR8 

dimer to the monomer (Fig 5-4 A). Furthermore, there was no effect visible on 

regeneration of the dimer following transfer to darkness and no quantitative difference in 

the kinetics for monomer loss in MG132 treated and control plants (Fig 5-4 D and E). To 

ensure that MG132 had entered the tissue and was effective the accumulation of 

polyubiquitylated proteins in the cell resulting from inhibition of proteasomal degradation 

was visualized by an immunoblot with an antibody to ubiquitin. Fig 5-4 B shows that 

increased amounts of polyubiquitylated proteins could be detected in plants treated with 

the inhibitor compared to the control. Finally, the total amount of UVR8 remained 

unchanged over the time course of illumination and dimer regeneration in darkness (Fig 

5-4 A and C). It can therefore be concluded that UVR8 is not subject to proteasomal 

degradation following UV-B exposure. 
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FIGURE 
UVR8 is not degra
proteasome.
whole cell extracts from WT L
plants probed with anti
antibody. Plants were placed in 
medium containing 0.1% DMSO 
with or without MG132 11 h before 
exposure to 2.5 
for 3 h (
transferred to darkness for the 
indicated times before extracts were 
prepared. Samples were prepared 
for electrophoresis without boiling 
and resolved on a 7.5% SDS
gel prior to immunoblotting. 
Ponceau staining of Rubisco large 
subunit (r
control. (B) 
experiment shown in (A) probed 
with anti
Immunoblots pre
probed with anti
but with samples of whole cell 
extract boiled prior to 
electrophor
PAGE gel. 
of UVR8 monomer in darkness 
following treatment with MG132 
and UV
obtained as described in Fig 5
Time points when the monomer 
reached 50% are shown +/
confidence val
type of fit that produced a 
closest to 1.0 was chosen.
value indicates how well the line fits 
the data points, where 1.0 would 
represent a perfect fit.
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FIGURE 5-4: Monomeric 
UVR8 is not degraded via the 
proteasome. (A) Immunoblots of 
whole cell extracts from WT Ler 
plants probed with anti-UVR8 
antibody. Plants were placed in 
medium containing 0.1% DMSO 
with or without MG132 11 h before 
exposure to 2.5 µmol m-2 s-1 UV-B 
for 3 h (UV-B +), and then 
transferred to darkness for the 
indicated times before extracts were 
prepared. Samples were prepared 
for electrophoresis without boiling 
and resolved on a 7.5% SDS-PAGE 
gel prior to immunoblotting. 
Ponceau staining of Rubisco large 
subunit (rbcL) is shown as a loading 

(B) Immunoblots from the 
experiment shown in (A) probed 
with anti-ubiquitin antibody. (C) 
Immunoblots pre-pared as in (A) 
probed with anti-UVR8 antibody, 
but with samples of whole cell 
extract boiled prior to 
electrophoresis on a 7.5% SDS-
PAGE gel. (D) Kinetics of the loss 
of UVR8 monomer in darkness 
following treatment with MG132 
and UV‐B exposure. Data was 
obtained as described in Fig 5-2. (E) 
Time points when the monomer 
reached 50% are shown +/- the 95% 
confidence values at that point. The 
type of fit that produced a R2 value 
closest to 1.0 was chosen. The R2 

value indicates how well the line fits 
the data points, where 1.0 would 
represent a perfect fit.  
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5.5 The C-terminus of UVR8 is required for rapid 

photoreceptor in vivo

The role and the importance of the 

described in the previous chapters. To test

regeneration of the dimer, two different Ara

natural allele of UVR8, 

acids of the C-terminus

2005; Cloix et al., 2012). As shown i

is observed in the uvr8

much slower compared to the wild

end of illumination.  

FIGURE 5-5: The 
dimer in vivo. Immunoblots of whole cell extracts from WT L
anti-UVR8 antibody (N
and then transferred to darkness for the indicated times before extracts were prepared. Extract 
samples were prepared for electrophoresis witho
prior to immunoblotting. Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading 
control.  
 
The second genotype that was analysed was a transgenic 

UVR8 fusion lacking

Cloix et al., 2012). This particular stretch of amino acids (residues 397 to 423, termed C27) 

has shown to be necessary and essential for interaction with the WD40 region of COP1 and 

can also interact with other WD40 proteins, i.e. RUP1 and RUP2 (Cloix et al., 2012). 

Plants expressing wild

 

terminus of UVR8 is required for rapid regeneration of the 

photoreceptor in vivo  

The role and the importance of the C-terminus in UVR8 mediated signalling has been 

the previous chapters. To test whether the C-terminus

regeneration of the dimer, two different Arabidopsis genotypes were examined. First, a 

natural allele of UVR8, uvr8-2, was analysed. The uvr8-2 mutant lacks the final 40 amino 

terminus due to an introduced stop codon at position 400 (Brown et al., 

2005; Cloix et al., 2012). As shown in Figure 5-5, normal UV-B 

uvr8-2 mutant, but regeneration of the dimer in subsequent darkness is 

much slower compared to the wild-type; the monomer is still detectable 4 hours after the 

 

The C-terminus of UVR8 is required for rapid regeneration of the 
Immunoblots of whole cell extracts from WT Ler and 

UVR8 antibody (N-terminal). Plants were exposed to 3 µmol m-2 
and then transferred to darkness for the indicated times before extracts were prepared. Extract 
samples were prepared for electrophoresis without boiling and resolved on a 10% SDS
prior to immunoblotting. Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading 

The second genotype that was analysed was a transgenic uvr8-1 

UVR8 fusion lacking 27 amino acids within the C-terminus (uvr8

Cloix et al., 2012). This particular stretch of amino acids (residues 397 to 423, termed C27) 

has shown to be necessary and essential for interaction with the WD40 region of COP1 and 

ract with other WD40 proteins, i.e. RUP1 and RUP2 (Cloix et al., 2012). 

Plants expressing wild-type UVR8 fused to GFP were used as control plants. Both lines 
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regeneration of the 

in UVR8 mediated signalling has been 

terminus is also involved in 

bidopsis genotypes were examined. First, a 

mutant lacks the final 40 amino 

due to an introduced stop codon at position 400 (Brown et al., 

 induced monomerisation 

mutant, but regeneration of the dimer in subsequent darkness is 

type; the monomer is still detectable 4 hours after the 

 

of UVR8 is required for rapid regeneration of the 
and uvr8-2 plants probed with 

s-1 UV-B for 3 h (UV-B +) 
and then transferred to darkness for the indicated times before extracts were prepared. Extract 

ut boiling and resolved on a 10% SDS-PAGE gel 
prior to immunoblotting. Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading 

1 line expressing a GFP-

uvr8-1/GFP-∆C27UVR8; 

Cloix et al., 2012). This particular stretch of amino acids (residues 397 to 423, termed C27) 

has shown to be necessary and essential for interaction with the WD40 region of COP1 and 

ract with other WD40 proteins, i.e. RUP1 and RUP2 (Cloix et al., 2012). 

type UVR8 fused to GFP were used as control plants. Both lines 
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show UV-B induced monomerisation, but regeneration of the dimer is much slower in 

plants lacking the C27 region compared to plants expressing wild

(Fig 5-6 A). Quantification of the data results in two clearly distinguishable 50% loss of 

monomer values: whereas approximately 1 h is needed in the GFP

required for 50% loss of monomer if the C27 region is absent (Fig 5

findings suggest that the C27 region is required to maximize the rate of UVR8 dimer 

regeneration in vivo. 

FIGURE 5-6: The C27 
dimer in vivo. (A) Immunoblots of whole cell extracts from 
∆C27UVR8 plants probed with anti
3 h (UV-B +) and then transferred to darkness for the indicated times before extracts were 
prepared. Extract samples were prepared for electrophoresis without boiling and resolved on a 10% 
SDS-PAGE gel prior to immunoblotting. Ponceau staining of Rubisco large subunit (
shown as a loading control. The asterisk (*) indicates a non
GFP antibody. (B) Kinetics of the loss of UVR8 monomer in darkness following UV
Data was obtained as described in Fig 5
shown +/- the 95% confidence values at that point. 
to 1.0 was chosen. The R
represent a perfect fit.  
 

 

 

 

 

induced monomerisation, but regeneration of the dimer is much slower in 

he C27 region compared to plants expressing wild

6 A). Quantification of the data results in two clearly distinguishable 50% loss of 

monomer values: whereas approximately 1 h is needed in the GFP

or 50% loss of monomer if the C27 region is absent (Fig 5

findings suggest that the C27 region is required to maximize the rate of UVR8 dimer 

 

The C27 region of UVR8 is required for rapid regeneration of the 
Immunoblots of whole cell extracts from uvr8-1/GFP

C27UVR8 plants probed with anti-GFP antibody. Plants were exposed to 3 
nd then transferred to darkness for the indicated times before extracts were 

prepared. Extract samples were prepared for electrophoresis without boiling and resolved on a 10% 
PAGE gel prior to immunoblotting. Ponceau staining of Rubisco large subunit (

shown as a loading control. The asterisk (*) indicates a non-specific band recognized by the anti
Kinetics of the loss of UVR8 monomer in darkness following UV

Data was obtained as described in Fig 5-2. (C) Time points when the monomer reached 50% are 
the 95% confidence values at that point. The type of fit that produced a 

The R2 value indicates how well the line fits the data points, where 1.0 would 
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induced monomerisation, but regeneration of the dimer is much slower in 

he C27 region compared to plants expressing wild-type full length UVR8 

6 A). Quantification of the data results in two clearly distinguishable 50% loss of 

monomer values: whereas approximately 1 h is needed in the GFP-UVR8 line, 5.5 h are 

or 50% loss of monomer if the C27 region is absent (Fig 5-6 B and C). These 

findings suggest that the C27 region is required to maximize the rate of UVR8 dimer 

 

region of UVR8 is required for rapid regeneration of the 
/GFP-UVR8 and uvr8-1/GFP-

GFP antibody. Plants were exposed to 3 µmol m-2 s-1 UV-B for 
nd then transferred to darkness for the indicated times before extracts were 

prepared. Extract samples were prepared for electrophoresis without boiling and resolved on a 10% 
PAGE gel prior to immunoblotting. Ponceau staining of Rubisco large subunit (rbcL) is 

specific band recognized by the anti-
Kinetics of the loss of UVR8 monomer in darkness following UV‐B exposure. 

Time points when the monomer reached 50% are 
The type of fit that produced a R2 value closest 

value indicates how well the line fits the data points, where 1.0 would 
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It was now also of interest whether the 

of purified UVR8 in vitro. The very convenient trypsin treatment could be applied to 

remove the last 40 amino acids from the 

undergoes normal UV

(Christie et al., 2012). However, in contrast to the above described in vivo situation, the 

rate of dimer regeneration in darkness following 

C-terminally truncated UVR8 compared to the wild

regeneration were indistinguishable for the two proteins (compare Fig 5

B) and quantification of the data resulted in similar times wi

required for loss of 50% monomer (15 h, Fig 5

 

 

 

It was now also of interest whether the C-terminus affected the rate of dimer regeneration 

of purified UVR8 in vitro. The very convenient trypsin treatment could be applied to 

remove the last 40 amino acids from the C-terminus. This C-terminally truncated protein 

UV-B induced dimer to monomer conversion, as reported previously 

(Christie et al., 2012). However, in contrast to the above described in vivo situation, the 

rate of dimer regeneration in darkness following UV-B exposure was not slower for 

terminally truncated UVR8 compared to the wild-type protein. The kinetics of 

regeneration were indistinguishable for the two proteins (compare Fig 5

B) and quantification of the data resulted in similar times within the 95% confidence limit 

required for loss of 50% monomer (15 h, Fig 5-7 B and C).  

 

FIGURE 5-
eration rate of UVR8 is unaffected 
by the C-terminus
(A) Coomassie stained SDS
purified UVR8 protein digested with 
trypsin, exposed to 1.5 
UV-B for 1 h (
transferred to darkness for the indicated 
times. Samples were analyzed without 
boiling on a 7.5% SDS
non-UV-B treated boiled sample is 
shown as a control. 
loss of UVR8 monomer in darkness 
following UV
obtained as described in Fig 5
Time points when the monomer reached 
50% are shown +/
values at that point. 
produced a R
chosen. The R
the line fits the data points, where 1.0 
would represent a p
 
 

 

 

 

 

 

 

RESULTS 

 

109 

affected the rate of dimer regeneration 

of purified UVR8 in vitro. The very convenient trypsin treatment could be applied to 

minally truncated protein 

induced dimer to monomer conversion, as reported previously 

(Christie et al., 2012). However, in contrast to the above described in vivo situation, the 

posure was not slower for 

type protein. The kinetics of 

regeneration were indistinguishable for the two proteins (compare Fig 5-7 A with Fig 5-1 

thin the 95% confidence limit 

-7: The in vitro regen-
eration rate of UVR8 is unaffected 

terminus.  
Coomassie stained SDS-PAGE of 

purified UVR8 protein digested with 
trypsin, exposed to 1.5 µmol m-2 s-1 

for 1 h (UV-B +) and then 
transferred to darkness for the indicated 
times. Samples were analyzed without 
boiling on a 7.5% SDS-PAGE gel. A 

treated boiled sample is 
shown as a control. (B) Kinetics of the 
loss of UVR8 monomer in darkness 
following UV‐B exposure. Data was 
obtained as described in Fig 5-2. (C) 
Time points when the monomer reached 
50% are shown +/- the 95% confidence 
values at that point. The type of fit that 

R2 value closest to 1.0 was 
The R2 value indicates how well 

the line fits the data points, where 1.0 
would represent a perfect fit.  
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This observation indicates that the absence of the C27 region only negatively affects 

regeneration in intact cells, allowing the hypothesis that interaction of one or more proteins 

with the C27 region may be required to maximize the 

newly synthesised proteins that maximise the reversion process possibly interact with the 

C-terminus, the influence of CHX on dimer regeneration in 

No considerable difference between CHX

5-8). However the experiment was only carried out once and rather poor quality of the 

Western blots with the N

limits the interpretation of this r

uvr8-2 mutant after CHX treatment could either mean that newly synthesised proteins are 

ineffective anyway, because they bind to the 

that facilitate reversion require functional UVR8 to be induced. 

FIGURE 5-8: Protein synthesis is 
dimer regeneration if the C
uvr8-2 plants probed with anti
containing 0.1% DMSO with or without 
m-2 s-1 UV-B for 3 h (
extracts were prepared. Samples were prepared for electrophoresis without boiling and resolved on 
a 10% SDS-PAGE gel prior to immunoblotting. Ponceau staining of Rubisco large subunit (rbcL) 
is shown as a loading control. 
 

5.6 COP1 is required for rapid dimer regeneration in vi vo

To further investigate the kinetics of dimer regeneration, 

analysed. The cop1-

phenotype (McNellis et al., 1994) due to the allele carrying a premature stop codon at 

position 288. The mutation is non

 

This observation indicates that the absence of the C27 region only negatively affects 

regeneration in intact cells, allowing the hypothesis that interaction of one or more proteins 

with the C27 region may be required to maximize the rate of regeneration.

newly synthesised proteins that maximise the reversion process possibly interact with the 

, the influence of CHX on dimer regeneration in uvr8-2

No considerable difference between CHX treated and untreated plants was observed (Fig 

8). However the experiment was only carried out once and rather poor quality of the 

Western blots with the N-terminal UVR8 antibody that is required for the 

limits the interpretation of this result. Unchanged kinetics of dimer regeneration in the 

mutant after CHX treatment could either mean that newly synthesised proteins are 

ineffective anyway, because they bind to the C-terminus which is not present, or proteins 

on require functional UVR8 to be induced.  

Protein synthesis is probably not required to maximize the rate of 
dimer regeneration if the C-terminus is absent. Immunoblots of whole cell extracts from 

plants probed with anti-UVR8 antibody (N-terminal). Plants were placed in medium 
containing 0.1% DMSO with or without 100 µM cycloheximide 1 h before exposure to 2.5 

for 3 h (UV-B +), and then transferred to darkness for the indicated times before 
extracts were prepared. Samples were prepared for electrophoresis without boiling and resolved on 

PAGE gel prior to immunoblotting. Ponceau staining of Rubisco large subunit (rbcL) 
as a loading control.  

COP1 is required for rapid dimer regeneration in vi vo

To further investigate the kinetics of dimer regeneration, cop1

-4 allele belongs to the class of cop1 mutants showing a weak 

phenotype (McNellis et al., 1994) due to the allele carrying a premature stop codon at 

position 288. The mutation is non-lethal since a truncated protein containing only the 
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This observation indicates that the absence of the C27 region only negatively affects 

regeneration in intact cells, allowing the hypothesis that interaction of one or more proteins 

rate of regeneration. To test whether 

newly synthesised proteins that maximise the reversion process possibly interact with the 

2 plants was investigated. 

treated and untreated plants was observed (Fig 

8). However the experiment was only carried out once and rather poor quality of the 

terminal UVR8 antibody that is required for the uvr8-2 mutant 

esult. Unchanged kinetics of dimer regeneration in the 

mutant after CHX treatment could either mean that newly synthesised proteins are 

which is not present, or proteins 

 

not required to maximize the rate of 
Immunoblots of whole cell extracts from 

terminal). Plants were placed in medium 
cycloheximide 1 h before exposure to 2.5 µmol 

n transferred to darkness for the indicated times before 
extracts were prepared. Samples were prepared for electrophoresis without boiling and resolved on 

PAGE gel prior to immunoblotting. Ponceau staining of Rubisco large subunit (rbcL) 

COP1 is required for rapid dimer regeneration in vi vo  

cop1-4 mutant plants were 

mutants showing a weak 

phenotype (McNellis et al., 1994) due to the allele carrying a premature stop codon at 

lethal since a truncated protein containing only the 
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N-terminal 282 amino acids lacking the WD40 repeats is exp

UVR8 interaction domain (Cloix et al., 2012), interaction between UVR8 and COP1 is 

impaired in cop1-4 mutant plants.

UV-B induced UVR8 monomerisation after exposure to 2.5 

UV-B for 3 h. However, the rate of dimer regeneration in subsequent darkness is slower 

than in wild-type plants. Quantification of monomer loss reveals that about an extra hour is 

required to reach a 50% loss of monomer in 

B and C). Thus the full length functional COP1 protein is required to maximize the rate of 

dimer regeneration in vivo.

 

 

 

 

 

terminal 282 amino acids lacking the WD40 repeats is expressed. Hence, lacking their 

UVR8 interaction domain (Cloix et al., 2012), interaction between UVR8 and COP1 is 

mutant plants. As shown in Figure 5-9 A, cop1

induced UVR8 monomerisation after exposure to 2.5 µmo

However, the rate of dimer regeneration in subsequent darkness is slower 

type plants. Quantification of monomer loss reveals that about an extra hour is 

required to reach a 50% loss of monomer in cop1-4 plants compared to wild

full length functional COP1 protein is required to maximize the rate of 

dimer regeneration in vivo. 

 

FIGURE 
regeneration in vivo requires 
intact COP1.
(A) Immunoblot of whole cell extract 
from cop1-
UVR8 antibody. Plants were exposed 
to 3 µmol m
+) and then transferred to darkness for 
the indicated times before extracts 
were prepared. Extract samples were 
prepared for electrophoresis without 
boiling and resolved on a 7.5% SDS
PAGE gel prior to immunoblotting. 
Ponceau staining of Rubisco large 
subunit (rbcL) is shown as a loading 
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5.7 Discussion 

5.7.1 Rapid regeneration of the UVR8 dimer by reversion of the 

monomer 

Despite recent advances in determining the structure of UVR8 and important structural 

requirements to achieve the active signalling state of UVR8, not much is known so far 

about how the UV-B response is balanced and how overstimulation is prevented. 

Therefore, the study presented in this chapter focused on the question how the initial UV-B 

perceiving dimeric form of UVR8 is re-established once UV-B is no longer present. 

In vivo, exposure to UV-B converts dimeric UVR8 into the monomer and the dimer is then 

fully regenerated in less than one hour of darkness (Fig 5-1 A). Furthermore, no change in 

the total amount of UVR8 over the monitored time course of monomerisation and 

regeneration can be observed. To address the two possibilities of dimer regeneration, 

namely degradation of the monomeric form combined with re-synthesis of the dimeric 

form or simple reversion of the monomer back to the dimer, the regeneration was analysed 

under the influence of the two inhibitors CHX and MG132. Treatment of wild-type plants 

with CHX does not prevent the regeneration of the dimer and also no change in the total 

amount of UVR8 over the duration of the experiment is detectable (Fig 5-3 A). The 

preincubation with CHX was evidently effective because it prevented the accumulation of 

CHS protein in response to the UV-B treatment. The fact that the dimer reappears 

completely in the presence of CHX indicates that UVR8 protein synthesis is not required 

for dimer regeneration. 

If UVR8 protein synthesis can be ruled out as the way of dimer regeneration, degradation 

of the monomeric form is highly unlikely or even impossible for the signalling pathway to 

work in a cycle. In line with this, treatment of plants with MG132, a widely used inhibitor 

of proteasomal activity, has no effect on the disappearance of the UVR8 monomer during 

the regeneration process (Fig 5-4). Although MG132 evidently entered the cells, as shown 

by general accumulation of polyubiquitylated proteins, the total amount of UVR8 is not 

influenced which would be expected if the monomer was rapidly degraded via the 

proteasome and this pathway was impaired by the MG132 treatment. Nevertheless, it is not 

possible to rule out monomer degradation by other types of proteolysis, but the fact that the 

total amount of UVR8 remains constant throughout all the experiments presented in this 

study indicates that the protein is not subject to rapid turnover. This conclusion is 

consistent with previous studies showing that UVR8 is essentially constitutively expressed. 
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The protein is present in all plant tissues analysed to date (Rizzini et al., 2011) and its 

abundance is not affected by different light qualities (Kaiserli and Jenkins, 2007). 

It can be concluded from the above experiments that reversion of the UVR8 monomer back 

to the dimer is the mechanism of dimer regeneration. The high stability of the protein could 

possibly allow photocycling between the dimeric and the monomeric forms resulting in a 

photoequilibrium regulated by the prevailing amount of UV-B present in a particular light 

environment. Such equilibrium is, for example, established between the inactive Pr and 

active Pfr forms of phytochromes in daylight (Chen et al., 2004). Further experiments are 

required to examine this proposed cycle more closely. A very interesting question is for 

example, if the dimeric and therefore inactive form of UVR8 is present in the nucleus as 

well as in the cytoplasm. So far, UV-B induced nuclear accumulation has been reported for 

UVR8 (Kaiserli and Jenkins, 2007) which supposedly is the monomeric form due to the 

presence of UV-B. However, no experimental data has been obtained yet on UVR8 

moving out of the nucleus once UV-B is no longer present and whether the monomer or 

the dimer undergoes this movement or translocation. 

Overall, the kinetics of dimer regeneration of UVR8 in vivo are comparable to 

regeneration kinetics of other photoreceptors, for example phototropins or phytochromes. 

Dephosphorylation of phototropins in vivo as well as regain of photosensitivity of 

membranes or whole cell extracts isolated following increasing dark periods after a blue 

light pulse was observed within periods of 20 to 30 min for maize (Palmer et al., 1993) or 

60 to 90 min for oat (Salomon et al., 1997). Similarly, dark reversion of far red-absorbing 

phytochrome to red-absorbing phytochrome occurs quite rapidly in the dark during the first 

30 minutes following initial phototransformation of the Pr form to the Pfr form (McArthur 

and Briggs, 1971). 

5.7.2 The kinetics of dimer regeneration in vivo and in vitro 

A very striking difference in respect to dimer regeneration is the time required for the 

process in vivo compared to in vitro. Reversion of the monomer back to the dimer in vitro 

is possible, but is a very slow process that takes up to 30 h to be completed (Fig 5-1 B). 

This is an incredibly long time period for a sessile plant that has to alter and adapt its gene 

expression profile to rather quickly changing environmental factors such as, for example, 

exposure to different levels of UV-B by changing weather conditions. In addition, dimer 

regeneration occurs with the same slow kinetics following exposure of plant extracts to 

UV-B (Fig 5-1 C). The observed slow reversion kinetics of purified protein in vitro could 

be due to structural reasons caused by the absence of interacting proteins that would 
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normally define the structure of the activated UVR8 monomer which might be required for 

subsequent rapid regeneration. Altered folding of parts of the protein that would constrain 

the rate of regeneration would most likely involve the flexible C-terminus. Since no 

difference in the rate of dimer regeneration between full length and trypsin treated 

truncated UVR8 is observed, the flexible C-terminus is not responsible for the slow 

regeneration behaviour in vitro (Fig 5-7 B). 

The quick decay of the monomeric form observed in vivo suggests that in the plant a quick 

and efficient mechanism of regenerating the UVR8 dimer once UV-B is absent exists. An 

intact cellular environment is therefore required to maximize the rate of dimer 

regeneration, presumably because cellular compartmentalisation, as introduced above, or 

particular physiological processes are needed. The CHX experiment indicates that protein 

synthesis following UV-B exposure is required to facilitate rapid reversion from monomer 

to dimer. CHX treatment does not affect the total amount of UVR8 or prevents dimer 

regeneration, but the kinetics of monomer disappearance and dimer accumulation are 

slower. A likely scenario is that one or more proteins are synthesized in response to UV-B 

that facilitate reversion of the monomer. Also the involvement of chaperone proteins is 

conceivable. Chaperone proteins need sufficient amounts of ATP to function and addition 

of ATP to the plant cell extract might accelerate dimer regeneration during the in vitro 

experiment, if ATP is involved in the mechanism. Nevertheless, the rate of dimer 

formation in vivo in the presence of CHX is considerably faster than it is in vitro, so 

clearly protein synthesis is not the only factor required for rapid dimer regeneration. 

5.7.3 The influence of COP1 on dimer regeneration 

The role of COP1 in the UV-B response still remains poorly understood up to now. Despite 

it being a positive regulator of UVR8 mediated gene expression as shown in this study and 

before by others (Oravecz et al., 2006; Favory et al., 2009) its well characterized E3 

ubiqutin ligase activity during photomorphogenesis (Lau and Deng, 2012) has so far not 

been reported to play a role in the UV-B response. As shown in Fig 5-9, the rate of dimer 

regeneration in the absence of COP1 is diminished but dimer regeneration is not abolished. 

This indicates that COP1 is involved in the process but it is not essential but rather fine-

tunes and maximises the response. Moreover, COP1 is required for UV-B induction of 

many UVR8 regulated genes, so the absence of COP1 in the cop1-4 mutant may impair 

synthesis of one or more components needed for rapid regeneration. The experimental data 

obtained does not allow to conclude whether COP1 directly affects the dimer regeneration 

via its ability to interact with the C-terminus of UVR8, or whether it indirectly affects a 
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process being required to synthesise one or more other proteins that facilitate the reversion. 

The second possibility seems to be supported if one compares the time that is required for 

50% loss of the monomer in the cop1-4 mutant and in plants treated with CHX which is 

75 min and 60 min respectively. Nevertheless, regeneration of the dimer in cop1-4 plants 

in vivo is still faster than in vitro, so additional so far uncharacterized factors are likely to 

maximize the rate of dimer regeneration.  

5.7.4 The role of the C-terminus of UVR8 during the regeneration 

process 

From the above described data, absence of the C-terminus of UVR8 shows the greatest 

impact on the rate of dimer regeneration in vivo. Deletion of the last 40 amino acids in the 

uvr8-2 mutant as well as deletion of a stretch of 27 amino acids in the C-terminus causes 

the presence of considerable amounts of monomer four to six hours after the end of the 

UV-B treatment (Fig 5-5 and Fig 5-6 A). An unchanged rate of dimer regeneration is 

observed for the C-terminally truncated form in vitro which suggests that truncation of the 

C-terminus does not impair regeneration for structural reasons (Fig 5-7 B). The 

observation that the absence of the C-terminal region only affects regeneration in vivo 

allows the hypothesis that this region of UVR8 may interact with proteins that facilitate 

rapid reversion of the monomer. Two strong candidates for this are the RUP proteins that 

interact with the C27 region of UVR8 (Gruber et al., 2010; Cloix et al., 2012). Nothing is 

known so far about the effect of these two proteins on the rate of dimer regeneration. It has 

been shown that RUP1 and RUP2 transcripts are induced by UV-B in a COP1-, UVR8-, 

and HY5-dependent manner (Gruber et al., 2010). A second expression study of the RUP 

proteins or there also named EFO proteins indicates regulation of their transcript levels by 

the circadian clock showing high expression levels at night peaking at daybreak and 

declining during the day (Wang et al., 2011; see also 1.6). The results of these two studies 

only partially coincide and require further careful investigation of RUP protein levels 

under different light qualities and times of the day. Nevertheless, Gruber and co-workers 

(2010) showed that RUP gene activation is absent in the cop1-4 mutant but dimer 

regeneration is only slowed down to some extent but is not completely prevented (Fig 5-9). 

RUP proteins should also not be expressed in the non-functional uvr8-2 mutant; however 

loss of the C-terminus at the same time makes it difficult to explain the observed 

deceleration further. Moreover, RUP2-GFP can only be detected after about 4 h of 

exposure of the plants to UV-B but plants exposed to 3 h of UV-B show complete 

regeneration of the dimer already one hour after the end of the treatment. At the moment, 



CHAPTER 5  RESULTS 

 
 

116 

the present data is insufficient to understand whether RUP proteins play a role in UVR8 

dimer regeneration. Future regeneration experiments with the rup1 and rup2 single and 

double mutants are planned and will provide valuable information about their involvement 

in the process. 

It can also not be excluded that the slower kinetics of dimer regeneration in the uvr8-2 and 

in the GFP-∆C27UVR8 mutants result from their non-functionality. The induction of 

protein x facilitating the reversion might require functional UVR8 in addition to UV-B as 

seen for the RUP proteins. The slower reversion kinetics could therefore be due to the lack 

of protein x and not necessarily due to the lack of the C-terminus. To understand the role of 

the C-terminus in the regeneration process it will be important to identify more UVR8 

interactors to be able to test whether their absence negatively affects the regeneration 

kinetics.  

To conclude, the regeneration of the UVR8 dimer is very rapid in vivo and is accomplished 

by reversion of the monomer to the dimer. None of the above described experiments could 

identify a single component that completely prevented the reversion but each analysed 

condition contributed partially to the process. This suggests that the process of reversion 

from monomer to dimer is very complex and is facilitated by several factors allowing the 

photoreceptor to respond rapidly and sensitively to changes in ambient UV-B levels in 

sunlight.
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6. BIOPHYSICAL ANALYSIS OF UVR8 PHOTORECEPTION 

 

 

6.1 Introduction 

The principal requirement of a photosensory protein is the presence of a light absorbing 

chromophore that undergoes chemical and structural changes upon light absorption. The 

apoprotein associated with the light activated chromophore modulates these photochemical 

aspects and at the same time constitutes the microenvironment that immediately responds 

to the photoinduced changes of the chromophore. This interplay between chromophore and 

apoprotein is an essential step in the signal-transduction process and has been characterized 

for the visible light photoreceptors over the past decades.  

The crystallographic structure of UVR8 has revealed that UV-B photoreception by UVR8 

does not rely on a bound chromophore (Christie et al., 2012; Wu et al., 2012). UVR8 is 

therefore fundamentally different from other photoreceptors in employing standard amino 

acid side chains instead of specialized chromophores for the initial photochemical event. 

As described in the Introduction and in Chapter 3, UV-B photoreception is mediated by 

excitonically coupled tryptophans at the dimer interface which are adjacent to arginines 

involved in forming dimer maintaining salt bridges. Photoreception results in the 

disruption of salt-bridges, causing dimer dissociation and initiates signalling. However, the 

precise mechanism of UV-B perception leading to changes in the photoreceptor has only 

been hypothesised so far without any experimental evidence (Christie et al., 2012; Wu et 

al., 2012). The purpose of the experiments presented in this chapter was to test the 

hypothesis that electron transfer may occur between the photoreceptive tryptophans and 

adjacent salt-bridging arginines leading to charge neutralization and thus dimer 

destabilization. Fourier transform infrared (FTIR) spectroscopy of purified UVR8 protein 

was employed to detect UV-B induced changes in the chemical structure of the amino acid 

side chains and the overall conformation of the protein. Changes in the local environment 

of the tryptophans were revealed by light-associated changes in tryptophan fluorescence. 

Finally, ultrafast transient absorption spectroscopy was used to gain first insights into the 

initial photochemistry of UVR8 and to test whether the formation of tryptophan radicals 

occurs as an intermediate step in UV-B photoreception. These approaches have created 

plenty of data in a short period of time about a so far entirely unknown process, making 
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analysis of the data and putting actual meaning behind them quite a challenge. 

Nevertheless, preliminary findings will be described and discussed in this Chapter.  

 

6.2 FTIR spectroscopy reveals UV-B induced conforma tional changes 

in UVR8 

The absorption of infrared radiation (IR) excites vibrational transitions of molecules when 

the frequencies of light and vibration are equal and when the molecular dipole moment 

changes during the vibration (Barth, 2007). The vibrating masses, the type of bond (single, 

double, triple) and the exact position of the bond influenced by electron withdrawing or 

donating effects of the intra- and intermolecular environment and by coupling with other 

vibrations determines the approximate position of an infrared absorption band (Barth, 

2007). The vibrational spectrum of a protein therefore contains a wealth of information 

about its structure and conformation, its interaction with the environment and electronic 

properties. To be able to obtain detailed structural information from an FTIR spectrum, the 

number of groups that contribute to a spectrum must be reduced which is possible by 

recording light-induced difference spectra.  

A light-minus dark difference spectrum of purified full length UVR8 protein is shown in 

Fig 6-1 A. The light-minus dark difference spectrum was obtained by subtracting an 

initially over one minute recorded dark state spectrum from the light activated protein 

spectrum recorded under continuous UV-B illumination over the duration of one minute. 

UVR8 shows prominent but weak signals all over the spectral range of 1750 to 1000 cm-1 

but signals below 1300 cm-1 are difficult to assign due to poor signal to noise ratio in this 

region and are therefore not shown. The photoinduced reaction is complete under the 

chosen experimental conditions as tested by longer UV-B illumination periods resulting in 

similar spectra. The reaction is also reversible since qualitatively identical signals were 

obtained again after 24 to 48 h of dark recovery between the measurements. To possibly 

narrow down the number of bonds and groups that give rise to absorption in the difference 

spectrum UVR8 was treated with trypsin to remove the flexible C-terminus (Christie et al., 

2012). However, the C-terminally truncated UVR8 protein displays essentially the same 

light induced difference spectrum as the full length protein suggesting that all observed 

signals originate from the protein core (Fig 6-1 A).  

An FTIR spectrum comprises information about the infrared absorption of particular amino 

acid side chains and absorption of the protein backbone. The two most prominent signals 

of the protein backbone are the amide I band present around ~1650 cm-1 (1610-1700 cm-1) 

and the amide II band at around ~1550 cm-1. The more informative amide I band is caused 
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surprisingly indifferent to H/D exchange (Fig 6-1 B). Especially secondary structure 

changes, which are reflected by the change in absorption of the amide groups, usually 

show strong H/D influenced IR absorbance between 1600 and 1700 cm-1. The most 

prominent D-induced shift is observed for the band at 1651 (+) cm-1, which is reduced to 

only a small shoulder of the peak at 1634 (+) cm-1. This frequency region might be 

attributed to turn and loop structures of the protein. Another detectable H/D sensitive 

contribution is the broad positive peak centred around 1572 cm-1 which up shifts by 

approximately 10 cm-1 if UVR8 is deuterated. This is a characteristic feature of the 

asymmetric stretching vibrations of the carboxylate groups of glutamates or aspartates. 

Additionally, the negative peak at 1708 cm-1 shows a slight downshift of about 1 cm-1 in 

the deuterated sample which might be attributed to changes in amide side chains of 

asparatates or glutamates. 

 

6.3 FTIR spectra of UVR8 salt bridge mutants 

The observed difference bands in the amide I range indicate overall UV-B induced 

conformational changes in the UVR8 structure. However, definite assignments of bands to 

contributions of specific amino acid side chains were not possible by analysis of the wild-

type protein alone. Ideally, an IR signal due to a specific amino acid is missing when this 

amino acid has been selectively replaced and the band can then be assigned to the mutated 

amino acid. The hypothesised electron transfer from the UV-B perceiving tryptophan 

pyramid to the adjacent arginines might be associated with proton transfer. Salt bridge 

forming amino acids should therefore show a change in their protonation state upon UV-B 

induced monomerisation. To test this, light induced difference spectra of UVR8 mutants 

with point mutations in the essential R286-D107 and D96 salt bridge were recorded.  

Remarkably, the two constitutive monomeric mutants, UVR8D96N/D107N and UVR8R286A 

showed no light induced difference signals (data not shown); although UVR8D96N/D107N is 

functional in plants (Chapter 4) and the fluorescence behaviour of UVR8R286A suggests 

UV-B-induced transitions (Fig 6-5 E). Based on this observation, one can reason that the 

difference spectra most likely correspond to structural differences between dimer and 

monomer and the process of monomerisation is essential for generation of the signal.  

The single aspartic acid mutants UVR8D96N and UVR8D107N are still able to undergo a 

dimer to monomer shift and therefore showed light induced difference signals (Fig 6-2 A 

and B). The broad peak observed for wild-type UVR8 centred at 1572 cm-1 is reduced and 

slightly altered in its shape in the UVR8D107N mutant and therefore might support the 
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type and of the three mutants. 
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Finally, light-induced difference spectra of another dimeric salt bridge mutant UVR8R286K 

were recorded (Fig 6-2 C). Again, the spectrum looks very similar to the one of the wild-

type protein but features a slightly downshifted band at 1655 cm-1 and a very small positive 

band at 1649 cm-1. Therefore this signal might be assigned to the changed environment of 

the arginine/lysine side chain upon monomerisation. Both side chains usually feature 

absorbance in this region but the small differences in the signal only allow a remote 

assignment of the bands. In general, the proposed specific assignment of any of the bands 

at that point is rather speculative and has to be established further in the future. 

 

6.4 UV-B induced changes in UVR8 fluorescence 

Another way of gaining information about conformational changes of a protein is by 

utilizing intrinsic protein fluorescence. Of the three aromatic amino acids present in 

proteins, tryptophan is the most dominant intrinsic fluorophore and its fluorescence 

emission is highly sensitive to its local environment allowing to monitor conformational 

transitions, subunit association, substrate binding or denaturation by recording changes in 

the emission spectra (Lakowicz, 2006). A complicating factor in the interpretation of 

protein fluorescence is the presence of multiple fluorescent amino acids in most proteins. 

Especially for UVR8 with its exceptionally high number of aromatic residues (14W, 10Y 

and 8F), it is an impossible task to separate the spectral contributions of each tryptophan 

and also to some extent possible contributions of tyrosines. Additionally, the spectral 

properties of each residue are generally different due to the distinct environment of each 

residue. However, the absorption and emission spectra of tryptophan residues in proteins 

overlap at most wavelengths used for excitation and the observed changes in fluorescence 

can provide another fingerprint of the protein allowing comparison between wild-type and 

mutant forms.  

Excitation of dark adapted wild-type UVR8 with 280 nm light produces an emission 

maximum at 327 nm (Fig 6-3 A and Table 6-1). Repeated excitation of the sample over an 

extended period of time causes a shift of the emission maximum to 335 nm. This red shift 

is completed after ~12 min under the UV-B fluence rate employed. Additionally, similar to 

what was observed by Wu and co-workers (2012), the fluorescence intensity at 335 nm 

rapidly increases by about two-fold within the first 20 min of UV-B illumination 

(excitation) and slowly starts to decrease after about 40 min until the completion of the 

experiment after two hours (Fig 6-3 B). However, at wavelengths greater than 450 nm, the 

emission intensity keeps rising slowly but constantly (data not shown). The same 
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observed red shift as well as the initial increase in fluorescence is absent (Fig 6

The emission maximum remains unchanged at 335 nm over the recorded time. The 

wavelength of the emitted light is a well proven indicator of the environment of the 

fluorophore (Vivian and Callis, 2001). The observed red shift indicates that the position of 

the fluorophore has changed from being buried in the hydrophobic, “non

protein to being solvent exposed (polar environment). This is consistent with 

induced monomerisation and exposure of the tryptophan rich dimer interface to the 

Monomerisation of wild-type UVR8 causes a red shift in its emission 
Emission spectrum of dark adapted dimeric wild-type UVR8 (solid line) compared 

to the emission spectrum of wild-type UVR8 after 200 subsequent excitations with 280 nm for 38 s 
resulting in complete monomerisation (dotted line). Complete monomerisation was tested by semi

PAGE (data not shown). The emission maximum shifts from 327 nm to 335 nm. 
Time resolved emission spectrum of wild-type UVR8 excited with 280 nm. The trace shows the 
emission of the sample at 335 nm. At time 0 the sample was dark adapted.

exposed wild-type UVR8 (solid line) compared to emission spectrum of 
type UVR8 after 200 subsequent excitations with 280 nm for 38 s (dotted line). The sample 

 for 10 min before start of the measurement to induce monome
emission maximum stays unchanged at 335 nm. The vertical lines indicate the emission maxima of 
dimer and monomer as shown in (A). (D) Time resolved emission spectrum of 

type UVR8. The trace shows the emission of the sample at 335 nm. The sample was exposed 
before start of the measurement to induce monomerisation.
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type UVR8 preilluminated with UV-B and both the 

increase in fluorescence is absent (Fig 6-3 C and D). 

The emission maximum remains unchanged at 335 nm over the recorded time. The 

wavelength of the emitted light is a well proven indicator of the environment of the 

he observed red shift indicates that the position of 

the fluorophore has changed from being buried in the hydrophobic, “non-polar” core of the 

protein to being solvent exposed (polar environment). This is consistent with UV-B 

osure of the tryptophan rich dimer interface to the 

 

type UVR8 causes a red shift in its emission 
type UVR8 (solid line) compared 

type UVR8 after 200 subsequent excitations with 280 nm for 38 s 
. Complete monomerisation was tested by semi-

. The emission maximum shifts from 327 nm to 335 nm. (B) 
type UVR8 excited with 280 nm. The trace shows the 

emission of the sample at 335 nm. At time 0 the sample was dark adapted. (C) Emission spectrum 
type UVR8 (solid line) compared to emission spectrum of UV-B exposed 

type UVR8 after 200 subsequent excitations with 280 nm for 38 s (dotted line). The sample 
before start of the measurement to induce monomerisation. The 

emission maximum stays unchanged at 335 nm. The vertical lines indicate the emission maxima of 
Time resolved emission spectrum of UV-B exposed 

t 335 nm. The sample was exposed 
before start of the measurement to induce monomerisation. All spectra were 



CHAPTER 6  RESULTS 

 
 

124 

In contrast to wild-type UVR8, the three analysed salt bridge mutants show differences in 

their fluorescence emission spectra, both in the maximum wavelength emission and in the 

development of fluorescence intensity. The constitutively monomeric mutant UVR8R286A 

features an emission maximum at around 337 nm in the dark adapted state which shifts 

only slightly to about 339 nm within the first 20 min of the experiment (Fig 6-4 A and 

Table 6-1). The spectrum also loses its fine structure in the UV-B region and also becomes 

slightly narrower under prolonged UV-B exposure. The emission intensity increases by 

~ 40% within the first 80 minutes and then reaches a plateau (Fig 6-4 B).  
 

TABLE 6-1: Emission maxima of UVR8 wild-type and salt bridge mutants before 
and after exposure to UV-B (top) and after a dark recovery period of at least 24 h 
before a re-run of the experiment (bottom).  

 

λ max Emission (nm) 

  
- UV-B 

(first scan)  
+ UV-B 

(last scan)  

WT  327 335 

R286A 337 339 

D96N 333 333 

D107N 331 335 

WT       rec  333 335 

R286A rec 339 339 

D107N rec 333 335 

 
Next, the influence of the two aspartic acid mutations (D96N and D107N) on the protein 

fluorescence was analysed. Both mutants are still able to dimerize, but the dimer seems to 

be weakened compared to wild-type (Chapter 3). UVR8D96N displays an already red shifted 

emission spectrum at the start of the time course compared to wild-type (Fig 6-4 C and 

Table 6-1). The emission maximum remains unchanged at 333 nm under prolonged UV-B 

excitation but becomes narrower on both sides along with a loss in fine structure on the 

blue side. The increase in fluorescence intensity is comparable to UVR8R286A whereas the 

decrease towards the end of the experiment is hardly detectable (Fig 6-4 D). The emission 

spectrum of UVR8D107N is further blue shifted at the start of the experiment than UVR8D96N 

but not as much as the dimeric wild-type (Fig 6-4 E and Table 6-1). Prolonged UV-B 

illumination leads to a small shift in the emission maximum from 331 nm to about 333 to 

335 nm. The precise maximum is difficult to determine since the peak is rather broad and 

the spectral resolution is limited. The spectrum becomes narrower in the UV-B region and 
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region of about 420 nm.

mutant have to be repeated since 

experiments. Changes in the fl

of the wild-type protein with a fast increase by about two fold within the first 20

followed by a slow decrease until completion of the experiment (Fig 6

FIGURE 6-4: UVR8 salt bridge mutants show shifted emission spectra.
(A) Emission spectrum of dark adapted UVR8
UVR8R286A after 200 subsequent excitations with 280 nm for 38 s (dotted line). The emission 
maximum shifts from 337 to 339 nm. The vertical lines indicate the emission maxima of 
dimer and monomer as shown in Fig 6
280 nm excitation of the sample. The trace shows the emission of the sample at 339 nm. At time 0 
the sample was dark adapted.
compared to emission spectrum of UVR8
(dotted line). The emission maximum remains unchanged at 333 nm. 
spectrum of UVR8D96N

sample at 333 nm. At time 0
UVR8D107N (solid line) compared to emission spectrum of UVR8
excitations with 280 nm for 38 s (dotted line). The emission max
(F) Time resolved emission spectrum of UVR8
trace shows the emission of the sample at 335 nm. At time 0 the sample was dark adapted.
 
 

 

its fine structure. A small but clear rise in emission is also detected in the spectral 

region of about 420 nm. To define whether this rise is significant, measurements of this 

mutant have to be repeated since all data shown in Fig 6-4 are based on one

Changes in the fluorescence intensity of UVR8D107N 

type protein with a fast increase by about two fold within the first 20

followed by a slow decrease until completion of the experiment (Fig 6

UVR8 salt bridge mutants show shifted emission spectra.
Emission spectrum of dark adapted UVR8R286A (solid line) compared to emission spectrum of 

after 200 subsequent excitations with 280 nm for 38 s (dotted line). The emission 
maximum shifts from 337 to 339 nm. The vertical lines indicate the emission maxima of 
dimer and monomer as shown in Fig 6-3. (B) Time resolved emission spectrum of
280 nm excitation of the sample. The trace shows the emission of the sample at 339 nm. At time 0 
the sample was dark adapted. (C) Emission spectrum of dark adapted UVR8
compared to emission spectrum of UVR8D96N after 200 subsequent excitations with 280 nm for 38 s 
(dotted line). The emission maximum remains unchanged at 333 nm. (D)

D96N with 280 nm excitation of the sample. The trace shows the emission of the 
sample at 333 nm. At time 0 the sample was dark adapted. (E) Emission spectrum of dark adapted 

(solid line) compared to emission spectrum of UVR8D

excitations with 280 nm for 38 s (dotted line). The emission maximum shifts from 331 to 335 nm. 
ime resolved emission spectrum of UVR8D107N with 280 nm excitation of the sample. The 

trace shows the emission of the sample at 335 nm. At time 0 the sample was dark adapted.
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in emission is also detected in the spectral 

To define whether this rise is significant, measurements of this 

4 are based on one-off runs of the 

 over time resemble those 

type protein with a fast increase by about two fold within the first 20 min 

followed by a slow decrease until completion of the experiment (Fig 6-4 F). 

 

UVR8 salt bridge mutants show shifted emission spectra. 
(solid line) compared to emission spectrum of 

after 200 subsequent excitations with 280 nm for 38 s (dotted line). The emission 
maximum shifts from 337 to 339 nm. The vertical lines indicate the emission maxima of wild-type 

Time resolved emission spectrum of UVR8R286A with 
280 nm excitation of the sample. The trace shows the emission of the sample at 339 nm. At time 0 

Emission spectrum of dark adapted UVR8D96N (solid line) 
bsequent excitations with 280 nm for 38 s 

(D) Time resolved emission 
with 280 nm excitation of the sample. The trace shows the emission of the 

Emission spectrum of dark adapted 
D107N after 200 subsequent 

imum shifts from 331 to 335 nm. 
with 280 nm excitation of the sample. The 

trace shows the emission of the sample at 335 nm. At time 0 the sample was dark adapted. 
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To further characterize the fluorescence properties of UVR8 emission spectra of wild-type,  

UVR8D107N and UVR8R286A were recorded again after a dark recovery period of 36 h or 24 

h respectively (Fig 6-5). If the experimental conditions allowed complete reversibility of 

UV-B induced monomerisation possibly associated with further conformational changes of 

the protein, the emission maximum should display its original maximum. However, for 

wild-type UVR8 as well as for UVR8D107N this seems to be partially possible since the first 

spectrum after at least 24 h recovery is slightly blue shifted compared to the last spectrum 

recorded after prolonged UV-B illumination in the second experiment (Fig 6-5 A and C, 

Table 6-2). Additionally, some fine structure in the UV-B part of the emission spectrum is 

regained as well as the characteristic increase followed by a slow decrease of fluorescence 

intensity over time (Fig 6-5 B and D). The dimerisation state of wild-type UVR8 after the 

36 h recovery period was also tested by semi-native SDS-PAGE revealing that about 50% 

of the protein had dimerised again. This recovery rate is much lower of what has been 

observed in Chapter 5 but is most likely due to the very low sample concentration required 

for fluorescence measurements, which will have a negative effect on regeneration of the 

dimer. Remarkably, the monomeric mutant UVR8R286A shows no signs of a possible 

recovery since the emission maximum remains at 339 nm and also no changes in the fine 

structure can be observed after the recovery period followed by further UV-B illumination 

(Fig 6-5 E). Furthermore, no increase in the fluorescence intensity can be observed as in 

the first experiment. Instead, the intensity slowly decreases over the recorded time span 

(Fig 6-5 F) but the decrease is significantly less pronounced than in wild-type. To 

conclude, an in depth analysis of the intrinsic fluorescence data obtained for UVR8 is 

rather challenging to interpret at the moment but nevertheless these findings contribute to 

the overall picture of UV-B photoreception. 



CHAPTER 6 

 

FIGURE 6-5: The shifted emission spectrum can be partially reversed after at least 
24 h of dark recovery in wild
(A) Emission spectrum of 
spectrum of 36 h dark recovered wild
38 s (dotted line). The emission maximum shifts from 333 to 335 nm. For comparison the initial 
emission spectrum of the samp
indicate the emission maxima of dimer and monomer as shown in Fig 6
emission spectrum of 36 h
The trace shows the emission of the sample at 335 nm. At time 0 the sample had completed 
dark recovery from the first experiment.
(solid line) compared to emission spectrum of 
excitations with 280 nm for 38 s (dotted line). The emission maximum shifts from 333 to 335 nm.
(D) Time resolved emission spectrum of UVR8
trace shows the emission of the sample at 335 nm. At time 0 the sample had completed 
recovery from the first experiment.
(solid line) compared to emission spect
excitations with 280 nm for 38 s (dotted line). The emission maxim
nm. (F) Time resolved emission spectrum of 
excitation of the sample. The trace shows the emission of the sample at 339 nm. At time 0 the 
sample had completed 24 h
 

 

The shifted emission spectrum can be partially reversed after at least 
of dark recovery in wild-type UVR8 and UVR8D107N but not in UVR8

Emission spectrum of 36 h dark recovered wild-type UVR8 (solid line) compared to emission 
dark recovered wild-type UVR8 after 200 subsequent excitations with 280 nm for 

38 s (dotted line). The emission maximum shifts from 333 to 335 nm. For comparison the initial 
emission spectrum of the sample of the first experiment is shown as well. The vertical lines 
indicate the emission maxima of dimer and monomer as shown in Fig 6

36 h dark recovered wild-type UVR8 with 280 nm excitation of the sample. 
The trace shows the emission of the sample at 335 nm. At time 0 the sample had completed 
dark recovery from the first experiment. (C) Emission spectrum of 24 h
(solid line) compared to emission spectrum of 24 h dark recovered UVR8
excitations with 280 nm for 38 s (dotted line). The emission maximum shifts from 333 to 335 nm.

Time resolved emission spectrum of UVR8D107N with 280 nm excitation of the sample. The 
trace shows the emission of the sample at 335 nm. At time 0 the sample had completed 
recovery from the first experiment. (E) Emission spectrum of 24 h 
(solid line) compared to emission spectrum of 24 h dark recovered UVR8
excitations with 280 nm for 38 s (dotted line). The emission maximum remains unchanged at 339 

Time resolved emission spectrum of 24 h dark recovered UVR8
ample. The trace shows the emission of the sample at 339 nm. At time 0 the 

24 h dark recovery from the first experiment. 
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The shifted emission spectrum can be partially reversed after at least 
but not in UVR8R286A. 

(solid line) compared to emission 
type UVR8 after 200 subsequent excitations with 280 nm for 

38 s (dotted line). The emission maximum shifts from 333 to 335 nm. For comparison the initial 
le of the first experiment is shown as well. The vertical lines 

indicate the emission maxima of dimer and monomer as shown in Fig 6-3. (B) Time resolved 
type UVR8 with 280 nm excitation of the sample. 

The trace shows the emission of the sample at 335 nm. At time 0 the sample had completed 36 h 
24 h dark recovered UVR8D107N 

dark recovered UVR8D107N after 200 subsequent 
excitations with 280 nm for 38 s (dotted line). The emission maximum shifts from 333 to 335 nm. 

excitation of the sample. The 
trace shows the emission of the sample at 335 nm. At time 0 the sample had completed 24 h dark 

 dark recovered UVR8R286A 
dark recovered UVR8R286A after 200 subsequent 

um remains unchanged at 339 
dark recovered UVR8R286A with 280 nm 

ample. The trace shows the emission of the sample at 339 nm. At time 0 the 
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6.5 Ultrafast transient absorption spectroscopy of UVR8 

To be able to understand how UV-B can induce monomerisation of UVR8 it is essential to 

understand the primary photophysics and photochemistry of the photoreceptor. Typically, 

initial events after photon absorption occur in less than 1 ns and therefore ultrafast 

spectroscopy has to be applied to picture those very early steps in photoreception. Since 

photoreceptor proteins can be triggered by a short flash of light, the functional protein 

dynamic can be studied over a wide span of timescales down to femtosecond resolution 

(Kennis and Groot, 2007). In this way, energy migration within the system as well as the 

formation of new chemical species such as charge-separated states can be tracked in real 

time. 

In collaboration with Dr. John Kennis (Biophysics Group VU Amsterdam, LaserLab 

Europe) ultrafast transient absorption spectroscopy studies of UVR8 were initiated. To 

excite UVR8, a 266 nm pump pulse was generated by third harmonic generation to trigger 

the photoreaction. The energy of the resulting 266 nm excitation beam was determined to 

be between 500 and 600 nJ. The excitation (or pump) pulse promotes a fraction (0.1% to 

tens of percent depending on the type of experiment) of the molecules in the sample to an 

electronically excited state. To prevent multiple excitations at one spot the sample was 

continuously circulated with a flow cell. A weak probe pulse, that has such a low intensity 

that multiphoton/multistep processes are avoided during probing, is sent through the 

sample with a delay (τ) in respect to the pump pulse. The probe pulse was then focused 

into a spectrograph and was dispersed on a detector between 355 and 660 nm. A difference 

absorption spectrum was calculated, i.e., the absorption spectrum of the excited 

sample minus the absorption spectrum of the sample in the ground state (∆A). By changing 

the time delay τ between the pump and the probe and recording a ∆A spectrum at each 

time delay, a ∆A profile as a function of τ and wavelength λ, ∆A(λ, τ) was obtained 

(Berera et al., 2009).  

The biggest challenge of a time-resolved spectroscopic experiment is the thorough analysis 

of the very large amount of data present in the generated ∆A(λ, τ) datasets. The collected 

data has to be broken down into a relatively small number of components and spectra 

which is done by global and target analysis techniques (van Stokkum et al., 2004). 

However, such an analysis has been undertaken by our collaborators but is still ongoing 

and beyond what can be presented in this Chapter. Nevertheless, valuable information 

could be extracted by analysis of the absorption spectra for a given time point at different 

wavelengths (∆A) and analysis of single kinetic traces (evolution of one wavelength over 

time) which will be presented in the next section.  
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FIGURE 6-6: Excitation of 
formation of a photoproduct with an absorption band at 425 nm.
(A) Two dimensional map of time
tryptophan in 50 mM
excitation by 40 fs 266 nm pulses.
3400 ps extracted from the 
discrete peak at 425 nm characteristic of a photoproduct.
wavelength-resolved transient absorption data of 50
1 mM β-mercaptoethanol after excitation by 40 fs 266 nm pulses.
absorption spectra for 0.6, 4 and 3400 ps extracted from the dataset shown in (C) to show the 
artefact that is due to solvated electron species.
 
As reference for the measurements of UVR8 and to establish the experimental setup, 

transient absorption spectra of tryptophan in solution were recorded (Fig 6

all time delays and wavelengths, the observed signal is positive. Excited state absorption 

(ESA) of tryptophan is responsible for the peak centred around 375 nm at 0.6 ps (Fig 6

B). Within a few picoseconds a broad absorption rises in the red and an 

centred at 450 nm is attributed to an ESA,

470 nm range. At later delays towards the end of the time range of the experiment (3.4 ns), 

a significant increase of

wavelengths below 370 nm and the red one at 550 to 625 nm 

are in agreement with studies by Sharma et al. (2010) and Leonhard et al. (2010). The 

absorption band centred at 425 nm is attributed to the primary photoproduct of tryptophan 

 

Excitation of tryptophan in solution with 266 nm pulses leads to 
formation of a photoproduct with an absorption band at 425 nm.

Two dimensional map of time- and wavelength-resolved transient absorption data of 
mM Tris-HCl pH 7.5, 150 mM NaCl and 1 mM

excitation by 40 fs 266 nm pulses. (B) Normalized time-resolved absorption spectra for 0.6, 4 and 
3400 ps extracted from the dataset shown in (A). The final non-decaying spectrum (green) shows a 
discrete peak at 425 nm characteristic of a photoproduct. (C) Two dimensional map of time

resolved transient absorption data of 50 mM Tris-HCl pH 7.5, 150
mercaptoethanol after excitation by 40 fs 266 nm pulses. (D) 

absorption spectra for 0.6, 4 and 3400 ps extracted from the dataset shown in (C) to show the 
t that is due to solvated electron species.  

the measurements of UVR8 and to establish the experimental setup, 

transient absorption spectra of tryptophan in solution were recorded (Fig 6

all time delays and wavelengths, the observed signal is positive. Excited state absorption 

tryptophan is responsible for the peak centred around 375 nm at 0.6 ps (Fig 6

B). Within a few picoseconds a broad absorption rises in the red and an 

centred at 450 nm is attributed to an ESA, which clearly appears as a shoulder in the 4

470 nm range. At later delays towards the end of the time range of the experiment (3.4 ns), 

a significant increase of absorption is observed at 425 nm, while the UV ESA at 

wavelengths below 370 nm and the red one at 550 to 625 nm both 

are in agreement with studies by Sharma et al. (2010) and Leonhard et al. (2010). The 

absorption band centred at 425 nm is attributed to the primary photoproduct of tryptophan 
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ryptophan in solution with 266 nm pulses leads to 
formation of a photoproduct with an absorption band at 425 nm. 

resolved transient absorption data of 
mM β-mercaptoethanol after 

resolved absorption spectra for 0.6, 4 and 
decaying spectrum (green) shows a 

Two dimensional map of time- and 
HCl pH 7.5, 150 mM NaCl and 

(D) Normalized time-resolved 
absorption spectra for 0.6, 4 and 3400 ps extracted from the dataset shown in (C) to show the 

the measurements of UVR8 and to establish the experimental setup, 

transient absorption spectra of tryptophan in solution were recorded (Fig 6-6 A and B). At 

all time delays and wavelengths, the observed signal is positive. Excited state absorption 

tryptophan is responsible for the peak centred around 375 nm at 0.6 ps (Fig 6-6 

B). Within a few picoseconds a broad absorption rises in the red and an absorption band 

which clearly appears as a shoulder in the 420 to 

470 nm range. At later delays towards the end of the time range of the experiment (3.4 ns), 

absorption is observed at 425 nm, while the UV ESA at 

both decay. These findings 

are in agreement with studies by Sharma et al. (2010) and Leonhard et al. (2010). The 

absorption band centred at 425 nm is attributed to the primary photoproduct of tryptophan 
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responsible for fluorescence quenching. This photoproduct which accumulates up to 6 ns 

after excitation most likely displays a protonated indole, possibly in a triplet state 

(Leonhard et al., 2010). It has to be noted that at 266 nm excitation, the buffer/water itself 

displays a rather pronounced signal, probably a solvated electron species (Fig 6-6 C). This 

is visible in the raw data as a clear offset directly after excitation (Fig 6-6 D). The 

absorption peak centred at 370 nm decays within 0.9 ps and gives rise to a red absorbing 

species with a maximum of 2.5 mOD at 2 ps after excitation (Fig 6-6 C). Generally, this 

artefact can be taken as species immediately formed in the instrument response function 

which does not completely decay on the timescale of the experiment but notably gives an 

overall weaker signal than the studied samples. 

Next, transient absorption states of the dark adapted dimeric wild-type UVR8 protein were 

recorded. Comparison between the raw data obtained for tryptophan in solution and UVR8 

reveals clear differences between the two samples (Fig 6-6 A, 6-7 A and C). For UVR8, 

the signal is also always positive but the main signal is situated at about 370 nm and 

decays within the time frame of the experiment. The spectrum obtained after 0.6 ps may be 

assigned to some pulse follower artefact similar to the buffer data or to a fast relaxing 

species, similar to tryptophan in solution (Fig 6-7 B). Subsequently, a broad absorption 

over the whole measured wavelength range rises but with a discrete absorption band at 375 

nm. This spectrum is clearly different from the one obtained for tryptophan in solution in 

respect to the ratio between absorption in the UV and the blue part of the spectrum. For 

UVR8, the intensity is highest for the UV wavelengths. The final non-decaying spectrum 

recorded at 3.4 ns after excitation is clearly distinct from the previous ones and displays a 

rather broad peak at 450-460 nm. The shape looks similar to what has been observed for 

the primary photoproduct formed by tryptophan but is clearly red shifted. The spectrum is 

noisier than for tryptophan in solution due to experimental restraints caused by slow 

regeneration of UVR8 after excitation but similar unstructured absorbance is observed 

‘framing’ the main peak. Furthermore, the discrete blue shoulder at 360 nm seems to be 

absent in UVR8 in the final non-decaying spectrum. To be able to monitor the 

oligomerisation state of UVR8 during the experiment, a fraction of the sample was taken 

after each scan (63 time points, ~3 min) and its fluorescence maximum was measured. 

Only two scans were possible on the dimer sample before a clear red shift of the 

fluorescence spectrum indicated monomerisation of the protein.  
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Excitation of the UVR8 dimer and monomer with 266 nm pulses 
Two dimensional map of time- and wavelength-
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resolved absorption spectra for 0.6, 4 and 3400 ps extracted from the 

decaying spectrum (green) features a broad absorbance 
and wavelength-resolved transient 
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monomer seems to be present. In the earlier times, the differences lie within the signal to 

noise ratio. 

FIGURE 6-8: Comparison of the formed photoproduct between UVR8 wild
dimer and monomer.
after excitation with 266 nm for dimeric and monomeric wild
10 nm to the red is visible between the two forms.
monomeric wild-type UVR8. A faster decay of absorption can be observed in the dimer over the 
monomer on the longer time scales. The dotted lines represent the best fit of the 
 
Overall, these preliminary results of the time resolved absorption spectroscopy 

demonstrate that the implemented experimental setup with the 266 nm excitation pulse 

allows analysis of initial steps of UVR8 photorecept
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the follow-up and extension of these measurements.
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Comparison of the formed photoproduct between UVR8 wild
dimer and monomer. (A) Normalized time-resolved absorption spectra recorded at 3400 ps 
after excitation with 266 nm for dimeric and monomeric wild-type UVR8. A small shift of about 

red is visible between the two forms. (B) Kinetic trace at 460 nm of dimeric and 
type UVR8. A faster decay of absorption can be observed in the dimer over the 

monomer on the longer time scales. The dotted lines represent the best fit of the 

Overall, these preliminary results of the time resolved absorption spectroscopy 

demonstrate that the implemented experimental setup with the 266 nm excitation pulse 

allows analysis of initial steps of UVR8 photoreception. The fact that differences

absorption spectra between monomer and dimer, even if very subtle, 
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Comparison of the formed photoproduct between UVR8 wild -type 
resolved absorption spectra recorded at 3400 ps 

type UVR8. A small shift of about 
Kinetic trace at 460 nm of dimeric and 

type UVR8. A faster decay of absorption can be observed in the dimer over the 
monomer on the longer time scales. The dotted lines represent the best fit of the data.  
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demonstrate that the implemented experimental setup with the 266 nm excitation pulse 
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6.6 Discussion 

6.6.1 Detection of photoinduced changes in UVR8 

Being able to express and purify recombinant UVR8 protein in E. coli in sufficient 

amounts has opened the way to study photobiophysical aspects of the photoreceptor. 

Structural and mechanistic parameters, determination of quantum yields and energetics as 

well as very early stages in signal transduction have especially been characterized for 

flavin based photosensors by utilizing FTIR spectroscopy and transient absorption 

spectroscopy (Losi, 2007). FTIR spectroscopy has also shown to be a very informative 

method to study the structure-function aspects in photosensitive proteins like 

bacteriorhodopsin (Rothschild, 1992) or photosynthetic reaction centres (Nabedryk, 1996). 

In fact, changes in the hydrogen bonding of even a single water molecule can be detected 

by FTIR spectroscopy, leading to elucidation of its functional importance (Kandori, 2004).  

FTIR spectroscopy was therefore undertaken with UVR8 with the aim of identifying the 

catalytically important side chains and to deduce their environmental and structural 

changes as well as overall conformational changes of the receptor induced by UV-B. 

Overall, the obtained UV-B induced difference spectra of UVR8 can be regarded as a 

characteristic fingerprint of the conformational change taking place during photoreception. 

Two key observations of these initial experiments are that the signals seem to originate 

from the core of the protein (Fig 6-1 A) and most likely correspond to structural 

differences between monomer and dimer since no difference signal could be obtained for 

constitutively monomeric mutants, even if one of them is functional in transgenic 

Arabidopsis lines.  

The particular assignment of absorption bands of the presented spectra is hampered by the 

fact that overlapping bands limit the information that can be deduced from a spectrum. For 

example, most known vibrational features of tryptophan residues can be found all over the 

spectral region that was analysed (Barth, 2007). Unfortunately, the direct comparison 

between spectra recorded in H2O and D2O revealed that the overall shape of the band 

pattern in the region of 1700 to 1300 cm-1 did not change much upon deuteration (Fig 6-1 

B). Likewise, the studied mutants only showed subtle changes compared to wild-type 

which complicates tentative band assignments even further (Fig 6-2). Of the many amino 

acid side chain absorption bands, polar amino acids display the strongest absorption 

coefficients and therefore cause the most pronounced signals due to vibration of the polar 

groups (Barth and Zscherp, 2002). The high abundance of polar amino acids in UVR8, 

especially at the dimer interface, where structural and chemical changes are expected 
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during UV-B perception, therefore poses a great challenge on the interpretation of UVR8 

FTIR spectra. Absorbance of most of the polar groups overlaps with the amide I band of 

the polypeptide backbone (1610-1700 cm-1) which is the region of the UVR8 difference 

spectrum that shows the most pronounced peaks. To be able to differentiate between these 

signals, further experiments are required. One possibility is to either uniformly label the 

protein with 13C or 15N (Haris et al., 1992), label all amino acids of one type or even site-

directed labelling of one particular amino acid to induce shifts of certain bands (Sonar et 

al., 1994). For example the labelling of backbone carbonyls with 13C shifts the amide band 

by 36 to 38 cm-1 to lower wavenumbers, possibly allowing identification of then no longer 

overlapping signals (Haris et al., 1992). Also, time-resolved IR spectroscopy is a powerful 

tool that can reveal many of the dynamic structural details of chromophores involved in 

photobiological reactions and can reveal the response of those parts of the protein that are 

affected by the ongoing reactions (Groot et al., 2007). Such future approaches will 

contribute to our understanding of structure-function relationships of UVR8 and hopefully 

will elucidate how aromatic amino acids can act as intrinsic chromophores and induce 

signalling. 

 

6.6.2 Changes in the local environment of tryptophans during UV-B 

photoreception 

The detailed analysis of intrinsic protein fluorescence is a challenging task due to the 

complexity of tryptophan fluorescence. The presence of multiple fluorophores especially in 

UVR8 makes it almost impossible to allocate observed changes to certain residues or 

fluorophores. The actual situation is even more complex since tryptophan displays 

complex spectral properties due to the presence of two overlapping electronic states, 1La 

and 1Lb (Lakowicz, 2006). It is now accepted that even for single-tryptophan proteins the 

emission often contains multiple spectral contributions due to either multiple 

conformations or the intrinsic heterogeneity of tryptophan itself (Lakowicz, 2006). 

UV-B perception is clearly coupled with chemical and/or conformational changes around 

the chromophore since excitation with UV-B causes a red shift of the emission spectrum of 

UVR8 wild-type protein (Fig 6-3). The maximum wavelength of tryptophan emission is 

sensitive to its local environment ranging from 308 nm in azurin, a copper-containing 

enzyme from denitrifying bacteria to 355 nm for example in glucagon (Vivian and Callis, 

2001). The red shift indicates that the chromophore, which is formed by the tryptophan 

pyramid, is no longer buried in a “non-polar” environment but becomes solvent exposed in 

the process of UV-B induced monomerisation. The observed variability of maximum 
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emission wavelengths among the salt bridge mutants compared to wild-type demonstrates 

the sensitivity of tryptophan fluorescence to its local environment (Fig 6-4). Small motions 

of the amino-acid side chains or backbone due to the introduced mutation can result in 

changes in tryptophan emission and some of these motions may occur during the excited-

state lifetime. The already slightly red shifted emission spectra of dark adapted UVR8D96N 

and UVR8D107N compared to wild-type strengthen the observation of a weakened dimer as 

described in Chapter 3. A weakened dimer is expected to expose the chromo-

phore/fluorophore, which is normally shielded through the effect of dimerisation, more to 

solvent creating a more polar environment and therefore altering the emission properties of 

the tryptophans. The further red shifted emission spectrum of the monomeric mutant 

UVR8R286A confirms that in a monomer the chromophore/fluorophore is solvent exposed 

and that the rather drastic mutation of R286 to alanine also alters the arrangement of the 

tryptophans in the pyramid resulting in a different emission maximum. The presence of 

UV-B induced changes in the emission maximum of this mutant suggests that UV-B 

perception is still somehow possible. This ties in with the results for this mutant obtained 

from limited proteolysis experiments where differences in the banding pattern before and 

after UV-B exposure also suggest UV-B responsiveness even if the mutation leads to a 

non-functional form of UVR8 in vivo (Chapter 4). It is, however, remarkable, that this 

mutant has lost the ability to recover from the UV-B response back to the dark state since 

the emission maximum does not shift back nor does the increase in emission reoccur after 

a sufficient recovery period (Fig 6-5).  

The initial increase of emission measured at 335 nm followed by a slow decrease in 

emission after prolonged UV-B exposure of the protein has been reported before for UVR8 

(Fig 6-3; Wu et al., 2012). There, the emission maximum is reached earlier, but this is most 

likely due to higher excitation energies, which are not clearly stated by Wu and co-

workers. The authors also rather insufficiently attribute the rise of emission to saturation of 

UV-B perception and the decrease of the signal to fluorescence quenching (Wu et al., 

2012). Nevertheless, this method allowed them to identify W285 and W233 as the main 

chromophores since these mutants no longer showed an increase in fluorescence induced 

by UV-B. This is in agreement with what has been reported by Christie et al. (2012), where 

far-UV CD spectroscopy was used as the method of choice to determine the main 

chromophores. The variability of fluorescence lifetimes and quantum yields of tryptophan 

residues in proteins is affected by several factors such as quenching by proton transfer 

from nearby charged amino groups or by electron acceptors such as protonated carboxyl 

groups or by resonance energy transfer among tryptophan residues (Lakowicz, 2006). 
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These interactions are strongly dependent on distance, especially the rate of electron 

transfer, which decreases exponentially with distance and therefore UV-B induced changes 

in UVR8 conformation are responsible for changes in the emission properties. Different 

conformations of a protein may each display a different quantum yield. For UVR8, the 

emission intensities of the monomer are higher (raw data, not shown). However, it should 

be noted that the red shift of the emission spectrum that has been attributed to 

monomerisation is completed earlier then when the maximum of emission is reached. This 

suggests that UVR8 once it has reached its monomeric form undergoes further changes 

which are responsible for the rise of emission. Whether this effect is functionally important 

or only due to an in vitro artefact remains to be investigated more closely. 

To summarize, the currently limited understanding of the UV-B perception mechanism 

impedes a detailed analysis of UVR8 intrinsic fluorescence. However, these findings might 

hopefully supplement and tie up with observations from future experiments and are one 

way of monitoring changes in the local environment of the chromophore. 

 

6.6.3 The primary events of UV-B perception in UVR8 

The initial photochemical events of blue light photoreceptors including BLUF (blue light 

sensing using FAD), LOV and CRY proteins have been extensively studied and have 

revealed events such as proton-coupled electron transfer and intersystem crossing and have 

defined roles for tryrosines and tryptophans as intrinsic electron donors (Gauden et al., 

2006; Kennis et al., 2003; Giovani et al., 2003). Those blue-light photoreceptors utilize 

flavin as chromophore and photoexcitation of flavins rapidly induces the formation of 

singlet and triplet excited states, which can induce direct electron transfer from nearby 

tryptophans or tyrosines as seen for cryptochromes and the related photolyases (Aubert et 

al., 2000; Zoltowski and Gardner, 2011). For UVR8, the initial situation is highly different 

due to its intrinsic chromophore. To address the hypothesis that electron transfer may occur 

between the photoreceptive tryptophans and adjacent salt-bridging arginines, ultrafast 

transient absorption studies of wild-type UVR8 and of tryptophan in solution have been 

performed.  

One of the first objectives therefore was to determine whether a tryptophan radical is 

formed following a pulse of UV-B. The absorption maximum for tryptophan radicals is 

dependent on the local protein environment but can be attributed to the wavelength region 

between 500 and 600 nm (Solar et al., 1991; Miller et al.; 2003, Shafaat et al., 2010). The 

oxidation reaction of tryptophan is complex because it is often accompanied by the loss of 

a proton under physiological conditions (Solar et al., 1991). The broadness of the observed 
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signal after excitation with 266 nm makes it difficult to clearly assign a formed species to a 

photochemical event (Fig 6-7). The detection of a long-lived photoproduct at about 460 nm 

is so far the strongest indication that specific photochemistry is happening, and the 460 nm 

species may be related to the reaction coordinate that leads to monomerisation. The fact 

that a similar product, also slightly red shifted, is observed in the monomer as well does 

not mean that it is not coupled to the physiological reaction. It is not uncommon that 'dark' 

and 'light' states have similar primary photoproducts such as for example in BLUF domains 

(Mathes et al., 2012). Another indication for the successful establishment of a system with 

adequate excitation energy that can be used for further studies is the observed difference in 

the lifetimes of the formed species at 460 nm for dimer and monomer at the longer 

timescale (Fig 6-8). However, a detailed explanation of these findings will require further 

investigation. Future experiments should include measurements on a nanosecond to 

millisecond timescale on a flash photolysis set up to analyse what happens with the 

photoproduct absorbing at 460 nm, which currently does not decay within the experimental 

timescale of 3.4 ns.  

A major difficulty that UVR8 poses on the pump-probe setup is its slow regeneration rate 

once it has been monomerised. Large amounts of protein are required to be able to 

accumulate and average a number of measurements on the dark state to improve the signal 

to noise ratio especially of the rather weak signal at 460 nm. Another difficulty of UVR8 

that has already been mentioned in the discussion of UVR8 fluorescence properties is the 

exceptionally high abundance of tryptophans in the protein that restrain the assignment of 

an observed signal to a single residue. Transient absorption spectra of tryptophan mutants 

might allow a clearer assignment and uncover possible distinct peaks that are lost within 

the broad overall signal. A number of the conserved tryptophans seem to be not required 

for UVR8 function in plants (O’Hara and Jenkins, 2012) and a multiple tryptophan mutant, 

assuming no gross structural alterations are introduced by the mutation might be worth 

investigating.  

It will be interesting to define a more precise role for the ‘perimeter fence of tryptophan’ 

and tyrosine residues present at the dimer interface that is proposed to shield the 

tryptophan pyramid from solvent. Possibly, the tyrosines could act as electron donors in a 

long range electron transfer process at the dimer interface. Electron transfer from tyrosine 

to a tryptophanyl radical has been demonstrated as an essential step in the process leading 

to the active form of photolyases (Aubert et al., 1999). Tyrosine radicals can be identified 

by their characteristic absorption spectra with a maximum at 410 nm. Additionally, the 

analysis of arginine mutants might shed further light on the UV-B reception mechanism 
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and might show whether the hypothesis of electron transfer between the tryptophan 

pyramid and the arginines can be sustained.  

The biophysical experiments presented in this chapter can be regarded as an initial step 

towards elucidation of the UV-B perception mechanism and the primary events after light 

absorption. Even if the preliminary conclusions have to be confirmed and extended, the 

experimental conditions required for UVR8 for those methods have been established and 

can be exploited in the future. 
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7. FINAL DISCUSSION 
 

7.1 Introduction 

UV-B radiation is an integral component of natural sunlight with a strong impact on 

terrestrial ecosystems (Jansen et al., 1998; Paul and Gwynn-Jones, 2003). For plants, 

UV-B acclimation and UV-B stress tolerance is essential for survival and requires 

perception of UV-B radiation. Only recently, UVR8 has been identified as the UV-B 

photoreceptor in Arabidopsis (Rizzini et al., 2011). UVR8 specifically regulates the 

expression of numerous genes that underpin photomorphogenic responses to UV-B which 

ultimately lead to UV protection and acclimation (Ulm et al., 2004; Brown et al., 2005; 

Favory et al, 2009). Hence, uvr8 mutant Arabidopsis plants, which fail to express these 

genes, are highly sensitive to elevated levels of UV-B (Kliebenstein et al., 2002; Brown et 

al., 2005). Although the importance of UVR8 and the transcriptional events necessary for 

plant survival are characterised (Kliebenstein et al., 2002; Brown et al., 2005), little is yet 

known about the structural properties of the photoreceptor itself, especially its mechanism 

of signal perception and its activation in response to UV-B. Therefore, a structure-function 

study of Arabidopsis UVR8 was carried out to extend our knowledge about the early 

events involved in UV-B perception and induction of UV-B mediated signalling of UVR8. 

Structure-function studies were accomplished in vivo as well as in vitro and revealed a 

number of key points in regard of the photochemistry, signal transduction and regulatory 

mechanisms of UVR8 which will be discussed in the following sections.  

 

7.2 The salt bridge network and the tryptophan pyra mid 

In the absence of UV-B, UVR8 forms a highly stable homodimer that is considered to be 

the ground state of the photoreceptor (Rizzini et al., 2011; Heijde and Ulm, 2012). The 

crystal structure of UVR8 revealed that dimerisation is achieved via an extensive salt 

bridge network that spans across the dimer interface (Christie et al., 2012; Wu et al., 2012). 

The positively charged residues that participate in the cross-dimer salt bridges are almost 

exclusively arginines. Their presence in the evolutionarily conserved and repeated motif 

GWRHT, that comprises the postulated UV-B perceiving tryptophans, singled arginines 

out as first choice for a site-directed mutagenesis approach to investigate the importance of 

ionic interactions in maintaining the UVR8 dimer. Results obtained by size exclusion 

chromatography and far-UV CD spectroscopy of purified protein (Chapter 3) and RT-PCR 
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experiments to test UV-B induced HY5 and CHS gene expression in generated transgenic 

Arabidopsis lines (Chapter 4) showed that R286 plays a major role in the UV-B perception 

mechanism of UVR8. R286 forms two central cross-dimer salt bridges via D96 and D107. 

Disruption of these salt bridges by either mutation of R286 to alanine or simultaneous 

replacement of the two aspartic acids by asparagines causes constitutive monomerisation 

of the photoreceptor. Interestingly, analysis of the two monomeric mutant proteins 

UVR8R286A and UVR8D96N/D107N in vitro did not reveal major differences between the two 

mutants. However, in vivo, GFP-UVR8D96N/D107N is functional in the UV-B response 

whereas mutation of R286 to alanine leads to a non-functional form of the photoreceptor. 

These findings suggest that dimerisation is not essential for UV-B perception but 

nevertheless activation of the photoreceptor requires a positively charged residue in 

position 286. This ties in with the observed functionality of the UVR8R286K mutant.  

Constitutive monomerisation was only observed for one other salt bridge mutant, 

UVR8R338A, although here higher ionic strength was necessary to shift the dimer-monomer 

equilibrium towards the monomer. In vivo, the mutation resulted in a non-functional form 

of UVR8. Disruption of various other cross-dimer salt bridges by mutation of arginine to 

alanine had less severe effects on dimerisation and functionality of the photoreceptor. Even 

if UVR8R146A forms a destabilized dimer, its functionality is not impaired by the mutation. 

Similarly, dimerisation is still possible in the UVR8R200A and the UVR8R354A mutants (Wu 

et al., 2012). Those three salt bridges are situated distant from the postulated tryptophan 

perceiving pyramid, whereas R286 and R338 directly flank the remarkable arrangement of 

tryptophans. The close proximity and the coupling of arginines and tryptophans suggest a 

specific mechanism whereby photoreception leads to monomerisation. One major task for 

the future will be to understand the precise interplay between tryptophans and arginines 

during UV-B perception and to unravel the mechanism of cross-dimer salt bridge breaking. 

The proposed excited electron transfer from tryptophans to arginines leading to charge 

neutralisation (Christie et al., 2012) might also be coupled to excited state proton transfer 

which allows the tryptophan indole ring to carry a positive charge and thus to completely 

destroy the cation-π interactions which stabilise the salt bridge (Wu et al., 2012). Therefore 

Wu and co-workers hypothesize that D129, E182 and R234, which are located in close 

proximity to W233 and W285, might serve as proton donors. However, to be able to 

describe in detail which residues are involved in UVR8 signalling, an atomic resolution 

structure of the UV-B illuminated state is needed to reveal UV-B induced changes. 

Attempts to produce monomeric crystals of UVR8 have been made, but the ability of the 
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photoreceptor to revert back to the ground state in the absence of UV-B has impeded the 

process (unpublished data; Wu et al., 2012). 

Light induced electron transfer has been described before as being crucial for 

photoreceptor activation. For the blue light photoreceptor cryptochrome, transient 

absorption spectroscopy has revealed that the primary light reaction involves intraprotein 

electron transfer through a chain of three conserved tryptophan residues (trp-triad) to the 

excited FAD cofactor (Giovani et al., 2003). However, a recent study by Li and co-workers 

(2011) has shown that mutation of all tryptophans in the triad in CRY2 resulted in loss of 

photoreduction activity in vitro but retained the physiological and biochemical activities in 

vivo. Even if the cryptochrome family has been discovered about 20 years ago, the 

photoreceptor’s primary light reaction is still not understood (Liu et al., 2010). The 

complete elucidation of such a mechanism is a difficult and challenging undertaking and 

the above mentioned study shows that data obtained in vitro of recombinantly expressed 

protein has to be carefully assessed in vivo. The availability of in vivo data of a large 

number of transgenic Arabidopsis UVR8 mutant lines generated in this and previous 

studies (O’Hara and Jenkins, 2012) can be exploited in the future in combination with 

further biophysical studies to stepwise reveal the UV-B perception mechanism of UVR8. 

 

7.3 UV-B induced monomerisation 

The fact that the active signalling state of UVR8 is formed by the monomeric form of the 

protein clearly distinguishes UVR8 from other so far described dimeric photoreceptors, 

such as phytochromes, cryptochromes and phototropins, which remain in their dimeric 

conformation even if activated by light (Sharrock and Clack, 2004; Sang et al., 2005; 

Salomon et al., 2004). However, experimental evidence gathered so far is insufficient to 

explain how UV-B perception results in a functional monomer that can bind COP1 and 

initiate signalling. The data presented here suggest that there may be several steps 

involved: First, a conformational change resulting from photoreception because 

constitutive interaction between UVR8 and COP1, as seen with a number of the arginine 

mutants (Fig 4-4) still requires UV-B for activation of the UVR8 signalling pathway; 

second, a conformational change that alters/activates the C-terminus, as seen by limited 

proteolysis experiments, and finally monomerisation per se. Each of these appears 

necessary but neither is sufficient to initiate signalling. The constitutive interaction 

between the monomeric mutant GFP-UVR8D96N/D107N and COP1, which still requires 

UV-B for the induction of UVR8-mediated signalling, is the strongest evidence so far that 
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UV-B induces conformational changes beyond monomerisation. So far it has been difficult 

to assess the functional and non-functional constitutive monomers more closely, because 

methods that have been successful in analysing wild-type UVR8 such as far-UV CD 

spectroscopy or FTIR require dimer to monomer transitions to generate an informative 

signal, which is obviously absent in constitutively monomeric mutants. Similarly, 

tryptophan fluorescence signals are dominated by monomerisation effects making it 

difficult to distinguish overall monomerisation from structural and conformational changes 

arising from photochemical activity and from those in the C-terminus that presumably lead 

to COP1 binding and subsequent UVR8 function. 

The discovery of the constitutively monomeric but still UV-B responsive functional mutant 

GFP-UVR8D96N/D107N poses the question whether monomerisation may be considered only 

as side effect of UV-B induced conformational changes especially of the C-terminus. 

Interestingly, preliminary structure-function studies of a UVR8 ortholog of lower plants 

show a similar behaviour in respect to monomerisation and functionality of the protein as 

observed for the Arabidopsis UVR8D96N/D107N mutant. Western Blot analysis of the UVR8 

ortholog of Physcomitrella patens (A9RS92) expressed in yeast reveals constitutive 

monomerisation of the protein even in the absence of UV-B (Rizzini, Ph.D. thesis, 2010). 

Sequence comparison of the two orthologs shows that all residues that participate in the 

dimer maintaining salt bridge network of UVR8 in Arabidopsis are also present in the 

P. patens ortholog (Fig 4-1) and dimerisation is therefore theoretically possible based on 

the conserved protein sequence. As seen for the Arabidopsis UVR8D96N/D107N mutant, the 

possibly monomeric form of UVR8 of P. patens is able to complement the 

uvr8-8/ProHY5:Luc+ mutant phenotype in stable transgenic Arabidopsis lines since UV-B 

responsiveness of the luciferase reporter driven by the HY5 promoter could be detected 

(Rizzini, Ph.D. thesis, 2010). At present no data is available about the dimer-monomer 

state of the P. patens UVR8 in moss itself or the transgenic Arabidopsis lines expressing 

the UVR8 ortholog.  

However, if the preliminary data of the yeast expression study can be confirmed in vivo, 

P. patens UVR8 will be a highly interesting ortholog for future studies and especially for 

elucidation of the UV-B perception mechanism. In general, relatively little is known so far 

about the molecular response of bryophytes to UV-B radiation. The P. patens genome 

encodes two UVR8 orthologs, two HY5 orthologs as well as several COP1 orthologs that 

constitute a multigene family (Richardt et al., 2007; Rensing et al., 2008; Wolf et al., 

2010). The presence of these main players therefore theoretically allows UV-B signalling 

via the UVR8-COP1-HY5 pathway. A better understanding of the UV-B response and its 
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regulation in P. patens might provide a better understanding of the role of UVR8 

dimerisation in Arabidopsis and other higher plants. Furthermore, due to its position in the 

evolutionary tree between aquatic algae and vascular plants, studies of UV-B 

photoreception of P. patens might also unravel the evolutionary aspects of UV-B tolerance 

and acclimation that laid the ground for land plant evolution. Comparison of the UVR8 

ortholog of P. patens to the orthologs of UVR8 of two representatives of green algae, i.e. 

Volvox carteri and Chlamydomonas reinhardtii, reveals absence of the C-terminus in the 

latter two species. Presence of the C-terminus has been described as essential for COP1 

binding to initiate UVR8 signalling (Cloix et al., 2012) and if UVR8 is functional in 

V. carteri and C. reinhardtii, this raises the question whether UVR8 can function via a so 

far unknown mechanism that does not require the C-terminus.  

 

7.4 The UVR8-COP1 interaction 

It has been shown in various ways that UVR8 and COP1 interact directly and specifically 

in a UV-B dependent manner (Favory et al., 2009; Rizzini et al., 2011). However, the 

UV-B specificity of the interaction gets lost if mutations of salt bridges either result in a 

destabilized, weakened UVR8 dimer or a constitutive monomer. Constitutive interaction of 

for example GFP-UVR8R286K and GFP-UVR8D96N, two destabilized dimers, with COP1 

has been observed, but the interaction was insufficient to induce UVR8-mediated 

signalling in the absence of UV-B. To allow COP1 binding, the introduced point mutation 

at the interface must somehow alter the conformation of the C-terminus of UVR8 to 

expose its binding site. The most convincing explanation for this behaviour would be that 

destabilization of the dimer partially releases the C-termini from their inaccessibly dark 

state position, but they remain in their inactive conformation because UV-B is absent. 

However, SAXS experiments locate the missing C-termini at the distal ends of the dimer 

(Christie et al., 2012) suggesting no direct contact between the interface and the C-termini 

thus making it difficult to understand how opening up of the dimer interface influences the 

distant C-termini. The observation that COP1 can interact with destabilized dimers 

nevertheless supports the hypothesis that stable homodimerisation in the absence of UV-B 

is one mechanism that prevents uncontrolled interaction between UVR8 and COP1 which 

might negatively influence other COP1 mediated responses in the plant. 

To further understand the direct interaction between UVR8 and COP1, two crucial points 

have to be investigated in the future. Firstly, the localisation and conformation of the 

C-terminus has to be defined for the dark state dimer and for the UV-B activated 
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monomeric form as already discussed in Chapter 4. Secondly, it will be important to 

narrow down the region of interaction between UVR8 and COP1 by identifying specific 

residues in the C27 region that are required for COP1 binding. Since COP1 interacts with a 

number of proteins in plants, it is not unlikely that motifs identified for the interaction in 

those proteins might be present in UVR8 as well. Holm and co-workers (2001), for 

example, identified a motif in HY5 and two other COP1-interacting proteins, STO and 

HOMOLOG OF STO (STH), that is responsible for interaction with the WD40 region of 

COP1 through both hydrophobic and ionic interactions. This motif (VPE/D-hydrophobic 

residue-G with several upstream negatively charged residues) is partly conserved in the 

C27 region of UVR8 (VPDETG with one upstream glutamate residue) and could be 

involved in the interaction with COP1. Interestingly, site-directed mutagenesis and 

subsequent yeast two-hybrid analysis of the HY5 and STO/STH mutants showed that the 

negatively charged glutamic or aspartic acid residue present in the conserved motif forms a 

salt bridge with a lysine residue in COP1 which is essential for the interaction (Holm et al., 

2001). With respect to UVR8, the UV-B exposed interface would provide several residues 

that could participate in new salt bridges to either stabilise the activated C-terminus or also 

to mediate COP1 binding. So far it has not been investigated whether any kind of 

interaction between COP1 and the exposed dimer interface is formed, which though would 

have to be mediated by the C-terminus otherwise COP1 binding would be observed in 

GFP-∆C27UVR8 mutant plants. One highly speculative scenario would be that COP1 

becomes more or less clamped between the interface and the C-terminus in the UV-B 

activated monomer. Such a scenario would offer an explanation why the constitutively 

monomeric mutant GFP-UVR8R286A is unable to bind COP1 in the absence of UV-B 

hypothesizing that the positive charge of R286 is required at the interface for the formation 

of a new salt bridge. In any case, more data has to be acquired to fully understand the 

structural requirements for the UV-B induced interaction between UVR8 and COP1 which 

is essential for the induction of gene expression by UVR8. 

 

7.5 Integration of signals from different photorece ptors by COP1 

COP1 does not only play a role in the UV-B response but also acts downstream of 

phytochromes and cryptochromes thus forming one of the central components of light 

signal transduction in plants. COP1 therefore enables crosstalk between the different 

photoreceptor responses and allows integration of the UVR8 signalling pathway with 

visible light photoreceptor pathways. It is remarkable that COP1 interacts with various 
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photoreceptors, but the molecular output of each interaction seems to be different (Lau and 

Deng, 2012). It is especially intriguing how COP1 can act as a positive regulator in the 

UV-B and phyB responses whereas it has long been known as a negative regulator of 

photomorphogenesis due to its E3 ubiquitin ligase activity (von Arnim et al., 1997). So far 

the specific function of COP1 in the UV-B response still remains elusive. COP1 is required 

in the nucleus to initiate signalling of the UVR8 pathway by direct interaction with the 

photoreceptor. COP1 is stabilised and accumulates in the nucleus following UV-B 

exposure in a UVR8-dependent manner, suggesting that COP1 is active in the nucleus 

(Favory et al., 2009). Nuclear accumulation of COP1 is also observed in white light 

supplemented with UV-B (Oravecz et al., 2006), which contrasts the previous dogma of 

COP1 nuclear exclusion in response to light and suggests that during the day, as soon as 

UV-B is present, COP1 starts to accumulate in the nucleus or rather remains in the nucleus. 

It has to be noted that nuclear enrichment of COP1 under supplemental UV-B is a rather 

slow process taking approximately 24 h, but it takes about the same time as nuclear 

exclusion in the dark-to light transition (Oravecz et al., 2006; von Arnim and Deng, 1994).  

So far nothing is known about a potentially differential regulation of COP1 in the nucleus, 

which seems to be required under natural light conditions since HY5 protein can 

accumulate under UV-B, even though COP1 is present. The UV-B mediated interaction 

between UVR8 and COP1 implies that the physical association of the two proteins 

contributes to the specific activity of COP1 in UV-B signalling. One could hypothesise that 

interaction between UVR8 and COP1 represses the E3 ubiquitin ligase activity of COP1 

and therefore HY5 protein can accumulate in the nucleus. This is supported by the fact that 

UVR8 and HY5 both bind to the WD40 domain of COP1 (Cloix et al., 2012; Holm et al., 

2001) and depending on light conditions one might show higher affinity than the other. A 

direct competition between UVR8 and COP1 would be possible if the in motif HY5 that 

binds COP1 proves to be also essential for UVR8-COP1 interaction.  

The recently discovered rapid down-regulation mechanisms of COP1 activity by 

cryptochromes (Lian et al., 2011; Liu et al., 2011; Zuo et al., 2011) highlights the 

importance of COP1 being part of a multimeric protein complex and also allows 

speculation whether a similar molecular mechanism of COP1 down-regulation can be 

assigned to the UV-B and also the phytochrome receptor pathway. Even if COP1 can 

ubiquitinate targets on its own in vitro, it forms a protein complex of about 700 kDa in 

vivo (Saijo et al., 2003). This indicates that additional protein components may be required 

to regulate COP1 function in vivo. Examples are the COP1 interacting SPA proteins, 

which have the ability to regulate the E3 ubiquitin ligase activity of the COP1 complex 
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since CRY1 mediated disruption of the SPA-COP1 interaction inhibits the activity of 

COP1 leading to accumulation of HY5 during de-etiolation (Lian et al., 2011; Liu et al., 

2011). It will be interesting to determine how exactly SPA proteins modulate the activity 

of COP1 and whether UVR8 or other so far unidentified COP1 and UVR8 interactors can 

participate in a similar mechanism. One important aim for the future will be to integrate the 

knowledge about the various photoreceptor responses initiated by different light qualities 

to gain a complete picture of how light signalling pathways are controlled under natural 

sunlight when all light qualities are present. 

 

7.6 Regeneration of the photoreceptor 

A further important aspect of UVR8-signalling that was investigated in this study was how 

the initial dimeric state of the photoreceptor is regenerated once UV-B is no longer present 

to induce monomerisation. By applying inhibitors of protein synthesis and inhibitors of 

proteasomal degradation to Arabidopsis plants, it has been shown that the UVR8 dimer is 

not regenerated by rapid de novo synthesis following degradation of the monomer. Instead, 

regeneration occurs by reversion from the monomer to the dimer. Furthermore, 

regeneration of the UVR8 dimer happens much more rapidly in vivo than in vitro with 

illuminated plant extract or purified UVR8 suggesting that the presence of intact cells is 

required. This process enables the photoreceptor to respond rapidly and sensitively to 

changes in ambient UV-B levels in sunlight to regulate photomorphogenic responses. The 

regeneration process was considerably slowed down but not prevented in absence of the 

C-terminus possibly because the C-terminus might interact with proteins that facilitate 

rapid reversion of the monomer.  

A recent publication on UVR8 shows that the reversion from monomer to dimer is even 

slower if the two RUP proteins, RUP1 and RUP2, are absent, suggesting that they play a 

major role in this process (Heijde and Ulm, 2013). To allow redimerisation, the UVR8-

COP1 interaction must be broken. In the rup1rup2 mutant, interaction between UVR8 and 

COP1 can be detected at least four hours after the end of the UV-B treatment, which 

coincides with the slower reversion rate of the mutant (Heijde and Ulm, 2013). Moreover, 

no interaction between UVR8 and COP1 can be detected in RUP2 overexpressor lines, 

suggesting that RUP1 and RUP2 negatively regulate the UVR8-COP1 interaction (Heijde 

and Ulm, 2013). It is unknown yet, whether COP1 is released solely because of UVR8 

redimerisation or whether competition between COP1 and RUP1/RUP2 for binding sites in 

the C-terminus of UVR8 might play a role as well. Although the C27 region is both 
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necessary and sufficient for interaction with RUPs and COP1, the observation that RUPs 

can bind UVR8 independent of UV-B and thus in its dimeric form could be one indication 

that RUPs and COP1 might not interact with UVR8 via precisely the same binding site. To 

gain a better understanding of this process it will be necessary to fine-map the RUP-UVR8 

interaction site within the C27 region as already suggested for COP1. 

Reversion from the monomer to the dimer thus allows regeneration of the initial ground 

state and switches off signalling. Since it has been shown that UV-B induced UVR8-

mediated signalling is possible in the constitutively monomeric mutant GFP-

UVR8D96N/D107N, the question arises how the inactive ground state is restored in this mutant. 

The currently available methods to monitor changes in the UVR8 protein are not sufficient 

to investigate what happens in a functional constitutively monomeric mutant once it is no 

longer exposed to UV-B. Presumably, the C-terminus has to return somehow into its 

inactive conformation and possible changes in the tryptophan chromophore have to be 

reversed as well. Further experiments are essential to investigate whether these processes 

can also be achieved in this mutant or if they require dimerisation of the photoreceptor. 

 

7.7 Conclusions 

The following main conclusions can be drawn from the data presented in this study: 

1. Ionic interactions are the dominating force to maintain the UVR8 dimer. 

2. The positive charge of R286 adjacent to the tryptophan pyramid is essential for 

UVR8 dimerisation and in vivo function. 

3. R338 is also important for dimerisation and function. 

4. Mutation of any of the tested cross-dimer salt bridges leads to a weakened and 

destabilized dimer. 

5. UV-B reception and a functional UV-B response can be mediated by a 

constitutively monomeric form of UVR8. 

6. Constitutive monomerisation is not sufficient for a UVR8-mediated response in the 

absence of UV-B. 

7. Constitutive interaction between UVR8 and COP1 still requires UV-B for UVR8 

function. 

8. UV-B not only induces monomerisation but also induces conformational changes 

of the C-terminus which are essential for a UVR8-mediated response. 

9. The local environment of the tryptophan pyramid changes during UV-B 

photoreception. 
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10. Formation of a long lived photoproduct is part of the primary response of UVR8 to 

UV-B.  

11. The UVR8 dimer is regenerated by reversion of the monomer to the dimer.

12. Dimer regeneration is much 

13. The C-terminus

maximize the rate of dimer regeneration.

Based on these conclusions, the current model of UVR8 photoreception and signall

be extended by a number of aspects (Fig 7

assumptions incorporated into the presented model prove to be correct 

have to be reconsidered. 

FIGURE 7-1: Proposed model of UVR8 photoreception and signalling.
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photomorphogenesis and lead to UV
the dimer is regenerated through reversion of the monomer
proteins, which can bind the UVR8 dimer as well as the monomer.
initiation of signaling is still possible in a monomeric form of UVR8 (generated by mutation of the 
major salt bridge). Interaction with COP1 in the absence of UV
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have to be reconsidered.  

: Proposed model of UVR8 photoreception and signalling.
is perceived by an excitonically coupled tryptophan pyramid (indicated by the three indole 
which is in close contact to the cross-dimer salt bridges that maint

lectron transfer (yellow indole rings) between the tryptophans and adjacent 
arginines leads to charge neutralisation and destabilisation of the dimer. The photoreceptor 
undergoes conformational changes and exposes the C-terminus (C) leading to monomerisation

activated monomer binds COP1. UVR8 associates with nucleosomes on chromatin in the 
region of target genes such as HY5. UVR8 is proposed to facilitate the activation or recruitment of 

required for the UV-B induction of target genes that influence plant 
photomorphogenesis and lead to UV-protection and acclimation. Once 
the dimer is regenerated through reversion of the monomer. This process is mediated
proteins, which can bind the UVR8 dimer as well as the monomer. Box:

of signaling is still possible in a monomeric form of UVR8 (generated by mutation of the 
. Interaction with COP1 in the absence of UV-B is not sufficient for function. 

FINAL DISCUSSION 

 

148 

Formation of a long lived photoproduct is part of the primary response of UVR8 to 

The UVR8 dimer is regenerated by reversion of the monomer to the dimer. 

quicker in vivo then in vitro and requires intact cells. 

protein synthesis in response to UV-B is required to 

Based on these conclusions, the current model of UVR8 photoreception and signalling can 

1). Future work will show whether some of the 

assumptions incorporated into the presented model prove to be correct or whether they 
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7.8 Future Work 

Even though our knowledge about the structure-function relationships of UVR8 in the 

UV-B signalling response has been extended by the data presented in this thesis and 

together with other published recent discoveries, many questions still need to be addressed 

in the future. Processes including the precise photochemistry and primary response of 

UVR8 to UV-B, subsequent signal transduction and especially regulatory mechanisms of 

the UV-B response have so far been insufficiently characterized and await further 

elucidation.  

One main objective for future work on the structure-function studies of UVR8 will be to 

understand at the molecular level how UVR8 initiates signalling through interaction with 

COP1. To be able to define what conformational changes of the protein’s C-terminus occur 

upon UV-B perception, at first the position and conformation of the C-terminus in the dark 

state dimer has to be determined. The best approach to examine the location of the 

C-terminus as well as conformational changes induced by photoreception will be by NMR 

spectroscopy studies of the protein. Solution NMR spectra of 15N,13C-labelled UVR8 

samples will have to be recorded in the presence and absence of UV-B. This requires 

UV-B light delivery via fibre optics inside the NMR spectrometer which is possible, but 

not a standard feature of such instruments. Backbone resonance assignment of the 

C-terminal region will enable characterisation of the C-terminus dynamics through, for 

example, measurements of amide secondary chemical shifts, hydrogen exchange rates and 
15N relaxation parameters (Mittag and Forman-Kay, 2007). These measurements could 

identify which residues are highly dynamic and which associate with the globular core of 

UVR8. Furthermore it will be important to show how conformational changes produce an 

active monomer that can bind COP1. Therefore, once NMR spectroscopy has been 

established for wild-type UVR8, generation and comparison of atomic level structural data 

for some of the monomeric mutants generated in this study might reveal further 

information. 

The number of known UVR8 interacting proteins is still very small and it is most likely 

that more downstream UV-B signalling components exist that directly associate with 

UVR8. Performance of a yeast two-hybrid screen under UV-B is one possibility to identify 

further UV-B dependent interactors. Further investigation of the binding site and binding 

conditions of the two RUP proteins is also required to better understand their role as 

negative regulators of the UV-B response and during the regeneration process. One of the 

first steps would be to narrow down the binding site of the RUPs as well as COP1 in the 

C27 region of UVR8. One possibility here would be the implementation of a synthetic 
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peptide array (Reineke et al., 2001). A series of peptides could be made from the C27 

region in which each amino acid would sequentially be mutated to alanine. Those peptides 

would then be incubated with RUP or COP1 protein, either labelled with 35S or with a tag 

that can be detected by an antibody. Subsequent autoradiography or immunoblotting 

should then reveal which alanine mutations prevent interaction of UVR8 with either COP1 

or RUPs and the role of those residues could be examined further with various techniques, 

ultimately in vivo. 

One aspect of UVR8 photoreception that has not been included in this study but also needs 

further investigation is the subcellular localisation of the photoreceptor. The precise 

mechanism of UV-B induced nuclear accumulation including the role of the N-terminus, 

and whether other proteins are involved has still not been established. Furthermore, BiFC 

experiments show that UVR8 can localise to discrete nuclear bodies/speckles (Favory et 

al., 2009) just like phytochromes and cryptochromes (Chen et al., 2003; Wang et al., 

2001). Even if the general principles of nuclear body function and assembly are still 

largely unknown, their further investigation in respect to UVR8 is worthwhile. They might 

be involved in transcriptional regulation or might be associated with chromatin and could 

even serve as a hub for the interaction between the different light signalling pathways (van 

Buskirk et al., 2012). It is also unknown yet whether UVR8 plays a functional role in the 

cytoplasm or whether nucleo-cytoplasmic partitioning might play a role in the regeneration 

process. 

Last, but not least, the in-depth elucidation of the molecular mechanism of UV-B reception 

via the tryptophan pyramid will provide a major challenge for biophysicists in the future. 

The proposed hypothesis of electron transfer between tryptophans and adjacent arginines 

needs to be tested further by spectroscopic methods and it will be interesting to see if any 

of the other conserved tryptophans play a role as well in the mechanism. Overall, future 

studies will hopefully reveal more unique and interesting details about UV-B 

photoreception by UVR8 and about the comprehensive control that sunlight exerts over 

plant growth and development. 
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FIGURE A-1:  Calibration curve for SEC column Superdex 200. 
aldolase, albumin, ovalbumin, 
dextran was used to define
were calculated based on the calibration curve of the gel
of the molecular weight of the proteins : K
Ve = elution volume and V
 

 

Calibration curve for SEC column Superdex 200. 
aldolase, albumin, ovalbumin, chymotrypsinogen and ribonuclease A protein standards. Blue 

used to define the void volume of the column. (B) Sizes of UVR8 protein samples 
were calculated based on the calibration curve of the gel-phase distribution coefficient (K
of the molecular weight of the proteins : Kav ((Ve - Vo)/(Vc - Vo)) where

= elution volume and Vc = geometric column volume. 
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Calibration curve for SEC column Superdex 200. (A) Elution profiles of 

ibonuclease A protein standards. Blue 
Sizes of UVR8 protein samples 

phase distribution coefficient (Kav) vs. log 
where Vo = column void volume, 



 

 

 
 
 
 

FIGURE A-2: Near
UVR8. (A) Near-UV CD spectra of wild type UVR8 protein, UVR8
exposed or not (- UV-B
line). (B) UVR8R286K, 
UVR8R234A and (F) UVR8
 
 

 

 
: Near-UV CD spectra of salt bridge mutants compared to wild

UV CD spectra of wild type UVR8 protein, UVR8
B, solid line) to 1.5 µmol m-2 s-1 narrowband UV
, (C) UVR8D96N and UVR8D107N, (D) UVR8R146A

UVR8R338A and UVR8R286A/R338A with same treatment as in (A).
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CD spectra of salt bridge mutants compared to wild-type 
UV CD spectra of wild type UVR8 protein, UVR8R286A and UVR8D96N/D107N 

UV-B for 1 h (+ UV-B, dotted 
R146A, (E) UVR8R146A/R286A and 

with same treatment as in (A). 



 

 

 
 
 
 

FIGURE A-3: Stability of wild
UVR8R286K and monomeric mutants UVR8
UVR8 protein monitored by far
the exciton coupling between 5

 

 
: Stability of wild -type UVR8 protein compared to dimeric mutant 

and monomeric mutants UVR8R286A and UVR8R146A/R286A

monitored by far-UV CD spectroscopy comparing the 234 nm peak characteristic of 
the exciton coupling between 5˚C and 60˚C. 
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type UVR8 protein compared to dimeric mutant 
R146A/R286A. Thermal melt of 

CD spectroscopy comparing the 234 nm peak characteristic of 
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