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SUMMARY

SUMMARY

Ultraviolet-B (UV-B) radiation is an integral compent of natural sunlight reaching the
Earth’s surface. Although being a potentially harh&ind damaging agent, UV-B is a key
environmental signal for plants initiating divenssponses that affect their metabolism,
development and viability. The majority of thesespenses involve the differential
regulation of gene expression and all require ateuperception of the effective light
quality by a photoreceptor. The recent identifizatiof UV RESISTANCE LOCUSS
(UVRS8) as a UV-B photoreceptor has been an importalestone in plant UV-B research
(Rizzini et al., 2011; Christie et al., 2012; Wuaét 2012). However, rather little is known
yet about the precise mechanisms of photoreceptidrsignal transduction. Therefore, the
overall aim of this study was to investigate hove tsiructure of the UVR8 protein
determines its function in the UV-B response inlAdapsis.

The mechanism of light perception by UVRS8 differeni other so far characterized
photoreceptors since UVR8 does not bind an extecofdctor as chromophore but
performs UV-B photoreception using some of its indic tryptophans. To identify
structurally and functionally important amino acwfsUVRS, site-directed mutagenesis of
a conserved and repeated motif GWRHT was carriedTde tryptophans of these motifs
form the base of the postulated UV-B perceivingapyd (Christie et al., 2012). The
impact of the introduced mutations was assessefirm and in vivo by various methods
such as size exclusion chromatography (SEC), far-txtular dichroism (CD)
spectroscopy and forms of polyacrylamide gel etgxttoresis (PAGE). Results showed
that in the absence of UV-B UVR8 forms a dimer ibatery effectively held together by a
network of cross-dimer salt bridges. Especially am@nt for stable dimerisation were salt
bridges that are located adjacent to the UV-B peirtg tryptophan pyramid, in particular
those involving R286 and their disruption by muatied to constitutive monomerisation
of the photoreceptor. Several mutations resulted idestabilized and weakened dimer
which could only be detected as dimer in vitro &ppeared monomeric in vivo.

The currently most upstream identified event of B\perception by UVRS is its UV-B
induced monomerisation which happens very rapidig & a fluence rate dependent
manner (Rizzini et al., 2011). UV-B also causessital interaction between UVR8 and
CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) which issestial to initiate
UVR8-mediated signalling (Favory et al., 2009). Batransgenic Arabidopsis lines

expressing various UVR8 salt bridge mutants as @GBPns in theuvr8-1 background
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were generated to analyse structural requiremdntB/&8 for its interaction with COP1
and to test the photomorphogenic response with eptspo UV-B induction of
ELONGATED HYPOCOTYL5 (HY5) andCHALCONE SYNTHASE (CHS) gene expression
and suppression of hypocotyl extension. The resgtablished that, in vivo, constitutive
monomerisation and constitutive interaction with IOare not sufficient to initiate a
UVR8-mediated response in the absence of UV-B. heamore, a constitutively
monomeric mutant that still showed a photomorphageaesponse in the presence of
UV-B could be identified, suggesting that dimerisatis not required for UV-B perception
and UVR8-mediated signalling in vivo.

One characteristic feature of the UV-B perceivingptophan pyramid is that the close
proximity of the aromatic side chains allows ovprtd their electronic orbitals resulting in
exciton coupling of the tryptophans which couldmbenitored by far-UV CD spectroscopy
(Christie et al., 2012). Exciton coupling was alisafter UV-B induced monomerisation
and was reduced in several salt bridge mutants.cldse proximity of UV-B perceiving
tryptophan residues to essential dimer maintaisialg) bridges led to the hypothesis that
electron transfer may occur between the tryptoplaats adjacent salt-bridging arginines
leading to charge neutralization and thus dimertati&zation and monomerisation
(Christie et al., 2012). Fourier transform infrar@lIR) spectroscopy was employed to
detect UV-B induced changes in the chemical strectfi the amino acid side chains and
the overall conformation of the protein. Howevée signals obtained in the light-induced
difference spectra could not be clearly assigned specific process and require further
experiments. Changes in the local environment efttiiptophan chromophore could be
detected by fluorescence spectroscopy. Here, a UNdBced red shift of the protein’s
emission spectrum was observed which shows thahitily buried tryptophan pyramid
becomes solvent exposed, which is consistent witkBUnduced monomerisation. UV-B
induced conformational changes of the photorece&ptGrterminus were revealed by
limited proteolysis experiments. The pattern oftkgs produced by mild trypsin digestion
of UVRS8, which are derived from the C-terminus, nfpes after UV-B exposure
suggesting that UV-B not only induces monomerisahiat also conformational changes in
the C-terminus that lead to changes in its acciisgibrhose changes are required for
activation of the signalling pathway as seen iroviv

Finally, to allow regulation of UVRS8 signal transdiion and an optimally balanced UV-B
response, the activated monomeric form must retuits homodimeric ground state once
UV-B is no longer present. This process had smdéarbeen investigated and therefore the

kinetics of dimer regeneration were analysed inovar Arabidopsis genotypes and under
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influence of a protein synthesis inhibitor as wal an inhibitor of proteasomal activity.
The level of total UVRS8 protein remained unchangedhe presence of these inhibitors
and also the kinetics of dimer regeneration welilg silghtly affected, which suggests that
regeneration of dimeric UVR8 occurs by reversioanfrthe monomer to the dimer.
Regeneration of the UVR8 dimer was also possibktio with illuminated plant extract
or purified UVR8 but was considerably slower, swgiogg that the presence of intact cells
is required. The absence of the C-terminus, whicknown to interact with COP1 and
REPRESSOR OF UV-B PHOTOMORPHOGENESIS (RUP) 1 aif@l@ix et al., 2012),
had the greatest effect in slowing regeneratiothefdimer in vivo but did not completely
prevent it.

The present study has extended our understandingy\6B perception and signal
transduction by UVRS8 in plants in several respacis even if many questions still remain
to be answered, slowly, the position and role ofR8n the great network of light signal

transduction is emerging.
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CHAPTER 1 INTRODUCTION

1. INTRODUCTION

1.1  Impact of the sunlight spectrum on plants

Light has profound effects on the development aehfd and acts throughout their en
lifecycle. Being photoautotrophic and sessile oigras, light is the plants’ source
energy driving photosynthesis and ensuring bionpasduction. However, lighis also a
source of information anregulatesthe important process of photomorphogenesis
1-1). The most striking effects of ligimediated changes in plant growth and develop!
are observed when a germinating seedling emergastfre soil and is ¢posed to light for
the first time.Numerous changes i triggered in the plant sh¢, such as inhibition of
hypocotyl growth, stimulation of cotyledon expansion and ohpdast developme to
prepare the plant for photosynthesis (Taiz and é¢i@002). Te induction of these
photomorphogenic processes is only possible becalasts have evolved sophistica
perception systems to sendifferent parameters of the light environment. T
photoreceptors are coupled to networks of signahsdluction pathvys triggering a
massive repragmming of the fant transcriptome in response to | (Jiao et al., 2007).
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FIGURE 1-1: Photomorphogenesis during the life cycle of Arabidasis.
Light affects growth and developmeof plants at every stage throughout their life eyKami et
al., 2010).

Light is therefore essential for plant survival lalgo comprises harmful radiation that
an extensive effect on the biosphere. Due to ttaaspheric ozone layer, the n-visible
damaging ultravioleB (UV-B) radiation accounts for less than 0.5% ol sun’s energy

1



CHAPTER 1 INTRODUCTION

reaching the Earth’s surfag€aldwell et al., 2003). However, UV-B radiation hthe
highest energy of the daylight spectrum that rea¢he Earth and therefore, although only
small quantities of UV-B are involved, it is notous for being a ubiquitous and potent
environmental carcinogen affecting human skin c@Bgdchrest et al., 1999). Organisms
have therefore evolved mechanisms to protect theesagainst UV-B and to repair UV
damage (Rozema et al.,, 1997). The systems of Utégtion and repair in plants are
evidently very effective because in the naturaliemment they rarely show any signs of
UV damage. Nevertheless, UV-B is not simply a damgggent for plants. Just like the
other spectral parts of the daylight spectrum, UV6B key environmental signal for plants
affecting plant morphology, gene regulation and ngfeg in the plants metabolism
accounting for UV-B acclimation and protection (Bche and Strid, 2003; Frohnmeyer
and Staiger, 2003; Ulm and Nagy, 2005; Jenkins, 92000 be able to generate such
responses the plant has to be able to ‘see thghie/i(Gardner and Correa, 2012). Several
action spectra for photomorphogenic UV-B resporse® been published and most show
maxima between 280 and 300 nm suggesting involveroéra UV-B photoreceptor
(Yatsuhashi et al., 1982; Takeda and Abe 1992; ifrgemn 1993). Decades of research on
the postulated presence of a UV-B photoreceptore hwally been successful by
identifying, characterising and also elucidating tnystal structure of UV RESISTANCE
LOCUS8 (UVRS8) as a plant UV-B photoreceptor (Habtik and Grisebach, 1979;
Kliebenstein et al., 2002; Brown et al., 2005; Rizet 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 ligitgption and they are able to initiate a
signalling cascade resulting in a light specifisp@nse. Today, this conversion of light of
different wavelengths into biochemical signals igllwunderstood for photoreceptors
sensitive to visible light (400 - 700 nm). Since tholypeptide backbone and the amino
acid side chains do not absorb in the visible ligdmige, the primary site of photon
absorption is a non-protein, organic componentstirealled chromophore. The energy of
light causes photoisomerization or photoreductibthe chromophore, a physical change
perceived by the apoprotein which initiates thétligignal transduction (Taiz and Zeiger,
2002). The chemical nature and the photochemidttiteochromophore form the basis of
photoreceptor classification and at present thrééerent classes of visible light

photoreceptors are known in plants: phytochromegptechromes and light-oxygen-

voltage (LOV) sensors including phototropins anidlzge proteins (Fig 1-2).
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Cryptochrome Phytochrome
Pterin FAD P®B
I

CNT/PHR CCT/DAS PHY PAS PAS HKRD

LOV LOV Serine/threonine kinase
Phototropin

FMN

[ﬁl-ll\

Lov F-BOX  KELCH

Zeitlupe

FIGURE 1-2: Photoreceptor families that mediate plant photomorjmogenic response
in response to visible light Cryptochromes, phototropins and zeitlupe proteiesgive kue
light and UVA wavelengths whereas phytochromes predominatedprabin the red and t-red
region of the spectrui Cryptochromes: N-terminal photolyaseelated (PHR) domain (CNT
lesseonserved, intrinsically unstructured-terminal DAS domain (CCT);flavin adenine
dinucleotide (FAD).Phytochromes. N-terminal photosensory domain covalently binding
chromophore, a phytochromobilin ¢B); C+erminal domain containing several motifs :
functioning in dimerisatior. Per-ARNTSim (PAS) domain, histidinkinase related domain
(HKRD). Phototropins: Photosensory Netminal half consists two lig-oxygen-voltage (LOV)
domains with flavin mononucleotide (FMN),-terminal half contains serine/threonine kin
function. Zeitlupe: Photosensory -terminal halfconsists of LOV domain with FMN followed |
an FBox motif and six Kelch repeats (KELCH) in thterminal regio. Adapted from Jiao et al.,
2007.

1.2.1 Phytochromes

The red and fared light sensingphytochrome family in Arabidopsiconsists of five
members (phyA tphyE) with unique and overlapping characteri: and functions during
photomorphogenesis. Phytochromes were the first plaotoreceptors that were identifi
over 50 years ago (Butler et al., 1959). Controlsekd germination and the shi
avoidance response are two major photomorphogenic mespothat are exclusive
mediated by the phytochrome family (Franklin and afQu 2010). Structurally
phytochromes consist of two domains whereupon t-terminal photosensory dome
covalently binds thechromophore, a phytochromobilin and th-terminal regulatory
regionincludes a histidir-kinase-related domain (Fig2;,-Rockwell et al., 200€

Phytochromes share the characteristic red light (R) irradiation converts tt
R-absorbing Pr fornnto the metastable, biologically active, fad light (FR)-absorbing
Pfr form. This photoconversion is reversible, with Pfr retnghto Pr eithe upon

absorption of an FR photon or upon prolonged intah in the dark via a thermal proce
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known as dark reversion (Rockwell et al., 2006).e Thiological active Pfr form is
translocated into the nucleus, localises to speckie nuclear bodies and triggers a
transcription cascade that leads to the regulabioa large number of light-responsive
genes (Yamaguchi et al., 1999; Kircher et al., 199%n et al., 2003).

The five members of the phytochrome family diffieitheir light stabilities and fluence rate
requirements. Four of the five, phyB, phyC, phyDdaphyE, are light-stable in
Arabidopsis and function primarily in regulation responses to low-fluence red light and
to the R:FR light ratio. In contrast, phyA is rdgidiegraded in its Pfr form and controls
plant responses to very low fluence rates and lirgliance (Nagy and Schaefer, 2002). A
further characteristic of some of the light stalgbhytochromes is their ability to
heterodimerise. Whereas phyA, phyB and phyD forrmddimers, phyC and phyE are
present in seedlings only as heterodimers with pawy® phyD (Sharrock and Clack, 2004;
Clack et al., 2009).

Yeast two-hybrid screening has identified a nunddgrhytochrome-interacting proteins as
well as transcription factors, such as for exampldYTOCHROME INTERACTING
FACTORS3 (PIF3) (Leivar and Quail, 2011). Although8 was originally considered as a
positive regulator of phytochrome-induced signallimecent evidence shows that upon
continued red light exposure, signalling by the #fim is terminated by PIF promoted
CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) -mediateégiadation sugges-
ting that PIF3 is also a negative regulator of piduced signalling (Castillon et al., 2007;
Jang et al., 2010). Furthermore, phytochromes antewith the UV-A/blue light
photoreceptors cryptochromes 1 and 2 (Ahmad etl888; Mas et al., 2000), the clock
proteins ZEITLUPE/ADAGIOL1 (ZTL/ADO1) (Jarillo et al2001) as well as phototropins
(Jaedicke et al., 2012) allowing photoreceptor l&gn and integration of other light
signal transduction pathways.

1.2.2 Cryptochromes

The blue part of the visible light spectrum is absa and utilized by the cryptochromes
(cry) which are members of a larger blue light-absw chromoprotein superfamily

present in plants, animals, fungi and bacteriag8wuer et al., 2007). This family also
includes the DNA photolyases which catalyze theairepf UV light-damaged DNA and

are postulated to be the ancestors of cryptochrd@leaves et al., 2011). All members of
the cry/photolyase family share an amino-termiradtplyase-related (PHR) domain that is
responsible for binding the chromophores, both iemgmy/catalytic flavin and a second
light-harvesting deazaflavin or pterin (Fig 1-2;stum et al., 2003). However,
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cryptochromes lack DNA repair activity and alsof@liffrom photolyases by the presence
of a carboxyl-terminal extension (CCT) beyond th¢RPdomain which was shown to be
important for protein interactions and mediations@nalling processes (Cashmore et al.,
1999; Yang et al., 2000).

The cryptochrome family in Arabidopsis currently nests of three members:
cryptochrome 1 and 2 (cryl and cry2) entrain thecaciian clock and trigger
developmental processes such as de-etiolation kweerf induction (Moeglich et al.,
2010). Cryptochrome 3 (cry3), belonging to the B¥SH (Drosophila, _Aabidopsis,
Synechocystis and &no) class of cryptochromes is the only plant agptome with
clear DNA-binding and also DNA-repair activitiesr(8ler et al., 2003). Evolutionarily, it
therefore forms an intermediate between cryptocksmnd photolyases. Furthermore,
Arabidopsis cry3 also lacks the CCT and is locadliz@ chloroplasts and mitochondria
(Kleine et al., 2003).

In terms of subcellular localization cryl and c2atly differ: whereas cryl is nuclear in
the dark but largely cytoplasmic under light, cryZonstitutively nuclear localized (Jiao et
al., 2007). In the nucleus, homodimers of cryl an@ both constitutively interact with
COP1, an E3 ubiquitin ligase which forms a cengmaitch in plant photomorphogenesis
(see also section 1.5; Yang et al., 2001; Yi andd)005). Perception of UV-A or blue
light causes photoexcitation of cryl and cry2 whickurn leads to rapid phosophorylation
and conformational change of the C-terminal domairtke receptors which is considered
to be an important step in the signalling pathwalyalitin et al., 2002; Bouly et al., 2003;
Liu et al., 2010). Rapid phosphorylation-based togprome activation results in COP1
deactivation, thus preventing the degradation divaiors of the light response by
polyubiquitination, such as ELONGATED HYPOCOTYL5YH), LONG AFTER FAR-
RED1 (LAF1), and LONG HYPOCOTYL IN FAR-RED1 (HFRX)hich is an important
event during seedling de-etiolation processes (sig 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 familplae light sensors that utilizes LOV

domains for light perception is present in plahmi®©V domains were first discovered as
tandem sensor domains in plant phototropins (Garet al., 1998) and have since been
found in several plant, fungal and bacterial prigiCrosson et al., 2003). In Arabidopsis,

phototropins (photl and phot2) mediate a varietset#dtively fast, light-induced responses
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that serve to optimize photosynthetic performanududing phototropism, chloroplast and
leaf movements and stomatal opening (Christie, 2007

Phototropins are plasma-membrane associated shrgwiine kinases with an N-terminal
photosensory input region which contains two LOVmains, LOV1 and 2, each
non-covalently binding a flavin mononucleotide agtias chromophore (Fig 1-2) (Briggs
and Christie, 2002). Upon excitation with blue tigh reversible photocycle is activated
that involves the formation of a covalent addudiMeen the flavin and a conserved cystein
residue within the LOV domain (Salomon et al., 2000his subsequently induces
conformational changes in the protein (Harper e2&8I03) which relieves repression of the
kinase activity resulting in rapid fluence rate eegent autophosphorylation of the
photoreceptor required for phototropin signalli@hén et al., 2004).

In contrast to phytochromes and cryptochromes, dbetribution of phototropins to
transcriptional regulation is relatively small amdly a limited number of genes are under
their control (Jiao et al., 2007). Several proteessential for phototropin signalling have
been identified to date (Inada et al., 2004; deb@amel et al., 2010). Among them is a
photl-interacting protein, NON-PHOTOTROPIC HYPOCQMY(NPH3) that is essential
for lateral auxin redistribution and phototropisMotchoulski and Liscum, 1999). New
insights into auxin redistribution during phototigp are provided by a recent study that
identified the auxin efflux transporter ATP-BINDINGASSETTE B19 (ABCB19) as a
phosphorylation target of photl (Christie et aD12). This process inhibits the efflux
activity of ABCB19, thereby redistributing auxin balt vertical growth and prime lateral
fluxes that are subsequently channelled to thegalibion zone by PIN-FORMEDS3 (PIN3).
Light-mediated polarization of PIN3 has also relyebeen demonstrated to be essential

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

A second group of blue light receptors utilizing L@omains for light sensing are the
proteins of the ZEITLUPE family which currently cpnses three members: Zeitlupe
(ZTL, also known as Adagio, ADO), Flavin-binding Kk Repeat F-box 1 (FKF1) and
LOV Kelch Protein 2 (LKP2) (Demarsy and Fankhau26e09). All three proteins contain
only one LOV domain with an FMN chromophore follaWwey an F-box domain and
several Kelch repeats (Fig 1-2). These proteins iaedubiquitin-dependent protein
degradation in a light-controlled manner (Mas et &003), ultimately leading to
photoperiodic expression and/or accumulation of pteins involved in flowering onset
and entrainment of the circadian clock, after wtitoey 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 onlpased to visible light wavelengths but
also to UV-A and UV-B-radiation which are integiaédrts of the sunlight reaching the
surface of the Earth. By definition, UV-B radiati@omprises wavelengths between 280
and 315 nm, though only wavelengths greater th&r2@ can reach the Earth’s surface
due to effective absorption of even shorter wawgles by the stratospheric ozone layer.
The intensity of solar UV-B radiation incident organisms and ecosystems is influenced
by a range of factors, making it a highly dynamimponent of the environment
(McKenzie et al., 2003). In particular, large scaftects are due to latitude, altitude and
the seasons that affect the solar angle and hbaedéitkness of the atmosphere that UV-B
must penetrate (Paul and Gwynn-Jones, 2003). $rantchanges that also affect the level
of UV-B present are the time of the day, the degreeloud cover and the dispersal of
atmospheric aerosols and pollutants that can abdvHB (Jenkins, 2009). Overall, the
effects of UV-B radiation on plants can be broadiljided into two classes reflecting the
function of the response: firstly, UV-B damage éagsan acute stress response that will
help the plant to survive exposure to elevatedl$eoEUV-B and secondly UV-B causing
a photomorphogenic response in the plant, a noregamesponse that establishes UV-B
protection and modifies development (Jenkins, 20B2amples 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 radiati®wliie to the high energy per photon of
such short wavelengths combined with the abilityaolvide range of biologically active
molecules including nucleic acids, aromatic aciald Bpids to absorb it. DNA damage can
occur in several ways; however UV-B exposure mostgdently induces the formation of
cyclobutane pyrimidine dimers (CPD) and to a legsg¢ent pyrimidine [6-4] pyrimidinone
dimers (6-4 photoproduct) (Britt, 2004). The presemf these photoproducts leads to
inhibition of replication and transcription, mutati growth arrest and finally cell death. In
order to cope with these damages, most organism® [eveloped DNA repair
mechanisms, which involve photoreactivation, excisirepair and homologous
recombination (Ulm, 2006). Pyrimidine dimers areimharepaired by photoreactivation
which is mediated by photolyases in the presencaJdfA/blue light (Britt, 2004).

Functional photolyases are critical for plant sualiunder UV-B and several mutants
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hypersensitive to UV-B due to deficiencies in DN&pair have been identified (Britt et al.,
1993; Jiang et al., 1997; Landry et al., 1997).

One response to UV-B radiation as an environmesttalss involves mitogen-activated
protein kinase (MAPK) signalling cascades (Jenkd@®)9). UV-B dependent activation of
the two best-characterized stress activated MAPKArabidopsis, MPK3 and MPK®, is
initiated by pyrimidine dimers resulting from UV-@iamage (Gonzalez Besteiro and Ulm,
2013). MPK3 and MPKG6 are negatively regulated bgobeing dephosphorylated by
MAPK phosphatasel (MKP1), which is required to capéh UV-B stress but is not
involved in UV-B acclimation (Gonzalez Besteiroabt 2011). DNA damage signalling in
response to UV-radiation (UV-C and UV-B) has algem characterized in other systems.
Although no UV-B photoreceptor has yet been idedifin mammalian systems, UV
radiation initiates DNA damage signalling pathwalyat arrest cell cycle progression and
promote DNA repair in mammalian cells (Sancar et 2004). Exposure to UV also
triggers a transcriptional induction response idiclg the activation of transcription factors
such as AP-1 and nuclear faci@-(NF-«B) as well as the initiation of signal-transduction
events mediated by receptor tyrosine kinases (Deataal., 1992).

In addition to the effects on survival, UV-B me@atDNA damage in plants induces, for
example, the expression of a pathogenesis-rel&BJ protein §-1,3-glucanase) in bean
(Kucera et al., 2003) and promotes isoflavonoidisgsis in leguminous plants (Beggs et
al., 1985).

At the whole-plant level, extensive exposure to BVesults in reduced plant biomass and
crop yield, mainly due to growth inhibition as wels tissue destruction (Casati and
Walbot, 2004 a; Caldwell et al., 2007). Further dgmby UV-B is caused by crosslinking
of ribosomes and ribosome oxidation which subsetyierhibits protein synthesis (Casati
and Walbot, 2004 b). UV-B also impinges on variaspects of photosynthesis whereby
its damaging effects on photosystem Il caused iggering the rapid degradation of the
D1 and D2 proteins from photosystem I, are the loharacterized effect (Jansen et al.,
1998). Inhibition of photosynthetic electron traogpdue to UV-B can be one source of
increased accumulation of reactive oxygen spe@®€3S) observed after UV-B exposure
of plants (Mackerness et al., 2001; Barta et 8042 Hideg et al., 2002). ROS accumulate
in response to various abiotic and biotic stress®b cause oxidative damage to cellular
components, and their levels therefore need toob&raled by the plant. Oxidative stress
is reduced by increased activity of ROS-scavengimgymes, such as ascorbate peroxidase
and superoxide dismutase, which is observed folgWdV-B treatments, although mostly
only under very high doses (Foyer et al., 1994; Biaal., 1996). Another UV-B induced
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stress response that overlaps with other envirotahstimuli is the activation of wound

and defence signalling pathways due to UV-B depeindecumulation of signal molecules
such as ROS, jasmonic acid or ethylene that medmtand/defence mechanisms
(Mackerness et al., 1999, Brosche and Strid, 2008¢. signalling pathways and target

genes involved in these high fluence UV-B respoasesiowever not UV-B specific.

1.3.3 UV-B mediated photomorphogenesis

Clearly distinguishable from the non specific UVsnalling pathways under high UV-B
fluence rate are the photomorphogenic UV-B signglipathways that act at low and very
low fluence rates of UV-B to regulate UV protectiand morphogenesis. The phenotypic
responses evoked in plants by those fluence ratesligerse, ranging from hypocotyl
growth inhibition, cotyledon expansion, phototrogjmowth and regulation of stomatal
opening to the induction of UV protective secondargtabolites such as flavonoids and
sinapic acid esters (Ballare et al., 1995; Frohrenet al., 1999; Shinkle et al., 2004;
Wargent et al., 2009). The fact that mutants defedh DNA repair mechanisms, which
would be expected to show increased levels of resgm mediated by DNA damage
signalling, do not show an alteration of any of #ft®ve processes, is evidence that distinct
photomorphogenic signalling processes exist. Tlerwst extensively studied responses
are the suppression of hypocotyl extension (Kiralgt1998; Shinkle et al., 2004) and the
UV-B induced induction of genes involved in flavathobiosynthesis especially
CHALCONE SYNTHASE (CHS) (Feinbaum and Ausubel, 1,988nkins et al., 2001).
Both phenotypes have been successfully used tdifiglspecific UV-B-photomorphogenic
mutants. A screen for mutants lacking a UV-B meatlasuppression of hypocotyl
extension led to the isolation of the UV-B lightsansitive (li) mutants (Suesslin and
Frohnmeyer 2003). These mutants were also impaired/-B induced expression @&HS
and PR1 compared to the response in wild-type plants. Uhé3 gene is predicted to
encode a cytoplasmic protein with homology to hurdetylglycerol kinases but lacking
the conserved kinase domain; thus, its exact brodd# function remains to be
determined (Suesslin and Frohnmeyer, 2003).

Moving from morphogenesis towards UV-protection the photomorphogenic UV-B
signalling pathway, the most effective protectioramanism stimulated under such light
conditions is the biosynthesis of flavonoids andceot UV-B-absorbing phenolic
compounds (Frohnmeyer and Staiger, 2003). The rilaido biosynthesis pathway is a
branch of the phenylpropanoid pathway that resalthe production of several important
secondary metabolites such as for example anthotg/aiftavones and flavonols (Winkel,
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2006). The basic flavonols kaempferol and quercatinfurther glycosylated by a number
of glycosyltransferases and accumulate mainly & tpper epidermal cell layer and
selectively absorb only harmful UV-B wavelengthpwing photosynthetically active
radiation to penetrate into the cells below thu$ diminishing photosynthetic yields
(Jansen et al., 1998). Mutants devoid of theseqgmotective pigments are hypersensitive
to UV-B (Li et al., 1993; Landry et al., 1995; Casand Walbot, 2004 b) whereas mutants
with enhanced flavonoid levels show increased t&sce to UV-B (Bieza and Lois, 2001).
Additionally, flavonoids can act as scavengersreé fradicals allowing further protection
against high levels of UV-B (Rice-Evans et al., 7P9Regulation of the flavonoid
biosynthesis pathway largely takes place at thelle¥ transcription by a network of
transcription factors including the PRODUCTION OEAYONOL GLYCOSIDES (PFG)
family of R2ZR3-MYB TFs (Stracke et al., 2007). Pgéne expression is up regulated by
UV-B in a HY5 dependent manner and they contribioteéhe establishment of UV-B
tolerance as shown by loss of function mutants ewvelexpressor lines (Stracke et al.,
2007). These findings demonstrate the physiologieldvance of flavonoids as UV-B
sunscreens during the acclimation response allowlagts to inhabit high latitudes and
altitudes and to endure extensive exposure to UVeBdan, 1996).

The regulation ofCHS transcripts has been the focus of many studiesS,@Hcoded by a
single gene in Arabidopsis, is the first enzymetha flavonoid specific branch of the
phenylpropanoid biosynthesis pathway and theretorkey enzyme in the secondary
metabolism and regulated by a variety of environwaestimuli (Weisshaar and Jenkins,
1998). The transcriptional regulation ©HS has become a well-established model system
to analyse the interplay of UV-B radiation with ettwavelengths of the daylight spectrum
since it relies on complex interactions within awwk of phytochrome-, cryptochrome-
and UV-B-signalling pathways (Jenkins et al., 2004 Yorief, distinct UV-A and blue light
pathways interact synergistically with the UV-B Ipaay to enhanc&€HS expression,
whereas phyB is a negative regulator of the UV-Buitive pathway (Fuglevand et al.,
1996; Wade et al., 2001). This extensive signallmgwork is just one example of
‘crosstalk’ between signal transduction pathwayghhghting how plants are able to
integrate information of a wide range of environtaéstimuli, 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 abogsatibed UV-B induced responses is the
ability of the plant to specifically sense UV-B. &long-lasting search and finally the
successful identification of a UV-B photoreceptatl we described in the next section.
Nevertheless, after UV-B perception, signal tractidn pathways must be recruited to
generate responses such as gene activation osseprelt still remains elusive how many
different UV-B signalling pathways a plant possesas well as how they actually work
(Jenkins, 2009). Over the years, a number of diggaintermediates have been linked to
the UV-B signalling pathways including ROS, “Gaalmodulin, nitric oxide (NO),
reversible protein phosphorylation and various plarmones (Frohnmeyer and Staiger,
2003; Ulm, 2006).

Pharmacological studies suggest that the generafidROS, from multiple sources, is
required for the induction and repression of a neimdd UV-B responsive genes such as
PR1 or PDF1.2 (Mackerness et al., 2001). In contrast, UV-B meianduction ofCHS
expression is independent of ROS confirming theterce of several signal transduction
pathways (Mackerness et al., 2001, Jenkins et 28Q1). Further pharmacological
approaches using NO scavenger or NO synthase (Ni®8)itors indicate that the up
regulation ofCHS expression by UV-B requires NO (Mackerness et28l01). A study by
Tossi et al. (2011) in maize and Arabidopsis denrates that UV-B perception increases
NO concentration, which is an important step in B\protection by the ability of NO to
scavenge ROS and also to up-regulate expressi@omé transcription factors that are
involved in the phenylpropanoid pathway. The ineshent of C&, calmodulin and
protein phosphorylation in UV-B signal transductipathways was demonstrated by
inhibitor studies with cell suspension cultures.llisecond UV-B pulses caused an
immediate rise of cytosolic calcium correlating lwihe subsequent stimulation GHS
expression (Frohnmeyer et al., 1999). The effettaizium-channel antagonists and?Ga
ATPase inhibitors suggest the involvement of aras#llular calcium pool rather than flux
across the plasma membrane (Christie and Jenld8§,; 1L.ong and Jenkins, 1998).

The output of these still rather poorly understaggnal transduction pathways is a
transcriptional response with altered levels of egeaxpression. Genome-wide gene
expression profiling via microarrays has shown tUstB leads to profound changes in
gene expression and these changes can accounh&esdent for the effects observed at
the physiological level (Brosche et al., 2002; Glasad Walbot, 2003; Izaguirre et al.,
2003; Casati and Walbot, 2004; Ulm et al., 2004vBr et al., 2005). One of the most

extensive transcript profilings was performed in020by Ulm and co-workers which
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identified a robust set of early low-level UV-B pesisive genes that were postulated to
comprise a UV-B photoreceptor readout. Perhapsntst significant finding of this
microarray study was that among the UV-B inducedidcriptional regulators is the basic
leucine zipper (bZIP) transcription factor HY5 whits known as a key player regulating
the transition from growth in complete darknesgrtmwth in light (Osterlund et al., 2000).
The importance of UV-B mediated gene expressiomgés will be discussed further in

the following section.

1.4 UVRS8 - 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-worke
in 2002 in a screen for UV-B sensitive plants. Te8-1 mutant displayed necrosis of the
leaves and cotyledons after the exposure of thetpleo UV-B radiation. Thauvr8-1
mutant also showed lack of UV-B induced accumuratibflavonoids andCHS transcripts
as well as CHS protein (Kliebenstein et al., 2002)e inhibition of CHS induction in the
mutant was not caused by a general loss of stesp®msive gene expression since stress-
induced proteins like PR1 and PR5 as well as R@Sesgers like manganese SOD 1
(MSD1) were still induced and even more rapidly &amé higher level than in wild-type
plants (Kliebenstein et al., 2002). Loss of UVRB8r#fore subjects the plants to increased
stress under UV-B, allowing the conclusion that WB/Ransduces a UV-B signal initiating
UV-protection of the plant. The UV-B specificity tfe inhibition of CHS induction in the
uvr8 mutant was further established by Brown and cokenxs showing that CHS gene
expression is still induced by cold, sucrose, U\fadliation and far red light in UVR8
mutant plants (Brown et al., 2005). This was a #isgovery as it identifietVR8 as the
first gene exclusively involved in UV-B responsesdaever since made it the most
promising candidate for being a UV-B photorecepkarther screens for mutants lacking
specifically the UV-B induction ofHY5 or CHS gene expression identified several
additionaluvr8 alleles and a mutation in tl@&OP1 gene (Brown et al., 2005; Favory et al.,
2009). Failure to identify any UV-B specific commorts upstream of UVR8 by these
screens also supports the idea of UVR8 being a Wph&toreceptor. Thavr8 mutant is
further impaired in other important photomorphogemésponses, the suppression of
hypocotyl elongation under UV-B (Favory et al., 9D(as well as regulation of leaf
expansion (Wargent et al., 2009). In line with kb&s of function mutants, overexpression

of UVR8 leads to enhanced expressiomdb andCHS genes resulting in increased UV-B
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tolerance but also causing a dwarfed and dark greenotype (Favory et al., 2009). These
overexpressor lines illustrate that a major rolethe UV-B induced photomorphogenic
response is the acclimation of plants to finallyabish UV-B tolerance essential for
survival.

The ultimate breakthrough in proving that UVRS8 he tong sought UV-B photoreceptor
was achieved by Rizzini and co-workers in 2011. yTheevealed by co-
immunoprecipitation of endogenous UVR8 with CFP-8v&nly under dark conditions
that UVR8 undergoes a UV-B light dependent coneerdiom a dark state dimer to a lit-
state monomer (Rizzini et al., 2011). This UV-B ucdd monomerisation is very rapid,
fluence rate dependent and shows a reciprocalaesdtip between treatment duration and
fluence rate (Rizzini et al., 2011). The ability OVR8 to directly perceive UV-B was
shown through an in-gel UV-B illumination assaytio¢ protein leading to accessibility of
an antibody epitope to detect the dark-state dinidéris UV-B induced change in
conformation is linked to the observed in vivo momasisation of the UVR8 dimer and
finally established UVR8 as a UV-B photoreceptourtker proof that UVR8 has
photoreceptor properties was given by examining onmrisation in heterologous
systems. UV-B induced monomerisation can be obdarveransformed yeast cells as well
as in transfected human embryonic kidney cells destnating activation of the receptor
(Rizzini et al., 2011).

1.4.2 UVR8regulated genes

In addition to the UV-B specific induction @HS transcripts, microarray analyses have
shown that UVRS8 regulates the expression of a largmber of genes involved in
photoprotection and photomorphogenesis in a UV-Beddent manner (Brown et al.,
2005; Favory et al., 2009). Amongst those regulggees is for example the one coding
for the photolyasePHR1, which is required for photoreactivating DNA repai
Furthermore, UVR8 regulates genes concerned witlteption against oxidative stress
(e.g. glutathione peroxidases) and photooxidativemabe (e.g. EARLY LIGHT
INDUCED PROTEINS(ELIP)) ensuring UV-protection of the plant. An intant role of
the HY5 transcription factor in the UV-B responsasvalready highlighted by Ulm et al.
(2004). Extension of the microarray analysis of tlie8 mutant to ahy5 mutant clearly
revealed that the HY5 transcription factor funciatownstream of UVR8 and regulates
about half of the genes that are also regulatetddWWR8 (Brown et al., 2005). Therefore,
HY5 is a main effector of the UVR8 pathway and Hy® mutant shows greatly reduced
viability when exposed to UV-B (Brown et al., 20@avecz et al., 2006). In Arabidopsis,
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HY5 has a close homolog, HYH (HY5 HOMOLOG), which 49% identical to HY5

containing the critical functional domains and alaoting redundantly with HY5

particularly under blue light (Holm et al., 200®)nsurprisingly, HY5 and HYH also have
overlapping roles in the UV-B pathway; howevayh is less sensitive to UV-B thdmy5

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

Transcriptome analysis also identified a large nemdd UV-B regulated genes that were
not regulated by UVRS, indicating the presence ofJ¥R8 independent signalling
pathway (Brown et al., 2005). RT-PCR analyses dafividual genes produced two
genetically distinct UV-B signalling pathways trsimulate gene expression, but only the
UVR8-dependent pathway operates at low UV-B fluerates (Brown and Jenkins, 2008).
Analysis of UV-B induced transcript levels of varoUV-B regulated genes hy5 and
hyh mutant plants also showed that the presence of &#YbHYH is only required for the
UVR8-dependent pathway (Brown and Jenkins, 2008)-BUphotoreception by UVRS8
and downstream signalling via HY5/HYH emerges as omportant photomorphogenic
signalling pathway, but variation in responsivenéssdifferent wavelengths of UV-B
suggest that multiple, yet unidentified pathwaygtmiexist (Kalbina et al., 2008; Ulm et
al., 2004).

1.4.3 Localisation of UVRS8

The role of UVR8 in UV-B induced regulation of teamiption was further examined by
localisation studies of the UVR8 protein. UVR8 igperessed throughout the whole plant in
all stages of development at a constant level {Rizt al., 2011). GFP-UVRS8 fusion
proteins can be detected in the cytoplasm as weh ¢he nucleus in the absence of UV-B
(Brown et al., 2005), but exposure of plants to ftwence rates of UV-B causes a rapid
nuclear accumulation of the protein (Kaiserli aedkins, 2007). Furthermore, UVR8 was
found to associate with chromatin fragments comgithe HYS promoter (Brown et al.,
2005) and therefore suggesting a general mechamiasis for the involvement of UVR8
in the transcriptional regulation of target genkkwever, UVR8 was only found to
interact with chromatin containing promoter regi@isome of the genes it regulates, such
as MYB12 (encodes a TF that regulat€slS and flavonol biosynthesis genes) @RYD
(encodes a putative chloroplast photolyases) butanexample with promoter regions of
CHS or HYH (Cloix and Jenkins, 2008). These interactionsalagady be observed in the
absence of UV-B suggesting that UVR8 might be péra multi-protein complex that
associates with chromatin but so far unidentifiethponents are responsible for UV-B
signal transduction to mediate UV-B induced gengression (Cloix and Jenkins, 2008).
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Additionally, nuclear localisation of UVRS8 is reged for function, but constitutively
nuclear localized UVRS8 is insufficient to cause m@gsion of target genes in the absence of
UV-B (Kaiserli and Jenkins, 2007). A 23 amino adeletion at the N-terminus greatly
impairs the ability of UVR8 to accumulate in theclaus as well as its ability to induce
HY5 or CHS expression in response to UV-B (Kaiserli and JesnkR007). The nuclear
fraction nevertheless is still able to bind to ¢hadin indicating that it still has the potential
to function in transcriptional regulation.

Regulation of gene expression is closely connected specific posttranslational
modifications of particular histones that facildahe remodelling of chromatin structure.
UVRS interacts with chromatin via histones and cetiipn experiments have identified
preferential interaction with histone H2B (Cloix cadenkins, 2008). Following UV-B
treatment, the promoter regions of some UV-B regdl@enes were enriched in chromatin
containing diacetyl-histone H3 (K9/K14) suggestihgt histone modification might result
in increased transcriptional activity in responseUV-B (Cloix and Jenkins, 2008).
Histone acetylation and chromatin remodelling wis® &hown to be required for UV-B
dependent transcriptional activation of regulateshes in maize (Casati et al., 2008).
Microarray analysis further indicated that among-BVYesponsive transcripts are several
genes implicated in chromatin remodelling which evalso generally transcribed at higher
levels in maize lines adapted to higher altitudés \wmcreased levels of UV-B (Casati et
al., 2006). Thus, chromatin remodelling seems tarbanportant process in acclimation to
UV-B.

1.4.4 UVRS8 - amember of the WD40 protein family

Before the very recent elucidation of the UVR8 taystructure, structural modelling of
UVR8 was based on the structurally related humatGBREATOR OF CHROMATIN
CONDENSATION1 (RCC1) protein. UVR8 and RCC1 are 38#ntical and 50% similar
in their amino acid sequences and a number of amans, mostly glycines, which are
required for the structural integrity of RCC1 areeliwconserved within UVR8
(Kliebenstein et al., 2002). RCC1 is a guanine entdfle exchange factor (GEF) for the
small GTP-binding protein Ran, which is involved mucleocytoplasmic transport,
regulation of the cell cycle and mitosis (Seki &t 4996). Despite their sequence
similarities, UVR8 and RCC1 are not functional hdogmes since UVR8 only displays
insignificant GEF activity and is also unable tdemact with Ran (Brown et al., 2005).
Moreover, UVR8 mutants are indistinguishable frontdvype in the absence of UV-B,
whereagccl mutants in yeast and mammalian cells fail to g(Bvown et al., 2005).
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Structurally, RCC1 belongs to the large family oDW0 proteins and folds into a seven
bladedp-propeller whereby each blade consists of four-patallel B-sheets with loops in
between (Renault et al., 1998). UVRS8 also has ars&laded3-propeller fold, but unlike
canonical WD-40 repeats, each blade in UVR8 comapronly thregd-strands, whereby
the third strand is followed by an extended loopu(&¥ al., 2012; Christie et al., 2012). It is
remarkable that all thrg&strands in all seven blades exhibit a nearly idahtmain chain
conformation which is very similar to the conformatof RCC1 (Wu et al., 2012). Further
structural differences between the majority of Wpt6bteins including RCC1 and UVRS8
can be observed in the topology of the blades. lys@apropeller proteins have a “velcro”
closure meaning that one of the blades is formedhf-strands from both the most
N-terminal and the most C-terminal parts of theusege (Smith et al., 1999). This
arrangement is supposed to further stabilizedtheopeller fold in addition to the extensive
hydrophobic interactions between fasheets (Xu and Min, 2011). Nevertheless it is not
essential, since the “velcro” closure is for exanpbsent in Aipl (Actin-interacting
protein 1, Voegtli et al., 2003) and in the yeaslagty protein Sro7 where the terminal
blades associate only via hydrophobic interactigtettendorf et al., 2007). The same is
true for UVR8, where each blade is contiguous gusece with the N and C termini in the
first and last blades, respectively, potentiallynpigting greater conformational flexibility
(Christie et al., 2012).

In general, WD40 proteins perform diverse celldtarctions by acting as hubs in cellular
networks (Stirnimann et al., 2012). Proteins of tfamily are especially well suited to
serve as interaction platforms because they offezet distinct surfaces for interactions
with other proteins: the top and the bottom regmnthe propeller as well as the
circumference (Stirnimann et al., 2012). The gdnsraffolding role of WD40 proteins is
also supported by the fact that no WD40 domain besn found yet with intrinsic
enzymatic activity which also fits for UVR8 so fgBtirnimann et al., 2012). Most
interacting peptides bind to the top region of thepeller which also forms the
dimerisation surface of UVRS8 (Christie et al., 2R1R0 far only a small number of UVR8
interacting proteins are known (Oravecz et al.,&@ruber et al., 2010; Cloix et al., 2012)
but the general scaffolding role of WD40 proteinsggests 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 WB/Rmmediately evoked the
guestion how this protein can specifically act a$\aB photoreceptor since in general all
proteins can absorb UV-B radiation. Amongst thenaatic amino acids, tryptophan is
particularly well suited as a UV-B chromophore sirits absorption maximum in solution
lies at 280 nm extending towards 300 nm (Lakow2&06). An action-spectrum based on
the UV-B induced accumulation &fY5 transcripts mediated by UVR8 suggests maximum
photon effectiveness at 280 nm but with still sigant action at longer UV-B
wavelengths (Brown et al., 2009). The high abundaridryptophan residues in UVR8 (14
in total) has always been striking leading to thgodihesis that unlike other known
photoreceptors, UV-B photoreception does not refy @ bound chromophore but is
mediated by aromatic amino acids of the recepseitfi{fJenkins, 2009).

The mutation of selected tryptophan residues of B\&Rd the analysis of their impact on
UV-B induced monomerisation provided first eviderioe a tryptophan-based perception
mechanism, with one tryptophan as a key residuez(ii et al., 2011). The recently
reported x-ray crystallographic structure finallyoped that photoactive UVRS8 lacks any
bound co-factor and that UV-B induced monomerisaii® a property intrinsic to the
protein (Christie et al., 2012; Wu et al., 2012)eTcrystal structure also revealed that the
UVRS8 dimer is very effectively maintained by a netw of salt bridges formed via
charged side chains positioned on the dimer irterf@hristie et al.,, 2012; Wu et al.,
2012). The role of these salt bridges for structame function of the photoreceptor is
analysed in detail in Chapter 3 and 4 of this hesurther biophysical characterisation of
the purified photoreceptor mainly by far-UV circuldichroism (CD) spectroscopy has
shown that four tryptophan residues which form eapyd within the UVRS8 dimer are key
to photoperception (Christie et al., 2012). Theselproximity of the aromatic side chains
allows overlap of electronic orbitals resultingeixciton coupling of the tryptophans which
will be described in detail in Chapter 3. Of thearfdryptophans, W285 and W233 seem to
play more crucial roles, whereas the other two, Vi@d W337, are of auxiliary nature
(Christie et al., 2012). The importance of tryptaphresidues for UV-B photoperception
has not only been shown in vitro but has also lveported in vivo (O’Hara and Jenkins,
2012). Mutational studies of three of the four pyiéh forming tryptophans showed
different extents of impaired photomorphogenic oceses in plants, leading to the
conclusion that also in vivo one specific tryptoplseems absolutely essential for UVR8
function (Christie et al., 2012; O’Hara and Jenki®812). Each of the three tryptophans
forming the base of the UV-B perceiving tryptophayramid is flanked by an arginine
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residue. Two of these arginines participate in irtgod dimer maintaining cross-dimer salt
bridges and are essential for function of the ptemteptor (Chapter 3). Analysis of various
tryptophan and arginine mutants suggests thatritwarpity and coupling of arginines and
tryptophans provides a specific mechanism whereldyotgreception leads to
monomerisation (Christie et al., 2012). Howeveg, pinecise primary response of UVR8 to

UV-B at a structural level still remains elusivedareeds 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 tdaresion is the now long known and
extensively studied COP1 protein. It was estabtiskarly on that COP1 negatively
regulates light-mediated development in seedlingsescopl mutant seedlings undergo
photomorphogenic development in the dark aopl null alleles are lethal (Deng and
Quail, 1992). Research in the past years has ergatie role of COP1 beyond seedling
photomorphogenesis indicating a role of COP1 fameple in flowering, circadian rhythm
and plant defence (Liu et al., 2008; Yu et al., 200eong et al., 2010; Lau and Deng,
2012).

COP1 is an E3 ubiquitin ligase with three strudtul@mains conserved in higher plants
and vertebrates: a RING finger domain, a coiled-domain and seven WD40 repeats at
the C-terminus. All three domains play a role intpin-protein interactions between COP1
and its substrates and the coiled-coil domain Has heen shown to mediate self-
dimerization of COP1 (Yi and Deng, 2005). COP1 astmf a multimeric E3 ubiquitin
ligase complex that includes CULLIN4 (CUL4), DAMAGE DNA-BINDING
PROTEIN1 (DDB1), RING-BOX1 (RBX1), and SUPPRESSOR ®HYA (SPA)
proteins (Chen et al. 2010). Through its E3 ubiguiigase activity, COP1 targets
photomorphogenesis-promoting transcription facwfrglifferent families, such as HY5,
LAF1 or HFR1 for ubiquitination and degradationtire dark to suppress their activities
(Fig 1-3; Osterlund et al., 2000; Seo et al., 2Q@81g et al., 2005). The four SPA proteins
act in concert with COP1 to suppress photomorphesjenn the dark as shown by several
mutant studies (Laubinger et al., 2004). Althougi $PA proteins mostly act redundantly,
they have distinct roles during plant developmemd ¢he regulated abundance of SPA
family members possibly leads to different COP1/Sie#nplexes with distinct functions
(Fittinghoff et al., 2006; Chen et al., 2010)
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COP1 activity has long been postulated to be pilyneggulated by its nucleocytoplasmic
partitioning controlled by light (von Arnim and Dgn1994). Nuclear COP1 depletes upon
light exposure and therefore nuclear-localizeddcaption factors can re-accumulate and
activate the transcription of downstream genesireduor photomorphogenesis. Since the
nuclear abundance change of COP1 is rather slosvrnii@ichanism may represent only
long-term suppression of COP1 under extended tghtlitions (von Arnim et al., 1997).
A more rapid mechanism for down-regulation of COBY% phytochromes and
cryptochromes is believed to exist because farsed,and blue light can initiate changes
in the transcriptome observable within one howad &t al., 2007; Tepperman et al., 2001).
Furthermore, COP1 has been detected in the cytopks well as in the nucleus of
etiolated seedlings or seedlings exposed to rdd, lighich shows that the regulation of
COP1 activity is far more complex than a simpletigpdistribution of the protein (Jang et
al., 2010). Recently, several studies revealed koyptochromes inactivate the COP1
complex in response to blue light to allow accurtiataof transcription factors required
for photomorphogenesis. Here, blue light leadsnteraction between CRY1 and SPA1
inhibiting at the same time COP1-SPA1 binding whishessential for COP1-mediated
protein degradation (Lian et al., 2011). The inkeypbetween CRY2, SPA1 and COP1
functions slightly different but also results inpi@ inactivation of COP1 activity. The
light-regulated CRY2-SPAL1 interaction does not eiffine interaction between COP1 and
SPA1 but rather strengthens the CRY2/COP1 compleichwsuppresses the proteolytic
activity of the COP1/SPAl1 complex (Liu et al.,, 201uo et al., 2011). This allows
accumulation of CONSTANS (CO) and initiates flowgriunder long day conditions.
COP1 does not only interact with cryptochromesal#o interacts with phytochromes
placing COP1 as a central regulator between phogpters and transcription factors.
However, the mechanism by which phytochromes rgprdiibit 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 wast fieported by Oravecz and co-
workers in 2006 when they observed that topl-4 mutant is impaired in flavonoid
accumulation and that the expression of as muéb@sof UV-B induced genes, including
HY5, depends on the presence of functional COP1 (©zagkal., 2006). Combined with
the microarray analyses of ther8 mutant, this strongly indicates that almost aleg of
the photomorphogenic UV-B pathway are activatecaitVVR8- and COP1-dependent
manner (Favory et al., 2009). COP1 and HY5 botlumedate in the nucleus under white
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light supplemented wittUV-B and act together as positive regulators of UV-B
response, whreas COP1 degrades HY5 in the nucleus in darkiégd-3; Oravecz et al.,
2006; Favory et al., 2009). This observed nucleaumulation contrasts with the curre
dogma of COP1 nuclear exclusion in response ta &gl suggests that under natural |
conditions COPL1 is located in the nucleus. Howewec)ear accumulation of COP1 is a
slow under UV-Band the much quicker induction of gene expressypUV-B indicates
that processesther thin nucleocytoplasmic partitioning are involved i tteguation, as
also proposed for the other photorecept

Far-red Red Blue uv-B

‘ phyA | | phyB | | cryl || cry2 | UVRS

N |

COP1 COP1

\/i\ﬂ. l

HY5

HYS, HYH,
LAF1, HFR1, etc.

! ! ! !

Photo- Flowering Circadian UV-protection
morpho- rhythm & Photo-
genesis morphogenesis

FIGURE 1-3: COP1 at the centre of light signal transductior

COP1 acts downstream from multiple plant photorrepsuch as cryptochromes, phytochror
and the UV-Brecepto, and controls the lightegulated abundance of numerous transcrif
factors. Phytochrome and cryptochr-mediated suppression of COP1 vity allows
accumulation of the effectors, resulting in the cifie light responses. Phytochrome ¢
cryptochrome signalling is regulated through COPadimted degradation of the photorecep
(dashed lines). UndéiV-B, COP1 acts as a positive regulatothe signalling pathway by direct
interacting with UVRS8 (arrow) and promoting traription of HY5. COP1 also acts positively
red light signalling mediated by ph. CO: CONSTANS, Gl: GIGANTE. (adapted from Lau and
Deng, 2012).

UV-B stimulates thenteraction between the UVR8 monomer and COP1 wisi@ssentis
to initiate signal transduction and also one of ¥key upstream events in the signall
cascade (Favory et al., 2009; Cloix et al., 20TRg interaction is mediated by a regior
27 amno acids from theC-terminusof UVR8 and the WD40 domain of COP1 and
been demonstrated in plants as well as iryeast two-hybrigystem (Rizzini et al., 201
Cloix et al., 2012). Despite growing knowledge abld\MR8 as ¢éUV-B photoreceptor, the
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precise mechanism of COP1 function in the signgllpathway still remains elusive.
However, the positive role of COP1 appears notetgpecific to UV-B because a positive
relationship between COP1 and photomorphogeniorsgs mediated via phyB has been
observed (Boccalandro et al., 2004). Weak allelexopl show reduced rather than
enhanced cotyledon unfolding under red light coragdo darkness and conversely COP1
overexpressor lines show enhanced de-etiolatioeruradl light (Boccalandro et al., 2004).
Very recently, it has been reported tl&®OP1 is a UV-B inducible gene, whose full
activation requires binding of the two transcriptidactors HY5 and FAR-RED
ELONGATED HYPOCOTYL3 (FHY3) to its promoter regioestablishing a positive
feedback loop that maintains the activated UVR8-COR'5 signalling pathway (Huang
et al., 2012). So far, it cannot be excluded thaPC acts as a positive regulator in other
light responses as well. Also whether COP1 funstionthe UV-B response as an E3
ubiquitin ligase degrading so far unidentified nega regulators of the pathway or

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

1.6  Negative feedback regulation of light signallin g pathways

Equally important to activation of a signalling ipaay is the negative regulation of
signalling to ensure that a response to a singhaukdtory event is not perpetuated
indefinitely. One of the most important post-tratislnal regulatory events is the
degradation of receptor proteins and other sigmaltomponents through ubiquitination
and proteolysis (Henriques et al., 2009). Overyhars, COP1 and associated proteins of
the E3 ubiquitin ligase complex have been implidaia light regulated feedback
mechanisms that control the level of activated ptemteptors.

The first photoreceptor that was described as aadagion substrate for COP1 was the
light labile photoreceptor phyA (Seo et al., 200€0OP1 and phyA interaction and
subsequent ubiquitination of phyA was shown inovidnd phyA accumulated to higher
levels incopl mutant plants after exposure to light comparedvild-type (Seo et al.,
2004). More recently it was discovered that thtligtable phytochromes B-E are also
subject to degradation to prevent over-activatiértheir signalling pathways. Several
studies using various single and doulpié-mutant combinations revealed that upon
continued exposure to red light, signalling by Efeform of phyB is terminated by COP1-
mediated degradation, which is promoted by PIF$v@reet al., 2008; Al-Sady et al., 2008;
Jang et al., 2010). Possibly, the binding of Pid-ddth phyB and COP1 increases the

affinity of the photoreceptor for COP1, thereby ragwmsing ubiquitination and its
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degradation. However, in contrast to the nucleanaver of phyB, the cytosolic pool of
phyB has shown to be rather stable dampening tleeatbwdecay rate and justifying its
designation as a light-stable photoreceptor (Jaad),e2010).

For the cryptochromes, so far only degradatiorheflight labile cry2 has been observed.
Irradiation of seedlings with blue lights leads ¢toy2 phosphorylation and poly-
ubiquitination (Shalitin et al., 2002; Yu et alQ@). Higher levels of cry2 can be observed
in copl mutant plants under blue light compared to wildety(Shalitin et al., 2002).
Furthermore, cycloheximide and proteasome inhilstadies have shown that the decrease
in cry2 is due to 26S-proteasome mediated degm@dati the nucleus (Yu et al., 2009).
The stability of cry2 is further controlled by phyand SPA1, which reveals another
molecular mechanism of interaction between cryptoctes and phytochrome
photoreceptors (Weidler et al., 2012).

Limited knowledge yet exists about negative fee#dllragulation of the UVR8-dependent
UV-B signalling pathway. UVR8 seems to be lightbdawith unchanged protein levels
after exposure to UV-B (Kaiserli and Jenkins, 20®&izzini et al., 2011). The SPA
proteins, which have been shown to be importantladgrs of COP1 activity in all light
qualities (Laubinger et al., 2004) are not requii@dCOP1 function in the UV-B response
since UV-B responsive gene activation is still ploigsin aspal spa2 spa3 spad quadruple
mutant (Oravecz et al., 2006). The enhanced UV-&@horphogenic response in UVR8
overexpressor lines suggests that a balanced U¥dponse also requires negative
regulation. Recently, two highly related WD40-reppeoteins, REPRESSOR OF UV-B
PHOTOMORPHOGENESIS1 (RUP1) and RUP2, were idextifis potent repressors of
UV-B signalling (Gruber et al., 2010). RUP1 and RUKere identified and described in
parallel as EARLY FLOWERING BY OVEREXPRESSION1 (EEOQand EFO2,
overexpression of which leads to an early flowerpigenotype (Wang et al., 2011).
Transcript levels of EFO1 and EFO2 are regulatedhieycircadian clock showing high
expression levels at night peaking at daybreakdeulining during the day (Wang et al.,
2011). Transcriptional activation of both genesurezs functional COP1, UVR8 and HY5
and is observed under UV-B but also under othét legalities (Gruber et al., 2010). The
rupl rup2 double mutants showed an enhanced response to EWeBelevated UV-B
tolerance after acclimation. Conversely, overexgioes of RUP2 reduced UV-B induced
photomorphogenesis and impaired acclimation, lepdinUV-B hypersensitivity of the
mutant. Importantly, UVR8 levels were not affectbg altered RUP1 and RUP2
accumulation. The role of RUP1 and RUP2 in the U\ignalling pathway is far from

being understood especially since both proteinsahte to interact with UVR8 in the
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presence and absence of UV-B (Gruber et al., 28d@)the interaction is mediated by the
C-terminal C27 region of UVR8 which is also theesiif interaction between UVR8 and
COP1 (Cloix et al., 2012).

Negative regulation of the UV-B signalling pathwalgo seems to be possible through
regulation of HY5 activity. The UV-B inducible STBBX24 (SALT TOLERANCE/B-
BOX ZINC FINGER PROTEIN24) protein interacts withOB1 and HY5 in a UV-B
dependent manner and negatively regulates UV-BcedilHY5 accumulation (Yan et al.,
2011; Jiang et al., 2012). However, the precise 06IBBX4 in the UV-B response and its
relationship to UVR8 and COP1 needs further ingasitbn. The fact that BBX24 has been
described as a negative regulator in phytochrongecayptochrome signalling (Indorf et
al., 2007) reveals once more the connectivity dfibke light and UV-B signalling
pathways since UV-B is an integral component oiretsunlight and plants constantly

have to cope with this environmental factor.

1.7 Conclusion

Research within the last decade has produced rbagakthroughs in the area of light
perception and signal transduction and has widenedinderstanding of how plants can
cope with their ever changing environment. The veegent discoveries in UV-B

photoperception finally establish a further class ptant photoreceptors, extending
photoreception of plants beyond the visible part tbé electromagnetic spectrum.
Elucidation of the crystal structure of UVR8 as e the discovery of UV-B induced
monomerisation of the protein has led to rapid adea in the field of UV-B signalling

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

distinct from other known photoreceptors in exphgtthe UV-B absorbance of UVR8’s
intrinsic tryptophans, rather than a bound chronooph To fully understand the

mechanism of UVR8 photoreception and downstreamadligg will be a future challenge

and will reveal a new mechanism of light perceptidhe so far known UVRS8 signalling

pathway shares similarities with visible light sadjmg but also shows some major
differences. The study of central interactors bpathways will shed light on the crosstalk
and integration of UVRS8 signalling pathways withsibie light photoreceptor pathways
extending the light signalling network beyond th&hie part of sunlight.
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1.8  Aims of this study

The key aspect of this study was to investigate tiosvstructure of the UVRS8 protein
determines its function in the UV-B response intAdapsis. Several regions of the protein
have been shown to be essential for UVRS8 functiGaiserli and Jenkins, 2007; Kaiserli,
Ph.D. thesis, 2007) but prior to the present stadyspecific single amino acids involved
in the UV-B response had been identified. Sequeacalysis of UVR8 showed a
conserved and repeated motif GWRHT that surrouridset tryptophans that were
postulated to be involved in UV-B perception. Thetif was chosen as a starting point for
the undertaken structure-function studies in Chra@@eand 4.

In order to identify the role of specific amino @iin this motif, a site-directed
mutagenesis approach was applied. Stable transgeaicdopsis lines expressing various
mutant forms of GFP-UVRS8 were generated and wesesagd for functionality by testing
complementation of thevr8-1 phenotype with respect taY5 and CHS gene expression,
occurrence of a photomorphological UV-B response, suppression of hypocotyl
extension, as well as interaction between UVR8 @@P1. This interaction can also be
seen in yeast and therefore a yeast two-hybriectsystas used as well.

An abundance of structural information became abéel with elucidation of the crystal
structure of UVR8 (Christie et al., 2012). Furtherm the discovery that UVRS8 exists as a
homodimer and UV-B induces monomerisation (Rizeinal., 2011) opened another way
of characterizing mutant forms of UVR8 and assigrimnction to single amino acids. It
was possible to extend the mutagenesis approaghetoously unidentified interacting
amino acids spanning across the dimer interface. Kéy question arising from these
studies was whether monomeric UVRS is sufficiemgiootoreception and function.
Another focus of this study was the important isstiregeneration of the functional UVRS8
photoreceptor following photoreception. Since U\pBotoreception converts the UVR8
dimer into a monomer, the dimeric photoreceptor toabe restored at some point. Two
possible ways of regeneration were investigateel ra/o synthesis following degradation
of the monomer and regeneration by reversion fraanamer to dimer.

Finally, a biophysical approach was pursued to §eshinsights into the mechanism of the
very initial steps of UV-B photoreception throudtettryptophan pyramid and its adjacent
arginine salt bridges. Fourier transform infrarE@TIR) spectroscopy was applied to detect
photo-induced changes in the protein structureaamitho acid side chains. To investigate a
possible electron transfer between tryptophansaagihines ultrafast transient absorption
spectroscopy was used to detect possible tryptopaditals formed following UV-B

absorption.
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In summary, the aim of this study is to contribtwethe understanding of how UVR8
regulates UV-B initiated responses in plants. Tioges it is essential to have a detailed
knowledge of the structural properties of the pheteptor and its early signalling
mechanism to understand how UV-B perception iratignal transduction.
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2. MATERIAL AND METHODS

2.1 Materials

2.1.1 Chemicals

The chemicals used for all experiments describeg wbtained from Fisher Scientific UK
Ltd. (Loughborough, Leicestershire, UK), VWR Intational Ltd. (Poole, Dorset, UK) and
Sigma Aldrich Ltd. (Poole, Dorset, UK) unless stht¢herwise.

2.1.2 Antibiotics

Ampicillin and gentamycin were purchased from Mgedfd_td. (Ipswich, Suffolk, UK).
Kanamycin was obtained from Sigma-Aldrich and catophenicol from Duchefa
Biochemie B.V. (Haarlem, The Netherlands). Workaogcentrations of the antibiotics are

given in the following table:

TABLE 2-1: Working concentrations of used antibiotics.

Antibiotic Solvent Co\rq\izoerrﬂ?zgtion
Ampicillin H,O 100 pg/mi

Chloramphenicol EtOH 34 pg/mi
Gentamycin H,O 30 pg/ml
Kanamycin E. coli) H,O 50 pg/ml
Kanamycin (plants) H,O 75 pg/ml

2.1.3 Enzymes

Enzymes used for DNA restriction digests, ligatiorsynthesis and DNA/RNA
modifications were purchased from Promega (SoutbampHampshire, UK), New
England Biolabs (Hitchin, Hertfordshire, UK) as Wwels Ambion Inc. (Huntigdon,
Cambridgeshire, UK) and were used according tartarufacturer’s instructions.

2.1.4 Vectors

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

Plasmid Vector Application Source
pezRGoue  CFF aged onsgent D Gertlan e
pGBKT7 Yeast two-hybrid Clontech
pGADT7 Yeast two-hybrid Clontech
pHS E. coli protein Michael Hothorn

expression/purification

2.1.5 Bacterial and yeast strains

E. coli strains TOP10, XL1-Blue and Gold (Agilent Techrgpés, California, USA) and
Rosetta 2 (DE3) pLysS (Novagen, Merck KGaA, Daruiist&ermany) were transformed
with various plasmid vector constructs for sub-olgn and protein expression.
A tumefaciens strain GV3101 was used for Arabidopsis transfoiomatwith the
pPEZR(K)L-C vector containing various constructsmofitant UVR8.S cerevisiae strain
AH109 (Clontech) was used for the yeast two-hybhsday transformed with bait and prey
vectors (pGBKT7 and pGADT7 respectively)

2.1.6 Other reagents

All reagents required for protein work (electroptgis and immunoblotting) were
purchased from Bio-Rad Laboratories (CaliforniaA)8nless stated otherwise.

2.2 Preparation of media and solutions

2.2.1 Measurement of pH

The pH of solutions and media was measured usthgrea glass electrode connected to a
Jenway 3320 pH meter (Jenway, Felsted, Essex, WKHdndicator Strips (BDH, Poole,
Dorset, UK).

2.2.2 Autoclave sterilisation

Solutions and equipment were sterilised using eclitep autoclave (Prestige Medical,
Model 220140).
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2.2.3 Filter sterilisation

Heat sensitive solutions or solutions of small woduwere sterilised by filtration through a

0.2 um pore diameter Nalgene filter.

2.3 Plant material

2.3.1 Seed stocks

Wild-type A.thaliana cv. Landsbergerecta (Ler) and Wassilewskija () seeds were
obtained from The European Arabidopsis Stock CefireSC, Nottingham, UK). Prof.
Daniel Kliebenstein (UC Davis, CA, USA) providecetivr8-1 mutant (ler), Dr. Bobby
Brown theuwr8-2 mutant (ler) (Brown et al., 2005) and Prof. Roman Ulm (Univgref
Geneva, Switzerland) theopl-4 (Ws) mutant. Thehy5-ks50, hyh and hy5-ks50-hyh
mutants (all in V¥) were supplied by Prof. Xing Wang Deng (Yale Umsrg, CT, USA).
The GFP-UVR8 and GFRC27UVRS lines were generated in the Jenkins lalEioyi
Kaiserli (Kaiserli and Jenkins, 2007; Cloix et 2012).

2.3.2 Growth of plants on soil

Arabidopsis seeds were sown on the surface of potgaining compost soaked in
insecticide solution (0.2 g/l Intercp(Scotts, Ipswich, Suffolk, UK)). The pots were kep
under a humidifier during a vernalisation period 3% days and for one week after
germination in the growth chamber at 20°C. In gahelants grown on soil were either
used for transformation with Agrobacterium or feed collection of transgenic lines. In
both cases, plants were grown under high fluente ahwhite light (100 umol t s?)

until flowering or until dried out. Plants used ftreatments and experiments were

generally grown on agar plates with 2 MS mediune &8.4).

2.3.3 Surface sterilisation of Arabidopsis seeds

Arabidopsis seeds were surface sterilised for dgroeftplants on agar plates with %2 MS
medium by a 5 min incubation in a sodium hypocléosolution (50% (v/v)) followed by

three washes in sterile dB.

2.3.4 Growth of Arabidopsis plants on agar plates

Sterilised Arabidopsis seeds were sown on 0.8% plgées containing 2.15 g/l Murashige
and Skoog salts (2 MS) with the pH adjusted to Bof.segregation studies of transgenic

Arabidopsis lines 75 pg/ml kanamycin was addeddSeeere cold-treated on the plates in
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the dark at 4°C for 2-4 days and then grown undgh Auence rate of white light (100
umol m? s?) for the required period of time. Plants for RTHPExperiments were grown
for ten days under high fluence rate of white lightl then transferred for 4 days under low
fluence rate of white light (20 pmolfs?). 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 chamabetr 20°C. Warm white fluorescent
tubes L36W/30 (Osram, Munich, Germany) were usedmaite light (Fig 2-1 A). Two
UV-B sources were used in this study: either nabawd UV-B tubes, Philips
TL20W/01RS (Philips, Aachen, Germany; Fig 2-1 B)booadband UVB-313 fluorescent
tubes (Q-Panel Co., USA; Fig 2-1 C). The broadbdmB-313 fluorescent tubes were
covered by cellulose acetate filter (Cat No. FLM#DO/2925, West Design Products,
Nathan Way, London) which was changed every 24 brder to eliminate any UV-C.
This source has a maximal emission at 313 nm arits eary low levels of UV-A and
blue light, which have been found to be insuffitiem induce CHS expression (Christie
and Jenkins, 1996). The narrowband UV-B sourceahasximal emission at 311 nm. The
use of various cut-off filters in combination withis UV-B source has also shown that the
very low levels of UV-A and blue light that are dted 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-250A light meter with a LI-190
guantum sensor (LI-COR, Lincoln, NE, USA). UV-B dlhce rates were measured using
either a RS232 meter or a Spectro Sense 2 SKL9@r fiiged with a UV-B Sensor (SKU
430/SS2) (Skye Instruments, Powys, UK). For dafadpectral measurements a Macam
Spectroradiometer Model SR9910 (Macam Photomeltids Livingston, UK) recording

wavelengths of light between 240 and 800 nm wad.use
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FIGURE 2-1: Spectra of the light sources used in this stuc (A) Spectrum of the white
light fluorescent tubes L36W/3((B) Spectrum of the narrowbanUV-B tubes, Philips
TL20W/01RS(C) Spectrum of the broadbalUV-B-313 fluorescent tubes, Q pa.

2.4.3 UV-B

Plantswere put in darkness ownight before the start of the UB treatment. Plants were
exposed td pmol n? s* narrowband UV-B(Philips TL20W/01RS) for 3 h if not in-
cated otherwise. Plant extracts were exposed otoiégimol n? s* narrowband UV-B for
30 min.Plants used for F-PCR experiments were treated wahumol n? s* broadband
UV-B for 4 h Purified protein was eosed to 1.5 pmol ths®* narrowbancUV-B for 1 h.
For measurements of hypocotyl length, seedlingsevggown for 4 d under 1.xmol
m s * white light supplemented with 1;5mol m? s* narrowbancUV-B. A UV-B cut-
off filter ('Clear 130" mylar filter, Lee Filters\ndover, UK) was used f control plants

grown under ' -UWB' conditions. For reversion studies, planwere moved back in

darkness after exposure for ascertained times éef@paration of proteirxtracts.
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2.4.4 Cycloheximide and MG132

For cycloheximide and MG132 treatments, plants wenesferred to liquid %2 MS medium
containing cycloheximide (100M, dissolved in dimethyl sulfoxide (DMSO); Sigma) o
MG132 (100uM, dissolved in DMSO; Calbiochem) and were incubtldie 1 h or 11 h
respectively prior to the UV-B treatment. Contrédmds were equally treated with 0.1%
DMSO.

25 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 subculturé.wifa broth (LB)
medium and grown overnight at 37°C with constamksig (200 rpm). The following day,
250 ml LB medium was inoculated with the subcultamel grown until it reached an @9
of ~0.4. Cells were then pelleted at 4,000 g for 10 @i 4°C. The supernatant was
discarded and the pellet was washed 3 times witml50e cold water and once with 20 ml
CCMBS80 buffer (10 MM KOAc pH 7.0, 80 mM Ca2H,0O, 20 MM MnC}-4 HO,

10 mM MgChb-6 HO, 10% glycerol, adjust pH to 6.4 with 0.1 N HCIhe pellet was
finally resuspended in 5 ml CCMBB80 buffer. Aliquats100 pl 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 competetcoli cells TOP10, Rosetta 2 (DE3) pLysS
(Novagen, Merck KGaA, Darmstadt, Germany), XL1-Blaad XL10-Gold (Agilent

Technologies, CA, USA) were used. All strains weéransformed according to the
manufacturer's instructions with a heat shock atCiand plated onto agar plates
containing LB medium and the appropriate antibidtc 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 inated in a 10 ml subculture of LB
medium containing 30 pg/ml gentamycin and grown20¢24 h at 28°C with constant
shaking (200 rpm). The following day, one litre Id8 medium with rifampicillin and
gentamycin was inoculated with the subculture tpreximately an Olgy of 0.1 and
grown until it reached an Q) of 0.5 - 0.8. Cells were then pelleted at 2,006rgLO min
at 4°C. The supernatant was discarded and thet pedie gently resuspended in 100 ml
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cold sterile 10% (v/v) glycerol. Centrifugation anesuspension was repeated twice only
changing the volume of 10% glycerol used to 10 nd &nally 1 ml. Aliquots of 50 pl
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) 1-2gflplasmid DNA were added and
incubated on ice for 20-30 min. Cells were themdfarred into a chilled electroporation
cuvette (Bio-Rad) and pulsed with 2.2 kV using aidPulsel™ Electroporator (Bio-Rad).
Immediately after, 950 pl of LB medium was addedthe cells which were then
transferred to a 15 ml FalcBrube and incubated at 28°C at constant shaking (26n)
for 3 h (expression of antibiotic resistance gen€s)ensure colonies with good separation
from each other on the plates were obtained, 56fd/10 and 1/1000 dilutions were
spread onto LB agar plates containing appropri&iecive antibiotics. Plates were
incubated at 28°C for 2 days and colonies for firilse 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 igedausing the DNea&yPlant Mini
Kit (Qiagen, Crawley, West Sussex, UK) accordingthe manufacturer’s instructions.
Approximately 100 mg of tissue were ground to fomevder under liquid nitrogen using a
mortar and pestle and then transferred into an mghpé tube. Cell lysis and genomic
DNA purification was carried out as described ie @iagen DNeas$yPlant Mini Kit.
Purified genomic DNA was eluted from the DNeasy rheame by adding 50 pl of pre-
heated buffer AE. Genomic DNA samples were stotetf@.

2.6.2 Isolation of plasmid DNA

Small and large-scale plasmid DNA purificationsnfré&. coli were performed using the

Qiager? Plasmid Mini or QIAfilter™ Plasmid Maxi Kit respectively. A single bacterial
colony was inoculated into 10 ml (small-scale) &0 2nl (large-scale) of LB medium

containing the appropriate antibiotics for plasmalection. The cultures were incubated
overnight at 37°C with constant shaking (200 rp@eglls were pelleted at 6,000 g for
10 min and the supernatant was discarded. Cel bsd plasmid DNA purification was

carried out according to the manufacturer’s ingtoms. 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 isolatesing the RNea$yPlant Mini Kit
(Qiagen) according to the manufacturer’s instruioApproximately 100 mg of tissue
were ground to fine powder under liquid nitrogenngsa mortar and pestle and then
transferred into an Eppendorf tube. Cell lysis wesformed with RLT buffer and
B-mercaptoethanol. The procedure described in tlagep manual was followed in order
to obtain purified RNA, which was eluted from thé&l&asy spin column with 30 pl 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 pl of DNA BNA were diluted in 70 pl of d# and
the absorbance at 260 nm as well as 280 nm wasunegagEppendorf Bio Photometer)
against a dbD blank sample. An absorbance of 1 at 260 nm qoorets to a
concentration of 50 pg/ml double-stranded DNA orfiml of single-stranded DNA or
RNA (Sambrook and Russell, 2001). The ratio of @hsorbance 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 ug of DNA wereeditpd using the appropriate restriction
enzymes and buffers at concentrations and incubationditions according to the

manufacturer’s instructions

2.6.6 DNA ligation

Digested and purified DNA derived from PCR ampéfions or plasmid DNA with
appropriate restriction sites were used for subseigDNA ligations. An aliquot of plasmid
vector and DNA insert was separated on an agaresetogestimate quantities. An
approximate 3:1 ratio of insert:vector was caladatReactions were done in a total
volume of 10 pl containing 1 x ligation buffer ahdil of T4 DNA ligase (Promega). The
ligation mix was incubated either at room tempea®afar 3 h or at 4°C overnight. 2-5 ul of
the ligation mix was used for transformation of gatentE. coli cells (TOP10).

A second ligation method using polyethylene gly&#G) as a crowding reagent was also
applied in some cases. PEG alters the distribudfdigation products thereby suppressing
intramolecular ligation and favouring intermoleauj@ning events even at concentrations
of DNA that favour circularisation. PEG 6000 wa®disn a final concentration of 2.5%
together with 1 x ligation buffer and 1 pl of T4 BNigase and a 1:1 ratio of vector:insert

accounting for 8.6 pl of the total 12 ul reactiasiume. The ligation mix was incubated at
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room temperature for 1 h followed by a 30 min inatton period at 68°C. Two pl of the

ligation was used for transformation of competentoli cells.

2.6.7 Site-directed mutagenesis

Specific mutations in the UVR8 gene were introdubgdsite-directed mutagenesis using
Pfu Polymerase (Promega) and extension times of 2oeirkb at 68°C. Primers that were

used are listed in the table below. All constrwetse verified by DNA sequencing.

TABLE 2-3: Primers used for site-directed mutagenes.

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% aesgmgels with 0.2 pg/ml ethidium
bromide (1% (w/v) agarose melted in 1 x TAE buff@® mM Tris-HCI, 1 mM EDTA)).
DNA samples were mixed with 6 x loading buffer (Pega) 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 brontaieed gels, bands of the expected
size were excised under a UV-illuminator. The DNAswthen purified according to the
instructions of the QIAquickGel Extraction Kit (Qiagen

2.6.10 DNA sequencing

Sequencing of DNA was carried out by the Dundeeu8ecjng Service (University of
Dundee, UK) or by GATC Biotech (Konstanz, Germamgcording to the service’s
instructions. Sequencing was always performed a@tseries of sub-cloning reactions to
verify the sequence of the DNA insert in every vectsed 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 treatrth¢DNA-free, Ambion) was used to

eliminate contamination with genomic DNA. Approxitely 5 pg of RNA were incubated

with 4 units of DNase | and 1 x DNase buffer at &7for 1 h. The reaction was terminated
by adding DNase Inactivation Reagent to the samghesincubating for 2 min at room

temperature before pelleting the inactivation r@adpy microcentrifugation. Efficiency of

the DNase treatment was tested by a 35 cycle P&Rioa using primers foACTIN2. If

no PCR product was detected, DNase treated samaes used for cDNA synthesis.

Otherwise the DNase treatment was repeated unt?@R product due to genomic DNA

contamination could be detected.

2.7.2 Synthesis of cDNA

Synthesis of cDNA was performed according to Braatral. (2005). 20 pl of the DNA-
free RNA samples were incubated with 0.24 pM oliJo(dTTP15) at 70°C for 10 min.
The mixtures were cooled down on ice and 1 x AMWéee Transcriptase Reaction
Buffer (Promega), 20 units of AMV Reverse Transage (Promega), 1 mM of dNTPs
(Promega) and 50 units of RNase inhibitor (Promegeaje added. The reactions were
allowed to proceed at 48°C for 45 min followed bsb 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 andCHS transcripts were assayed by RT-PCR with gene-Bp@cimers as
used in Brown and Jenkins (2008). Primers werenggied by Invitrogen and are listed in
the table below.

TABLE 2-4: Primers used for RT-PCR.

Gene Primer Sequence Fr_agment
size (bp)
ACTIN2 F  5.CTTACAATTTCCCGCTCTGC-3
(at3g18780) R 5-GTTGGGATGAACCAGAAGGA3 00
HY5 F  5.-GCTGCAAGCTCTTTACCATC-3
(at5g11260) R  5-AGCATCTGGTTCTCGTTCTG3 404
CHS F  5.ATCTTTGAGATGGTGTCTGC-3
(at5g13930) R 5-CGTCTAGTATGAAGAGAACG-3 oo/

2.7.4 RT-PCR conditions

Equivalent amounts of cDNA, estimated using reastiavith ACTIN2 primers, were used
as template for semi-quantitative RT-PCR reactirth the following PCR conditions:
2.5 min at 94°C, 1 min at 55°C, 2 min at 72°C faeaycle, then 45 s at 94°C, 1 min at
55°C, 1 min at 72°C for 24 cycleACTIN2) and 28 cycles fo€CHS andHY5 followed by
5min at 72°C. Each PCR reaction contained 1x P@Qffeb (New England Biolabs),
0.1 mM dNTPs, 0.5 uM of each gene-specific primed &.625 units Tag DNA
polymerase (New England Biolabs) in a final volumie25 pl. PCR products were

visualized by electrophoresis on agarose gels songgethidium bromide.

2.8 Protein methods

2.8.1 Protein extraction from Arabidopsis plants

For protein extractions, Arabidopsis plants wereugd on ice with a mortar and pestle in
micro-extraction buffer (20 mM HEPES pH 7.8, 450 niW4Cl, 50 mM NaF, 0.2 mM
EDTA, 25% (v/v) glycerol, 0.5 mM PMSF, 1 mM DTT anglotease inhibitor mix
(Complete Mini, Roche)). The homogenate was thenriéfeged at 16,000 g for 10 min at

4°C and the supernatant was transferred to a fudxh
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2.8.2 Protein extraction from N. benthamiana plants

For protein extractions fronN. benthamiana plants, leaf parts were frozen in liquid
nitrogen and ground with a mortar and pestie. benthamiana is rich in phenolic

compounds and to avoid interference of those witWwrdstream applications a spatula of
polyvinyl-pyrrolidone (PVP), an effective absorbdat phenolic compounds, was added
as soon as the liquid nitrogen had evaporated. @moand, the plant material was
transferred to a microcentrifuge tube and approteigeaone volume of extraction buffer
(25 mM Tris-HCI pH 7.5, 1 mM EDTA, 10% glycerol, M DTT, 0.1% Triton) was

added and vortexed to mix homogenously. Samples Wen centrifuged at 16,000 g for

15 min at 4°C and the supernatant was transfeoradriesh tube.

2.8.3 Quantification of protein concentrations

The protein concentration of obtained samples waserthined by the Bradford
colorimetric method using bovine serum albumin (B®& a standard. Bradford assay
solution (Bio-Rad, UK) was diluted five-fold withiddilled water and filter sterilized to
remove any particles. 1 pl of protein extract wddeal to 1 ml of Bradford solution and
mixed well to obtain a homogenous colour. The diemace at 595 nm was recorded with a
spectrophotometer (Eppendorf, Germany) against amkblsample (Bradford solution
without added protein). The concentration of eaain@e was calculated based on the
equation of a standard curve that was generated asserial dilution of BSA standards of

known concentrations (1, 2, 4, 6, 8, 10 pg/ul).

2.8.4 Immunoprecipitation of GFP-tagged proteins from plant extracts

Total protein extracts from either Arabidopsis Nirbenthamiana plants were used for
immunoprecipitation of GFP-tagged proteins usinggnedic anti-GFP micro-beads
(uMac™ beads, 130-091-370, Miltenyi Biotech). Per IP tiea; 1.5 mg (Arabidopsis cell
extract) or 7.5 mg proteirN( benthamiana extract) was used. The protein samples were
incubated on ice in the dark or under UV-B with A0 micro-beads for 30 min. A
microcolumn was equilibrated with 200 pl lysis @uff450 mM NaCl, 1% (v/v) Triton-X,
50 mM Tris-HCI pH 8) before the lysate containihg &anti-GFP micro beads was applied
on the column. Non-GFP tagged proteins were alloswdtbw through the column and the
GFP-tagged proteins together with any interactingigins were retained on the column
via magnetic interaction through the micro-breaflse column was washed four times
with 200 pl high salt lysis buffer and once withO30l wash buffer 2 (300 mM NaCl, Tris-
HCI pH 7.5). To elute, 20 ul of elution buffer (OM triethylamine pH 11.8, 0.1% (v/v)
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Triton X) was applied on the column and incubated 3 min at room temperature. An
extra 50 pl of elution buffer were added and thexl was collected in a microcentrifuge
tube containing 3 pl of 1 M MES pH 3 in order taitralise the pH of the samples to avoid
abnormalities during migration on SDS-PAGE.

Immunoprecipitated samples that were used for sjules# size exclusion chromatography
were buffer exchanged into wash buffer Il (50 mNsIHCI pH 7.5, 150 mM NaCl, 1 mM
B-mercaptoethanol) or wash buffer Il HS (50 mM THE! pH 7.5, 500 mM NaCl, 1 mM
B-mercaptoethanol) using spin concentrators withvd@/of 30,000 kD.

2.8.5 SDS-Polyacrylamide gel electrophoresis (SDS-PAGE)

Protein samples were denatured by adding requinezliats of 4 x SDS protein sample
buffer (250 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 20%\() -mercaptoethanol, 40% (v/v)
glycerol, 0.5% (w/v) bromophenol blue) and subsegbeiling of the samples for 5 min at
95°C. Depending on the size of the protein of edereither a 7.5%, 10% or a 12.5%
polyacrylamide separating gel with a 4% polyacryten stacking gel was used
(Separating: 7.5%, 10% or 12.5% (w/v) polyacrylagif.38 M Tris-HCI pH 8.8, 0.1%
(w/v) SDS, 0.05% (w/v) APS, 0.07% (v/v) TEMED; Staw: 4% (w/v) polyacrylamide,
132 mM Tris-HCI pH 6.8, 0.1% (w/v) SDS, 0.05% (W/&PS, 0.15% (v/v) TEMED).
Proteins were separated according to their si&Hi8 running buffer (25 mM Tris-HCI pH
8.5, 190 mM glycine and 0.1% (w/v) SDS) at 200 V é&pproximately 40 min. Protein
molecular weights were determined using a prestamelecular weight marker (P7708,

New England Biolabs)

2.8.6 Semi-native SDS-PAGE

To investigate the dimeric state of UVR8 proteiamsnative SDS-PAGE gels were used.
SDS-PAGE gels with the respective percentages uszd as described in 2.8.5. Required
amounts of 4 x SDS protein sample buffer were addethe samples and loaded on a
SDS-PAGE gel without boiling. The following proteseparation was carried out as
described in 2.8.5.

2.8.7 Native PAGE

To analyze protein samples under non denaturinglitons on PAGE gels, 2x native
sample buffer (Invitrogen, LC0725) was added to @asand separated on 7.5% native
PAGE gels (7.5% (w/v) polyacrylamide, 0.38 M Tri€&HpH 8.8, 0.05% (w/v) APS,
0.07% (v/v) TEMED). Proteins were separated acogydo their charge and conformation
in running buffer (25 mM Tris-HCI pH 8.5, 190 mMygine) at 120 V for approximately
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100 min in the cold room. Molecular weight of pioge was estimated by using
NativeMark™ unstained Protein standard (LCO725ittagen).

2.8.8 Coomassie Blue staining

Gels were stained for approximately 10 min at rotmmperature in 0.1% Coomassie
Brilliant Blue R250 (Bio-Rad), 45% methanol and 1QG®etic acid and subsequently
destained in 45% methanol and 10% acetic acid. droptetely remove all background
stain, gels were left in rehydration buffer (10%aetol and 5% acetic acid) overnight
before gels were scanned and dried under vacuuon3dhtpaper.

2.8.9 Western Blot transfer

Protein extracts separated by SDS-PAGE were trapdgf@nto nitrocellulose membranes
(Bio-Rad, UK) at 400 mA for 45 min in transfer berff(25 mM Tris-HCI pH 8.5, 190 mM
glycine and 20% (v/v) methanol). Membranes weren thi@ined with Ponceau solution
(0.1% (w/v) Ponceau S, 1% (v/v) acetic acid) toesd\protein bands and thus determine if
equal loading of protein samples had been achievednbranes were blocked using 8%
(w/v) non-fat dried milk in TBS-T (25 mM Tris-HCIHb 8, 150 mM NacCl, 2.7 mM KCl,

0.1% (v/v) Triton-X) to prevent non-specific bindiof the antibodies.

2.8.10 Immunolabelling

Primary antibodies were either used in concentnat&ghown in the table below in TBS-T
with 8% or 5% (COP1 and CHS) non-fat dried milkcubation was preferably done
overnight; if not feasible, the incubation time wa®rtened to 1 h at room temperature.
Between primary and secondary antibody incubatiomsnbranes were washed 4 times
with TBS-TT (25 mM Tris-HCI pH 8, 150 mM NacCl, 2miM KCI, 0.1% (v/v) Triton-X,
0.05% (v/v) Tween) and one time with TBS-T for gatef 25 min. Secondary anti-rabbit,
anti-mouse (both Promega), anti-rat (Dako Denmdfk, &lostrup, Denmark) or anti-goat
HRP conjugated antibodies (Sigma) were used eiitet:5000, 1:10000 or 1:20000
dilutions in TBS-T with 8% non-fat dried milk. Thecubation time of 1 h was followed
by five washes with TBS-TT and 2 washes with TBGSafdotal 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
o . Agrisera
anti-Ubiquitin 1:2500 (A. Sadanandom)
anti-UVR8 1:5000 E. Kaiserli
(C-terminal) ' (Kaiserli and Jenkins, 2007)
anti-UVR8 1:1000 E. Kaiserli
(N-terminal) ' (Cloix and Jenkins, 2008)

2.8.11 Immunodetection

For chemiluminescent detection of the protein baimgsECL PluS" Western Blotting
Detection Reagent (Amersham or Pierce Fisher) wad according to the manufacturer’s
instructions. After incubation with the ECL reagerthe membranes were placed between
two sheets of clear plastic and subsequently platdedan X-ray cassette. Under safe red
light conditions sheets of X-ray film (Kodak) weapplied on top of the membranes in the
cassettes. Films were developed by the X-OMAT dgyueh system.

2.8.12 Stripping of immunolabelled protein membrane

A stripping procedure is necessary for completebady removal from an already
immunolabelled protein membrane in order to re-probith different antibodies.
Membranes developed by chemiluminescence were WwashEBS and then incubated in
stripping buffer (100 mMs-mercaptoethanol, 2% (w/v) SDS, 62.5 mM Tris-HCI @i8) at
50°C for 30 min with gentle agitation (30 rpm). Meranes were then washed at least
three times with TBS-T for at least 15 min in totdl room temperature followed by
blocking with 8% non-fat dried milk in TBS-T for 1. Immunolabelling and immuno-

detection were carried out as described in 2.8nt02a8.11.
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2.8.13 Quantification of Western Blots

Quantification of UVR8 monomer loss in darknessloiwing UV-B exposure was
undertaken for representative Western blots fromeethindependent experiments. The
immunodetected UVR8 bands were quantified usinggbmd. Data were corrected for
background and normalized against the value ofntb@omer after UV-B illumination,
taken as 100%. Points were plotted and fitted u€ingve Fitting Toolbox in MATLAB
(Version 7.12.0). The type of fit that gave aA Wlue closest to 1 @R 1.0 would
represent a perfect fit) was chosen and a 95% aemde level of the fit is shown. To
facilitate comparison between treatments and gg@estythe 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 pradeirmmunoprecipitated GFP-UVRS8
derived from N. benthamiana plants before and after UV-B treatment gel filyat
experiments were performed on a Superdex 200 HR1€88mn (GE Healthcare). The
column was equilibrated with wash buffer 1l (50 mMi-HCI pH 7.5, 150 mM NaCl,

1 mM B-mercaptoethanol, 0.02% sodium azide) and runflairarate of 0.5 ml/min at 4°C
on an AKTA FPLC system. For size and shape appratian the standard proteins
aldolase, albumin, ovalbumin, chymotrypsinogen A ehonuclease A were used.
Collected fractions from gel filtration runs of inmmoprecipitated GFP-UVR8 and mutants
derived fromN. benthamiana plants were concentrated with Strata Clean ReSgidnt)

before separation by SDS-PAGE and immunoblotting.

2.8.15 Trypsin digests

Limited proteolysis with trypsin was used to protnformational changes of purified
UVR8 and mutants before and after UV-B treatmeito§ 5 pug of protein was digested
on ice with 0.02 ug of trypsin (TPCK treated tryp$bigma), dissolved at 10 mg/ml in
25 mM Tris-HCI pH 7.5, 150 mM NaCl). Samples wea&en before trypsin was added
and after 5 and 30 min incubation respectively. fideetion was stopped by adding PMSF
and 4 x SDS protein sample buffer. The samples Waited 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 welesen to generate stable transgenic
lines to examine functionality of these mutant pia$ in Arabidopsis plants. All constructs
were cloned at restriction sites B¢oRI and 3'Sall in the pEZR(K)L-C vector at the
C-terminal region oeGFP and are expressed under the control of thetitdng 35S
promoter of the Cauliflower Mosaic Virus. The follimg point mutations were chosen:
D96N, D96N/D107N, R146A, R234A, R286A, R286K, H28MR338A, R286A/R338A,
and R146A/R286A

2.9.2 Agrobacterium mediated transformation of Arabidopsis by floral
dip

The transgenic lines described in this study wéheegenerated in thevr8-1 mutant or

in WT background by Agrobacterium mediated transfmion. Arabidopsis plants for
transformation were grown in high white light untibwers developed (4-5 weeks). A
single colony of Agrobacterium containing the pla$eonstruct of interest was inoculated
in 500 ml of LB medium with appropriate antibiotiésr selection and grown at 28°C
under constant shaking (200 rpm) until the culteached an O, of approximately 1.5 -
2.0. The cells were then pelleted by centrifugatd2,000 g for 15 min and resuspended
in infiltration medium (2.2 g/l MS salts, 50 g/lsose, 0.5 g/l MES and 200 ul/l Silwet
L-77) to an ORy of approximately 0.8. Upper parts of the plantsevenmersed in the
Agrobacterium solution described for 1 min with tleragitation. Plants were kept under
humid conditions in autoclave bags overnight andeweturned into the growth room the
next day. Two to four days later plants were ongairaimmersed 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 plateminotg 2 MS and 75 pg/ml
kanamycin for selection. 20-30 surviving T1 seeaginvere transferred to soil and allowed
to set seeds. T2 generation plants showing a 3Jjlegation on selective plates and a
satisfying GFP expression (checked by confocal esmopy) were carried on. Finally, at
least three independent homozygous T3 lines exingpit00% resistance to kanamycin and
showing satisfying expression levels were used ¢omplementation and protein

characterisation studies.

42



CHAPTER 2 MATERIAL AND METHODS

2.9.4 Confocal microscopy

The expression of GFP-UVR8 fusions was visualisgdabconfocal laser scanning
microscope (Zeiss LSM 510) under water with a Zfbjective lens. The GFP fluorescent
tag was excited using an argon laser at 488 nm. &fiBsion was collected between 505-

530 nm to avoid cross-talk with chloroplast autoflescence.

2.10 Transient expression of gene constructs in N. benthamiana

A single colony from freshly transformed Agrobaaier cells with the desired plasmid
DNA was inoculated in 10 ml of LB medium with appri@mte antibiotics and grown
overnight at 28°C under constant shaking (200 rpifen cultures had reached an &P

of about 0.6 - 1.0, cells were pelleted by cengafiion at 2,000 g for 10 min. The cells
were then resuspended in 10 mM MgQlo mM MES pH 6.5 and 200 uM acetosyringone
at an ORy of 0.2 and incubated at room temperature for 3rdiolihe Agrobacterium
medium was infiltrated ifN. benthamiana plants at the lower side of the leaves using a
syringe. The infiltrated plants were moved back itite growth room at 28°C and left for
2-3 days before examining gene expression by cahfimicroscopy 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 Y&jJar plates (20 g/l peptone, 10 g/l
yeast extract, 20 g/l glucose, 20 g/l agar) wersuspended in 30 ul @B. For
cotransformation 30-50 pg of each plasmid DNA aii@ @l of transformation solution
containing 40% (w/v) PEG, 0.1 M lithium acetate at@mM TE buffer pH 8.0 were
added to the cell suspension followed by vigorowslgtexing and an incubation at 42°C
for 15 min vortexing every 5 min. Cells were thegllgted by centrifugation at 1,000 g for
5 min. The supernatant was discarded and the reslispended in 500 pl of YPD medium
and incubated at room temperature for 2-3 h. Celge then pelleted again and
resuspended in 0.8% NaCl and incubated overnidit. fiext day cells were once again
pelleted, resuspended in 100 pl of 0.8% NaCl aradedl on agar plates with double
dropout medium (46.7 g/l Minimum SD Agar Base, #B0Clontech) 0.64 g/l TW" DO
Supplements (630417; Clontech)). The plates warebiated at 30°C for 2 to 3 days until
colonies developed.
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A single colony was then taken from each plateyspsnded in 100 ul of 0.8% NaCl and

5 ul aliquots were spotted on agar plates contgiqueadruple dropout medium (46.7 g/l

Minimum SD Agar Base, 0.60 g/ W A"H DO Supplements (630428; Clontech)) to test
for interaction of prey and bait protein. Plategevacubated at 30°C in the dark or under
narrowband UV-B (0.1 umol ts?) for 3 to 4 days.

2.11.2 Isolation of protein from yeast

A colony of transformed yeast was inoculated imilOof liquid SD-L W™ and grown over
night at 30°C under constant shaking (200 rpm)! timéi ODyo0 reached about 1. Then 2 ml
of overnight culture were harvested (16,000 g foni) and resuspended in lyse and load
buffer (L&L) containing 50 mM Tris-HCI pH 6.8, 4%d35, 8 M urea, 30% glycerol, 0.1 M
DTT and 0.005% bromophenol blue whereby the amadrit&L buffer added to the
sample in pl corresponded to the OD x 100 of tmepda (e.g. Olgyp 0.95, add 95 pl L&L
buffer). Samples were heated for 20 min at 65°®@ige$eparation 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 atrretion sites 5Ncol and 3'Notl

into a modified pET (Novagen) expression vectovjating N-terminal 7 x His and Strepll
affinity tags for purification (pHS vector, obtashérom Michael Hothorn). Because UVR8
contains an interndicol restriction site, the isoschizomBspHI was used to digest the
PCR fragment. The protein is expressed as a SUM@l(subiquitin-related modifier)
fusion protein, where the SUMO is used to cleavehs affinity tags after purification of
the protein by incubation with a SUMO protease.es@VUVR8 mutants were generated in
this vector by site-directed mutagenesis with pren&nd conditions as described under
2.6.7.

2.12.2 Culture growth

A starter culture of 100 ml LB medium with appra@te antibiotics was inoculated with a
single colony of transformed Rosetta (DE3) pLys#scand incubated overnight at 37°C
with constant shaking (200 rpm). The next mornioige litre of Terrific Broth medium

(ForMedium™, Hunstanton, UK) with appropriate artilzs was inoculated with 10 ml of

the overnight culture. The culture was incubatedaahaking incubator at 37°C until its
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density reached an QR of 1.0. Cultures were then transferred to a 16R&ker and

allowed time to adapt before protein expression wdaced by adding isopropyl-beta-D-
thiogalactopyranoside (IPTG) to a final concentmatof 60 pM. The cultures were then
incubated overnight at 16°C with constant shakiells were pelleted the next morning
by centrifugation at 4,000 rpm at 4°C for 20 mirell&s were flash frozen in liquid

nitrogen and stored at -80°C until proteins werefizal.

2.12.3 Protein purification

Cells were resuspended in wash buffer | (50 mM-R@& pH 8.0, 500 mM NacCl, 20 mM
imidazole, 1 mMp-mercaptoethanol, 10% glycerol, EDTA free protessebitor tablets
(Roche)) at a 3:1 ratio of buffer to cells. Cellere lysed by sonication at 4°C until
viscosity of the lysate decreased. To remove nucheids 2 pl Benzona®suclease
(Novagen) per 100 ml of lysate was added. Cell idebas pelleted by centrifugation at
20,000 rpm at 4°C for 30 min and the supernataistaoiiected.

All steps of the following purification were cardeout in the cold room at 4°C. 0.8 ml
nickel charged resin (Ni-NTA Super flow, 30401, @ea) per 1l TB culture was
equilibrated by washing with 10 column volumes (@W¥)vash buffer I. Equilibrated resin
was transferred to a beaker and incubated witrstipernatant collected in 2.13.1 for one
hour with mixing. The mixture was then transferbegtk into the column, the supernatant
allowed to flow through followed by a wash step lwil0 CV of wash buffer I.
Subsequently, the ends of the column were cappédhenresin with the bound proteins
resuspended in 3 CV of incubation buffer (50 mMsIHCI pH 8.0, 500 mM NaCl, 10 mM
MgATP, 2.5 mM MgC}, 1 mM B-mercaptoethanol) to remove bound chaperone psotein
After a 15 min incubation period on a rolling shakbée cap was removed and the buffer
allowed flowing through followed by a final washeptwith 10 CV of wash buffer I
(50 mM Tris-HCI pH 7.5, 150 mM NaCl, 1 mM-mercaptoethanol). To elute the His
tagged protein five one CV fractions were collecétér addition of elution buffer (50 mM
Tris-HCI pH 7.5, 150 mM NaCl, 250 mM imidazole, Mhf-mercaptoethanol). Fractions
two to four were pooled and used for the secondigation step.

0.35 ml strep resinSrep-Tactin® Superflow®, 2-1208-002, IBA, Goettingengi@any)
per 11 TB culture was equilibrated with 5 CV wasuffer 1l. Equilibrated resin was
transferred to a beaker and incubated with the gub@lution fractions from the first
purification step for one hour with mixing. Agaihet mixture was transferred back to the
column, the supernatant allowed to flow through #redresin washed with 5 CV of wash
buffer Il. For the on-column cleavage of the tabs, ends of the column were capped, the
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resin resuspended in 2 CV of wash buffer Il and SJMotease was added. The mixture
was incubated on a rolling shaker overnight. The n&rning, the column was uncapped
and the flow through collected. Subsequently tHaroa was washed 3 times with one CV
of wash buffer II. All three wash steps were cdielcand pooled with the flow through.

Purified proteins were flash frozen in liquid nigem and stored at -80°C.

2.12.4 Purification of SUMO protease

Cleavage of the affinity tags of purified UVR8 wedsne via incubation with SUMO
protease. SUMO protease is a highly active cystggmtease also known as Ulp which
cleaves in a highly specific manner, recognizing tértiary structure of the ubiquitin-like
protein, SUMO rather than an amino acid sequenagecAmbinant fragment of Ulp1 (Ubl-
specific protease 1) froi@ cerevisiae (ScUIpl residues 403-621) was cloned into a vector
with a non cleavable N-terminal 6 x His and Streépd (construct obtained from Michael
Hothorn) and expressed in Rosetta (DE3) pLysS.deéliture growth, induction of protein
expression as well as harvesting of the culture assentially done as described under
2.12.2.

Thawed cell pellets were resuspended in a 3:1 katfter:pellet in lysis and wash buffer
(25 mM Tris-HCI pH 7.6, 1 M NaCl , 2 mM-mercaptoethanol, 10 mM imidazole) and
sonicated as described under 2.12.3. The lysatethvegs centrifuged as described under
2.12.3. Cobalt resin (2 ml resin per 1|1 TB mediwsed for culture growth) was
equilibrated with lysis and wash buffer as desdihmder 2.12.3, incubated with the
clarified cell lysate, washed and incubated wittuimation buffer containing ATP to wash
off chaperone proteins (50 mM Tris-HCI pH 7.6, 1 M&CI, 10 mM MgATP, 2.5 mM
MgCl,, 1 mM B-mercaptoethanol). After another wash step, the Sijivbtease was eluted
from the column with 4 CV of elution buffer (25 mWis-HCI pH 7.6, 1 M NaCl, 2 mM
B-mercaptoethanol, 200 mM imidazole). The purifiedtpase was then desalted with a
Sephadex G-25 M column (GE-Healthcare) and conatmuirto a final concentration of
3 mg/ml (final storage buffer: 25 mM Tris-HClI pH 8350 mM NaCl, 2 mM
B-mercaptoethanol). Aliquots of 100 ul were snagédroin liquid nitrogen and stored at
-80°C.
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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 analyzethmfar- and near-UV region before
and after UV-B treatment (1 h, 1.5 pmol’rs* narrowband UV-B). Circular Dichroism
(CD) spectra were recorded on a Jasco J-810 spetdroneter. Spectra in the far-Uv
(190 nm - 260 nm) were measured in a 0.2 cm patbthecell using a scan speed of
50 nm/min, a 0.5 s response and a bandwidth of 1Spactra in the near-UV (260 nm -
320 nm) were recorded in a 0.2 cm path lengthusefig a scan speed of 10 nm/min, a2 s
response and a bandwidth of 1 nm. Eight scans aaemulated and averaged. Spectra
were corrected by subtraction of a buffer blank cepen and respective sample

concentration. Data were expressed in units of n@liticity [0] (degrees cidmol?).

2.13.1.2 Thermal melt

Wild type and mutant UVR8 proteins were analyzedddterent temperatures in a

wavelength range between 220 and 320 nm. A P¢fitegmal device was used to increase
the starting temperature of 5°C in 5°C steps upOftC. Spectra were recorded in a 0.2 cm
path length cell using a scan speed of 10 nm/mihsaesponse 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 measurement® werformed on a visible pump-
visible probe setup in the LaserLab facilities la¢ t/rije Universiteit Amsterdam. The
system uses a Coherent Libra Titanium:Sapphire ifierpbscillator (1 kHz), providing a
light source with a central wavelength of 800 nmandwidth of 30 nm at full-width half-
maximum, with an energy of >3.5 mJ/pulse and atduraof ~40 fs. The 800 nm pulse
was split into two parts: one part was used faxdtharmonic generation to create a 266 nm
pump beam to trigger the photoreaction. The se@amtiwas focused on a rotating GaF
crystal to generate a white light continuum thatswesed as the probe beam. The
polarization between pump and probe beam was sataggic angle (54.7°). The probe
pulse was focused on the sample by parabolic msirRarabolic mirrors and an achromatic
lens (fl: 200 mm) were used to focus the pump bearthe sample. The pump pulse was
progressively delayed with respect to the probagisi 60 cm long delay stage (Newport
IMS-6000) to cover a time window up to 3.7 ns. Baeple, placed in a quartz flow cell of
2 mm optical path, was fixed in the focal planeh# two focusing elements (achromatic
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lens and parabolic mirror) and circulated by a gialiic pump. Pump and probe beams
were spatially separated after the sample. Theepb&lam was collimated and focused on
the entrance slit of a spectrograph (Oriel InstmisieNewport Corporation, USA) and
spectrally dispersed across a home-built camergppeegt with a 256 element photodiode
array (Hamamatsu Photonics, Japan). This 256 pinely is read out by a computer to
calculate the transient absorption. Out of the $hod pulses per second, 500 pump pulses
were blocked by a synchronized chopper in orderatoulate the difference in absorption
of the white light between pumped and non-pumpedpga The transient absorption setup
is described in detail in Berera et al. (2009)

The resulting data was corrected for pre-time-aggoals by calculating the average signal
at each wavelength before time-zero and subtratti@gesult from the corresponding time
trace. The pre-treated data was analyzed by glabalysis using the Glotaran software
package (Snellenburg et al., 2012). The time-resbblata can be described in terms of a
parametric model in which some parameters, sudase descriptive of the instrument
response function (IRF), are wavelength-depend@mtyeas others, such as the lifetime of
a certain spectrally distinct component underlag dlata at all wavelengths. This allows
the application of global analysis techniques, Wwhimodel wavelength-invariant
parameters as a function of all available data. Sgieztral evolution was investigated using
a compartmental model, in which so-called evoluaseociated difference spectra (EADS)
sequentially interconvert with increasing lifetim@s>2->3->...;11<1 2<t 3<...).

2.13.3 Fourier Transform Infrared (FTIR) spectroscopy

The differential FTIR spectra were recorded at rooemperature using a FTIR
spectrometer (IFS 66s Bruker) equipped with a gé@rocooled photovoltaic MCT detector
(20 MHz, KV 100, Kolmar Technologies, Inc., USA)the LaserLab facilities of the VU
Amsterdam. A UV-LED light (Photon systems, Covi@#, USA) emitting at 280 nm was
used to convert UVR8 and its mutant forms to thght activated states. The light minus
dark FTIR data was obtained, by subtracting anaihjtover one minute recorded dark
state spectrum from the light activated proteinctpen also recorded over the duration of
one minute but under continuous UV illumination.cBground and sample interferogram
data were averaged from 100 interferogram scans,33 e’ spectra resolution.
Light-minus-dark difference spectra were corredtecexperimental drift by subtraction of
the corresponding dark-minus-dark difference spettiMeasurements were repeated after
a 24 h recovery of the sample. The FTIR sampleg werpared by using 10-15 pl sample
at ODygp of ~70 (in 50 mM Tris-HCI pH 7.5, 150 mM NacCl, 1 mpAmercaptoethanol) and
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spread between two tightly fixed Gawindows. The sample can be considered as a

hydrated film.

2.13.4 Fluorescence spectroscopy

The fluorimeter (Fluorolog, Horiba Jobin-Yvon) wast to 280 nm excitation with an
excitation bandpass of 1 nm. Emission spectra wesrerded with an emission bandpass of
5 nm between 285 nm and 500 nm with steps of 2Trra.light intensity of the excitation
source was determined to be 40 pW. Protein sann@es diluted to ORso~ 0.04 - 0.06 in

a 1x1 cm quartz fluorescence cuvette. Two timesetfii3sion spectra were recorded with
an acquisition time of each spectrum of about 38tse excitation shutter was closed
during the resetting procedure between the spelii samples were continuously stirred.
Excitation and absorption spectra were recordedrbednd after each measurement. For
analysis of the UVR8 WT monomer, the sample wadlpnginated for ~ 10 min by an
UV-LED emitting at 280 nm (Photon systems, Covi@a, 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 intpat property of the photoreceptor
and requires stable dimerisation of the proteithaabsence of UV-B. To investigate the
importance of ionic interactions in maintaining th¢R8 dimer, site-directed mutagenesis
was used to mutate residues predicted to parteipatcross-dimer salt bridges. UVRS8
mutants were generated for two main approachesthgirto test their dimer-monomer
statein vitro by using recombinantly expressed protein purifredh E. coli and, secondly,
to test effects of mutations vivo by generating transgenic Arabidopsis lines with the
respective mutation (see Chapter 4). Three metheel® applied for each approach
respectively: size-exclusion chromatography (SEGjative polyacrylamide gel
electrophoresis (PAGE) and semi-native SDS-PAGE [ast method was established by
Rizzini and coworkers (2011), whereby samples inSSIDading buffer are not heat
denatured and therefore the highly stable UVR8 dica be detected on a SDS-PAGE
gel. Purified protein was also analysed by far- aeér-UV circular dichroism (CD)
spectroscopy to assess exciton coupling of trymophand also indirectly the dimer-
monomer state of the protein. The major findingshtd chapter are that the UVR8 dimer
is very effectively held together by cross-dimelt $midges and mutation of involved
residues can lead to constitutive monomerisatiospeEially important for stable
dimerisation are salt bridges that are locatedcadijato the UV-B perceiving tryptophan

pyramid, in particular those involving R286.

3.2 The UVRS8 dimer is held together by a complex ne  twork of salt
bridges

Elucidation of the crystal structure of UVR8 rewamhlthe forces and residues that are
involved in stable dimerisation of the photoreceptothe absence of UV-B. Remarkable
is the high content of aromatic residues (seveptdphans, three phenylalanines and two
tyrosines) and charged side chains across the diteeface. The latter ones will be the
focus of this chapter. Distinct regions of complaiaey electrostatic potential are formed

within each monomer and the dimer offset and thefid symmetry align arginine and
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carboxylate side chains to form a complex netwotksalt bridges across the dirr
interface (Fig 3-1 A These ionic interactions are the dominating dai@ hold the dime

together whereas hydrophobic interactions playghigible role.

R146 T15

D107
E158
.
D96

!
: e =
. K252 ‘ u
R234 i
=¥ R200
E182
R286

FIGURE 3-1: View of the UVRS8 dimer (A) and closeup view of residues forming sali
bridges across the dimer interface (B Hydrophilic residues are located along the el
periphery of each di-like monomer and are shown in red (top subunit) arahge (bottom
Positive charges are shown in blue, negative clhargesd. The tryptophan pyramidcolored in
black, hydrogerbonds and water molecules are shown in turquorseclgrity, residues from onl
one half of the interface are displayed (adaptechf€hristie et a, 2012).

The crystallographic structure allowed the ideaéfion of individual residues involved
ionic interactions (Fig-1 B). Two strong double hydrogen bonded salt bsdge forme
between R286 and D107 and between R146 and E18BleShydrogen bonded s:
bridges are formed between a number of residuds @81dR286 and D96, R354 and E
and E48 as well as between R338 and D44 and also bet®@80 and E158. By usir
site-directedmutagenesis, the importance of a number of thesdues waexamined in

the present chapter.
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3.3 The salt bridge formed through R286 is essentia | to maintain the
UVRS8 dimer

Several mutations were carried out to test the mapge of the double hydrogen bonded
salt bridge involving R286 and D107 as well as OB& 3-2 A). This salt bridge is
positioned directly adjacent to the UV-B perceivitigptophan pyramid which will be
described in more detail later on. To completetgiirupt the ionic interaction, R286 was
mutated to alanine and in a second mutant the spartic acid residues (D96 and D107)
were replaced by asparagines. The proteins wereegsgd as SUMO fusion proteins in
E. coli cells and purified through an N-terminal 7x Higla®trep Il affinity tag. To assess
the dimerisation state of the mutant protein, SEEGS wsed as first method of choice. Wild-
type UVRS8 protein shows UV-B induced monomerisatidren it is exposed to 1.5 pmol
m? s* narrowband UV-B for 1 h (Fig 3-2 B). Elution voles of the non-treated and
UV-B treated wild-type protein correspond to appnoately 96 and 58 kDa respectively,
showing the dimer and monomer states of UVR8 (falibcation curve see Fig A-1
Appendix). In contrast, the UVREVPO'Nand UVRE?®A mutants both show constitutive
monomerisation under non UV-B conditions and remamnthanged after exposure to
UV-B (Fig 3-2 B). The elution volumes are slightifferent in both cases compared to the
monomeric wild-type form; however, size exclusidmamatography is greatly influenced
not only by size but by the hydrodynamic radius, ihe shape of the protein, which might
well be altered due to the introduced mutations.bBoable to exclude concentration
dependency of the elution volumes, a range of cumagons was tested with the
UVREP¥®NPION mytant. Fig 3-2 C shows absence of concentratiqgremience of the
elution volume and therefore strengthens the figdivat the two mutants are constitutive
monomeric forms of UVRS.

To test the importance of the positively chargetk sihain, a conserved mutation of R286
was carried out as well, replacing the arginine lysine. The elution profile of the
UVR8R®® mutant shows a UV-B induced dimer to monomer siifig 3-2 D). A
positively charged side chain in this position erefore essential for dimerisation.
However, the elution volume of the UVRE®™ dimer differs from wild-type UVR8
suggesting most likely a different overall shapehs protein. To further investigate the
variability of dimer shapes the behaviour of the R87**® mutant was tested under
500 mM NaCl conditions (HS). Under non UV-B hightsanditions the elution volume
of the UVR&?*° dimer is shifted towards the wild-type dimer armbat a third of the

protein elutes at the position of the monomer. Cetepmonomerisation was observed
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R286K

after UV-B treatment with the same elution volume for the U monomer as under

low salt conditions.
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FIGURE 3-2: The salt bridge formed through R286 is essentiab maintain the UVR8
dimer. Purified proteins exposed or n-UV-B, solid line) to 1.5 pmol  s* narrowband UV-B
for 1 h (+UV-B, dotted line) were run on a Superdex 200 columB falthcare) which we
calibrated using the low molecular weight calibwatiKit (GE Healthcare). Elution points
aldolase (158 kDa), albumin (75 kDa) and ovalbu@® kDa) ire indicated in the top of ea
diagram.(A) Close up view of the salt bridge forn between R286 and D107 and C (B) SEC
of wild-type UVR8, UVRP®NPION and UVRE?®A mutants. The two mutants sh constitutive
monomerisation(C) Constitutive monomerisation of UVRE®P*Nis independent of protein
concentration(D), (E) and (F) Dimerisation is still possible in the UVIf?®** mutant and in the
two single mutants UVFP°™™ and UVR&*N (HS = high salt conditions: 5 mM NacCl). Data
shown in B, C and [&re representative of three independent experimenta Esown in E and
arerepresentative of two independent experim

The negatively charged aspartic acids were invasd further by introducing only
single point mutation to asparne at a time. Both mutant forms, UV°**™ and
UVR8"™N are still able to dimerize undeon UV-B conditions and monomee after
exposure to UV-BFig 22 E and F). The elution volume of the UNP**Ndimer differs
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again from wild-type UVRS8, which is also most ligkellue to an overall change in the
shape of the protein. A likely scenario would bmiaor reorientation of R286 to form a
tighter interaction with the remaining D96. Remayonly the single hydrogen bonded salt
bridge between R286 and D96 has the least effeshape alteration, resulting in close to
wild-type elution volumes during size exclusion amatography. To further test the
strength of cross-dimer salt bridges in the UYRB dimer, chromatography runs were

performed under high salt conditions as well. Imtcast to UVRE?%%,

where high salt
condition lead to partial monomerisation, UVR®' still mainly elutes as a single peak
under non UV-B conditions close to the wild-typendr. The elution volume has changed
slightly; however changes in compactness and sludpéhe dimer are most likely
responsible for this behaviour. As expected, theR&7®N monomer remains unaffected
by high salt conditions and elutes in the sametjposas under low salt conditions.

It can be concluded from these mutations that #ie lwidge formed through R286 is
essential to maintain the UVR8 dimer. The ionicerattions and UV-B induced
monomerisation will only be sustained as long dbeeiside can participate with a

positively and at least one negatively charged siden.

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 asljado the above described double
hydrogen bonded salt bridge and also in close pribxito the tryptophan pyramid (Fig
3-3 A). R338 also forms a second much weaker sag®é via a water molecule with E43.
The contribution of the salt bridges to maintaire thimer was again examined by
mutagenesis, changing R338 to alanine to elimitieegoositive charge. The SEC elution
profile of the UVR&*** mutant shows monomer-dimer equilibrium under lovit sa
conditions but UVRB**** becomes constitutively monomeric independent obsxpe to
UV-B if examined under high salt conditions (Fi® B8). R338 is therefore less crucial for

dimerisation than R286 since complete monomerisaitiothe UVR&3#A

mutant only
occurs if enough counterions in solution are preseprevent charged residues pairing up
across the dimer interface.

Besides the UVRE>® singlemutant, the double mutant UVRE®*AR3345nd the triple
mutant UVR&?3R2B6AR33EAyare generated. The main purpose hereby was ¢ondiee
the combined effect of the loss of arginines onethelosed tryptophan pyramid. However,

both mutants showed partial proteolytic cleavageindu protein expression and
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purification and therefore analysis of these mwamas limited. Due to tl effect of the
R286A mutation causing constitutive monomerisatiot)VR8?3AR3EA - gng
UVRGR234AR2BOARIE a1 monomeric as well. However, the elution volusgreater thal
for wild-type UVRE, caused by the proteolytic cleavage as well as jmgbenajol
alterations in their shape (Fi-3 C and D). Exposure of UVR&®R33# t5 UV-B leads to
a mixed species of prot¢ whereas one species coincides with the monomerim
observed in the absence UV-B, the second species elutes earlier from the cc. Most
likely, this second monomeric species has a changatbrmation induced bUV-B. To
possibly narrow down the region of conformationaamge, the UVRT?8AR33EA mytant
was treated with trypsin before S, which eliminates the last 40 amino acicf the
C-terminus(Christie et &, 2012). Trypsin treated UVR&®R*¥ remains unchanged
after UV-B exposur, suggesting a changed conformation of C-terminus in the full
length UVR&?8AR338 hrotein induced by UV-B.
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FIGURE 3-3: R338 is also important or stable dimerisationof UVRS8.

Purified proteins exposed or n-UV-B, solid line) to 1.5 pmol A s* narrowband UV-B for 1 h
(+UV-B, dotted line) were run on a Superdex 200 columB K&althcare) which was calibrat
using the low molecular weight calibration Kit (Giealthcare). Elution points of aldolase (’
kDa), albumin (75 kDa) and ovalbumin (43 kDa) amndi¢ated in the top ceach diagram(A)
Close up view of the salt bridge formed between 8§R388d D44.(B) SEC of wild-type UVR8
protein compared to UVF*®** shows constitutive monomerisation under low anch héglt
conditions (HS: 500nM NaCl).(C) SEC of UVR&?*R¥3BAshows dJV-B response which is lost
after trypsin treatment of the prot. (D) SEC of UVR&?**AR28ARIIEA Data shown in B and C are
representative of two experime. Experiment shown in D has not been repe
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3.5 R146 and E182 form a second double hydrogen  bonded salt bridge

The contribution to dimerisation of a thicross-dimersalt bridge was investigated
mutagenesis of R146. The second double hydrogededabralt bridge formed betwe
R146 and E182 is not directly adjacent to the tygphan pyramid Lt lies close to the
symmetry axis of the protein (Fi¢-4 A). E182 also forms an intermolecular salt bri
with R234 which contributes little to dimerisatibnt is still a remarkable arrangement
connects the crosdimer salt bridge between R146 and& to the tryptophan pyrami
since R234 neighbours W233 of the tryptophan triadcompletely prevent formation
the R146 and E182 salt bridge, R146 was mutateglaoine. The SEC elution profi
FR146A

shows dimerisation of UV
exposure to UV-BFig 3-4 B).

in the absence of UV-Bind monomerisation aft

A B ~/-- WT -/+UV-B; —-/-- R146A -/+UV-B
~/-- R146A +trypsin -/ +UV-B
60 4 158 75 43
50 4
R146 T
g 40
2
S
@
R234 ¢ ) £
o] g 20
=% g, 2
10
f E182
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FIGURE 3-4: R146 and E182 form the second double hydrogen bordlesalt bridge
further distanced from the tryptophan pyramid. Purified proteinsexposed or not (-UV-B,
solid line) to 1.5 pmol % s' narrowband UV-B for 1 h (+UV-Bdotted line) were run on
Superdex 200 column (GE Healthcare) which was bl using the low molecular weic
calibration Kit (GE Healthcare). Elution points afdolase (158 kDa), albumin (75 kDa) &
ovalbumin (43 kDa) are indicated in the top of ed@gram.(A) Close up view of thcross-dimer
salt bridge formed between R146 and E182 and fesdntion with R234(B) SEC of wild-type
UVRS protein compared to LR8**** shows a dimer to monomer shift afUV-B exposure with
an altered shape of the mutant protein. Trypsiatée UVRE** shows similar behavior to wi-
type protein.(C) SEC of UVRFMEARZEA ghows a UV-Bresponse which is lost after tryp:
treament of the protein(D) SEC of UVR&****shows no response UV-B and appears to be
dimeric.Data shown is representative of two independenemxents. The trend of the data shc
in C has been observed several times but withtsfidiffering elution volumes
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However, the elution volumes of this mutant diffgeatly from wild-type UVRS, but
nevertheless two distinct states are visible befanel after exposure to UV-B. To
investigate whether an altered shape of U¥R8 causes the shift in elution volume, the
protein was treated with trypsin as described lgef®he elution profile of trypsin treated
UVR8RM® closely resembles the elution profile of wild-typ#/R8 before and after
exposure to UV-B suggesting that the mutation ofiRfo alanine somehow affects the
conformation of the C-terminus. Nevertheless, U¥R%' is not impaired in dimerisation
and it responds to UV-B by monomerisation.

The last cross-dimer salt bridge mutant that wasegded and characterized was
UVR8R16AR28A offactively lacking the two double hydrogen bondsdt bridges. Size
exclusion chromatography shows constitutive mongation of UVR&6ARZ86A g 3.4
C) but exposure to UV-B shows a similar effect ehgration of two mixed species as
observed for the UVRB®AR3®A mutant in Fig 3-3 C. Similarly, treatment of
UVR8RU6AR2BAwith trypsin before the chromatography run elinémathe shape change
after exposure to UV-B leading to a constitutivelgnomeric form of UVR8 unresponsive
to UV-B. It should be mentioned at this point theyproducibility of elution profiles of the
two double mutants UVR8*ARZBeAgng YVRE?8AR3EAhave been problematic during
this study. Both mutants always showed elution nas close to the wild-type monomer
and therefore these mutants are clearly monomidowever, the shape of both proteins
can be altered greatly by the conformation of thei@inus as shown by the treatment
with trypsin. Shape alterations have especiallyng@®eblematic under low salt conditions
where the charged residues of the C-terminus mayact with the dimer interface of the
same subunit. Differences in protein concentratimmder these circumstances may result
in differing C-terminal conformations leading toffdrent shapes and elution volumes.
Conclusions drawn from the SEC data of these twtants, besides the fact that they are
constitutively monomeric, have to be consideredevearefully.

Finally, the intermolecular salt bridge between R2&d E182 was investigated by
mutation of R234 to alanine. Fig 3-4 D suggests$ thaR8***** mainly exists as a dimer
under non-UV-B conditions, however the broadenihghe peak towards the right hand
side shows a less tight conformation of the dimemgared to the wild-type protein.
Remarkable is the loss of UV-B induced monomemsabf this mutant. Most likely the
rather drastic mutation from arginine to alaningaeent to the tryptophan pyramid has
altered the tryptophan arrangement and theref@abtid the UV-B sensing mechanism.
Nevertheless, the dimeric state of this mutanttbdse investigated further especially by

trypsin treatment of the protein. The elution votunf UVRE*%* after exposure to UV-B
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is very similar to the elution volume of UVRE* and UVR&“A

is supposedly
monomeric after UV-B treatment with conformatiorafferences in the C-terminus as
shown by trypsin treatment. It can therefore notekeluded that mutation of R234 to
alanine even if not directly involved in a crossadr salt bridge also leads to constitutive
monomerisation with an altered shape of the C-teusiby disturbing the arrangement of
surrounding amino acids.

To summarize, comparing effects of salt bridge kirep mutations between the two
double hydrogen bonded salt bridges spanning tieefatce, the interaction between R146

and E182 contributes less to dimerisation thenrttegactions formed through R286.

3.6  Native gel electrophoresis reveals various conf  ormations of UVR8

mutants

Alongside size exclusion chromatography, the digaion state of UVR8 salt bridge
mutants was also analyzed by native PAGE. Nativeoordenaturing gel electrophoresis
is run in the absence of SDS and therefore the lityobf proteins does not only depend on
the proteins’ size, as in SDS-PAGE, but on theargk and their hydrodynamic radii. The
electric charge driving the electrophoresis is wheteed by the intrinsic charge of the
protein at the pH of the running buffer and depemishe amino acid composition of the
protein. Separation of purified wild-type UVR8 peot before and after exposure to 1.5
numol m? s of narrowband UV-B for 1 h on a 7.5 % native gateals only a very small
shift between the dimeric and monomeric form ofiilile-type (Fig 3-5 A).

The dimeric mutant UVRE®® where the total charge of the protein remainshanged,
runs in a comparable position to wild-type unden-ub/-B conditions, but UV-B induced
monomerisation results in a much more mobile momothen seen for wild-type. A
similar effect can be observed for the two singletants UVR8*N and UVR&*"™
whereas here the mutation has an effect on thegehair the protein (Fig 3-5 B). This
clearly demonstrates that the monomeric form ofké¢héhree mutants is present in a
different conformation to the wild-type monomer endhe native gel conditions. Further

§286A

changes in the mobility of monomeric forms can beens for UVR and

UVREPPNPION(Fig 3.5 A).
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FIGURE 3-5: Mutation of salt bridge forming residues alters the mobility of UVRE

mutants on native gels in various way Purified proteins were exposed (+) or n-) to 1.5
pumol n? s* narrowbancUV-B for 1 h. Samples were separated on a 7.5% nativend stained
with Coomassie Blue.

Whereas ige exclusion chromatography suggests the sameasideshape for these t
mutants, their behaviour differs under native PAG&hditions resulting in bands
different positions. In accordance to the SEC datth mutants however show
response to exgsureto UV-B. UVRE®®A and UVREM6ARZA4150 show no response
UV-B as seenbefore; however, their mobiliti suggest two further variatiorin the
conformation of monomeric mutants. Finally, the foomation and mobility of the doub
mutant UVR&ZAR3 gnd the triple mutant UVRE**AREOARIE 5150 remain
unchanged after exposure UV-B (Fig 3-5 D). However, the proteolytic cleavage of
two proteins which has been described earlier besoctearly visible. The only mutatic
that results n a mutant form showing wi-type characteristics under native PA
conditions is R1460 alanin« (Fig 35 D), where a similar small shift between unexpc
and UV-Bexposed protein can be observ

The conclusion that can be drawn from this setxpieementsis that the mobility of thi
protein is altered after exposureUV-B if the mutant is still responsive UV-B and this
coincides with UV-B induced monomerisation observed by size exclL
chromatography. This method however does not albbear asignment of dimer or

monomer state to mutants if compared to the-type form.
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3.7 Semi-native SDS -PAGE shows constitutive monomerisation of all

salt bridge mutants

Finally, a third method was applied to test thetgbutions of individual salt bridges -
dimer stability. Purified proteins were analyseddayn-native SD-PAGE hereby taking
advantageof the observatiorthat interactions that maintain the dimer are sidfitly
strong to resist denaturation by SDS if samplesrateheat denatured (Rizzint al.,
2011). As shown in Figure-6, this approach is rather debatable for salt leridgitant
forms of UVR8. Whereas wi-type UVRS8 is dimeric before exposure to 1.5 um® s*
of narrowband UVB for 1 h, no dimer can be detected for U\*?®% UVRE™*®* or
UVR8P*N eventhougt dimerisation was observed by SECsliould also be noted tr
the wildtype UVRS8 diner runs at a much lower size thaprotein of an approximate si
of 100 kDa would be expected according to the maéecweight marke. However,
omitting denaturation of the protein by boiling dsato ‘sen-native’ conditions and ¢
described abovehe conformation of the protes greatly influences separation behavi
under such conditions. This matter was also ingattd with UVR8 whole lant cell

extract and will be described later in this cha

D96N
WT R286A R286K R146A D96N D107N
+ - + - + - + - + - +
58 _| w——
46 - —.--—---.-—‘.—-—

FIGURE 3-6: Salt bridge mutants are constitutively monomeric uder sem-native
SDSPAGE conditions. Purified proteins were exposed (+) or i(-) to 1.5 pmol rif s* of
narrowband UV-Bfor 1h. Unboiled samples in Skloading buffer were run on a 7.5% S-
PAGE gel and stained with Coomassie B

3.8 The UVRS8 dimer shows exciton coupling

Besides the use of SEC, -UV CD spectroscopy has also b established during this
study as an important tool to assess the -monomer state as well as tlUV-B
responsiveness of UVR8 and its mutant forms. Theamer interaction surface includ
seven tryptophangf which W233, W285 and W337 form a closelacked triad in one
monomer facing W94 on the other monomer. This @earentconstitutes the earlier
mentioned tryptophan pyramid which is responsilde ghotoreception (Christie et
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2012). These four tryptophans are less than 5Ataphich is suffidently close that
electronic orbitals would overlap, permitting erctcoupling as seen in other prote

(Kuwajima et al., 1991; Vuilleumier et al., 1993ndersson et al., 2001). Three more p
of aromatic esidues from the surface W1- Y201, W250 -Y253 and W30:- F305 create
a perimeter fence of aromatic residues that iseléte tryptophan triad from solve

Exciton coupling of tryptophans gives rise to signa the fa-UV CD spectra of protein
(Grishina and Woody, 19, Kelly et al., 2005). The fadV CD spectrum of UVRshows
a strong peak at 234 nm and a trough at 221 nmhwhicharacteristic of exciton coupli
between tryptophans (Fig-7 A). Exposure of wildype UVR8 to 1.5 umol ? s*

narrowband UV-Bfor 1 h strongly diminishes the farUV CD features, indicating th:
tryptophan exciton coupling is greatly reduced,spreably by separatioand possibly
disordering of the tryptophan cluster upon dimessdciation. The ne-UV CD spectrum
is dominated by the signal of all 14 tryptans present in UVR8 giving a main peak cl
to 290 nm with fine structures between 290 and 13@5(Fig -7 B). Overall the ne-UV

CD spectrum shows integrity of the protein withieefy folded tertiary structure with r

major changes after exposureUV-B.
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FIGURE 3-7: The UVR8 dimer shows exciton coupling and UV-B response.

(A) and(B) Far-and nee-UV CD spectra of wild type UVR8 protein exposedhot (-UV-B, solid
line) to 1.5 pmol M s* narrowband UV-B for 1 h (+UV-Rdotted line)(C) Far-UV CD spectra of
dimeric UVR&*®N, UVRE&”**"Mand UVR&*** mutans with same treatment as in ((D) Far-UV
CD spectra of dimeric UVF***** mutant with same treatment as in (
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The presence of exciton coupling in the UVRS8 dinvas next examined in those mutants
that were characterized as dimeric by size exausibromatography. UVRE’™
UVR8R# and UVR&* show only a very small reduction in exciton congliunder
non UV-B conditions compared to wild-type UVR8 (g C and D). This is most likely
due to minor changes in side chain orientationsiraddhe tryptophan pyramid caused by
the mutations, which will influence distances oedapping orbitals and thus the intensity
of exciton coupling. All three mutants respond t¥-B by showing the same loss in
exciton coupling as wild-type. The UVRE" mutant shows the greatest reduction of
exciton coupling amongst the dimeric mutants; haveexposure to UV-B still flattens
the signal even further like in the wild-type piiatéFig 3-7 C). Near-UV CD spectra were
also recorded for all UVR8 mutants. All spectra fiely similar compared to wild-type

UVRS8 and are therefore shown in the appendix (F) A

3.9  Exciton coupling is reduced in the monomeric mu tants

To test whether exciton coupling requires an intd¢R8 dimer, the monomeric mutants
were investigated by far-UV CD spectroscopy (Fig)3None of the spectra recorded for
the monomeric mutants resembles that of the moriom&d-type protein after exposure
to UV-B. This observation suggests that a changhefryptophan arrangement can only
be achieved by UV-B induced monomerisation and thobugh monomerisation by
mutagenesis. The far-UV CD spectrum of UV8’P19Nshows the greatest reduction in
exciton coupling amongst the monomeric mutants 8&8A). Exciton coupling seems to
be reduced slightly further after exposure of thetgan to UV-B; however, the overall
shape of the curve has not changed as seen fotypddUVRS8. A similar observation can
be made for UVR®®®A except exciton coupling is less reduced at 234ntmore at 221
nm. The far-UV CD spectrum of UVR&®is comparable in height to the 234 nm exciton
coupling peak and also shows subtle changes afpersare to UV-B (Fig 3-8 B). The two
double mutants UVRB%AR38Agnd UVREMCARZEA show similar strength of exciton
coupling as the other monomeric mutants but remachanged after exposure to UV-B
(Fig 3-8 C). Interestingly, exciton coupling is gty reduced in the UVRE*** mutant in
respect to the 234 nm peak but not the 221 nm kr¢bgy 3-8 D). However, whether this

mutation truly leads to monomerisation or not neledse investigated further.
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FIGURE 3-8: Exciton coupling is reduced in the monomeric UVR8 mtants.

(A) FarUV CD spectra of monomeric UVIP?NPO™N gnd UVRE?® mutants exposed or not (-
UV-B, solid line) to 1.5 pmol 2 s narrowband UV-B for 1 h (+U\B, dotted line)(B) Far-UV
CD spectra of monomeric UVIF®®* with same treatment as in (AF) Far-UV CD spectra of
monomeric UVRE¥“6ARZAgnd YVRE?FARIBA mtants with same treatment as in (D) Far-
UV CD spectra of dimeric UVF****mutant with same trement as in (A

3.10 Analysis of the UVR8 homodimer in plants

Besides the in vitro studies of the di-monomer state of UVR8 salt bridge mutal
effects of mutations were also tested in transguvr8-1 Arabidopsis lines expressit
GFPUVRS8 with the respective mutation under controltted CaMV 35S promoter. The
uvr8-1 allele has a 15 bp deletion in the middle of theegghich includes an amoi
RCC1 homologues highly conserved glycine residuklaeads o complete absence of t
protein (Kliebenstein et al., 200zFig 39 shows the expression levels of (-UVRS8 in

the generated mutant lines used during this sflidsee independent homozygous T3 i

R146A
8

(numbered) were selected for each ~UVR8 mutant exept for GFI-UVR and line

4 for GFP-UVR&2®VPO™ \where plants of the T2 generation were u:
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FIGURE 3-9: Expression levels of GF-UVRS in transgenic lines

Immunoblot analysis of plant ceextracts of transgenic lines expressing the indd&F-FUVRS8
fusions Extracts wer separated by SDBAGE and immunoblots were probed with -GFP
antibody. Ponceau S staining of Rubisco large sitifrocL) is shown as a loading control. Th
indepenént homozygous T3 lines (numbered) were selecteddoh GF-UVR8 mutant (except
T2 generation for GRRIVR8*** and line 4 for GFP-UVRE®*P1™ The level of expression in
each line was compared to that in (UVR8 line 62, in which the level of GF-UVRS8
expression is sufficient to functionally complemuvr8-1 (Kaiserliand Jenkins, 2007

UV-B-dependent monomerisation of UVR8 in plants wag Bfeown byundertaking a
coimmunoprecipitation assay. Whole cell extracts welpgained from wil-type plants
expressing GFRIVRS treated or not with 3imol m? s* narrowbandUV-B for 4 h.
Subsequently, a cormunoprecipitation assay with anti C-beads was carried out unc
the same conditions. Figur-10 A shows that native UVR8 protein interacts wGFP-
UVRS8 forming a heterodimer under r-UV-B conditions. The interaction is lost af

exposure to UV-Bsince the native UVR8 protein is no longer pulledvd by GFI-FUVRS.
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This demonstratedJV-B induced monomerisation in plants. However, thisdkiof
expeiment can only be used for the w-type form of UVRS8, since transformation
plants with a GFRagged and an untagged mutant form of UVR8 at éimestime is nc

easily accomplishel

A Ler/GFP-UVRS
- +
IN IP IN IP
s S Grp_UVRS
— OO i UVRS
B Ler/ uvr8-1/
GFP- GFP- -
UVRS UVRS Ler M)
-
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FIGURE 3-10: UVR8 forms a homodimer in plants.

(A) UV-B induces monomerisation of G-UVR8 and UVR8 dimers. Whole cell extracts obtai
from wild-type Ler plants transformed with GFUVRS treated (+) or not-) with 3 pmol nf s*
UV-B for 4 h. A ceimmunoprecipitation asy was performed with a-GFP beads and the
immunoblot was probed with a-UVR8 antibody.(B) Whole cell extracts obtained frouvr8-1
and Ler plants transformed with GI-UVR8 and extracts fromdr wild type plants were expos:
(+) or not (-) to 4umol % s* narrowband UV-B for 30 min. SD®ading buffer was added to t
extracts, and unboiled samples were run on a 7.B%-PAGE gel. The immunoblot was prok
with anti-UVR8 antibody. GF-UVR8/UVRS8 heterodimers and homodimer as well as onweric
forms ae indicated. Ponceau S staining of Rubisco lardmirsti (rbcL) is shown as a loadil
control.

In vivo studiesof the dime-monomer state of UVR8 and GRP/R8 using semi-native
SDSPAGE were already in progress before expressiorparitication of therecombinant
protein was achieved E. coli. Since very little was knowat that tim«about any proteins
interacting with UVR8 under noUV-B conditions, concerns arouse whether the
detected by the UVRS8 antibody in plant cell extriacthe dark state really was a UVI
homodimer since it was running much lower than etgpected molecular weigl
Interestingly, the fact that the proteinse separated under se¢-native conditions and
therefore protein conformation greatly influenclesitt separation behaviour only seem:
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be true for the dimer but not for the monomer siadeand around the expected 46 kDa
marker band is detected for the monomer.

To prove that UVRS8 is indeed forming a homodimerplants that can be maintained
during semi-native SDS-PAGE conditions and detedtgdmmunoblotting, whole cell
extracts obtained fromwr8-1 and Ler plants transformed with GFP-UVR8 and extracts
from Ler wild-type plants were analyzed. Fig 3-10 B showat tin wild-type plants
expressing GFP-UVRS8 three bands can be detectetiebYVR8 antibody in the dark
state. These correspond to the GFP-UVR8 and UVRBodomers and the intermediate
corresponds to the heterodimer formed between G¥R8Jand UVRS. In the absence of
UV-B, the intermediate band is only present if GFYRS8 is expressed in the wild-type
background but not if expressed in th8-1 mutant background proving that this is
indeed a heterodimer formed between the taggedhenehdogenous form of UVRS8. Upon
exposure of the extract tomol m? s* narrowband UV-B for 30 min, the GFP-UVRS8
and the UVR8 monomers can be detected. The exparitherefore demonstrates that
even if the UVR8 dimer runs at a rather unexpedted molecular weight, it is a
homodimer and not an interaction with another pnot€his ties in with the analysis of
purified protein as shown in Fig 3-6 where a bahthe same size appears under in vitro
conditions excluding possible interactions with esthproteins 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 inigete the dimer-monomer state of the salt
bridge mutants expressed in plants has been rdiffeult. As already shown for the
purified UVRS8 salt bridge mutants, the very conestiimethod of semi-native SDS-PAGE
does not rigorously show whether a UVR8 mutant amemeric or dimeric if compared to
data gained from SEC experiments. The limitatiohsaiive PAGE in this respect have
been described earlier on as well. Furthermore tallienited amount of plant material and
presumably unknown interacting proteins, as welp@ssible complex formations in vivo,
the method of choice for purified UVR8 protein,esizxclusion chromatography, is not as
straight forward to apply as one might wish foriarvivo analysis of UVR8 dimerisation
state.

Nevertheless, semi-native SDS-PAGE was undertakén whole cell extracts obtained
from uvr8-1 plants transformed with GFP-UVR8 or GFP-UVRS8 &aitige mutant forms.
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Extracts wereexposedor not to 4 umol M s narrowbandUV-B for 30 min before
separation on a SBDBAGE gel.All transgenic lines that were generated in thiglg(Fig
3-9) were tested by se-native SDSPAGE and immunoblotting using an «UVRS8
antibody and not unexpectedly all salt bridge mut were detected as constituti

monomers (Fig 3-1).

GFP- D96N/ -
UVRS R286A R286K D107N DN R146A R234A &
+ - + - + - + - + - + - + g

175 4 :

80 |

” ; : Dimer

| Monomer
58 |

‘ - - - e G @ - e e o ‘.‘rbcL

FIGURE 3-11: Sem-native SDS-PAGE to show dimemonomer state of UVR8 in
whole cell extractsobtained from uwr8-1 plants transformed with GFP-UVR8 or

GFP-UVRS salt bridge mutant forms. Extracts were exposed (+) or (-) to 4 pmol rf s*
narrowband UV-Bfor 3C min. SDS sampleuifer was added to the extre and unboiled samples
were run on a 7.5% SI-PAGE gel. An immunoblot was probed with -UVR8 antibody. GFP-
UVRS8 dimer and monomer bands are indicated. Pong staining of Rubisco large subunit (rbc
is shown as a loading contr.

The same extracts were also separated by nativeERP#@ UVR8 was again revealed
immunoblotting with an ar-UVR8 antibody (Fig 3t2). The shift between the dimeric &
monomericform of endogenous UVRS8 obtained from v-type Ler plants (Fig 3-12 A) is
once again very subtle whereas also a smear bélewmntonomeric band is observ
especially on longer exposed immunoblots (not shodrsimilar observation can be ma
for GFP-UVRB (Fig :-12 B) thus making it very difficult to distinguidbetween the tw
states and assesffects of mutationsComparison between the native PAGE of puri
UVR8 mutant forms and the native PAGE of whole aeftract reveis one major
difference: wheeas the various purified mutants show great diffees in mobility, th
GFPUVRS8 mutants expressed in plants show bands isdhee position suggesting ratl
similar conformations and charges (Fi-12 B-D). Especially the putative dimeric bar
of the UVR&*®N and UVR&?®K mutants visible in Fig 3-A and B are not detected in
whole cell extract samples. The only exception i&-UVR8™%* which shows a close to
GFP-UVR8 wildtype behaviour with a very small shift visible afUV-B treatment and
aso a smear below the supposedly monomeric fornGBE-UVR8™*®A Overall, the
native PAGE resultsf whole cell extracshed very little light on the dim-monomer state

of salt bridge mutants and a further approach bdxktconsiderec
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FIGURE 3-12: Native PAGE to show dimerimonomer state of UVR8 inwhole cell

extracts of WT Ler and several transgenic GF-UVRS8 salt bridge mutant lines. Whole

cell extracts were exposed (+) or r-) to 4 umol rif s* of narrowbanUV-B for 30 min. Samples
were separated on a 7.5% native gel and immunoltete probed with ar-UVR8 antibody.

Ponceau S staining of Rubisco large subunit (rii€shown as a loading conti

3.12 Dimer- monomer state of UVR8 salt bridge  mutants expressed in

plants analysed by SEC

Since size exclusion chromatography served as & mstructive approach for din-
monomer analysis of purified protein, it was ulttelg tested for plant derived UVRS8. D
to limited amounts of plant matel and several homozygous transgenic lines sti
progress, GFRJVR8 and GF-UVRS8 salt bridge mutants were transiently expresse
N. benthamiana plants. GF-UVR8 transiently expressed i benthamiana monomerises
in response to U\B and this approach ag therefore suitable in generating suffici
amounts of plant cell extract containiUV-B responsive GFRJVRS8 (data not shown).
However, it is unclear if Arabidopsis UVR8 can matet with COP1 or other so f

unidentified interacto in N. benthamiana. Information about possible complex format
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is lacking as well. Nevertheless, it was hoped BBP-UVRS8 under control of th&sS
promoter would be expressed at such high levelbarplant that even if any of the above
interactions were formed, enough cytosolic UVRS8 ldagtill be available to analyse the
dimerisation state of the protein. To purify the otpin, GFP-UVR8 was
immunoprecipitated under native conditions befoeen@ applied to the SEC column.
GFP-UVR8 was then detected by SDS-PAGE of the c@te chromatography fractions
followed by immunoblotting using an anti-GFP-antilyo

Fig 3-13 A shows a clearly distinguishable shiftalution volumes between immuno-
precipitated wild-type GFP-UVRS8 derived frohh benthamiana plants before and after
exposure to 4 umol Ts* narrowband UV-B for 30 min. The main peak of nox-B
exposed GFP-UVR8 is detected around 160-260 kDater AfUV-B exposure,
monomerisation becomes visible, resulting in a paakapproximately 75 kDa, the
expected size of a GFP-tagged UVR8 monomer. Eveheifassigned size of the GFP-
UVRS8 dimer is higher than predicted, conformatioo@htributions have to be considered
as described above. However, the most importangéreason is that with this method a
clear shift between the dimeric and the monomemnimfis visible which is necessary for
subsequent analysis and classification of the misgemutants.

Next, the two monomeric mutants GFP-UVIR8* and GFP-UVRE&®VP1O'N\yere tested
in the established system. Fig 3-13 A and B shawilar elution volumes for GFP-
UVR8R?8A  GFP-UVRE®NPION and for UV-B exposed wild-type GFP-UVRS
confirming the constitutive monomerisation of theotmutants. It was now of interest to
test whether the GFP-UVRE®* dimer detected by size exclusion chromatography of
purified protein was also present in plant deri@eP-UVR&?** However, the mutant
form could only be detected in elution fractionsigsed to the monomeric form (Fig 3-13
C). Since the immunoprecipitation assay contain®ersé¢ high salt washes and as seen
before higher salt conditions favour monomerisatidrthe UVR&*®¢ mutant, washes
were performed with low salt buffers resulting irsraall shift towards higher molecular
weight of the GFP-UVRE®®X elution profile. Nevertheless, the elution profde not
match the profile of dimeric wild-type GFP-UVRS.
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FIGURE 3-13: Dimerisation of GFP-UVRS8 expressed iN. benthamiana plants.

(A) SEC profiles of immunoprecipitated GFP-UVR8 (WRpeessed inN. benthamiana plants
before and after UV-B treatment (30 min, 4 umof &l narrowband UV-B). Empty vector just
containing GFP was used as a control. Eluates wfunoprecipitation assays with anti-GFP beads
were loaded onto a Superdex 200 column and fractidnto 30 were used for SDS-PAGE and
immunoblotting with an anti-GFP antibody. The columas calibrated using a low molecular
weight calibration Kit (GE Healthcare)(B) SEC profiles of immunoprecipitated GFP-
UVR8P¥NPIO™N and GFP-UVRB?®®* before and after UV-B treatment (30 min, 4 pumof st
narrowband UV-B)(C) SEC profiles of GFP-UVR&® immunoprecipitated under low and high
salt conditions (150 mM NacCl (LS) and 500 mM Na@lS)) and after a 24 h recovery period
between immunoprecipitation and SEC.

The observed constitutive monomerisation for theR8¥*** mutant might be due to the
combined effect of UVRE® forming a destabilized dimer, as seen by semivas®DS-
PAGE and the fact that the elution step of the imopuecipitation assay involves a drastic
change in pH up to 11.8. The highly stable wildeygimer can be maintained during this
step, which is followed by immediate neutralizatiointhe eluate, but possibly not a by
mutation-weakened dimer as for example U%. Knowing that monomerisation is
reversible, immunoprecipitation of GFP-UVE&™ was carried out and a 24 h recovery
period of the eluate at room temperature was alfowefore SEC was performed to
facilitate possible regeneration of the dimer. Hegre once again the elution profile
showed GFP-UVRE®* being monomeric (Fig 3-13 C). Due to time restsaitone of the

other dimeric mutants were tested in this system.
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A number of other mutants were also tested in &mmgdt to gain information about
whether different conformations of the monomerictants are present in plant derived
UVRS. GFP-UVR&?*  GFP-UVR&®®"  GFP-UVREXARSA  and  GFP-
UVR8RUEAR28A 5| showed monomeric behaviour under non UV-B détmas matching
what has been observed in vivo but without anyhirtgain of information on
conformation (Fig 3-14 B). Notably, the double mmutdJVRE?3*AR33A gnly showed
proteolytic cleavage when expressed Hncoli but not when expressed in either

Arabidopsis oiN. benthamiana plants as GFP fusion proteins.

A
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FIGURE 3-14: Constitutive monomerisation of GFP-UVRB salt bridge mutants
expressed inN. benthamiana plants. (A) SEC profiles of immunoprecipitated GFP-UVR8
(WT) expressed it. benthamiana plants before and after UV-B treatment (30 mip,ol ni* s*
narrowband UV-B). Empty vector just containing GMRsS used as a control. Eluates of
immunoprecipitation assays with anti-GFP beads viesded onto a Superdex 200 column and
fractions 15 to 30 were used for SDS-PAGE and WedBdotting with anti-GFP antibody. The
column was calibrated using a low molecular weighlibration Kit (GE HealthcareB) SEC
profiles of GFP-UVR8®* GFP-UVR&*® GFP-UVR&?®ARIEA  GEP.YYREEAR286A
immunoprecipitated under low salt conditions (LS0InM NacCl).

To conclude, results from SEC of immunoprecipitafgdnt derived GFP-UVR8 salt
bridge mutants could not confirm the dimeric stafeUVR8?®°¢ observed when the
protein was expressed in vitro. Even modificatiasfsthe most critical steps of the
immunoprecipitation assay did not lead to detectiba GFP-UVRE?%°¢ dimer. It remains
therefore to be established whether salt bridgeantst in particular GFP-UVF&*K
GFP-UVR&®N, GFP-UVR&*™ and GFP-UVR8 " are indeed able to dimerize when
expressed in plants.

71



CHAPTER 3 RESULTS

3.13 Discussion

3.13.1 Dimerisation of plant photoreceptors

The current chapter is focused on the charactersaff the dimer maintaining forces of
UVRS8 with respect to individual contributions of mm acid side chains present on the
dimer interface. Homodimerisation is a common featof plant photoreceptors but
activation of the receptor by light induced monoiseion of the protein is unique to
UVRS8. All currently characterized phytochromes astdimer whereby phyA is mostly
found as homodimer and the light-stable phytochmoifpdyB-E) can also form tightly
bound heterodimers (Sharrock and Clack, 2004). Btoom of such heterodimeric
photoreceptors increases the potential complexitiR/&R light sensing and signalling
mechanisms of phytochromes. Remarkably, there isvidence for homodimerization of
phyC or phyE, indicating that these two forms arespnt in cells only as heterodimers
with phyB or phyD (Clack et al., 2009). In cleamt@st to UV-B induced monomerisation
of UVRS, light regulated subunit-subunit dissomatis not the signalling mechanism used
by plant phytochromes.

For cryptochromes, homodimerisation mediated byctlgptochrome N-terminal domain is
required for function (Sang et al., 2005). Actieatiof the photoreceptor is achieved by
rapid phosphorylation upon irradiation with blughif and a subsequent conformational
change of the C-terminal domains (Yang et al., 208@wever, during this process of
activation the cryptochrome dimer is still maintdn Dimerisation of the second class of
blue light receptors, the phototropins, still neéalde fully proven. It has been reported
that the LOV1 domain may promote dimerisation oé tbhototropins based on size
exclusion chromatography in addition to x-ray callsgraphy studies of purified LOV1
(Salomon et al., 2004; Nakasako et al., 2008).Heamore, a fully active version of photl
can transphosphorylate a kinase-dead version oftlpho planta, suggesting that
homodimerization is likely and the dimer is maintd in the active state of the receptor
(Kaiserli et al., 2009). As for phytochromes angptochromes, monomerisation is not the
underlying mechanism of phototropin signalling.

In summary, it still has to be determined what m@dunctional role dimerisation plays in
regulating photosensing activity of the visiblehligphotoreceptors. Likewise, the role of
dimerisation of UVRS8 is not sufficiently characted yet but several implications of the
homodimeric ground state of the receptor will beadded and discussed throughout this
thesis. Regardless, the UV-B induced dimer to mardanansition of UVR8 to activate the

receptor is a new and unique feature in plant pleotptor responses described so far.

72



CHAPTER 3 RESULTS

3.13.2 Constitutive monomerisation of several UVRS8 salt bridge mutants

Elucidation of the crystal structure revealed arteesive salt bridge network very
effectively stitching together the two monomerstlie absence of UV-B. Site directed
mutagenesis of charged amino acids, especiallpiaggresidues, along the dimer interface
has demonstrated their important contributionsimeedisation. This is in accordance with
studies for example by Clackson and Wells (199%wshg that single residues can
contribute a large fraction of the binding free rgyeof proteins. Free energies are not
uniformly distributed across protein interfacesst@ad, certain critical residues contribute
the most to the binding free energy and are thezefalled ‘hot spots’. These ‘hot spots’
are enriched in tryptophan, tyrosine and arginggdues (Bogan and Thorn, 1998). The
abundance of arginine in protein interfaces relt&bethe versatility of its side chain as a
contributor to multiple types of intermolecular aractions (Bogan and Thorn, 1998).
Arginine has the ability to form a hydrogen bondwak with up to five hydrogen bonds
and a salt-bridge with its positively charged gdamum motif, while the methylene
groups can contribute favourably to the hydrophaffect. Mutations of R286 to alanine
or lysine highlight some of these features, cauklNgR8 monomerisation or a destabilized
dimer, respectively (Fig 3-2 A and 3-6). Furthermocations interactions between
arginines and aromatic side chains are anothempally beneficial interaction at the
protein-protein interface (Crowley and Golovin, 8DP0Cations interactions for R286
within the monomer have been identified by Wu andworkers (2012) confirming and
extending the structural importance of this residR286 is surrounded by four aromatic
residues (W285, W302, Y253 and W250) which areigefitly close to allow cation-
interactions which are of structural relevance. Ba# bridge formed through R286 is
therefore essential for structural integrity asnséxy constitutive monomerisation of
UVR8R?8A and UVR&NP™N and also has major influence on the function & th

photoreceptor, as will be described in Chapter 4.

The identification of constitutive monomeric mutémtms of UVRS is a very valuable tool
for elucidation of the UV-B perception mechanisnd ao investigate the function of
dimerisation during this process. Monomerisatiopwfified UVR8 mutants was assessed
by SEC using the wild-type protein as referencenfp(itig 3-2 B). However, variation of
elution volumes of the UVR8 mutant proteins dugutative shape alterations caused by
the mutations had to be addressed to ensure gemum@®merisation and to rule out
concentration-dependent or buffer-condition-depahaeonomerisation (Fig 3-2 C). Our
collaborators (E. Getzoff, The Scripps Researchitins, La Jolla, CA, USA) analysed

three monomeric mutants UVRBVPIO™N yyREIOAREA 0 UVRE?OARIZEAL Y multi-
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angle laser light scattering (MALS) to determineithmolecular masses. UV-B treated
wild-type and constitutive monomeric mutants elutath similar monomeric molecular
masses however, distinct hydrodynamic radii wes® abserved by peak shifts in the
elution profiles during MALS confirming the SEC udis (Christie et al., 2012).

Variation of the ionic strength in the buffer alsaused shifts in the elution volumes, in
particular for UVR&?®®* and UVR&®**** (Fig 3-2 D and 3-3 B). This observation fits the
model of ionic interactions maintaining the dimerce increasing the salt concentration
reduces the strength of ionic interactions acrdss dimer interface by providing
competing ions for the charged residues. Thus mensation will occur. The shifted
dimer peak also suggests that the compactneseqgirtiein is greatly influenced by its
ionic environment. Conformational changes were akased by altered arrangements of
the C-terminus as shown by treatments of the msitavith trypsin (Fig 3-4). The
C-terminus contains a high number of charged resiqlil out of 42: three arginines, two
lysines, four aspartic acids and two glutamic gcuwdsich might cause artefacts in vitro

interfering with counter ions in solution.

Besides the identification of monomeric mutantssegond set of mutants comprising
UVRER#EK YvREN UVREO'™ and UVR& A was characterised (Fig 3-2 and 3-4).
Here, mutation of an interface residue did not predimerisation under SEC conditions.
However, monomerisation was observed under semien&DS-PAGE conditions (Fig
3-6). It can therefore be concluded that mutatibrarmy of the salt bridges results in a
destabilized or weakened dimer that monomerizésiffer conditions become harsher as
for example during semi-native SDS-PAGE. In theecas UVR&?*® where no salt
bridge is removed in contrast to the other threg¢amts, the destabilized dimer is most
likely caused by the fact that lysine only contaansingle amino group, meaning it is more
limited in the number of hydrogen bonds it can fortncan therefore only partially
substitute for the double hydrogen bonded saligeridrmed through R286.

The monomeric as well as the weakened dimeric famd$VR8 identified in the in vitro
studies were ultimately tested in transgenic Arapsis plants as GFP fusion proteins.
Dimerisation of wild-type GFP-UVR8 could be showy semi-native SDS-PAGE and
also by SEC of immunoprecipitated GFP-UVRS8 derifredn N. benthamiana plants (Fig
3-11 and 3-13). Dimerisation however, could notshewn for GFP-UVR&?®®¢ GFP-
UVR8P*®N or GFP-UVR&®A The semi-native SDS-PAGE of these purified mutant
reveals a weakened or destabilized dimer comparedlt-type UVR8 and most likely
this dimer cannot be maintained under the immurmpitation conditions.

Immunoprecipitation of GFP-UVR8 before SEC analysisievertheless essential, since
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SEC of whole plant cell extract omitting immunoppa@&ation has led to the detection of
GFP-UVRS8 in a rather big complex at roughly 300 kDO#is unidentified complex

remains more or less unchanged after exposure teBUW¥Waking this an unsuitable
technique for mutant analysis (Headland, Ph.D.ish&®09). It can also not be excluded
that discrepancies might exist between UVR8 expess vitro and UVR8 expressed in
vivo. A weakened dimer in vivo might allow interaet with so far unknown proteins

pushing the dimer-monomer equilibrium towards moaensation. Also the cytosolic pH

might favour monomer formation. These possibilittesve to be kept in mind for the
functional analysis of the generated Arabidopsis Isadge mutant lines undertaken in
Chapter 4.

3.13.3 The influence of dimerisation on exciton coupling

Many interactions involving aromatic residues hakie potential to contribute to CD
features of a protein. Exciton coupling betweemtimphan residues has been observed in
several proteins before, including the dihydrofelateductase (DHFR) ofE. coli
(Kuwajima et al., 1991) and the bacterial ribonaske barnase (Vuilleumier et al., 1993).
The utilization of far-UV CD spectroscopy to invgstte exciton coupling in wild-type
UVRS8 and tryptophan mutants has given first ingghto a possible mechanism of UV-B
perception (Christie et al., 2012). In respecthe salt bridge mutants, it was now of
interest to test whether dimer formation is essémbr exciton coupling, since a complete
loss of it is observed after UV-B exposure of thet@in. However, CD spectra of proteins
are quite complex and difficult to unravel, as thepresent the sum of contributions of
backbone peptide groups in different conformati@mematic side chains and coupling of
electronic transitions arising from interactionsatving aromatic residues and side-chain
amide as well as charged groups in an asymmetvicoerment (Strickland, 1974).

The contribution of single tryptophans to the olsedrexciton coupling of UVR8 has been
investigated by site directed mutagenesis revedhiagW285A causes the greatest loss of
exciton coupling, with its far-UV CD spectrum clbseesembling that of the triple-mutant
UVRW233AW2BAWISIAand UV-B treated wild-type (Christie et al., 201Rlone of the
monomeric mutants show such a profound loss ot@xaoupling, only different levels of
reduction were observed (Fig 3-8). This suggestsdimerisation maximises the extent of
exciton coupling but is not a requirement for itawcur. This hypothesis is supported by
the fact that mutation of W94A, the apex of the B\perceiving pyramid on the opposing
monomer, still allows exciton coupling but is siamly reduced as, for example, in
UVR8R#% or UVRE®®A Amongst the mutations that only lead to a debzzli dimer
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but not to a constitutive monomer, UVRE is strikingly different in respect to its ability
of exciton coupling. UVRE®N shows the greatest reduction of exciton couplimprgst
the dimeric mutants comparable to the monomeriantugVR&?%*A However, exposure
of UVR8”*®N to UV-B still flattens the signal even furtherdilin the wild-type protein (Fig
3-7 C) indicating that UV-B photoreception does netessarily require intensive exciton
coupling. One should be aware that conclusions nifa@m these experiments have to be
considered very carefully since the basic requirgnier exciton coupling is sufficient
proximity of the chromophores (Grishina and Wootl§94). Thus, a specific feature of a
spectrum including intensity of signals is very Séme to changes in the tertiary structure
of the protein. Those will be created more or lesgerely by the introduced mutation and

can lead to unpredictable rearrangements of esseesidues.

3.13.4 The role of the salt bridges during photoreception

To understand the role of the salt bridges durihgtgreception the overall structural
arrangement of the arginine residues within theedimterface has to be considered.
Several bulky aromatic residues are tightly pacaealind the key charged residues, in
particular R286. R338 and R234 are positioned asklends’ flanking W285 and W233
of the tryptophan pyramid (Christie et al., 20I)e proximity and coupling of arginines
and tryptophans suggest a specific mechanism whemiotoreception leads to
disruption of the salt bridges (Christie et al.12J) The closely packed central W285-
R286 pair is possibly the linker between UV-B phlieteption and salt-bridge status. The
impact of the W-R arrangement on structure as albn function can be characterized
by comparison of the UVR8®®* and the UVRB*®VPX"Nmytants, since both mutants are
monomeric but the latter mutation does not direclyer the tryptophan-arginine
arrangement. Unfortunately, the far-UV CD spectromly reveals a small difference in
the occurrence of exciton coupling which does nlotnaa more specific assignment on
the role of R286 (Fig 3-8). Nevertheless, the maBWGE of purified protein reveals two
different conformations for the two mutants (Fip3-In respect to function, the two
mutants can be clearly distinguished, which willdescribed in the following chapter. So
far the photoreception mechanism remains hypothletind needs further experimental
proof. A possible scenario would be that photorgoapby the tryptophan pyramid,
predominantly W285 and W233, results in the effectiransfer of an excited electron
from a tryptophan to a neighbouring arginine, lagdio charge neutralization followed

by breakage of cross-dimer salt bridges and diatoni of the two subunits (Christie et
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al. 2012). Once monomerisation is achieved, intemacvith COP1 is the next defined
step in the UVRS signalling pathway which will bea#ysed in the next chapter.

77



CHAPTER 4 RESULTS

4. FUNCTIONAL ANALYSIS OF UVRS8 SALT BRIDGE MUTANTS

4.1 Introduction

UV-B induced dissociation of the UVR8 dimer into momners is one of the very early
events of UV-B signalling that ultimately leads ttte expression of a range of genes
essential for UV-B protection. A great number of R&4regulated genes are controlled by
the transcription factor HY5 and UVR8 regulateqisaipt levels of HY5 (Brown et al.,
2005). Another known essential process to initgggal transduction is the interaction
between UVR8 and COP1 (Favory et al., 2009). Theative of this chapter was to
determine the effect of UVRS8 salt bridge mutationsrespect to functionality of the
mutant in plants. To do so, the interaction betw&B/R8 and COP1 was assayed
alongside with RT-PCR experiments to test UV-B icellHY5 andCHS gene expression,
analysis of CHS protein levels and assessment mfodomorphological UV-B response
mediated by UVR8. The site-directed mutagenesisalsas extended towards residues in a
conserved and repeated motif GWRHT that embedgyptophan triad and the main salt
bridge formed through R286. The major findingsho$ tchapter are firstly that constitutive
monomerisation and interaction with COP1 are nfficsent to initiate a UVR8-mediated
response in the absence of UV-B in vivo and segotidit dimerisation is not required for

UVR8-mediated signalling in vivo.

4.2  The evolutionarily conserved reoccurring motif GWRHT

Initial sequence analysis before the crystal stmecof UVR8 became available resulted in
identification of an evolutionarily conserved artee times repeated motif (GWRHT)
which was used as a starting point for the streefunction studies. Looking at orthologs
of UVR8 in other higher plants, e.g. the popl&ogulus trichocarpa) or rice (Oryza
sativum), protein sequences show a high degree of cortsmmaeing about 75% identical
(Fig 4-1). Extending the comparison from higher lawer plants like the moss
Physcomitrella patens or the greeralgaeChlamydomonas reinhardtii, sequences are still
67% and 49% identical respectively, raising thespmkity that UVR8 has evolved because
plants needed to be exposed to sun light requioedphotosynthesis but have to be
protected against UV radiation at the same timee@afly during land plant evolution

(Wolf et al., 2010). As shown before, stretchestaiming the 14 tryptophans and also the
78



CHAPTER 4 RESULTS

structurally important ¢ycines which maintain the blade structure especially conserved
throughout the plant kingdom (Christie et al., 2, O’Hara and Jenkins 2012). Likewi
conserved even in lower plaris the GWRHT motif which embeds the tryptophandr
This suggests #Ht this motif hasan important role in thdunction of the proteir
Furthermore, the crystal structure shows that tipesgapeptides, occurring in blades !
and 7form protruding tight turns that proj¢ tryptophan anérginine residues outward and
histidine residuegin all seven blades) inward to form a buriedg of so far unknown
function (Christie et al., 201
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FIGURE 4-1: The GWRHT motif is conserved among UVRS8 orthologsn higher and
lower plants. Multiple sequencealignment of full lengthArabidopsis UVR8 with UVR8
sequences from various higher and lower plant spedihe plant species shown aBrassica
rapa, Populus trichocarpa, Oryza sativum (subspecies japonicaBrachypodium distachyon, Zea
mays, Physcomitrella patens, Selaginella moellendorfii, Volvox carteri and Chlamydomonas
reinhardtii. The arginines of the three motifs are R234, R286RB38 respectivel
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4.3  UV-B dependent interaction of UVR8 mutants and COPliny east

The effectsof mutations within the GWRHT motif on UVR8 funatiowere first
investigated by application of a yeast -hybrid system irS. cerevisiae to test for UVR8
and COP1 interaction. The suitability of this systéo investigateUV-B dependent
interaction of thewo proteins has been shown before (Rizzini et24111; Cloix et al.
2012; O’'Hara and Jenkins 2012). It is possible since tyelaes not contain a COI
homolog (Yi and Deng, 2005) or a UVRS8 pro. Furthermore the observed interaction
between UVR8 and COlis UV-B specific and is not mediated by the yeast DNA dam
signalling pathway (Cloix et al., 201:

Yeast strain AH109 was -transformed with a vector expressing the DNA bigdiomain
(BD) of the yeast GAL4 transcription factfused to UVR8 wil-type or a mutant form
and a vector expressing the GAL4 activation donfaiD) fused to COP1. Successfu
transformed yeast colonies were then spotted oteglecking essential amino a;
growth requires activation of reporter gemwhich isonly possible through recctitution
of the fulldength GAL4 transcription factor by interaction of the fuggdteins. UVRS8 an
COP1 interaction is observed when yeast are gravgen0.1 pmol m2 s* narrowband
UV-B at 30°Cbut not if grown in arkness (Fig 4-2).

-uv-B +UV-B

BD AD SD-L-W SD-L-W-A-H SD-L-W SD-L-W-A-H
107 102

SR 1o o = . Moo o <
—-l_ 8-l
- OOOnDE DonEm

FIGURE 4-2: Yeast twc-hybrid assay showing UV-Bdependent interaction betweer
UVR8 and COP1and UVR8™® and COP1 as well as constitutive interaction betwee
UVR8R#% UVRE™** and UVR8™**®" and COPL1.Yeast strain AH109 was either transforn
with pGBKT7953 and pGADT-T-antigen (positive control), pGBK™-UVR8 and pGADT7-
COP1 or pGBKTMJVRS8 (mutatiots indicated) and pGADTTZOPL. The empty vecto(-) were
used as a negative contrYeast were left to grow in darkness (- By-or under 0.Jumol m?s™*

narrowband UV-B(+) at 30°C on fully selective plates (-L-W-A-H) in serial dilutions or
undiluted on non-sel&ge plates (SI-L-W) for 4 days.

UVRS8 COP1
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Next, each of the three arginines he GWRHT repeats wemautated to alanine and
UV-B independent constitutive interaction between CORLWBVRE**, UVRE¥?®** and

UVR8R3®# respectively occurs. To test whether the strengtimteraction differs unde

dark and UV-Bconditions, a serial dilution of yeast spots wagied out showing

slightly stronger interaction in the dark. The maigtion between UVF?®** and COP1 as
well as UVR&*** and COP1 seems to be stronger then between f#**and COP1.

When R286 waseplaced by lysir, the UV-B dependent interaction as see for -type

UVRS8 can be restored between U

\R286K

and COP1. However, complete loss of

interaction wa®bserved if the negatively charged amino acid ghati@was introduced at
position 286 (Fig 8 A).
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UVRS H287A

UVRS T288A

UVRS H235A

UVRS H339%A

-UV-B
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AD SD-L-W SD-L-W-A-H SD-L-W SD-L-W-A-H

T-Antigen

COP1

COP1

COP1

COP1

COP1

COP1
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COP1
COP1
COP1
COP1
COP1
COP1

FIGURE 4-3: Yeast two-hybrid
assay showingUV-B dependent
interaction between UVR8 and
COP1 and los of interaction
between mutan forms of UVRS8
and COP1

(A) Yeast strain AH109 was eith
transformed with pGBKT-p53 and
pGADT7-T-antigen (positive control),
pGBKT7UVR8 and pGADT-COP1
or pGBKT7-UVRS8 (mutations
indicated and pGADT-COP1. The
empty vector (-) were used as a
negative control.Yeast were left to
grow in darkness— UV-B) or under
0.1 pmol m? s* narrowband UV-B
(+) at 30°C on fully selecte plates
(SD-L-W-A-H) or on non-selective
plates (SI-L-W) for 4 days. (B)
Expression of proteins from yeast
hybrid vectors shown in (A) to dete
the presence of fusion protei
expressé from the BD and AL
vectors. Yeast cells were grown
liquid SD-L-W medium at 30°C
overnight. Adequate volumes of t
culture were resuspended in lyse .
load buffer and samples we
separated ¢ a 10% SDS-PAGE gel.
Western blots were probed with &
myc or ant-HA antibodies,
respectively

Similar tothe arginines, all three histidines of the GWRHTtifs were mutated to alanine

and tested in thgeast twe-hybrid system. Fig 8 A shows a loss of interaction betwe
the three mutants UVF?®* UVR8'%"* and UVR&**** and COP1 respectivelThe
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lack of interaction is not due to failure of theage cells to express the proteins, as each
protein was detectable in an immunoblot probedUsR8 or COP1 with anti-myc or
anti-HA antibodies (Fig 4-3 B). Finally, one of tkkenserved threonines was mutated to
alanine (UVR8?%®) which also results in a loss of interaction witdP1 even though the

protein was expressed at similar levels to wildety/R8 (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 yeasto-immunoprecipitation assay with
transgenic GFP-UVR8 Arabidopsis lines was estabtisto test the interaction in plants.
Co-immunoprecipitation of UVR8 and COP1 has beemiaxh out before by Favory and
co-workers (2009), however, mutant lines expres¥iRB-COP1 were generated irc@l
background and therefore allowed immunoprecipitatiath an anti-YFP antibody and
detection of UVRS8 in the immunoprecipitate with amti-UVR8 antibody. To be able to
analyse the generated GFP-UVRS8 salt bridge mutaed bescribed in Chapter 3 (Fig 3-9),
GFP-UVR8 had to be immunoprecipitated with an &#P antibody and the
immunoprecipitate had to be analysed for the pmsesf COP1 using an anti-COP1
antibody. Immunoprecipitation of GFP-UVR8 from whatell extract of plants kept in
darkness or exposed tqugol m? s narrowband UV-B for 3 h was carried out with anti-
GFP microbeads pMacs) pulling down GFP-UVR8 and any associated gimst
Immunoblot analysis of the immunoprecipitate usamganti-COP1 antibody shows UV-B
dependent interaction between GFP-UVRS8 and CORfI4Hi A).

Having established the method for wild-type UVR&nsgenic lines expressing mutant
forms of UVRS8 could be tested. The constitutiveerattion reported in yeast between
UVRER#Z* UVRE¥?®* and UVR&®*®A with COP1 can only be observed for GFP-
UVR8*®* and GFP-UVR8***in plants (Fig 4-4 H, I). Mutation of R286 to alaa in
plants shows a loss of interaction between GFP-U¥®8and COP1 (Fig 4-4 B). Thus,
combined mutation of R286 as well as R338 to almesults in constitutive interaction
between GFP-UVREARSBA and COP1 (Fig 4-4 J). Yeast and in planta datavsho
further discrepancies when comparing the resultshef mutants GFP-UVR&™* and
GFP-UVR&#° Whereas mutation of H287 to alanine showed adb#steraction in the
yeast two-hybrid system (Fig 4-3 A), wild-type betoair regarding COP1 interaction can
be observed in plants (Fig 4-4 D). Differences laetwyeast and plant data are less severe
for the GFP-UVR8%®*°* mutant, since UV-B dependent interaction with C@#fresent in
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both systemshowever, in plants, the interaction with COP also detectable in deness,
thus the amount of COP1 pulled down is consider&blyer than following theUV-B
treatment (Fig 4 C). A similar pattern of UVF-COP1 interaction with a seeminc
weaker interaction in daness and a much stronger interattadter exposure of the plar
to UV-B can be observed for three of the salt bridge mstanttoduced in Chapter 3, i
GFP-UVR&®N GFF-UVR8PNPIONang GFP-UVRE ™A (Fig 4-4 E-G).

A GFP-UVR8

B Grp.uvrsrz=a € Ggppuvrs Rk D gpp.yyRs v

F G
GFP-UVRS D9%N GFP-UVRS8 D9%N/D107N GFP-UVRS R146A
+ - + - + uv-B

| - -——-— ‘“ ‘ a-GFP

H GFP-UVRS R234A | GFP-UVRS R338A J GFP-UVRS8 R286A/R338A
+ - + + Uv-B

R ‘.‘.“ a-GFP

FIGURE 4-4. Effect of salt bridge mutations on UVR8 and COP1 interactn in
Arabidopsis. Coimmunoprecipitation of GF-UVR8 and COP1 in whole plant cell extra
obtained fronuvr8-1 plants transformed with GI-FUVR8 or a GFRJVRS salt bridge mutant for
exposed (+) or not o 3 pmol n? s* of narrowband UV-Bfor 3 h. C-immunoprecipitation
assays were performed under the same conditiopst samples (15 pg, IN) and eluates (IP) v
loaded on a SDBAGE gel, and the immunoblot was probed with -COP1 and anti-GFP
antibodies. The following transgenic lines were ufmdthe assay(A) GFP-UVRS8 6-2(B) GFP-
UVR8#%46.8, (C) GFF-UVR8**%2-3 (D) GFP-UVR8%"*2-2 | (E) GFP-UVR&**N 13-3, (F)
GFP-UVR&*®NPIONE D (G) GFP-UVR&¥™ 9, (H) GFP-UVR&%*16-5, (I) GFP-UVR&3%*
9-3 and(J) GFPUVR8R?ARIBAI0 D The data is representative of at least two repfeatsach
mutation.
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To conclude, the yeast two-hybrid assay and thémoounoprecipitation assay using
Arabidopsis whole cell extract are two valuable amfdrmative tools to investigate the
UVR8-COP1 interaction. Four different interactioatierns between mutant forms of
GFP-UVR8 and COP1 were identified: behaviour likdédviype, a complete loss of the
interaction, constitutive interaction or constingtiinteraction followed by an increase of
the interaction after UV-B treatment. An interpteia of these results will be provided in
the Discussion in combination with the functionaidses of the mutants, as well as

possible explanations for the observed discreparb@éveen 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 Broet al. (2005) that Arabidopsisr8
mutant plants are hypersensitive to UV-B and deifitin the induction oHY5 andCHS
gene expression in response to UV-B provided theicbafor establishing a
complementation assay to test the functionalityJ®R8 mutants (Kaiserli and Jenkins
2007). Therefore, RT-PCR analysis of the inductbtdY5 and CHS gene expression in
response to UV-B of three independent homozygaarssgrenic lines expressing a GFP-
UVR8 mutant form in theur8-1 background was carried out. Figure 4-5 A shows tha
there is an increase Y5 and CHS mRNA but not in controACTINZ2 transcript levels
when wild-type plants are exposed for 4 h ton3ol m? s* broadband UV-B. In contrast,
uvr8-1 mutant plants show no induction BifY5 or CHS gene expression in response to
UV-B and therefore serve as a negative control.ré&sgion of GFP-UVRE®" in the
uwr8-1 background is not able to restor¥5 and CHS gene expression after UV-B
treatment even if there is some basab expression visible under both light conditions. If
the positive charge at position 286 is conserveddpjacing the arginine by lysine, a
functional mutant is created showing simikdy5 and CHS expression levels after UV-B
treatment like wild-type.

To extend the analysis from transcript levels tmtgn accumulation, a plant cell extract of
five day old seedlings expressing GFP-UVR8 with thspective mutations as well as
control plants were tested for CHS protein accutiara Plants were grown in 1&mol

m s white light to avoid CHS induction by high whitight and treated plants were
additionally supplemented with 148mol m? s* narrowband UV-B. In accordance to
UV-B induced accumulation oEHS transcript levels in wild-type and GFP-UVRE™
plants, accumulation of CHS protein can be deteicteth immunoblot of respective plant

cell extract probed with anti-CHS antibody (Fig 48). Seedlings expressing GFP-
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UVR8R#® stpwed a very weak indtion of CHS protein compared to w-type, which
was also detectable in tuvr8-1 mutant even if slightly lower.

A GFP-UVRS R2s6A GFP-UVRS R286k
WT uvr8-1 6-8 94 18-4 2-3 7-5 20-4
- + + + + + - + - + +
B GFP-
UVRS uvr8-1 R286A R286K

+ - + - * - +

rbcL

FIGURE 4-5: The positive charge of R286 is essential for UVKfunction.

(A) RT-PCR assays ofHY5 CHS and control ACTIN2 transcripts in ler, uvr8-1,
uvr8-1/355ro: GFPUVR8R***(lines 6-8, 9-4, and 18-4) anair8-1/35Spro: GFP-UVRE*%*(lines
2-3, 7-5, and 2@) plants grown under 2@mol m?s-1 white light (-) ancexposed to aimol m>
s' broadband UV-Bfor 4 h (+). (B) Immunoblot of plant cell extract of 5 d c
uvr8-1/UVR8pro:GFPUVRS, uvr8-1/355ro:GFP-UVRE?®* (line 1€-4), uwr8-1/355ro:GFP-
UVR8%* (line 2-3) anduwr8-1 plants grown in 1.5imol m?s* white light (-) supplemented
with 1.5pmol m® s narrowbancUV-B (+) probed with anticHS antibody. Ponceau S staining
Rubisco large subunit (rbcL) is showna loading control.

Another way of assessing functionality of UVR8 mmiais by testing themorphological
response to UV-BAlthougt details of the effects of UV-Bn morphogenesis reme
elusive, some of the genes regulated by UVR8 seefmetinvolved in morphogenes
since theuvr8 mutant is altered in thUV-B induced suppression of hypocc extension
(Favory et al., 2009) and regulation of leaf expamgWargent et al., 2009). TIUV-B
induced suppression of hypocotyl extension was uredsusing seedlings of vario
genotypes grown undi1.5 umol m? s white light alone osupplemented ith 1.5 pmol
m 2 s * narrowbandJV-B for four daysuvr8-1 mutantplants expressing Gl-UVR8??%°K
exhibit hypocotyl suppression uncUV-B, similar to wild-type whereasthose expressing
GFP-UVR&#*** have similar hypocotyl lengths tovwr8-1 (Fig 4-6), denonstrating that the
positive charge of R286 is essential to mediateUV-B inducedresponse. Hypocotyl
growth suppression bUV-B is mediated by HY5/HYHas seen in the long hypocotyl
the hy5/hyh mutant undelUV-B. Thereforethe lack of response iuvr8-1 plants and in
uvr8-1 plantsexpressing GF-UVR8%?%%* ties in with the RTPCR results shown in F
4-5 A where a lack cHY5 gene induction is observed.

85



CHAPTER 4 RESULTS

A GFP-
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mhy5hyh muvr8-1
EGFP-UVR8 mR286A
5 HR286K

Hypocotyl length (mm)

-Uv-B +UV-B

FIGURE 4-6: Plants expressing GF-UVR8%?%% show UV-Binduced suppression of
hypocotyl extension (A) Four day-old wild-type ler, wild-type Ws, hy5-ks50 hyh (Ws

background) uvr8-1, uvr8-1/UVR8pro:GFP-UVR8 uvr8-1/35%ro:GFF-UVR8*®**(line 9-4), and
uvr8-1/35Spro: GFPUVRE™% (line 2-3) plantsgrown in 1.5umol n? s* white light (-UV-B)

supplemented with 1.58mol 2 s* narrowband UV-B (+UV-B)(B) Hypocotyl lengths (+SE,
n =10) of plants shown in (A). Daarerepresentative of three independent experirr

4.6  The monomeric mutant GFP -UVR8P®*®NVP197N s fnctional in

Arabidopsis

By applying the three above described methods termne the functionality of UVR

mutants, a number of mutations introduced in Chapteere now investigated in resp:
to their function. R-PCR analysis ofivr8-1 plants expressing either the single mu
GFP-UVR&®™ or the double mutant GI-UVR8"®NPO™N ghow a UV-B induced
induction of HY5 and CHS transcripts similar to wildype plants (Fig -7 A). In

accordance, CHS protein accumulation can also ksereéd in the two transgenic lin
whereas it is absent in thy5/hyh mutant (Fig 4-7 B).
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A GFP-UVRS D%N GFP-UVRg DISND107N
WT uvrg-1 12-4 13-3 20-3 4 5-2
+ - + - + - +

ACTIN 2

D96N/
Ler D96N D107N hy5/hyh

- = = CHS

FIGURE 4-7: The monomeric mutant GFF-UVR8P?VP19Nis fynctional in plants.

(A) RT-PCR assays ofHY5 CHS and control ACTIN2 transcripts in ler, uvr8-1,

uvr8-1/355ro:GFPUVR8™®N (lines 12-4, 13-3, and 20-3) anur8-1/35Spro: GFP-UVRENV/P1OM
(lines 4, and ®) plants grown under 20mol n?s-1 white light (-) and exposed toumol ni?

s ' broadband UV-Bor 4 h (+).(B) Immunoblot ofplant cell extract of 4 d old wi-type Ler,

uvr8-1/358pro:GFPUVRS™™ (line 12), uvr8-1/35Spro:GFP-UVRE*®NP™ (jine 5) andhy5/hyh

plants grown in1.mimol m2?s-1 white light (=) supplemented with 1Iumol m? s* narrowband
UV-B (+) probed with an-CHS antibody. Ponceau S staining of Rubisco latdmisit (rbcl) is
shown as #&ading control

Furthermore, the gene pression data is supported by therphologice characterisation
of GFP-UVR&®N and GFI-UVR8P%®NPNgince hoth mutations do not impair 1UV-B
induced suppression of hypocotyl extension resuitinwild-type like growth undeUV-B

(Fig. 48). As will be discussed later, the double mutalRgP%NP1O7N;

is consistently
seen as a constitutive monomer in various assaydgrmand in vivo (see Chapter 3) [
still retains its function in inducing gene expiiessleading toUV-B protection of the

plant.
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GFP-UVRS D9%N GFP-UVRS8 D9%N/107N

GFP-

Ler hy5/hyh uvr8-1 UVR8 12 13 20 4 5

GFP-UVRS D9%N GFP-UVRS D9N/D107N

GFP-
Ler hyS/hyh uvrs-1 UVR8 12 13 20 4 5

-Uv-B

Ler ™ hy5hyh
myvrg-1 EGFP-UVR8
=D96N D96ND107N

Hypocotyl length (mm)
N w

-

0 T
-Uv-B +UV-B

FIGURE 4-8: Plants expressing GF-UVR8%®N or GFP-UVR8PNPON show UV-B
induced suppression of hypocotyl extensic (A) Four day-old wild-type Ler, hy5-ks50 hyh
(Ws background) pvr8-1, uvr8-1/UVR8pro:GFP-UVRS,uvr8-1/35Spro:GFF-UVR8™™ (T2 lines
12, 13 and 20), andwr8-1/35Spro:GFP-UVRE%NP™N (T2 Jines 4 and 5) plants grown 1.5
umol m? s* white light ~UV-B) supplemented with 1.fmol > s narrowband UV-B
(+UV-B). (B) Hypocotyl lengths ( SE, n = 10) of plants shown in (A)lean values of the three or
two T2 linesuvr8-1/358pro:GFP-UVR8*N and uvr8-1/35Spro:GFPUVRE PNPI0N ragpectively
are shown. Data arepresentative of three independent experim

4.7  Influence of various mutations on functionality of GFP-UVRS8 in

Arabidopsis

Apart from mutations affecting the salt bridge fexnthrough R286, the importance
other salt bridges for UVR8 functionality was test&#he GF-UVR8™**®* mutant, where
formation of the second double hydrogen bonccross-dimersalt bridge is prevented
shows no impairment in function (Fi¢-9). UV-B induction ofHY5 and CHS transcripts
similar to wildtype plants is observed as wellUV-B induced suppression of hypoco

extension.
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A B
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FIGURE 4-9: Mutation of R234 neighbouring the tryptophan pyramid has more
severe effects on functionality then mutation of R46 forming a cross-dimer salt
bridge. (A) RT-PCR assays cHY5, CHS and controlACTIN2 transcripts in ler, uvr8-1 and
uvr8-1/355ro: GFPUVRSRM*4(T2 lines 9, 14 and 20) plants grown unden®bl n?s-1 white
light (-) and exposed to umol m? s™* broadband UV-B for 4 h (+]B) Immunoblot of plant cell
extract of 5 day oldur8-1/UVR8pro:GFP-UVRS anwvrs-usssoro GFF UVR8™*A (line 14)
grown under 2@mol s white light (-) and exposed toj@nol m? s narrowband UV-B for
4h (+) probed with anti CHS antibody. Ponc S staining of Rubisco large subunit (rbcL)
shown as doading control(C) Four day old wild-type &r, hy5/hyh, uvr8-1, uwr8-1/355ro:GFP-
UVR8™A(line 14) anduvr8-1/35%ro:GFP-UVRE?**A (line 165) plants grown in1.5mol n?
s ' white light (-UVB) supplemented with 1.8mol m? s narrowbandUV-B (+UV-B). (D)
Hypocotyl lengths (iSE, n = 10) of plants shown in (C). Da&ze representative of three
independent experimer

Mutation of the two arginines in each of the twonegning GWRHT motif, R234 and
R338, to alanine has severe effects on functiorP-UVR8****is unable to complement
the uwr8-1 phenotype in themorphological UV-Bresponse and thUV-B induced
induction of HY5 and CHS transcripts is also absent (Figld). Therefore, nc(UV-B
induced accumulation of CHS protein can be deteeidter (Fig ~10 B). The double
mutant GFP-UVRE?®VR33 \was only tested for UV-Binduced CHS protein
accumulation since the results of the two singletamis already suggested that
mutation would lead to a loss of function phenotyfie expecte from the phenotypes of
the single mutantsCHS protein accumulation was not induceter UV-B treatment of
GFP-UVR&?8ARB plants (Fig 4-10 B).
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A GFP-UVRS R338A B GFP- R286A/
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FIGURE 4-10: The monomeric mutant GFF-UVR87**®**is nor-functional in plants.

(A) RT-PCR assays ofHY5 CHS and control ACTIN2 transcripts in ler, uvr8-1,
uvr8-1/355pro: GFPUVRSR**®4(lines 3-1, 9-3, and 18) plants grown under 2@mol m2s* white
light (-) and exposed to pmol m? s* broadband UV-B for 4 h (+)B) Immunoblot of plant cell
extract of 10 dayold uvr8-1/UVR8pro:GFP-UVRS, uvr8-1/355r0:GFF-UVR8**® (line 3-1),
uvr8-1/359pro: GFPUVRE™?%4 /R334 (line 1-1) anduwr8-1 plants grown under 2@mol n?s*
white light ) and exposed to pmol m? s* narrowband UV-Bor 4 h (+) probed with ar-CHS
antibody. Ponceau S stainiiof Rubisco large subunit (rbcL) is showr a loading control(C)
Four day old wildtype Ler, hy5-ks50 hyh (Ws background),uvr8-1 and uvr8-1/35Spro:GFP-
UVR8™* (lines 34, ¢-3, and 16-2) plants grown in 1j8mol m? s* white light (~UV-B)
supplementeavith 1.5 ymol > s* narrowband UV-B (+UV-B)(D) Hypocotyl lengths (+ SE,
n =10) of plants shown i(C). Mean value of the thregvr8-1/35Sro:GFF-UVR8™**** lines is
shown. Data areepresentative of three independent experinr

Another mutant that is unable to complement uvr8-1 phenotype is GF-UVR8?3*

Disruption of the intermolecular salt bridge formeadjacent to the tryptophan pyramid |
more severeffects on functionalitithan, for examplemutation of R14€which forms a
cross-dimersalt bridge. However, functionality of this mutamtis only tested via tr
hypocotyl extension assay. G-UVR8%?** consistently shows a much longer hypoc
than wildtype plants undeUV-B; however it seems as if there is sopartial activity of
hypocotyl growth suppression left since the lengththe uvr8-1 mutant is not quite
reached (Fig 4 B and C). This observation however is preliminand needs muc
further investigation, especially by applying gP@malysis to detect a reduced response

is present.
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Finally, one mutation concerning the histidine rings also tested for function in plar
GFP-UVR8% shows no impairment in function as shownUV-B induced induction
of HY5 and CHS transcripts similar to wiktype plantsas well as theUV-B induced

suppression of hypocotyl extension (F-11).

A SFP-UuRs FIGURE 4-11: Mutation of H287

has no effect on UVR8 fun-
tionality. (A) RT-PCR assays dflY5,
CHS and controlACTIN2 transcripts in
Ler, uwr8-1 and uvr8-1/35pro:GFP-
UVR8™®™ (lines 2-2, 4-2, and 6-2)
plants grown under 2@mol m? s*

B white light () and ex-posed to @mol
GFP- m? s broadbandUV-B for 4 h (+).
Ler hy5/hyh uvrs-1 UVR8 H287A (B) Four day Old Wild-type Ler, hy5_

ks50 hyh, uvr8-1, uvr8-
1/UVR8pro:GFF-UVR8 and uvr8-
1/35Spro:GFF-UVR8™™A (line 2-2)
plants grown i 1.5umol m?s*’
Lor  hysmyh et OTr woara white light ~UV-B) supplemented

il with 1.5 umol m? s narrowband
Uv-B (+UV-B). (C) Hypocotyl
lengths (x SE, n= 10) of plants
shown in(B). Data is representative
of three independent experime
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4.8 Limited proteolysis of purified UVR8 shows UV-B induced

conformational changes

To be able to test the effect of a mutation on UM&&tion beyond just monomerisatic
a transgenic line express the mutant form must be generateddescribed extensively
the present chapter. The generation of transgaerés Is a lengthy and tedious process
an in vitro method to test the functionality of ecombinantly expressed UVR8 mut;
would therefoe be advantageous. The above described resultddee hypothesis th

UV-B does not only induce monomerisation of UVR8 butoalsduces furthe
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conformational changes within the monomer necesiarfunction. This ties in with in-
gel illumination assays of UVR8 where UV-B exposwauses UVR8 to become
accessible to antibodies that specifically recagrasC-terminal peptide (Rizzini et al.,
2011).

This hypothesis was tested by carrying out a phgse experiment with the purified
protein and trypsin, since limited proteolysis expents have been used successfully to
probe conformational features of a protein (Cui &awmerville, 1993; Fontana et al.,
1997). Proteolysis of a protein substrate can oelyur if the polypeptide chain can bind
and adapt to the specific stereochemistry of tl¢ejise’s active site (Fontana et al., 2004).
Therefore, the native rigid structure of a globyawtein generally cannot act as substrate
for a protease, as shown by the fact that foldeteprs under physiological conditions are
rather resistant to proteolysis. Trypsin cleavg#tige chains mainly at the carboxyl side of
lysine or arginine, except when either is followy a proline. In total, 35 theoretical
trypsin cleavage sites are present in the UVR8epiotA treatment of the protein with
trypsin results only in the loss of the approxinatast 45 amino acids of the C-terminus,
whereas the protein core remains resistant to qysis (Christie et al., 2012; Wu et al.,
2012). Hence, limited proteolysis occurs prefemdiytiat those loops which display
inherent conformational flexibility and are thenef@ccessible to the protease. Cleavage of
the C-terminus suggests that parts of it are flexighich allows to hypothesize that a
change in its conformation might play a role in U8/&gnalling.

Purified wild-type UVR8 exposed for 1 h to lufnol m? s* narrowband UV-B or kept
unexposed was treated with trypsin for 5 or 30 n@awefore samples were taken and
separated by SDS-PAGE. Coomassie staining of tbe&eipr bands reveals a different
pattern of peptides when comparing UV-B treated antteated wild-type protein (Fig
4-12 A). The most prominent difference can be olestafter five minutes incubation with
trypsin where only two or possibly three producte formed in the dark state but six
products are distinguishable in the UV-B exposatksiThe smallest product formed in the
UV-B exposed sample is also smaller than the orteardark control. These observations
suggest that changes in chain flexibility, i.e. foomational changes must be induced by
UV-B to allow differing cleavage by the proteaséde$e conformational changes most
likely involve the C-terminus since the UVRS8 corg fairly resistant to proteolysis
(Christie et al., 2012).

Subsequently, various mutants were analysed byntleithod. The four dimeric mutants
UVR8™®N  UvR&'™™  yvRE*# and UVRE“®* show quite similar proteolysis
products with and without UV-B treatment as seenwibd-type UVR8 (Fig 4-12 B). This
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Is consistent with the findings in plants, wheresin mutants showed no impairment in
function (no information is available for UVRE "N since no transgenic line was generated

for this mutation).
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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 1.5umol m2 s* narrowband UV-B for 1 h before digestion with tsyp (0) and after 5
and 30 min incubation with trypsin. Products wegpasated on 10% SDS-PAGE gels and stained
with Coomassie Blue(B) Trypsin treatment as described in (A) of dimerictamis UVR&*",
UVR8P*™ UVRE?# and UVRE* (C) Trypsin treatment as described in (A) of monomeric
mutants UVRE?®* and UVR&*VP'N Data in A and C is representative of at least three
independent experiments. Data in B is represemtatitwo independent expreiments.

Limited proteolysis of the two constitutively moneric mutants UVRE®** and

UVR8PNPO™Ngnly partially resembles the findings for wild-tygieig 4-12 C). Whereas

the proteolysis products of both mutants unexpdsddV-B match the wild-type pattern,
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&285A mutant after

accessibility of cleavage sites seems to be diiteia the UVR
exposure to UV-B since two of the lower bands detkdn wild-type are absent. The
proteolysis banding profile of the UVRBVPI"Nmytant matches the wild-type in regard
of presence of all bands, however the major prodfter 30 min incubation with trypsin
seems to be the one with the highest molecular heighereas in wild-type and in the
other dimeric mutants the three end products asent in more or less equal amounts. In
plants, mutation of R286 to alanine leads to a fumational form of GFP-UVR8 whereas
GFP-UVR&NPLONig aple to complement ther8-1 phenotype. For these two mutants,
the similarities of the observed banding pattermdbcorrelate with function of the protein
as shown for the mutants in Fig 4-12 B.

Limited trypsin proteolysis was also undertaken hwitVR&**#" UVRE*?*** and
UVR8R16AR28A55 shown in Fig 4-13. The proteolysis pattermiafiected by exposure of
the proteins to UV-B indicating absence of confaioral changes induced by UV-B.
This corresponds with the data obtained from plaviisre at least GFP-UVR&®* and
GFP-UVR&#**were impaired in their functionality (Fig 4-9 adel0). Only preliminary

R286A

experiments were undertaken with GFP-UVE mutant lines, which nevertheless

suggest inability of the mutant to complementut¥3-1 phenotype.

R338A
-UVv-B + UV-B

FIGURE 4-13: Limited proteolysis of non-
functional monomeric mutant UVRS8
proteins shows no conformational change
after UV-B exposure.

p— | — —... UVRSRSSSA, UVR8R234A and UVR§146A/R286A
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B i protein exposed (+) or not (-) to Iufnol m?s?
narrowband UV-B for 1 h before digestion with
trypsin (0) and after 5 and 30 min incubation

R234A with trypsin. Products were separated on 10%
-UV-B +UV-B SDS-PAGE gels and stained with Coomassie
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Limited proteolysis was also undertaken with chyiyyméin. However, a quite similar
digestion pattern to that seen with trypsin waseoled since trypsin and chymotrypsin
cleavage sites in the C-terminus occur rather dosach other. Theoretical cleavage sites
of other proteases were also investigated but seemsuitable for such an approach.

In summary, the different observed proteolysisgrat support the idea of UV-B induced
conformational changes leading to flexible or wndtired chain regions in vitro. Those
mutants showing a proteolysis banding pattern amid wild-type are functional in plants,
but mutants showing banding patterns unaffected)¥#yB exposure of the proteins are

non-functional.

4.9 Discussion

4.9.1 Constitutive monomerisation and COPL1 interaction is not sufficient

for a UVR8 mediated response

To be able to understand how UV-B mediated sigmgllby UVR8 and thus UV-B
protection is achieved it is necessary to undegstha structure of the photoreceptor and
also structural requirements for e.g. interactwitl other proteins. Therefore, this chapter
focused on the functional analysis of the UVR8 mtga whose structures were
characterised in the previous chapter.

The current model (Heijde and Ulm, 2012) propokeas JV-B induces monomerisation of
UVR8 which then allows COP1 binding to initiatersadjing. The yeast two-hybrid assay
with the two monomeric mutants UVEE** and UVR&*** showing constitutive
interaction with COP1 and the dimeric mutant UVE8 requiring UV-B for
monomerisation to allow COP1 interaction, seemsuggport this model. The model then
already becomes challenged by the observed diswigsabetween the yeast and the plant
system. GFP-UVRE®”* is constitutively monomeric in plants, however heat
surprisingly it is unable to interact with COP1glants. Furthermore, the dimeric mutant
GFP-UVR&#®¢ shows constitutive interaction with COP1 followéy an apparent
increase of the interaction after UV-B treatmenplausible explanation for this behaviour
is that UVR&?®*¢ is indeed able to dimerize but the dimer is dektal and weakened
compared to the wild-type dimer as seen by senn®aBDS-PAGE analysis. The
conformation of the destabilized dimer seems tatbected in such way that the COP1
binding region becomes exposed thus allowing CORidimg in darkness. This
assumption is strengthened by the COP1 interaquattern of the GFP-UVRE®™A
mutant, being the only mutant to display wild-tyjlee behaviour (Fig 4-4 D). GFP-
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UVR8"#™ s the only mutant generated in this study thatlma detected as a dimer under
semi-native SDS-PAGE conditions, thus forming attigild-type like dimer that prevents
interaction between UVR8 and COP1 in the dark.

It has been established now that UVR8 and COP1aictien takes place via a stretch of 27
amino acids of the UVR8 C-terminus and the WD40 dionof COP1 (Cloix et al., 2012).
The hypothesis that the conformation of the C-tausiis influenced if a destabilized
UVRS8 dimer is formed is supported by the size esidn chromatography results shown in
Chapter 3. The destabilized dimers UVES" and UVR&** show interaction with
COP1 in the dark (Fig. 4-4 C and G) and both ebatdier from the SEC column than the
wild-type dimer, suggesting a somehow inflated shayhich can be reduced by a
treatment with trypsin that leads to cleavage ef @terminus. Interaction between these
mutants and COP1 in the absence of UV-B therefeeens justifiable and can be regarded
almost as an artefact, only appearing due to amnealtconformation of the C-terminus but
independent of UV-B. However, none of the experitaemata generated so far is
sufficient to define the position of the C-terminmsthese mutants more precisely. The
only information so far available on the positidritlee C-terminus derives from molecular
envelope data generated from small angle X-raytesiag (SAXS) on the full length
protein (Christie et al., 2012). Those data mattle tnformation generated by
crystallography regarding the dimer assembly anaimdier and locate the missing
C-terminus at the distal ends of the dimer. Furthgreriments are required to understand
how mutation of the dimeric interface can thus léadhanges in the C-terminus if the
SAXS data, which suggest no direct contact betweninterface and the C-termini,
proves to be correct.

Moving on to the next step in the proposed modek,npamely that the interaction
between UVR8 and COPL1 is essential to initiate UVhBdiated signalling one has to
assume constitutive signalling if constitutive natetion is observed. However, this is not
the case, as observed for example with the GFP-U¥#&8or GFP-UVR&** mutants.
Exposure of the plants to UV-B is still requireditaluceHY5 andCHS gene expression
(Fig 4-5 A and 4-9 A) even though there is intamactivith COP1 in the absence of UV-B
(Fig 4-4 C and G). However, functional UVR8 medihtgnalling does coincide with a
change in the apparent strength of interaction éetwUVR8 mutants and COPL.
Compared to non-UV-B conditions, elevated level€afP1 are detected in the eluates of
the co-immunoprecipitation assays after UV-B expedar all the functional mutants (Fig
4-4 C, E, F and G). Constitutive interaction alakes place between COP1 and the two
monomeric mutants GFP-UVRE®* and GFP-UVRE?*R3#A K[t as with the other
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mutants, interaction in the absence of UV-B doddewnl to an induction dflY5 andCHS
gene expression or a photomorphological phenotipether examination of the GFP-
UVR8™3# and GFP-UVRE*8AR33BAmtants nevertheless shows that both mutations lea
to non-functional forms of UVRS8, which is also Wi in the co-immunoprecipitation
assay where the detected amount of COPL1 is simifarand without exposure of the plant
to UV-B.

In summary, the functional analysis of the saltdgpei mutants in combination with the
structural data allows to extend the proposed mamfelUVR8 function in UV-B
photoreception. UV-B does not only induce mononagios of the photoreceptor but also
seems to initiate a conformational change in thateom that is essential for function.
Therefore, neither constitutive monomerisation oonstitutive interaction with COP1 is

sufficient to initiate a UVR8 mediated responsé¢hia absence of UV-B.

4.9.2 Dimerisation is not required for UVR8-mediated signalling

The identification of several constitutively monaimemutants allowed to test whether
dark state dimerisation is required for UV-B phetsption and subsequent UVRS8-
mediated signalling, which is a further part of fhrposed model. The analysis of the
exciton coupling phenomena in Chapter 3 has shdwh dimerisation maximises the
extent of exciton coupling but is not a requiremiamtit to occur. In respect to function,
the monomeric mutant GFP-UVRBNP™ showing relatively little exciton coupling
(Fig 3-8 A), is able to complement ther8-1 phenotype (Fig 4-7 A). The GFP-
UVR8PNPIO™N monomer is able to interact constitutively with BD although an
increase in the interaction is observed after U\eBposure, as described for the
destabilized dimer mutants (Fig 4-4 F). The GFP-B¥RYP™N mutant shows that a
UVR8 monomer is able to sense UV-B and to indueeptioposed conformational changes
required for UVRS to initiate signalling, since GER/R8°*®VP"Nhecomes active only
after exposure to UV-B (Fig 4-7 A). The UV-B induceonformational changes are

gP96N/DIO7N in that this mutant

evident through the limited proteolysis of purifié/R
shows a changed proteolysis pattern after UV-B supmomore similar to that observed for
wild-type UVRS8 than for the non-functional mutat®mpare Fig 4-12 C to Fig 4-13). In

this case, the in vitro data nicely link up witretbbservations on functionality made in
plants.

The observation that none of the other monomegmare mutants are functional is most
likely due to the fact that the mutation has impaithe UV-B sensing mechanism and not

because the mutants are monomeric. By replacingvwtbeaspartates by two asparagines
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very little structural disturbance should take plhecause of the close similarity of the two
amino acids. Additionally, and maybe even more irtgpd, the mutation has apparently
not perturbed the tryptophan-arginine arrangemednthe monomer, allowing UV-B
perception and subsequent signalling. The much rdisreiptive mutation of arginine to
alanine, for example in UVR8®A leads to a protein that cannot perceive UV-Bessin
limited proteolysis does not reveal any conformaiocchanges which would be necessary
for UVR8 mediated signalling to indu¢€Y5 andCHS gene expression.

The results that are most difficult to interpree ahose of the monomeric mutant
UVR8R#® The limited proteolysis suggests that the prokeis not fully lost its ability to
perceive UV-B and some sort of conformational cleasigl takes place (Fig 4-12 C). The
inability of GFP-UVR&?***to complement thevr8-1 phenotype is due to the inability of
the mutant to interact with COP1 (Fig 4-4 B). Hoeevnone of the experimental data
generated so far suggests why the mutant is ing&réCOP1 binding, also taking into
consideration that the mutant can bind COP1 inydeest two-hybrid system. For a better
understanding of this behaviour, more detailedrmgtion is needed on the mechanism of
UVR8 and COP1 interaction.

A last point that should not be disregarded duthig analysis of mutant function is the
difficulty of detecting any of the mutant dimerspfants, as described in Chapter 3. Even
if the main findings of this chapter are not aféztby this difficulty it would be desirable
for the overall understanding of the mechanismriovk whether these destabilized dimers
are present in plants or not. The constitutiverattBon of, for example, GFP-UVR&®K
with COP1 might simply be due to the protein bamgnomeric in the plant and hence the
dimerisation of the purified UVR8*® can be regarded more as an artefact caused by the
in vitro conditions. The most suitable approactclarify this matter in plants in a future
project would probably be bimolecular fluorescenoeplementation (BiFC) (e.g. Grefen
et al., 2010).

4.9.3 Why does UVRS8 form a dimer?

The discovery of a functional monomeric mutant itey leads to the question of the
purpose of initial dimerisation, if the monomerarrh can functionally substitute for the
dimer. Perhaps rather like the dimer maximises e@Rktent of exciton coupling, the

functional response is maximised by initial dimatisn. The functional studies undertaken
here were focused on getting a yes or no answessjrect to functionality of the mutations
and therefore did not include for example a dosparse analysis. A detailed qPCR

analysis of the UV-B induced gene expression uddérent doses of UV-B might show
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subtle differences in the strength of response &etwthe dimeric wild-type and the
monomeric GFP-UVRE®NPIO™N mutant, suggesting a purpose for dimerisationhef t
protein.

Dimerisation also generates a shielding effectemard to the dimer interface under non-
signalling conditions. The mechanism of exposing thterface and thereby exposing
possible interaction sites for other proteins terapting model and not unreasonable if one
considers the signalling mechanism of other WD4figins. WD40 proteins often act as
scaffolds in many multi protein complexes and omefgred site of interaction is the
surface that UVR8 uses for dimerisation (Stirnimahal., 2012). However, the only so far
known interactors of UVRS interact via the C-terosrof UVR8 and not the dimerisation
interface (Cloix et al., 2012). Since the currenystal structure of UVR8 does not include
the C-terminal 40 amino acids a more detailed wstdeding of the mechanism of
interaction between UVR8 and COP1 is greatly lichig the moment. It is therefore
crucial to determine where the C27 region reside$he protein and what conformation it
adopts after exposure to UV-B allowing COP1 inteasc A conceivable model would be
that the UV-B activated conformation of the C-tamus is stabilized through interactions
with the interface. One possibility is that chargedidues on the surface interact with the
numerous polar residues in the C-terminus. Tottesthypothesis further rather complex
experiments will be required. Since crystallisatisnmpaired by the C-terminus and also
has so far been unsuccessful under UV-B conditidims, implementation of nuclear
magnetic resonance (NMR) spectroscopy might allgamenation of the location of the
C-terminus and conformational changes induced byBJ¥urthermore, NMR can provide
information on conformational changes that occur the protein ‘core’ following
photoreception. To be able to ultimately accompjisbtein interaction studies between
UVRS8 and COPL1 in vitro, to generate, for exampleparystal structure of the complex,
recombinant COP1 has to be expressed successfudpy 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

51 Introduction

Elucidation of an unknown signalling mechanismiristliy concerned with characterisation
of pathways and processes that are involved inrgéng the active signalling state.
Equally important is the question of how initialnchitions are restored once the activation
signal is no longer present. Since UV-B photordoepteads to monomerisation of the
photoreceptor which activates the signalling pathwew is the dimeric photoreceptor
subsequently restored to re-establish the iniaddions? In principle, two mechanisms
are conceivable: Firstly, the monomer could be aegd after signalling and the dimer
could be replaced via protein synthesis in the osdaning quite rapid and continual
turnover of the UVRS8 protein. Second, reversiomfrthe monomer to the dimer could
reconstitute the functional photoreceptor withouty aequirement for synthesis and
degradation. Hence, the aim of this chapter wasuestigate the kinetics and mechanism

of regeneration of the UVR8 dimer in vitro and ixmos

5.2  Regeneration of the UVRS8 dimer is rapid in vivo

To establish the kinetics of UVR8 dimer regeneratin vivo, wild-type plants were
exposed for 3 h to 2.emol m? s* narrowband UV-B. Fig 5-1 A shows that prior to the
UV-B treatment, UVRS8 is present as a dimer as shbwrsemi-native SDS-PAGE and
immunoblotting using an anti-UVR8 antibody. UV-Beth induces conversion of the
dimeric to the monomeric form. When plants are sghsntly transferred to darkness, a
decrease in the amount of monomer and a conconiitar@ase in the amount of dimer is
seen within 30 minutes. Virtually all the UVR8 peot is present again as a dimer after
one hour of darkness following the UV-B treatmdrtte total amount of UVRS8 also does

not appear to change significantly over the obsktiree course.
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FIGURE 5-1: Regeneration of the UVR8 dimer afterUV-B exposure is much more
rapid in vivo than in vitro. (A) Immunoblot of whole cell extracts from w-type Ler plants
probed with antlJVR8 antibody. Plants were exposed to pmol m? s* narrowband UV-B for
3 h (UV-B +) and then transferred to darkndfor the indicated time periods before extracts v
prepared. Extract samples were prepared for efgotresis without boiling and resolved ol
7.5% SDSPAGE gel prior to immunoblotting. The UVR8 dimer )(and monomer (M) ar
indicated. Ponceau stainirof Rubisco large subunit (rbcL) is shown as a Iogdtontrol. (B)
Coomassie stained S-PAGE gel of purified UVRS8 protein exposed to pmol m? s* UV-B for
1 h (UV-B+) and then transferred to darkness at room termyrerfor the indicated times. Sares
were analyzed without boiling on a 7.5% $-PAGE gel. A non-UVB treated boiled sample is
shown as a contro(C) Immunoblot of UV-Btreated whole cell extract from WTer plants
probed with antiJVR8 antibody. The extract was exposed toumol ™ s* UV-B for 1 h (UV-B
+) and then transferred to darkness at room tererdor the indicated times. Samples w
analyzed without boiling on a 7.5% S-PAGE gel prior to immunoblotting. Ponceau stainaf
Rubisco large subunit (rbcL) is shown as a Ing control.

In contrast, reappearance of the dimer in darkfaksving exposure of purified UVR
protein to 1.5umol 2 s* narrowband UV-Bfor 1 h is considerably slower (Fi¢-1 B).
Although partial reversion to the dimer is detetda® hours after transfer to darkne
most of the protein is still in the monomeric forén hours after the end UV-B
illumination, and approximately 30 ho are required to see near complete di
regeneration (see also Christie et al., 2012; Wal.e012). Similarly slow regenerati

kinetics are also seen if whole cell extract olsdifrom wilc-type Arabidopsis plants
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exposed to 1.5imol m? s' narrowband UV-Bfor 1 h (Fig -1 C). A rather large
percentage of the protein can still be detectatsimonomeric form 12 hours after the ¢
of UV-B illumination.

To be able to show reproducibility of the resultsddo compensate for the fact tl
ordinaly Western blots are not ideally used for quantifarg the decay of the monome
state was quantified by measuring the band intessdf the monomer in Western bl
from three independent experimerThe value for the monomer at each time point
normalized against that aftUV-B illumination, which wagaken as 100%. Values of

monomer were plotte@gainst time and a best fine was generated to visualise -

kinetics.
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FIGURE 5-2: Kinetics of the loss of UVR8 monomer in darkness following U-B
exposure.(A) Best fit curves of the decay of the monomeric stHt®&JVR8 in wild-type Ler
plants in vivo(black), wilc-type Ler whole cell extract analysed in vitro (purple) angrified
UVRS8 protein in vitro (green). UVR8 protein bandsre quantified in three representai
Western blots of each experiment using Image dvaodt The value for the monomer at each f
point wasnormalized against that aftUV-B illumination, taken as 100%. Values of % monoil
with time were plotted and the best fit was chossimg Curve Fitting Toolbox in MATLAE
(Version 7.12.0).(B) Time points when the monomer reached 50% are sh&l- the 95%
confidence values at that poiThe type of fit that produced & Ralue closest to 1.0 was chosen.
The Rvalue indicates how well the line fits the datarp®j where 1.0 would represent a perfec
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In vivo, the monomer declines exponentially in dess following UV-B exposure
whereas in vitro for purified UVR8 as well as fohaee cell extract the conversion rates
are much slower and rather linear (Fig 5-2 A). Twam values for each experiment that
can be used for significant comparison, the meare trequired for 50% loss of the
monomer was calculated from the graphical data @4&%o confidence limits (Fig 5-2 B).
In vivo, 50% monomer is lost within approximatel@ thinutes whereas in vitro it takes
about 15 hours. Therefore, if the UVR8 dimer iseregrated by reversion, the process is
greatly accelerated in intact plants compared tgitio conditions. However, if there is
monomer degradation and resynthesis in the plarth must occur rapidly and must be
carefully coordinated to maintain a constant amadfiilVR8.

5.3  Protein synthesis is required for rapid regener  ation of the dimer

Next, it was investigated whether protein synthesisequired for regeneration of the
initial dimer state. Plants were treated with tmet@n synthesis inhibitor cycloheximide
(CHX) and the effects of the treatment were anaylsg semi-native SDS-PAGE and
immunoblotting monitoring dimer and monomer stat€&¥R8. Plants were transferred to
liquid MS medium containing 100 uM CHX or DMSO ftire control group one hour
before the start of UV-B exposure to ensure tha thmemical entered the cells.
Subsequently, plants were exposed top@r®| m? s* narrowband UV-B for 3 h and then
transferred to darkness for recovery. Fig 5-3 Anshthat UV-B induced conversion of the
UVRS8 dimer to monomer is unaffected by the CHX timeant. Nevertheless, CHX was
active in the tissue because UV-B induced accunounlatf CHS protein is prevented (Fig
5-3 B) as revealed by immunobloting with a CHS #pea@antibody. UV-B induced

accumulation of CHS protein serves as a suitabsitipe control for the treatment since it
was shown previously that protein synthesis is irequfor the initiation of CHS

expression by UV-B (Christie and Jenkins, 1996)pibtein synthesis is required to
regenerate the UVR8 dimer following hypotheticgbidadegradation of the monomer,
treatment with CHX should lead to a substantiarel@se of total UVR8 protein present in
the plant. However, Fig 5-3 A shows that CHX treatitndid not affect the total amount of
UVRS8 up to at least 3 hours following the end ofB\exposure, when the dimeric form
is fully regenerated. This result indicates tha WVR8 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 rateof dimer
regeneration. (A) Immunoblotsof whole cell extracts from WT ér plants probed with anti-
UVR8 antibody. Plants were placed in medium coman0.1% DMSO with or withot
cycloheximide 1 h before exposure to pmol mi® s* UV-B for 3 h UV-B +), and then transferred
to darkness for the indicated times before extrwere prepared. Samples were preparec
electrophoresis without boiling and resolved on.%4 SD-PAGE gel prior to immunoblotting
Ponceau staining of Rubisco large subunit (rbclghewn as a loading contr(B) Immunoblots
from theexperiment showin (A) probed with anti€HS antibody. The asterisk (*) indicates a -
specific band recognized by the antib( (C) Kinetics of the loss of UVYR8 monomer in darkn
following treatment with cycloheximide and |-B exposure. Data was obtained as descrin
Fig 5-2. (D) Time points when the monomer reached 50% are shg- the 95% confidence
values at that poinThe type of fit that producedR?valueclosest to 1.0 was chos The Rvalue
indicates how well the line fits the data pointfiene 1.0 wold represent a perfect f
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Nevertheless, Fig 5-3 A shows that the rate of dimappearance is slowed down in plants
treated with CHX; whereas very little monomer remsain control plants 30 minutes after
transfer to darkness following UV-B treatment, astantial amount of monomer remains
in the CHX treated plants after 1 hour and is gtilectable after 2 hours of darkness. The
slower kinetics of monomer loss after CHX treatmaet clear if comparing the two 50%
loss of monomer values: whereas control plants dles# of 50% monomer already after
14 min, 60 min are required if plants are treatéti @HX (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 amoamd state of UVR8 following
UV-B exposure and dark recovery was investigatetiénpresence of MG132, an inhibitor
of protein degradation via the proteasome. Wilcetypgants were transferred to liquid
medium containing 100 uM MG132 eleven hours befbee start of UV-B illumination
since prolonged pre-incubation with MG132 to sekilition of the proteasome was
reported in several previous studies (e.g. Yang.eR005; Jang et al., 2005; Dong et al.,
2006). The treatment with MG132 did not impair UVirBluced conversion of the UVRS8
dimer to the monomer (Fig 5-4 A). Furthermore, ¢havas no effect visible on
regeneration of the dimer following transfer tolkdeess and no quantitative difference in
the kinetics for monomer loss in MG132 treated eontrol plants (Fig 5-4 D and E). To
ensure that MG132 had entered the tissue and wastieé the accumulation of
polyubiquitylated proteins in the cell resultingiin inhibition of proteasomal degradation
was visualized by an immunoblot with an antibodyutmquitin. Fig 5-4 B shows that
increased amounts of polyubiquitylated proteinsiadtdae detected in plants treated with
the inhibitor compared to the control. Finally, tb&al amount of UVR8 remained
unchanged over the time course of illumination dimder regeneration in darkness (Fig
5-4 A and C). It can therefore be concluded thatR8Ms not subject to proteasomal
degradation following UV-B exposure.
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5.5 The C-terminus of UVRS is required for rapid  regeneration of the
photoreceptor in vivo

The role and the importance of tC-terminusin UVR8 mediated signalling has be
described inthe previous chapters. To t whether the Germinus is also involved in
regeneration of the dimer, two different bidopsis genotypes were examined. Firs
natural allele of UVR8uvr8-2, was analysed. Thawr8-2 mutant lacks the final 40 amir
acids of the Germinus due to an introduced stop codon at position 40@ZBr et al.,
2005; Cloix et al., 2012). As shown Figure 5-5, normal UV-Bhduced monomerisation
is observed in thevr8-2 mutant, but regeneration of the dimer in subseqdarkness i
much slower compared to the w-type; the monomer is still detectable 4 hours dtte

end of illumination.

Darkness (h)

Uv-B
-4+ 05 1 2 4 6 8

80 4
R e B e AL WT
46 1 -_— M

- A — e - W e = | Tbcl

Darkness (h)
58 |
46 - T - D

30

uvr8-2

D e G e W s e | TDCL

FIGURE 5-5: The C-terminusof UVRS8 is required for rapid regeneration of the
dimer in vivo. Immunoblots of whole cell extracts from Wler anduvr8-2 plants probed with
antiUVR8 antibody (Mterminal). Plants were exposed tqudiol m? s* UV-B for 3 h (UV-B +)
and then transferred to darkness for the indictiteds before extracts were prepared. EXxi
samples were prepared for electrophoresis wt boiling and resolved on a 10% S-PAGE gel
prior to immunoblotting. Ponceau staining of Rubisarge subunit (rbcL) is shown as a loac
control.

The second genotype that was analysed was a traasuvr8-1 line expressing a GFP-
UVRS8 fusion lackini 27 amino acids within the C-terminuaw(8-1/GFPAC27UVRS;
Cloix et al., 2012). This particular stretch of amiacids (residues 397 to 423, termed C
has shown to be necessary and essential for ititaragith the WD40 region of COP1 al
can also inteact with other WD40 proteins, i.e. RUP1 and RURXik et al., 2012)

Plants expressing wi-type UVRS8 fused to GFP were used as control plddsgh lines
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show UV-B induced monomerisation, but regeneration of theedim much slower i
plants lackinghe C27 region compared to plants expressing-type full length UVR8
(Fig 56 A). Quantification of the data results in twoarlg distinguishable 50% loss
monomer values: whereas approximately 1 h is needéie GFI-UVRS8 line, 5.5 h are
required br 50% loss of monomer if the C27 region is ab4€ig =-6 B and C). These
findings suggest that the C27 region is requirednximize the rate of UVR8 dim:

regeneration in vivo.
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FIGURE 5-6: The C27 region of UVRS8 is required for rapid regeneration d the
dimer in vivo. (A) Immunoblots of whole cell extracts frcuvr8-1/GFF-UVR8 anduvr8-1/GFP-
AC27UVRS plants probed with a-GFP antibody. Plants were exposed umol mi? s* UV-B for
3 h (UV-B +) ad then transferred to darkness for the indicatewde before extracts we
prepared. Extract samples were prepared for ef@ubresis without boiling and resolved on a 1
SDSPAGE gel prior to immunoblotting. Ponceau stainmfgRubisco large subuniirbcL) is
shown as a loading control. The asterisk (*) intisaa no-specific band recognized by the -
GFP antibody(B) Kinetics of the loss of UVYR8 monomer in darknedtofeing UV-B exposure.
Data was obtained as described in F-2. (C) Time points when the monomer reached 50%
shown +/-the 95% confidence values at that paThe type of fit that producedR? value closest
to 1.0 was choseiThe F*value indicates how well the line fits the datarpsj where 1.0 woul
represent a perfect fit.
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It was now also of interest whether iIC-terminusaffected the rate of dimer regenerat

of purified UVRS8 in vitro. The very convenient tigip treatment could be applied

remove the last 40 amino acids from C-terminus. This C-teninally truncated protei

undergoes normdlV-B induced dimer to monomer conversion, as reportesipusly

(Christie et al., 2012). However, in contrast te #tbove described in vivo situation,

rate of dimer regeneration in darkness followUV-B exposure was not slower f

C+erminally truncated UVR8 compared to the \-type protein. The kinetics ¢

regeneration were indistinguishable for the twotgires (compare Fig-7 A with Fig 5-1

B) and quantification of the data resulted in santimes wthin the 95% confidence lim

required for loss of 50% monomer (15 h, F-7 B and C).
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FIGURE 5-7: The in vitro regen-
eration rate of UVR8 is unaffected
by the Cterminus.

(A) Coomassie stained SFPAGE of
purified UVR8 protein digested wii
trypsin, exposed to 1.jumol m? s*
UV-B for 1 h UV-B +) and then
transferred to darkness for the indice
times. Samples were analyzed with
boiling on a 7.5% SC-PAGE gel. A
non-UV-B treated boiled sample
shown as a contro(B) Kinetics of the
loss of UVR8 monomer in darkne
following UV-B exposure. Data was
obtained as described in Fic-2. (C)
Time points when the monomer reacl
50% are shown - the 95% confidence
values at that poinThe type of fit that
produced aR? value closest to 1.0 was
chosenThe F*value indicates how well
the line fits the data points, where
would represent aerfect fit.
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This observation indicates that the absence ofGQB& region only negatively affec
regeneration in intact cells, allowing the hypotkdkat interaction of one or more prote
with the C27 region may be required to maximizerate of regeneratio To test whether
newly synthesised proteins that maximise the rémensrocess possibly interact with t
C-terminus the influence of CHX on dimer regeneratioruvr8-2 plants was investigated.
No considerable difference between C treated and untreated plants was observed
5-8). However the experiment was only carried outeoand rather poor quality of tl
Western blots with the -terminal UVR8 antibody that is required for tuvr8-2 mutant
limits the interpretation of thisesult. Unchanged kinetics of dimer regeneratiornhi:
uvr8-2 mutant after CHX treatment could either mean tleatlp synthesised proteins ¢
ineffective anyway, because they bind to C-terminuswhich is not present, or protei

that facilitate reversin require functional UVRS8 to be induce
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FIGURE 5-8: Protein synthesis isprobably not required to maximize the rate of
dimer regeneration if the C-terminus is absent.Immunoblots of whole cell extracts frc
uvr8-2 plants probed with ar-UVR8 antibody (Nterminal). Plants were placed in medi
containing 0.1% DMSO with or withotl00 pM cycloheximide 1 h before exposure to pumol
m? s* UV-B for 3 h UV-B +), and the transferred to darkness for the indicated timefre
extracts were prepared. Samples were preparedefdraphoresis without boiling and resolved
a 10% SDSAGE gel prior to immunoblotting. Ponceau stain@fidgrubisco large subunit (rbc
is shownas a loading contro

5.6 COP1is required for rapid dimer regeneration invi  vo

To further investigate the kinetics of dimer regatien, copl-4 mutant plants were
analysed. Thecopl-4 allele belongs to the class ©bpl mutants showing a wes
phenotype (McNellis et al., 1994) due to the alleégrying a premature stop codon
position 288. The mutation is n-lethal since a truncated protein containing onlg
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N-terminal 282 amino acids lacking the WD40 repesatsxjressed. Hence, lacking thi
UVRS interaction domain (Cloix et al., 2012), irgetion between UVR8 and COP1

impaired incopl-4 mutant plant: As shown in Figure 5-9 Agopl-4 plants show normal

UV-B induced UVR8 monomerisation after exposure to @1l m? s® narrowband

UV-B for 3 h. However, the rate of dimer regeneration in subsegdarkness is slows

than in wildtype plants. Quantification of monomer loss revéladg about an extra hour

required to reach a 50% loss of monomecopl-4 plans compared to wi-type (Fig 5-9

B and C). Thus th&ull length functional COP1 protein is requiredn@ximize the rate ¢

dimer regeneration in viv

cop1-4

A
Darkness (min)
uv-B
+ 5 15 30 45 60 90 120 180
80 7
58 | — e g ———— c— D
46 - W — N — —— M
P—— rbcL
B
—Ler
100 — —95% confidence level
—cop1-4
95% confidence level
5
£
=]
5
=
0’ 015 1‘ 115 2 25 3
Time after UV-B treatment (h)
Cc
50% :
? R?  Type of fit
monomer
Ler 18 min .
L . 0.94 exponential
-1n VIVO (-3/ +4)* P
cop1-4 75 min .
T « 0.87 aussian
-invivo  (-9/+19) g

*95% confidence level

FIGURE 5-9: Rapid dimer
regeneration in vivo requires
intact COP1.

(A) Immunoblot of whole cell extra
from copl-4 plants probed with anti-
UVRS8 antibody. Plants were expos
to 3umol % s* UV-B for 3 h (UV-B
+) and then transferred to darkness
the indicated times before extra
were prepared. Extract samples w
prepared for electrophoresis withe
boiling and resolved on a 7.5% S-
PAGE gel prior to immunoblotting
Ponceau staining of Rubisco lai
subkunit (rbcL) is shown as a loadil
control. (B) Kinetics of the loss of
UVR8 monomer in darkness followir
UV-B exposure. Data was obtained
described in Fig -2. (C) Time points
when the monomer reached 50%
shown +/-the 95% confidence values
at that point. The type of fit that
produced R? value closest to 1.0 was
chosen.The F? value indicates how
well the line fits the data points, whe
1.0 would represent a perfect
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57 Discussion

5.7.1 Rapid regeneration of the UVR8 dimer by reversion of the

monomer

Despite recent advances in determining the strectdirUVR8 and important structural
requirements to achieve the active signalling stdt&/VR8, not much is known so far
about how the UV-B response is balanced and howstreilation is prevented.
Therefore, the study presented in this chapterdedwn the question how the initial UV-B
perceiving dimeric form of UVRS is re-establishette UV-B is no longer present.

In vivo, exposure to UV-B converts dimeric UVR8arthe monomer and the dimer is then
fully regenerated in less than one hour of darkiiEgs5-1 A). Furthermore, no change in
the total amount of UVR8 over the monitored timeurse of monomerisation and
regeneration can be observed. To address the twsibiidies of dimer regeneration,
namely degradation of the monomeric form combineth we-synthesis of the dimeric
form or simple reversion of the monomer back todimeer, the regeneration was analysed
under the influence of the two inhibitors CHX andsiB2. Treatment of wild-type plants
with CHX does not prevent the regeneration of timed and also no change in the total
amount of UVR8 over the duration of the experimentdetectable (Fig 5-3 A). The
preincubation with CHX was evidently effective besa it prevented the accumulation of
CHS protein in response to the UV-B treatment. Thet that the dimer reappears
completely in the presence of CHX indicates thatR8\protein synthesis is not required
for dimer regeneration.

If UVR8 protein synthesis can be ruled out as tla wf dimer regeneration, degradation
of the monomeric form is highly unlikely or evenpossible for the signalling pathway to
work in a cycle. In line with this, treatment ofapts with MG132, a widely used inhibitor
of proteasomal activity, has no effect on the diegpance of the UVR8 monomer during
the regeneration process (Fig 5-4). Although MGé&@2iently entered the cells, as shown
by general accumulation of polyubiquitylated proggithe total amount of UVRS8 is not
influenced which would be expected if the monomeaswapidly degraded via the
proteasome and this pathway was impaired by the 32Geatment. Nevertheless, it is not
possible to rule out monomer degradation by otyy@eg of proteolysis, but the fact that the
total amount of UVR8 remains constant througholuthed experiments presented in this
study indicates that the protein is not subjectrapid turnover. This conclusion is

consistent with previous studies showing that UV&R&ssentially constitutively expressed.

112



CHAPTER 5 RESULTS

The protein is present in all plant tissues analywedate (Rizzini et al., 2011) and its
abundance is not affected by different light quedi{Kaiserli and Jenkins, 2007).

It can be concluded from the above experimentsréhagrsion of the UVR8 monomer back
to the dimer is the mechanism of dimer regeneraiitve high stability of the protein could
possibly allow photocycling between the dimeric @né monomeric forms resulting in a
photoequilibrium regulated by the prevailing amoahtJV-B present in a particular light
environment. Such equilibrium is, for example, bisded between the inactive Pr and
active Pfr forms of phytochromes in daylight (Cretral., 2004). Further experiments are
required to examine this proposed cycle more cjosklvery interesting question is for
example, if the dimeric and therefore inactive fasfmUVRS is present in the nucleus as
well as in the cytoplasm. So far, UV-B induced maclaccumulation has been reported for
UVRS8 (Kaiserli and Jenkins, 2007) which supposeadiythe monomeric form due to the
presence of UV-B. However, no experimental data besn obtained yet on UVRS8
moving out of the nucleus once UV-B is no longezgent and whether the monomer or
the dimer undergoes this movement or translocation.

Overall, the kinetics of dimer regeneration of UVR®8 vivo are comparable to
regeneration kinetics of other photoreceptors,efcample phototropins or phytochromes.
Dephosphorylation of phototropins in vivo as wel eegain of photosensitivity of
membranes or whole cell extracts isolated followimgreasing dark periods after a blue
light pulse was observed within periods of 20 tond@ for maize (Palmer et al., 1993) or
60 to 90 min for oat (Salomon et al., 1997). Sinyladark reversion of far red-absorbing
phytochrome to red-absorbing phytochrome occureqgapidly in the dark during the first
30 minutes following initial phototransformation tfe 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 reggtion is the time required for the
process in vivo compared to in vitro. Reversioth& monomer back to the dimer in vitro
Is possible, but is a very slow process that talgeso 30 h to be completed (Fig 5-1 B).
This is an incredibly long time period for a sesgilant that has to alter and adapt its gene
expression profile to rather quickly changing eonmental factors such as, for example,
exposure to different levels of UV-B by changingatreer conditions. In addition, dimer
regeneration occurs with the same slow kinetickdohg exposure of plant extracts to
UV-B (Fig 5-1 C). The observed slow reversion kicetof purified protein in vitro could

be due to structural reasons caused by the abs#nitderacting proteins that would
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normally define the structure of the activated UMR8nomer which might be required for
subsequent rapid regeneration. Altered foldingartgpof the protein that would constrain
the rate of regeneration would most likely involiree flexible C-terminus. Since no

difference in the rate of dimer regeneration betwéal length and trypsin treated

truncated UVRS8 is observed, the flexible C-terminsisnot responsible for the slow
regeneration behaviour in vitro (Fig 5-7 B).

The quick decay of the monomeric form observedwo guggests that in the plant a quick
and efficient mechanism of regenerating the UVR8ationce UV-B is absent exists. An
intact cellular environment is therefore requirea maximize the rate of dimer

regeneration, presumably because cellular compataieation, as introduced above, or
particular physiological processes are needed.H¥ experiment indicates that protein
synthesis following UV-B exposure is required toilitate rapid reversion from monomer
to dimer. CHX treatment does not affect the totaloant of UVR8 or prevents dimer

regeneration, but the kinetics of monomer disapgpes and dimer accumulation are
slower. A likely scenario is that one or more pideare synthesized in response to UV-B
that facilitate reversion of the monomer. Also theolvement of chaperone proteins is
conceivable. Chaperone proteins need sufficientuatsoof ATP to function and addition

of ATP to the plant cell extract might acceleratee@r regeneration during the in vitro

experiment, if ATP is involved in the mechanism. vBigheless, the rate of dimer
formation in vivo in the presence of CHX is consaldy faster than it is in vitro, so

clearly protein synthesis is not the only factaquieed for rapid dimer regeneration.

5.7.3 The influence of COP1 on dimer regeneration

The role of COP1 in the UV-B response still remginsrly understood up to now. Despite
it being a positive regulator of UVR8 mediated gerpression as shown in this study and
before by others (Oravecz et al., 2006; Favorylgt2®09) its well characterized E3
ubiqutin ligase activity during photomorphogendsiau and Deng, 2012) has so far not
been reported to play a role in the UV-B respoAseshown in Fig 5-9, the rate of dimer
regeneration in the absence of COP1 is diminishedliner regeneration is not abolished.
This indicates that COPL1 is involved in the prodessit is not essential but rather fine-
tunes and maximises the response. Moreover, COdqgisred for UV-B induction of
many UVRS8 regulated genes, so the absence of CORiecopl-4 mutant may impair
synthesis of one or more components needed fad rageneration. The experimental data
obtained does not allow to conclude whether CORdctly affects the dimer regeneration

via its ability to interact with the C-terminus OVR8, or whether it indirectly affects a

114



CHAPTER 5 RESULTS

process being required to synthesise one or mber ptoteins that facilitate the reversion.
The second possibility seems to be supported ifcomepares the time that is required for
50% loss of the monomer in tlwepl-4 mutant and in plants treated with CHX which is
75 min and 60 min respectively. Nevertheless, regdion of the dimer iwopl-4 plants

in vivo is still faster than in vitro, so additidrneo far uncharacterized factors are likely to

maximize the rate of dimer regeneration.

5.7.4 The role of the C-terminus of UVRS8 during the regeneration

process

From the above described data, absence of then@res of UVR8 shows the greatest
impact on the rate of dimer regeneration in vivelddion of the last 40 amino acids in the
uvr8-2 mutant as well as deletion of a stretch of 27 anaiaids in the C-terminus causes
the presence of considerable amounts of monomertéosix hours after the end of the
UV-B treatment (Fig 5-5 and Fig 5-6 A). An unchadgate of dimer regeneration is
observed for the C-terminally truncated form irrevitvhich suggests that truncation of the
C-terminus does not impair regeneration for stmattueasons (Fig 5-7 B). The
observation that the absence of the C-terminaloreginly affects regeneration in vivo
allows the hypothesis that this region of UVR8 niatgract with proteins that facilitate
rapid reversion of the monomer. Two strong canésldor this are the RUP proteins that
interact with the C27 region of UVR8 (Gruber et aD10; Cloix et al., 2012). Nothing is
known so far about the effect of these two proteimshe rate of dimer regeneration. It has
been shown thaRUP1 and RUP2 transcripts are induced by UV-B in a COP1-, UVRS8-,
and HY5-dependent manner (Gruber et al., 2010)ecddisd expression study of the RUP
proteins or there also named EFO proteins indic&gslation of their transcript levels by
the circadian clock showing high expression levalsnight peaking at daybreak and

only partially coincide and require further carefolestigation of RUP protein levels
under different light qualities and times of theydllevertheless, Gruber and co-workers
(2010) showed that RUP gene activation is absenthencopl-4 mutant but dimer
regeneration is only slowed down to some extenisnbt completely prevented (Fig 5-9).
RUP proteins should also not be expressed in thefumtctionaluvr8-2 mutant; however
loss of the C-terminus at the same time makes fftcdlt to explain the observed
deceleration further. Moreover, RUP2-GFP can ondy detected after about 4 h of
exposure of the plants to UV-B but plants exposed3th of UV-B show complete

regeneration of the dimer already one hour afterethid of the treatment. At the moment,
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the present data is insufficient to understand hdreRUP proteins play a role in UVR8
dimer regeneration. Future regeneration experimetitts the upl andrup2 single and
double mutants are planned and will provide valeabiormation about their involvement
in the process.

It can also not be excluded that the slower kisedicdimer regeneration in thuer8-2 and

in the GFPAC27UVR8 mutants result from their non-functionalififhe induction of
protein x facilitating the reversion might requftenctional UVRS8 in addition to UV-B as
seen for the RUP proteins. The slower reversioptida could therefore be due to the lack
of protein x and not necessarily due to the lacthefC-terminus. To understand the role of
the C-terminus in the regeneration process it bdlimportant to identify more UVR8
interactors to be able to test whether their aleseregatively affects the regeneration
kinetics.

To conclude, the regeneration of the UVR8 dimereis/ rapid in vivo and is accomplished
by reversion of the monomer to the dimer. Nonenefabove described experiments could
identify a single component that completely preednthe reversion but each analysed
condition contributed partially to the process. SThuggests that the process of reversion
from monomer to dimer is very complex and is fagigd by several factors allowing the
photoreceptor to respond rapidly and sensitivelxhanges 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 protgithe presence of a light absorbing
chromophore that undergoes chemical and structivahges upon light absorption. The
apoprotein associated with the light activated stophore modulates these photochemical
aspects and at the same time constitutes the midroament that immediately responds
to the photoinduced changes of the chromophores ihkerplay between chromophore and
apoprotein is an essential step in the signal-thactson process and has been characterized
for the visible light photoreceptors over the pdestades.

The crystallographic structure of UVR8 has revedlet UV-B photoreception by UVR8
does not rely on a bound chromophore (Christiel.e812; Wu et al., 2012). UVRS8 is
therefore fundamentally different from other phetmptors in employing standard amino
acid side chains instead of specialized chromophfrethe initial photochemical event.
As described in the Introduction and in ChaptelJ9;B photoreception is mediated by
excitonically coupled tryptophans at the dimer iifatee which are adjacent to arginines
involved in forming dimer maintaining salt bridgeBhotoreception results in the
disruption of salt-bridges, causing dimer dissécraand initiates signalling. However, the
precise mechanism of UV-B perception leading tongles in the photoreceptor has only
been hypothesised so far without any experimenidieace (Christie et al., 2012; Wu et
al., 2012). The purpose of the experiments predeitethis chapter was to test the
hypothesis that electron transfer may occur betwbenphotoreceptive tryptophans and
adjacent salt-bridging arginines leading to changeutralization and thus dimer
destabilization. Fourier transform infrared (FTI§ectroscopy of purified UVR8 protein
was employed to detect UV-B induced changes irchignical structure of the amino acid
side chains and the overall conformation of thegino Changes in the local environment
of the tryptophans were revealed by light-assodiateanges in tryptophan fluorescence.
Finally, ultrafast transient absorption spectrogcofas used to gain first insights into the
initial photochemistry of UVR8 and to test whethlee formation of tryptophan radicals
occurs as an intermediate step in UV-B photoreoaptihese approaches have created

plenty of data in a short period of time about aaoentirely unknown process, making
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analysis of the data and putting actual meaningindetthem quite a challenge.
Nevertheless, preliminary findings will be descdland discussed in this Chapter.

6.2 FTIR spectroscopy reveals UV-B induced conforma  tional changes
in UVR8

The absorption of infrared radiation (IR) excitelsrational transitions of molecules when
the frequencies of light and vibration are equal armen the molecular dipole moment
changes during the vibration (Barth, 2007). Theatihg masses, the type of bond (single,
double, triple) and the exact position of the bamitlenced by electron withdrawing or
donating effects of the intra- and intermoleculavieonment and by coupling with other
vibrations determines the approximate position ofifrared absorption band (Barth,
2007). The vibrational spectrum of a protein therefcontains a wealth of information
about its structure and conformation, its inte@ctwith the environment and electronic
properties. To be able to obtain detailed strutinfarmation from an FTIR spectrum, the
number of groups that contribute to a spectrum nmesteduced which is possible by
recording light-induced difference spectra.

A light-minus dark difference spectrum of purifitd! length UVR8 protein is shown in
Fig 6-1 A. The light-minus dark difference spectrumas obtained by subtracting an
initially over one minute recorded dark state spautfrom the light activated protein
spectrum recorded under continuous UV-B illuminataver the duration of one minute.
UVRS shows prominent but weak signals all overgpectral range of 1750 to 1000 tm
but signals below 1300 chrare difficult to assign due to poor signal to roiatio in this
region and are therefore not shown. The photoindiueaction is complete under the
chosen experimental conditions as tested by lobyeB illumination periods resulting in
similar spectra. The reaction is also reversibteesiqualitatively identical signals were
obtained again after 24 to 48 h of dark recovenyvben the measurements. To possibly
narrow down the number of bonds and groups tha gee to absorption in the difference
spectrum UVR8 was treated with trypsin to remoweeftexible C-terminus (Christie et al.,
2012). However, the C-terminally truncated UVR8tpho displays essentially the same
light induced difference spectrum as the full léngtotein suggesting that all observed
signals originate from the protein core (Fig 6-1 A)

An FTIR spectrum comprises information about tHeamred absorption of particular amino
acid side chains and absorption of the protein Ibaic&. The two most prominent signals
of the protein backbone are the amide | band ptesennd ~1650 cth(1610-1700 cri)

and the amide Il band at around ~1550*cfhe more informative amide | band is caused
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by carbonyl stretching vibrations of theptide bond which arhardly affected by the
nature of the side ches. It dependsiowever on the secondary structure of the back
and it istherefore the amide vibration that is most commausdgd fo secondary structure

analysig(Barth, 2007.
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Assignment of IRabsorptionbands to specific chemical bondsd groupsis possible by
studying model compounds, chical modifications of cofactorcor ligands, isotopic
labelling of amino acic or by site-direted mutagenesis (Barth, 2007). The last

approaches are suitable for UVR8 and were therefomesued in the followin
experiments. One way of labelling protein is by H¥kchange. For this purposprotein
samples were lyophilized and resuspended ,O which exchanges the accessi
hydrogens of the protein including timainchain peptide group NH and the schain
protonsbound to N, O and S atoms of polar groups kuteriums (Englander et al., 19).

It should be noted, that carbon bound hydrocdo not exchange easily and are there

not affected.For UVR8, most signals of the licinduced difference spectrum e
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surprisingly indifferent to H/D exchange (Fig 6-1). BEspecially secondary structure
changes, which are reflected by the change in phbearof the amide groups, usually
show strong H/D influenced IR absorbance betwee®01&nd 1700 cth The most
prominent D-induced shift is observed for the bahd651 (+) crit, which is reduced to
only a small shoulder of the peak at 1634 (+)'cnfihis frequency region might be
attributed to turn and loop structures of the proténother detectable H/D sensitive
contribution is the broad positive peak centreduacb 1572 crit which up shifts by
approximately 10 cih if UVRS8 is deuterated. This is a characteristiatfiee of the
asymmetric stretching vibrations of the carboxylgteups of glutamates or aspartates.
Additionally, the negative peak at 1708 trshows a slight downshift of about 1 ¢rin
the deuterated sample which might be attributecchanges in amide side chains of

asparatates or glutamates.

6.3 FTIR spectra of UVR8 salt bridge mutants

The observed difference bands in the amide | rangéate overall UV-B induced
conformational changes in the UVR8 structure. Havedefinite assignments of bands to
contributions of specific amino acid side chaingeveot possible by analysis of the wild-
type protein alone. Ideally, an IR signal due tgpacific amino acid is missing when this
amino acid has been selectively replaced and thd ban then be assigned to the mutated
amino acid. The hypothesised electron transfer ftbe UV-B perceiving tryptophan
pyramid to the adjacent arginines might be assediatith proton transfer. Salt bridge
forming amino acids should therefore show a changdkeir protonation state upon UV-B
induced monomerisation. To test this, light indud#terence spectra of UVR8 mutants
with point mutations in the essential R286-D107 Bx36 salt bridge were recorded.
Remarkably, the two constitutive monomeric mutatt¥/,R8°?*VPON apg UVRE?EEA
showed no light induced difference signals (datashown); although UVRE®VPON g
functional in plants (Chapter 4) and the fluoreseebehaviour of UVRE®®* suggests
UV-B-induced transitions (Fig 6-5 E). Based on tbixservation, one can reason that the
difference spectra most likely correspond to strmadt differences between dimer and
monomer and the process of monomerisation is aak@ntgeneration of the signal.

The single aspartic acid mutants UVRRB' and UVR&'™N are sitill able to undergo a
dimer to monomer shift and therefore showed liglluced difference signals (Fig 6-2 A
and B). The broad peak observed for wild-type U\tR8tred at 1572 ciris reduced and
slightly altered in its shape in the UVR8™ mutant and therefore might support the
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assignment of this peak to a carboxylate vibravbraspartates. However, this peak
unaltered in the UVF®?®N mutant. A possible explanation for this mi be that although
both aspartates are possibly expected to showihgliced changes due to the breakin
the salt bridges upon monomerisation, the moleaaironment of D96 in the monom
Is similar to its environment in the dimer, whild@r expelences a changed environm
in the monomer causing alteration of the signatke&ond band that might be attributec
changes in vibrations of carboxyl groups of aspestas the one at 1391 * which is
shifted in both mutants, once up and once dowbtle changes between the spectra o
two mutants and wi-type are also present in the spectral region ardlif@b cn’.
However, the signal to noise ratio in this parttted spectrum is very low and therefi
hinders an assignment of the ba
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Finally, light-induced difference spectra of anatdéneric salt bridge mutant UVR&®*
were recorded (Fig 6-2 C). Again, the spectrum $oeéry similar to the one of the wild-
type protein but features a slightly downshifteddat 1655 ci and a very small positive
band at 1649 cth Therefore this signal might be assigned to trenglkd environment of
the arginine/lysine side chain upon monomerisatiBath side chains usually feature
absorbance in this region but the small differeniceshe signal only allow a remote
assignment of the bands. In general, the propgsecifc assignment of any of the bands

at that point is rather speculative and has toshebéished further in the future.

6.4 UV-B induced changes in UVRS fluorescence

Another way of gaining information about confornoatl changes of a protein is by
utilizing intrinsic protein fluorescence. Of therdk aromatic amino acids present in
proteins, tryptophan is the most dominant intrinflicorophore and its fluorescence
emission is highly sensitive to its local envirommallowing to monitor conformational
transitions, subunit association, substrate bindindenaturation by recording changes in
the emission spectra (Lakowicz, 2006). A complimgtiactor in the interpretation of
protein fluorescence is the presence of multipleritscent amino acids in most proteins.
Especially for UVR8 with its exceptionally high nber of aromatic residues (14W, 10Y
and 8F), it is an impossible task to separate pleetsal contributions of each tryptophan
and also to some extent possible contributionsyadstnes. Additionally, the spectral
properties of each residue are generally diffecer@ to the distinct environment of each
residue. However, the absorption and emission speéttryptophan residues in proteins
overlap at most wavelengths used for excitation thedobserved changes in fluorescence
can provide another fingerprint of the protein ailog comparison between wild-type and
mutant forms.

Excitation of dark adapted wild-type UVR8 with 280n light produces an emission
maximum at 327 nm (Fig 6-3 A and Table 6-1). Repea&ixcitation of the sample over an
extended period of time causes a shift of the eanigmaximum to 335 nm. This red shift
is completed after ~12 min under the UV-B fluenateremployed. Additionally, similar to
what was observed by Wu and co-workers (2012) fltterescence intensity at 335 nm
rapidly increases by about two-fold within the #ir&@0 min of UV-B illumination
(excitation) and slowly starts to decrease afteyuallO min until the completion of the
experiment after two hours (Fig 6-3 B). Howeverwatelengths greater than 450 nm, the

emission intensity keeps rising slowly but condtar(data not shown). The same
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experiment was undertaken wwild-type UVRS8 preilluminated witlUV-B and both the
observed red shift as well as the iniincrease in fluorescence is absent (-3 C and D).
The emission maximum remains unchanged at 335 nem the recorded time. Ti
wavelength of the emitted light is a well proverdigator of the environment of tt
fluorophore (Vivian and Call, 2001). e observed red shift indicates that the positic
the fluorophore has changed from being buried ennydrophobic, “nc-polar” core of the
protein to being solvent exposed (polar environmemhis is consistent wittUV-B

induced monomerisation and «osure of the tryptophan rich dimer interface to

solvent.
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FIGURE 6-3: Monomerisation of wild-type UVR8 causes a red shift in its emissic
spectrum. (A) Emission spectrum of dark adapted dimwild-type UVRS8 (solid line) compare
to the emission spectrum of w-type UVR8 after 200 subsequent excitations with @80for 38 ¢
resulting in complete monomerisation (dotted . Complete monomerisation was tested by -
native SDSPAGE (data nothown). The emission maximum shifts from 327 nm to 335 (B)
Time resolved emission spectrum of v-type UVR8 excited with 280 nm. The trace shows
emission of the sample at 335 nm. At time 0 theamwas dark adapte (C) Emission spectrum
of UV-B exposed wil-type UVRS8 (solid line) compared to emission spautiaf UV-B exposed
wild-type UVRS8 after 200 subsequent excitations with @80for 38 s (dotted line). The sam|
was exposed to UV-Bor 10 minbefore start of the measurement to induce morisation. The
emission maximum stays unchanged at 335 nm. Thiaklines indicate the emission maxima
dimer and monomer as shown in ( (D) Time resolved emission spectrum UV-B exposed
wild-type UVRS8. The trace shows the emission of the gt 335 nm. The sample was expo:
to UV-B for 10 minbefore start of the measurement to induce monoatan All spectra were
normalised for better comparis
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In contrast to wild-type UVRS, the three analysall bridge mutants show differences in
their fluorescence emission spectra, both in theimam wavelength emission and in the
development of fluorescence intensity. The cortititly monomeric mutant UVRE®*
features an emission maximum at around 337 nmendtdrk adapted state which shifts
only slightly to about 339 nm within the first 20nmof the experiment (Fig 6-4 A and
Table 6-1). The spectrum also loses its fine stinecin the UV-B region and also becomes
slightly narrower under prolonged UV-B exposureeTémission intensity increases by
~ 40% within the first 80 minutes and then reachetateau (Fig 6-4 B).

TABLE 6-1: Emission maxima of UVR8 wild-type and s# bridge mutants before
and after exposure to UV-B (top) and after a dark ecovery period of at least 24 h
before a re-run of the experiment (bottom).

A max Emission (nm)

- UV-B + UV-B
(first scan)  (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 matagi (D96N and D107N) on the protein
fluorescence was analysed. Both mutants are bt#él @ dimerize, but the dimer seems to
be weakened compared to wild-type (Chapter 3). R/R&isplays an already red shifted
emission spectrum at the start of the time couosepared to wild-type (Fig 6-4 C and
Table 6-1). The emission maximum remains uncharge&33 nm under prolonged UV-B
excitation but becomes narrower on both sides aleitiy a loss in fine structure on the
blue side. The increase in fluorescence intensityomparable to UVR8®® whereas the
decrease towards the end of the experiment isyndedectable (Fig 6-4 D). The emission
spectrum of UVRB'"Nis further blue shifted at the start of the expent than UVRE*"
but not as much as the dimeric wild-type (Fig 6-4iktl Table 6-1). Prolonged UV-B
illumination leads to a small shift in the emissimaximum from 331 nm to about 333 to
335 nm. The precise maximum is difficult to deterensince the peak is rather broad and

the spectral resolution is limited. The spectrurodmees narrower in the UV-B region and
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losesits fine structure. A small but clear riin emission is also detected in the spec
region of about 420 ni To define whether this rise is significant, meamants of this
mutant have to be repeated siall data shown in Fig @-are based on o-off runs of the
experimentsChanges in theuorescence intensity of UVRE "N over time resemble those
of the wildtype protein with a fast increase by about two falthin the first 2(min

followed by a slow decrease until completion of éx@eriment (Fig -4 F).
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FIGURE 6-4: UVRS salt bridge mutants show shifted emission spee.

(A) Emission spectrum of dark adapted U\*?*®* (solid line) compared to emission spectrun
UVR8™*®* after 200 subsequent excitations with 280 nm fors3@lotted line). The emissit
maximum shifts from 337 to 339 nm. The verticaébnndicate the emission maximawild-type
dimer and monomer as shown in F-3. (B) Time resolved emission spectrunm UVR8 %% with
280 nm excitation of the sample. The trace showsthission of the sample at 339 nm. At tir
the sample was dark adap (C) Emission spectrum of dark adapted U\**® (solid line)
compared to emission spectrum of U\P*®" after 200 shsequent excitations with 280 nm for 3
(dotted line). The emission maximum remains unchdret 333 nm(D) Time resolved emission
spectrum of UVR&® with 280 nm excitation of the sample. The tracewshthe emission of tt
sample at 333 nm. At time the sample was dark adaptéd) Emission spectrum of dark adap
UVR8*™ (solid line) compared to emission spectrum of UP™ after 200 subsequent
excitations with 280 nm for 38 s (dotted line). Tmaission maimum shifts from 331 to 335 nr
(F) Time resolved emission spectrum of U\"**™ with 280 nm excitation of the sample. T
trace shows the emission of the sample at 335 nrim& 0 the sample was dark adag.
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To further characterize the fluorescence propedidsVR8 emission spectra of wild-type,
UVR8P*™N and UVR&?*** were recorded again after a dark recovery perf@bd or 24

h respectively (Fig 6-5). If the experimental cdrafis allowed complete reversibility of
UV-B induced monomerisation possibly associatedh fitther conformational changes of
the protein, the emission maximum should displayoitiginal maximum. However, for
wild-type UVR8 as well as for UVRB?™N this seems to be partially possible since the firs
spectrum after at least 24 h recovery is slighthelshifted compared to the last spectrum
recorded after prolonged UV-B illumination in thecend experiment (Fig 6-5 A and C,
Table 6-2). Additionally, some fine structure iretbV-B part of the emission spectrum is
regained as well as the characteristic increaseweld by a slow decrease of fluorescence
intensity over time (Fig 6-5 B and D). The dimetiga state of wild-type UVR8 after the
36 h recovery period was also tested by semi-n&D8-PAGE revealing that about 50%
of the protein had dimerised again. This recovetg tis much lower of what has been
observed in Chapter 5 but is most likely due tovitsy low sample concentration required
for fluorescence measurements, which will have gahee effect on regeneration of the
dimer. Remarkably, the monomeric mutant UV&B8* shows no signs of a possible
recovery since the emission maximum remains atr88%nd also no changes in the fine
structure can be observed after the recovery péoitmlved by further UV-B illumination
(Fig 6-5 E). Furthermore, no increase in the flgoesce intensity can be observed as in
the first experiment. Instead, the intensity slowcreases over the recorded time span
(Fig 6-5 F) but the decrease is significantly lggsnounced than in wild-type. To
conclude, an in depth analysis of the intrinsicofescence data obtained for UVRS is
rather challenging to interpret at the moment keuentheless these findings contribute to

the overall picture of UV-B photoreception.
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FIGURE 6-5: The shifted emission spectrum can be partially reveed after at least
24 hof dark recovery in wild-type UVR8 and UVR&**™ put not in UVR8R?%A,

(A) Emission spectrum 36 h dark recovered wild-type UVR8olid line) compared to emissir
spectrum of 36 ldark recovered wil-type UVRS8 after 200 subsequent excitations with @80for
38 s (dotted line). The emission maximum shiftsnrd33 to 335 nm. For comparison the ini
emission spectrum of the sale of the first experiment is shown as well. Thetieal lines
indicate the emission maxima of dimer and mononsesl@own in Fig -3. (B) Time resolved
emission spectrum &6  dark recovered wildype UVR8 with 280 nm excitation of the samy
The trace shows the emission of the sample at 885Ah time 0 the sample had comple36 h
dark recovery from the first experime (C) Emission spectrum df4  dark recovered UVR8*"™
(solid line) compared to emission spectrun24 hdark recovered UVF°'°™ after 200 subsequent
excitations with 280 nm for 38 s (dotted line). Tdraission maximum shifts from 333 to 335
(D) Time resolved emission spectrum of U\"**’N with 280 nmexcitation of the sample. Tl
trace shows the emission of the sample at 335 rirtim& O the sample had complei24 h dark
recovery from the first experime (E) Emission spectrum of 24 #ark recovered UVR&®**
(solid line) compared to emission sfrum of 24 hdark recovered UVF?% after 200 subsequent
excitations with 280 nm for 38 s (dotted line). Tdraission maxirum remains unchanged at &
nm. (F) Time resolved emission spectrum 24 h dark recovered UVF?®* with 280 nm
excitation of the ample. The trace shows the emission of the sanmp83% nm. At time 0 th
sample had completé&dl  dark recovery from the first experiment.
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6.5 Ultrafast transient absorption spectroscopy of UVRS8

To be able to understand how UV-B can induce momaeon of UVRS it is essential to
understand the primary photophysics and photochignos$ the photoreceptor. Typically,
initial events after photon absorption occur insldBan 1 ns and therefore ultrafast
spectroscopy has to be applied to picture thosg ®arly steps in photoreception. Since
photoreceptor proteins can be triggered by a sthesh of light, the functional protein
dynamic can be studied over a wide span of timescdbwn to femtosecond resolution
(Kennis and Groot, 2007). In this way, energy ntigrawithin the system as well as the
formation of new chemical species such as chargarated states can be tracked in real
time.
In collaboration with Dr. John Kennis (Biophysicgo@p VU Amsterdam, LaserLab
Europe) ultrafast transient absorption spectroscetpgies of UVR8 were initiated. To
excite UVR8, a 266 nm pump pulse was generatethiby harmonic generation to trigger
the photoreaction. The energy of the resulting @86excitation beam was determined to
be between 500 and 600 nJ. The excitation (or pypufse promotes a fraction (0.1% to
tens of percent depending on the type of experipathe molecules in the sample to an
electronically excited state. To prevent multipkeitations at one spot the sample was
continuously circulated with a flow cell. A weakope pulse, that has such a low intensity
that multiphoton/multistep processes are avoidednduprobing, is sent through the
sample with a delayt) in respect to the pump pulse. The probe pulse thes focused
into a spectrograph and was dispersed on a deteetween 355 and 660 nm. A difference
absorption spectrum was calculated, i.e., the @hisor spectrum of the excited
sample minus the absorption spectrum of the samplee ground stateA@). By changing
the time delayt between the pump and the probe and recording apectrum at each
time delay, aAA profile as a function ot and wavelength\, AA(A, t) was obtained
(Berera et al., 2009)
The biggest challenge of a time-resolved spectmsa@xperiment is the thorough analysis
of the very large amount of data present in theegrdAA(, 1) datasets. The collected
data has to be broken down into a relatively smalhber of components and spectra
which is done by global and target analysis teamsq(van Stokkum et al., 2004).
However, such an analysis has been undertaken bgatlaborators but is still ongoing
and beyond what can be presented in this Chaptevertheless, valuable information
could be extracted by analysis of the absorpti@cta for a given time point at different
wavelengths A4A) and analysis of single kinetic traces (evolutadmne wavelength over
time) which will be presented in the next section.
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FIGURE 6-6: Excitation of tryptophan in solution with 266 nm pulses leads t
formation of a photoproduct with an absorption bandat 425 nm

(A) Two dimensional map of tin- and wavelengthesolved transient absorption data
tryptophan in 50nM Tris-HCI pH 7.5, 150 mM NaCl and riM B-mercaptoethanol after
excitation by 40 fs 266 nm puls (B) Normalized timeresolved absorption spectra for 0.6, 4
3400 ps extracted from tldataset shown in (A). The final nalecaying spectrum (green) show
discrete peak at 425 nm characteristic of a phothpt (C) Two dimensional map of tin- and
wavelengthresolved transient absorption data olmM TrisHCI pH 7.5, 155 mM NaCl and
1 mM B-mercaptoethanol after excitation by 40 fs 266 nrisgs (D) Normalized time-resolved
absorption spectra for 0.6, 4 and 3400 ps extrattad the dataset shown in (C) to show
artefad that is due to solvated electron spe:

As reference fothe measurements of UVR8 and to establish the empetal setup
transient absorption spectra of tryptophan in smtutvere recorded (Fig-6 A and B). At
all time delays and wavelengths, the observed kigngositive. Excited state absorpti
(ESA) of tryptophan is responsible for the peak centredratd@¥5 nm at 0.6 ps (Fi¢-6
B). Within a few picoseconds a broad absorptioasris the red and eabsorption band
centred at 450 nm is attributed to an E which clearly appears as a shoulder in t20 to
470 nm range. At later delays towards the end ®tithe range of the experiment (3.4 1
a significant increase absorption is observed at 425 nm, while the UV E&
wavelengths below 370 nm and the red one at 582%onmboth decay. These findings
are in agreement with studies by Sharma et al.qr@hd Leonhard et al. (2010). T

absorption band centred at 425 nm is attributethécgprimary photoproduct of tryptoph
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responsible for fluorescence quenching. This photyct which accumulates up to 6 ns
after excitation most likely displays a protonatediole, possibly in a triplet state
(Leonhard et al., 2010). It has to be noted th&6&t nm excitation, the buffer/water itself
displays a rather pronounced signal, probably wasedl electron species (Fig 6-6 C). This
is visible in the raw data as a clear offset diyeetfter excitation (Fig 6-6 D). The
absorption peak centred at 370 nm decays withirp8.and gives rise to a red absorbing
species with a maximum of 2.5 mOD at 2 ps afteitation (Fig 6-6 C). Generally, this
artefact can be taken as species immediately foriméke instrument response function
which does not completely decay on the timescalh@fexperiment but notably gives an
overall weaker signal than the studied samples.

Next, transient absorption states of the dark adagimeric wild-type UVR8 protein were
recorded. Comparison between the raw data obtéanedyptophan in solution and UVR8
reveals clear differences between the two samplesg-6 A, 6-7 A and C). For UVRS,
the signal is also always positive but the maimalgs situated at about 370 nm and
decays within the time frame of the experiment. $hectrum obtained after 0.6 ps may be
assigned to some pulse follower artefact similathi® buffer data or to a fast relaxing
species, similar to tryptophan in solution (Fig @Y. Subsequently, a broad absorption
over the whole measured wavelength range risewitluta discrete absorption band at 375
nm. This spectrum is clearly different from the wi#ained for tryptophan in solution in
respect to the ratio between absorption in the U the blue part of the spectrum. For
UVRS, the intensity is highest for the UV waveldmgtThe final non-decaying spectrum
recorded at 3.4 ns after excitation is clearlyidettfrom the previous ones and displays a
rather broad peak at 450-460 nm. The shape look#asito what has been observed for
the primary photoproduct formed by tryptophan Isutlearly red shifted. The spectrum is
noisier than for tryptophan in solution due to expental restraints caused by slow
regeneration of UVRS8 after excitation but similarstructured absorbance is observed
‘framing’ the main peak. Furthermore, the discrelge shoulder at 360 nm seems to be
absent in UVR8 in the final non-decaying spectrufim be able to monitor the
oligomerisation state of UVR8 during the experimenfraction of the sample was taken
after each scan (63 time points, ~3 min) and weréscence maximum was measured.
Only two scans were possible on the dimer samplerdea clear red shift of the

fluorescence spectrum indicated monomerisatioheptotein.

130



CHAPTER 6 RESULTS

— 0.6ps — 4ps — 3400 ps

075

Time (ps)

AA (norm.)
o
(5

025

3400 0 T T N y ¥
360 410 460 510 560 610 660 360 410 460 510 560 610 660

Wavelength (nm) Wavelength (nm)

AA (mOD)
2 10 1 2 3 4 5 6 7 8 9 10

— 0.6ps — 4ps — 3400ps

0.75

Time (ps)
AA (norm.)
o
@

025 1

3400
360 410 460 510 560 610 660 360 410 460 510 560 610 660

Wavelength (nm) Wavelength (nm)

AA (mOD) —
2 41 0 1 2 3 4 5 6 7 8 9

FIGURE 6-7: Excitation of the UVR8 dimer and monomer with 266 m pulses
generates a londived photoproduct. (A) Two dimensional map of tin- and wavelength-
resolved transient absorption datadimeric wild-type UVR8after excitation by 40 fs 266 n
pulses.(B) Normalized tim-resolved absorption spectra for 0.6, 4 and 340&xp=cted fom the
dataset shown in (A). The final r-decaying spectrum (green) features a broad absm
centered around 450 n (C) Two dimensional map of timeand wavelengt-resolved transient
absorption data ofmonomeric wil-type UVRS after excitation by 40s 266 nm pulses(D)
Normalized timeresolved absorption spectra for 0.6, 4 and 340@xtsacted from the datas
shown in (C). The final n-decaying spectrum (green) is shifted by about 10tanthe rec
compared to the UVR8 dim

Time+esolved absotion spectra recorded on the monomeric -type UVR8 protein
look very similar to what has been seen for theedimform (Fig 7 C and D). A direct
comparison of the two final n-decaying species suggests that the peak observis(-

460 nm in the dirar undergoes a small red shift and is centred rahd70 nm in th
monomer (Fig @ A). However, the broadness of the peaks hinderptecise assignme
of the maxima and therefore this observation ndéedber experimental proof. Also ti
ratio betveen the peak and the red unstructured absorbaecess® be smaller in tf
monomer tha in the dimer. Another small difference betweemeli and monomer

revealed by comparison of the two kinetic tracethefsamples at 460 nm (Fi-8 B). On

the longe time scales (1 to 2 ns) a faster decay of theratisn of the dimer over tr
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monomer seems to be present. In the earlier tithesdifferences lie within the signal

noise ratio.
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FIGURE 6-8: Comparison of the formed photoproduct between UVR8wild-type
dimer and monomer (A) Normalized timeresolved absorption spectra recorded at 340
after excitation with 266 nm for dimeric and monaimavild-type UVR8. A small shift of abol
10 nm to thered is visible between the two forr (B) Kinetic trace at 460 nm of dimeric a
monomeric wildtype UVRS8. A faster decay of absorption can be olegkin the dimer over tr
monomer on the longer time scales. The dotted liegsesent the best fit of tidata.

Overall, these preliminary results of the time tesd absorption spectrosco
demonstrate that the implemented experimental seitlp the 266 nm excitation pul:
allows analysis of initial steps of UVR8 photoretion. The fact that differenc in the
absorption spectra between monomer and ¢, even if very subtleare visible encourages

the follow-up and extension of these measurem

132



CHAPTER 6 RESULTS

6.6 Discussion

6.6.1 Detection of photoinduced changes in UVRS8

Being able to express and purify recombinant UVR8tgn in E. coli in sufficient
amounts has opened the way to study photobiopHyas@ects of the photoreceptor.
Structural and mechanistic parameters, determmaticquantum yields and energetics as
well as very early stages in signal transductiomehaspecially been characterized for
flavin based photosensors by utilizing FTIR spesttapy and transient absorption
spectroscopy (Losi, 2007). FTIR spectroscopy has ahown to be a very informative
method to study the structure-function aspects imotgsensitive proteins like
bacteriorhodopsin (Rothschild, 1992) or photosyitheaction centres (Nabedryk, 1996).
In fact, changes in the hydrogen bonding of evemgle water molecule can be detected
by FTIR spectroscopy, leading to elucidation ofutsctional importance (Kandori, 2004).
FTIR spectroscopy was therefore undertaken with BWRh the aim of identifying the
catalytically important side chains and to dedubeirt environmental and structural
changes as well as overall conformational chandethe receptor induced by UV-B.
Overall, the obtained UV-B induced difference speaif UVR8 can be regarded as a
characteristic fingerprint of the conformationakolye taking place during photoreception.
Two key observations of these initial experiments that the signals seem to originate
from the core of the protein (Fig 6-1 A) and mo#tely correspond to structural
differences between monomer and dimer since neréifice signal could be obtained for
constitutively monomeric mutants, even if one oerthis functional in transgenic
Arabidopsis lines.

The particular assignment of absorption bands efptlesented spectra is hampered by the
fact that overlapping bands limit the informatidvat can be deduced from a spectrum. For
example, most known vibrational features of tryhi@p residues can be found all over the
spectral region that was analysed (Barth, 2007)oftimately, the direct comparison
between spectra recorded in(Hand DO revealed that the overall shape of the band
pattern in the region of 1700 to 1300 tmiid not change much upon deuteration (Fig 6-1
B). Likewise, the studied mutants only showed sulithanges compared to wild-type
which complicates tentative band assignments ewgher (Fig 6-2). Of the many amino
acid side chain absorption bands, polar amino adidplay the strongest absorption
coefficients and therefore cause the most pronalsignals due to vibration of the polar
groups (Barth and Zscherp, 2002). The high abureafgolar amino acids in UVRS,

especially at the dimer interface, where structamadl chemical changes are expected
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during UV-B perception, therefore poses a greatl@hge on the interpretation of UVR8
FTIR spectra. Absorbance of most of the polar gsooyerlaps with the amide | band of
the polypeptide backbone (1610-17009rwhich is the region of the UVRS difference
spectrum that shows the most pronounced peakse Eble to differentiate between these
signals, further experiments are required. Oneipiisg is to either uniformly label the
protein with**C or >N (Haris et al., 1992), label all amino acids oedgpe or even site-
directed labelling of one particular amino acidinduce shifts of certain bands (Sonar et
al., 1994). For example the labelling of backboagonyls with**C shifts the amide band
by 36 to 38 cnt to lower wavenumbers, possibly allowing identifioa of then no longer
overlapping signals (Haris et al., 1992). Also,dtmnesolved IR spectroscopy is a powerful
tool that can reveal many of the dynamic structdethils of chromophores involved in
photobiological reactions and can reveal the respaf those parts of the protein that are
affected by the ongoing reactions (Groot et al.07d0 Such future approaches will
contribute to our understanding of structure-fumttielationships of UVR8 and hopefully
will elucidate how aromatic amino acids can actirdansic chromophores and induce

signalling.

6.6.2 Changes in the local environment of tryptophans during UV-B

photoreception

The detailed analysis of intrinsic protein fluoresce is a challenging task due to the
complexity of tryptophan fluorescence. The presasfcaultiple fluorophores especially in
UVR8 makes it almost impossible to allocate obsgrehanges to certain residues or
fluorophores. The actual situation is even more mer since tryptophan displays
complex spectral properties due to the presendemfoverlapping electronic state'
and 'L, (Lakowicz, 2006). It is now accepted that evendimgle-tryptophan proteins the
emission often contains multiple spectral contitmg due to either multiple
conformations or the intrinsic heterogeneity optophan itself (Lakowicz, 2006).
UV-B perception is clearly coupled with chemicad&r conformational changes around
the chromophore since excitation with UV-B causesdashift of the emission spectrum of
UVRS8 wild-type protein (Fig 6-3). The maximum wagegth of tryptophan emission is
sensitive to its local environment ranging from 3@8 in azurin, a copper-containing
enzyme from denitrifying bacteria to 355 nm for exde in glucagon (Vivian and Callis,
2001). The red shift indicates that the chromophuedgich is formed by the tryptophan
pyramid, is no longer buried in a “non-polar” emriment but becomes solvent exposed in
the process of UV-B induced monomerisation. Theeoled variability of maximum
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emission wavelengths among the salt bridge mutzngared to wild-type demonstrates
the sensitivity of tryptophan fluorescence to @sdl environment (Fig 6-4). Small motions
of the amino-acid side chains or backbone due ¢oirtroduced mutation can result in
changes in tryptophan emission and some of thes®msaomay occur during the excited-
state lifetime. The already slightly red shiftedission spectra of dark adapted UVHR®'
and UVR&'°" compared to wild-type strengthen the observatioa wleakened dimer as
described in Chapter 3. A weakened dimer is expedte expose the chromo-
phore/fluorophore, which is normally shielded thghuhe effect of dimerisation, more to
solvent creating a more polar environment and thezealtering the emission properties of
the tryptophans. The further red shifted emissipacgum of the monomeric mutant
UVR8R%® confirms that in a monomer the chromophore/flubmg is solvent exposed
and that the rather drastic mutation of R286 tmiak also alters the arrangement of the
tryptophans in the pyramid resulting in a differembission maximum. The presence of
UV-B induced changes in the emission maximum o$ tmutant suggests that UV-B
perception is still somehow possible. This tiesvith the results for this mutant obtained
from limited proteolysis experiments where diffezes in the banding pattern before and
after UV-B exposure also suggest UV-B responsivere®n if the mutation leads to a
non-functional form of UVRS8 in vivo (Chapter 4). i, however, remarkable, that this
mutant has lost the ability to recover from the B\fesponse back to the dark state since
the emission maximum does not shift back nor dbesricrease in emission reoccur after
a sufficient recovery period (Fig 6-5).

The initial increase of emission measured at 335fallowed by a slow decrease in
emission after prolonged UV-B exposure of the prokas been reported before for UVR8
(Fig 6-3; Wu et al., 2012). There, the emission imaxn is reached earlier, but this is most
likely due to higher excitation energies, which a@ clearly stated by Wu and co-
workers. The authors also rather insufficientlyilatite the rise of emission to saturation of
UV-B perception and the decrease of the signallioréscence quenching (Wu et al.,
2012). Nevertheless, this method allowed them émtifly W285 and W233 as the main
chromophores since these mutants no longer showedceease in fluorescence induced
by UV-B. This is in agreement with what has begyoreed by Christie et al. (2012), where
far-UV CD spectroscopy was used as the method oicehto determine the main
chromophores. The variability of fluorescence iifeds and quantum yields of tryptophan
residues in proteins is affected by several factush as quenching by proton transfer
from nearby charged amino groups or by electror@atocs such as protonated carboxyl
groups or by resonance energy transfer among phpto residues (Lakowicz, 2006).
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These interactions are strongly dependent on disiaespecially the rate of electron
transfer, which decreases exponentially with distaand therefore UV-B induced changes
in UVR8 conformation are responsible for changeshi emission properties. Different

conformations of a protein may each display a ckfié quantum yield. For UVRS8, the

emission intensities of the monomer are higher (@ata, not shown). However, it should
be noted that the red shift of the emission specttiihat has been attributed to
monomerisation is completed earlier then when tagimum of emission is reached. This
suggests that UVR8 once it has reached its mononfi@mn undergoes further changes
which are responsible for the rise of emission. Wbethis effect is functionally important

or only due to an in vitro artefact remains to ieestigated more closely.

To summarize, the currently limited understandifighe UV-B perception mechanism

impedes a detailed analysis of UVRS8 intrinsic fesmence. However, these findings might
hopefully supplement and tie up with observatiomsnf future experiments and are one

way of monitoring changes in the local environmafrthe chromophore.

6.6.3 The primary events of UV-B perception in UVR8

The initial photochemical events of blue light phveiceptors including BLUF (blue light
sensing using FAD), LOV and CRY proteins have begtensively studied and have
revealed events such as proton-coupled electrosfemaand intersystem crossing and have
defined roles for tryrosines and tryptophans asnisic electron donors (Gauden et al.,
2006; Kennis et al., 2003; Giovani et al., 2003)03e blue-light photoreceptors utilize
flavin as chromophore and photoexcitation of flaviapidly induces the formation of
singlet and triplet excited states, which can irddaect electron transfer from nearby
tryptophans or tyrosines as seen for cryptochroamelsthe related photolyases (Aubert et
al., 2000; Zoltowski and Gardner, 2011). For UVRf initial situation is highly different
due to its intrinsic chromophore. To address theoliyesis that electron transfer may occur
between the photoreceptive tryptophans and adjasalttbridging arginines, ultrafast
transient absorption studies of wild-type UVR8 aidryptophan in solution have been
performed.

One of the first objectives therefore was to deteemwhether a tryptophan radical is
formed following a pulse of UV-B. The absorption ximaum for tryptophan radicals is
dependent on the local protein environment buthmaattributed to the wavelength region
between 500 and 600 nm (Solar et al., 1991; Méteal.; 2003, Shafaat et al., 2010). The
oxidation reaction of tryptophan is complex becatisg often accompanied by the loss of
a proton under physiological conditions (Solarleti®91). The broadness of the observed
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signal after excitation with 266 nm makes it difiicto clearly assign a formed species to a
photochemical event (Fig 6-7). The detection afragtlived photoproduct at about 460 nm
is so far the strongest indication that specifiotpbhemistry is happening, and the 460 nm
species may be related to the reaction coordirgteléads to monomerisation. The fact
that a similar product, also slightly red shiftesl observed in the monomer as well does
not mean that it is not coupled to the physiololgieaction. It is not uncommon that 'dark’
and 'light' states have similar primary photoprdadstich as for example in BLUF domains
(Mathes et al., 2012). Another indication for thiesessful establishment of a system with
adequate excitation energy that can be used fardustudies is the observed difference in
the lifetimes of the formed species at 460 nm fonedt and monomer at the longer
timescale (Fig 6-8). However, a detailed explamabb these findings will require further
investigation. Future experiments should includeasneements on a nanosecond to
millisecond timescale on a flash photolysis settapanalyse what happens with the
photoproduct absorbing at 460 nm, which currentigsdnot decay within the experimental
timescale of 3.4 ns.

A major difficulty that UVR8 poses on the pump-peafetup is its slow regeneration rate
once it has been monomerised. Large amounts okipr@re required to be able to
accumulate and average a number of measuremeitite alark state to improve the signal
to noise ratio especially of the rather weak sigitad60 nm. Another difficulty of UVR8
that has already been mentioned in the discusdi@V&8 fluorescence properties is the
exceptionally high abundance of tryptophans ingtaein that restrain the assignment of
an observed signal to a single residue. Transieswration spectra of tryptophan mutants
might allow a clearer assignment and uncover ptessiistinct peaks that are lost within
the broad overall signal. A number of the consenvgptophans seem to be not required
for UVR8 function in plants (O’Hara and Jenkins12Pand a multiple tryptophan mutant,
assuming no gross structural alterations are intted by the mutation might be worth
investigating.

It will be interesting to define a more preciseerédr the ‘perimeter fence of tryptophan’
and tyrosine residues present at the dimer interfd@t is proposed to shield the
tryptophan pyramid from solvent. Possibly, the $ynes could act as electron donors in a
long range electron transfer process at the dinterface. Electron transfer from tyrosine
to a tryptophanyl radical has been demonstratezhasssential step in the process leading
to the active form of photolyases (Aubert et a8099). Tyrosine radicals can be identified
by their characteristic absorption spectra with aximum at 410 nm. Additionally, the
analysis of arginine mutants might shed furthentlign the UV-B reception mechanism

137



CHAPTER 6 RESULTS

and might show whether the hypothesis of electmamsfer between the tryptophan
pyramid and the arginines can be sustained.

The biophysical experiments presented in this drapén be regarded as an initial step
towards elucidation of the UV-B perception mechanand the primary events after light
absorption. Even if the preliminary conclusions éndw be confirmed and extended, the
experimental conditions required for UVRS8 for thasethods 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 natusalnlight with a strong impact on
terrestrial ecosystems (Jansen et al., 1998; PadilGwynn-Jones, 2003). For plants,
UV-B acclimation and UV-B stress tolerance is esiaerfor survival and requires
perception of UV-B radiation. Only recently, UVR&d been identified as the UV-B
photoreceptor in Arabidopsis (Rizzini et al., 2011VR8 specifically regulates the
expression of numerous genes that underpin phofdrogenic responses to UV-B which
ultimately lead to UV protection and acclimationirfUet al., 2004; Brown et al., 2005;
Favory et al, 2009). Henceyr8 mutant Arabidopsis plants, which fail to exprelssse
genes, are highly sensitive to elevated levels\¢fBJ(Kliebenstein et al., 2002; Brown et
al., 2005). Although the importance of UVR8 and ttamscriptional events necessary for
plant survival are characterised (Kliebensteinlgt2®02; Brown et al., 2005), little is yet
known about the structural properties of the preateptor itself, especially its mechanism
of signal perception and its activation in respoiaseV-B. Therefore, a structure-function
study of Arabidopsis UVR8 was carried out to extend knowledge about the early
events involved in UV-B perception and inductionbf-B mediated signalling of UVRS.
Structure-function studies were accomplished irovs well as in vitro and revealed a
number of key points in regard of the photochemjstignal transduction and regulatory

mechanisms of UVR8 which will be discussed in thiofving sections.

7.2  The salt bridge network and the tryptophan pyra  mid

In the absence of UV-B, UVR8 forms a highly stabtemodimer that is considered to be
the ground state of the photoreceptor (Rizzinilet2011; Heijde and Ulm, 2012). The
crystal structure of UVRS8 revealed that dimerigatie achieved via an extensive salt
bridge network that spans across the dimer interf&ristie et al., 2012; Wu et al., 2012).
The positively charged residues that participatéhencross-dimer salt bridges are almost
exclusively arginines. Their presence in the evoharily conserved and repeated motif
GWRHT, that comprises the postulated UV-B percegviryptophans, singled arginines
out as first choice for a site-directed mutagenapj@oach to investigate the importance of
ionic interactions in maintaining the UVR8 dimeredRilts obtained by size exclusion

chromatography and far-UV CD spectroscopy of pedifprotein (Chapter 3) and RT-PCR
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experiments to test UV-B inducédlY5 andCHS gene expression in generated transgenic
Arabidopsis lines (Chapter 4) showed that R286gkynajor role in the UV-B perception
mechanism of UVR8. R286 forms two central crossetisalt bridges via D96 and D107.
Disruption of these salt bridges by either mutatednR286 to alanine or simultaneous
replacement of the two aspartic acids by asparagiaeses constitutive monomerisation
of the photoreceptor. Interestingly, analysis oé ttwo monomeric mutant proteins
UVR8R?84 and UVRENVPIONin vitro did not reveal major differences betweba two
mutants. However, in vivo, GFP-UVREVP™N is functional in the UV-B response
whereas mutation of R286 to alanine leads to afanational form of the photoreceptor.
These findings suggest that dimerisation is noterss for UV-B perception but
nevertheless activation of the photoreceptor reguia positively charged residue in
position 286. This ties in with the observed fuoelity of the UVRE*** mutant.
Constitutive monomerisation was only observed fore cother salt bridge mutant,
UVRSR*®# although here higher ionic strength was necedsasift the dimer-monomer
equilibrium towards the monomer. In vivo, the migtiatresulted in a non-functional form
of UVR8. Disruption of various other cross-dimelt $aidges by mutation of arginine to
alanine had less severe effects on dimerisatiorfuandionality of the photoreceptor. Even
if UVR8R®* forms a destabilized dimer, its functionality ist impaired by the mutation.
Similarly, dimerisation is still possible in the R&**°** and the UVR8**** mutants (Wu

et al., 2012). Those three salt bridges are sidudistant from the postulated tryptophan
perceiving pyramid, whereas R286 and R338 dirdtahk the remarkable arrangement of
tryptophans. The close proximity and the couplih@minines and tryptophans suggest a
specific mechanism whereby photoreception leadadnomerisation. One major task for
the future will be to understand the precise ingrgpetween tryptophans and arginines
during UV-B perception and to unravel the mechandmross-dimer salt bridge breaking.
The proposed excited electron transfer from trypéos to arginines leading to charge
neutralisation (Christie et al., 2012) might alsodoupled to excited state proton transfer
which allows the tryptophan indole ring to carrpasitive charge and thus to completely
destroy the catiom-interactions which stabilise the salt bridge (Wuale 2012). Therefore
Wu and co-workers hypothesize that D129, E182 ap84Rwhich are located in close
proximity to W233 and W285, might serve as protanats. However, to be able to
describe in detail which residues are involved MR8 signalling, an atomic resolution
structure of the UV-B illuminated state is neededréveal UV-B induced changes.
Attempts to produce monomeric crystals of UVR8 hbheen made, but the ability of the
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photoreceptor to revert back to the ground statteénabsence of UV-B has impeded the
process (unpublished data; Wu et al., 2012).

Light induced electron transfer has been descrilbbedore as being crucial for

photoreceptor activation. For the blue light phetaptor cryptochrome, transient
absorption spectroscopy has revealed that the pritight reaction involves intraprotein

electron transfer through a chain of three consktwgptophan residues (trp-triad) to the
excited FAD cofactor (Giovani et al., 2003). Howe\eerecent study by Li and co-workers
(2011) has shown that mutation of all tryptophanshie triad in CRY2 resulted in loss of
photoreduction activity in vitro but retained thieygiological and biochemical activities in
vivo. Even if the cryptochrome family has been disred about 20 years ago, the
photoreceptor’s primary light reaction is still nahderstood (Liu et al., 2010). The
complete elucidation of such a mechanism is addiffiand challenging undertaking and
the above mentioned study shows that data obtamedro of recombinantly expressed
protein has to be carefully assessed in vivo. TWalability of in vivo data of a large

number of transgenic Arabidopsis UVR8 mutant ligesmerated in this and previous
studies (O’Hara and Jenkins, 2012) can be explaitethe future in combination with

further biophysical studies to stepwise revealuUheB perception mechanism of UVRS.

7.3 UV-B induced monomerisation

The fact that the active signalling state of UVR8armed by the monomeric form of the
protein clearly distinguishes UVR8 from other so ¢kescribed dimeric photoreceptors,
such as phytochromes, cryptochromes and photosppvhich remain in their dimeric

conformation even if activated by light (SharroakdaClack, 2004; Sang et al., 2005;
Salomon et al., 2004). However, experimental ewidegathered so far is insufficient to
explain how UV-B perception results in a functiomabnomer that can bind COP1 and
initiate signalling. The data presented here sugtfest there may be several steps
involved: First, a conformational change resultifigpm photoreception because
constitutive interaction between UVR8 and COP1lsean with a number of the arginine
mutants (Fig 4-4) still requires UV-B for activatioof the UVRS8 signalling pathway;

second, a conformational change that alters/aesvéte C-terminus, as seen by limited
proteolysis experiments, and finally monomerisatiper se. Each of these appears
necessary but neither is sufficient to initiate naiing. The constitutive interaction

between the monomeric mutant GFP-UVEEP™N and COP1, which still requires

UV-B for the induction of UVR8-mediated signallinig,the strongest evidence so far that
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UV-B induces conformational changes beyond monaagadn. So far it has been difficult
to assess the functional and non-functional carnsté monomers more closely, because
methods that have been successful in analysing-twilel UVR8 such as far-UV CD
spectroscopy or FTIR require dimer to monomer fitemms to generate an informative
signal, which is obviously absent in constitutivetlgonomeric mutants. Similarly,
tryptophan fluorescence signals are dominated byomerisation effects making it
difficult to distinguish overall monomerisation frostructural and conformational changes
arising from photochemical activity and from thasehe C-terminus that presumably lead
to COP1 binding and subsequent UVRS function.

The discovery of the constitutively monomeric bt 8V-B responsive functional mutant
GFP-UVR&NPLON hases the question whether monomerisation maybsidered only
as side effect of UV-B induced conformational chesgspecially of the C-terminus.
Interestingly, preliminary structure-function stesliof a UVR8 ortholog of lower plants
show a similar behaviour in respect to monomepsatind functionality of the protein as
observed for the Arabidopsis UVBBNP"Nmutant. Western Blot analysis of the UVR8
ortholog of Physcomitrella patens (A9RS92) expressed in yeast reveals constitutive
monomerisation of the protein even in the absemdd\eB (Rizzini, Ph.D. thesis, 2010).
Sequence comparison of the two orthologs showsathaesidues that participate in the
dimer maintaining salt bridge network of UVR8 inabidopsis are also present in the
P. patens ortholog (Fig 4-1) and dimerisation is thereforedtetically possible based on

the conserved protein sequence. As seen for theidpsis UVR8%NP1OMN

mutant, the
possibly monomeric form of UVR8 ofP.patens is able to complement the
uvr8-8/Pronys:Luc’ mutant phenotype in stable transgenic Arabidopses|since UV-B
responsiveness of the luciferase reporter driverthbyHY5 promoter could be detected
(Rizzini, Ph.D. thesis, 2010). At present no dataavailable about the dimer-monomer
state of theP. patens UVR8 in moss itself or the transgenic Arabidogdsiss expressing
the UVRS ortholog.

However, if the preliminary data of the yeast espren study can be confirmed in vivo,
P. patens UVR8 will be a highly interesting ortholog for fue studies and especially for
elucidation of the UV-B perception mechanism. Imeyal, relatively little is known so far
about the molecular response of bryophytes to Uxa#liation. TheP. patens genome
encodes two UVRS8 orthologs, two HY5 orthologs adl we several COP1 orthologs that
constitute a multigene family (Richardt et al., 20®Rensing et al., 2008; Wolf et al.,
2010). The presence of these main players theréheetically allows UV-B signalling

via the UVR8-COP1-HY5 pathway. A better understagddf the UV-B response and its
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regulation in P. patens might provide a better understanding of the rofe WR8
dimerisation in Arabidopsis and other higher plakigthermore, due to its position in the
evolutionary tree between aquatic algae and vascplants, studies of UV-B
photoreception oP. patens might also unravel the evolutionary aspects of B'Y6lerance
and acclimation that laid the ground for land plaablution. Comparison of the UVRS8
ortholog ofP. patens to the orthologs of UVRS8 of two representativeggaden algae, i.e.
Volvox carteri and Chlamydomonas reinhardtii, reveals absence of the C-terminus in the
latter two species. Presence of the C-terminusbleas described as essential for COP1
binding to initiate UVR8 signalling (Cloix et al2012) and if UVRS8 is functional in
V. carteri andC. reinhardtii, this raises the question whether UVR8 can functia a so

far unknown mechanism that does not require ther@ihus.

7.4 The UVR8-COP1 interaction

It has been shown in various ways that UVR8 and COEeract directly and specifically
in a UV-B dependent manner (Favory et al., 200%zRRi et al., 2011). However, the
UV-B specificity of the interaction gets lost if tations of salt bridges either result in a
destabilized, weakened UVRS8 dimer or a constitutnaomer. Constitutive interaction of
for example GFP-UVRE®®* and GFP-UVR&™", two destabilized dimers, with COP1
has been observed, but the interaction was ingerffticto induce UVR8-mediated
signalling in the absence of UV-B. To allow COPhding, the introduced point mutation
at the interface must somehow alter the conformatb the C-terminus of UVRS8 to
expose its binding site. The most convincing exglim for this behaviour would be that
destabilization of the dimer partially releases @wermini from their inaccessibly dark
state position, but they remain in their inactivenformation because UV-B is absent.
However, SAXS experiments locate the missing C-teiriat the distal ends of the dimer
(Christie et al., 2012) suggesting no direct canbetween the interface and the C-termini
thus making it difficult to understand how opening of the dimer interface influences the
distant C-termini. The observation that COP1 cateractt with destabilized dimers
nevertheless supports the hypothesis that stalbl®dionerisation in the absence of UV-B
is one mechanism that prevents uncontrolled interadetween UVR8 and COP1 which
might negatively influence other COP1 mediated @asps in the plant.

To further understand the direct interaction betwg®R8 and COP1, two crucial points
have to be investigated in the future. Firstly, tbealisation and conformation of the
C-terminus has to be defined for the dark stateedimnd for the UV-B activated
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monomeric form as already discussed in Chaptere¢o&lly, it will be important to
narrow down the region of interaction between UVl COP1 by identifying specific
residues in the C27 region that are required foPCOinding. Since COP1 interacts with a
number of proteins in plants, it is not unlikelyathmotifs identified for the interaction in
those proteins might be present in UVR8 as welllnHand co-workers (2001), for
example, identified a motif in HY5 and two other EDinteracting proteins, STO and
HOMOLOG OF STO (STH), that is responsible for iatdron with the WD40 region of
COP1 through both hydrophobic and ionic interadiohhis motif (VPE/D-hydrophobic
residue-G with several upstream negatively chamgsdtues) is partly conserved in the
C27 region of UVR8 (VPDETG with one upstream gludééenresidue) and could be
involved in the interaction with COP1. Interestiglsite-directed mutagenesis and
subsequent yeast two-hybrid analysis of the HY5 &h@/STH mutants showed that the
negatively charged glutamic or aspartic acid resipiesent in the conserved motif forms a
salt bridge with a lysine residue in COP1 whickssential for the interaction (Holm et al.,
2001). With respect to UVRS, the UV-B exposed ifatee would provide several residues
that could participate in new salt bridges to eittabilise the activated C-terminus or also
to mediate COP1 binding. So far it has not beerestigated whether any kind of
interaction between COP1 and the exposed dimerfasteis formed, which though would
have to be mediated by the C-terminus otherwise LORding would be observed in
GFPAC27UVR8 mutant plants. One highly speculative sdenaould be that COP1
becomes more or less clamped between the intedadethe C-terminus in the UV-B
activated monomer. Such a scenario would offer >glaeation why the constitutively
monomeric mutant GFP-UVR&®* is unable to bind COP1 in the absence of UV-B
hypothesizing that the positive charge of R28@&auired at the interface for the formation
of a new salt bridge. In any case, more data hdsetacquired to fully understand the
structural requirements for the UV-B induced int¢ian between UVR8 and COP1 which

is essential for the induction of gene expressp/YYR8.

7.5 Integration of signals from different photorece ptors by COP1

COP1 does not only play a role in the UV-B respohsé also acts downstream of
phytochromes and cryptochromes thus forming oné¢hefcentral components of light
signal transduction in plants. COP1 therefore esmldrosstalk between the different
photoreceptor responses and allows integrationhef WVR8 signalling pathway with

visible light photoreceptor pathways. It is remdnleathat COP1 interacts with various
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photoreceptors, but the molecular output of eatdraction seems to be different (Lau and
Deng, 2012). It is especially intriguing how COPdncact as a positive regulator in the
UV-B and phyB responses whereas it has long beemwikras a negative regulator of
photomorphogenesis due to its E3 ubiquitin ligadevidy (von Arnim et al., 1997). So far
the specific function of COP1 in the UV-B respossi remains elusive. COP1 is required
in the nucleus to initiate signalling of the UVR@&tpway by direct interaction with the
photoreceptor. COP1 is stabilised and accumulateshé nucleus following UV-B
exposure in a UVR8-dependent manner, suggestingGtdl is active in the nucleus
(Favory et al.,, 2009). Nuclear accumulation of COPRlalso observed in white light
supplemented with UV-B (Oravecz et al., 2006), Wwhoontrasts the previous dogma of
COP1 nuclear exclusion in response to light andyssig that during the day, as soon as
UV-B is present, COP1 starts to accumulate in thidaus or rather remains in the nucleus.
It has to be noted that nuclear enrichment of CORder supplemental UV-B is a rather
slow process taking approximately 24 h, but it saleout the same time as nuclear
exclusion in the dark-to light transition (Oravextzal., 2006; von Arnim and Deng, 1994).
So far nothing is known about a potentially differal regulation of COP1 in the nucleus,
which seems to be required under natural light tmm$ since HY5 protein can
accumulate under UV-B, even though COPL1 is presérg. UV-B mediated interaction
between UVR8 and COP1 implies that the physicab@aton of the two proteins
contributes to the specific activity of COP1 in WB/signalling. One could hypothesise that
interaction between UVR8 and COP1 represses thabitfuitin ligase activity of COP1
and therefore HY5 protein can accumulate in thdeusc This is supported by the fact that
UVRS8 and HY5 both bind to the WD40 domain of COElo(x et al., 2012; Holm et al.,
2001) and depending on light conditions one migiuws higher affinity than the other. A
direct competition between UVR8 and COP1 would bsspple if the in motif HY5 that
binds COP1 proves to be also essential for UVR8-Cidferaction.

The recently discovered rapid down-regulation madms of COP1 activity by
cryptochromes (Lian et al., 2011; Liu et al., 20Zyo et al., 2011) highlights the
importance of COP1 being part of a multimeric proteomplex and also allows
speculation whether a similar molecular mechanignCOP1 down-regulation can be
assigned to the UV-B and also the phytochrome tecgmthway. Even if COP1 can
ubiquitinate targets on its own in vitro, it formasprotein complex of about 700 kDa in
vivo (Saijo et al., 2003). This indicates that aidadial protein components may be required
to regulate COP1 function in vivo. Examples are @@P1 interacting SPA proteins,

which have the ability to regulate the E3 ubiquiigase activity of the COP1 complex
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since CRY1 mediated disruption of the SPA-COP1lrauion inhibits the activity of
COP1 leading to accumulation of HY5 during de-etiioin (Lian et al., 2011; Liu et al.,
2011). It will be interesting to determine how ekaSPA proteins modulate the activity
of COP1 and whether UVRS8 or other so far unidesdifcOP1 and UVRS interactors can
participate in a similar mechanism. One importamt f@r the future will be to integrate the
knowledge about the various photoreceptor respoinseested by different light qualities
to gain a complete picture of how light signallipgthways are controlled under natural

sunlight when all light qualities are present.

7.6  Regeneration of the photoreceptor

A further important aspect of UVR8-signalling thveds investigated in this study was how
the initial dimeric state of the photoreceptoragenerated once UV-B is no longer present
to induce monomerisation. By applying inhibitors gybtein synthesis and inhibitors of
proteasomal degradation to Arabidopsis plantsast leen shown that the UVR8 dimer is
not regenerated by rapid de novo synthesis follgwiegradation of the monomer. Instead,
regeneration occurs by reversion from the mononwerthie dimer. Furthermore,
regeneration of the UVR8 dimer happens much maopelisain vivo than in vitro with
illuminated plant extract or purified UVR8 suggestithat the presence of intact cells is
required. This process enables the photoreceptaedpond rapidly and sensitively to
changes in ambient UV-B levels in sunlight to regellphotomorphogenic responses. The
regeneration process was considerably slowed dawmdxt prevented in absence of the
C-terminus possibly because the C-terminus migtdéract with proteins that facilitate
rapid reversion of the monomer.

A recent publication on UVR8 shows that the revmrdrom monomer to dimer is even
slower if the two RUP proteins, RUP1 and RUP2,abeent, suggesting that they play a
major role in this process (Heijde and Ulm, 201B). allow redimerisation, the UVRS8-
COP1 interaction must be broken. In tplrup2 mutant, interaction between UVR8 and
COP1 can be detected at least four hours afteetioeof the UV-B treatment, which
coincides with the slower reversion rate of theanti{Heijde and Ulm, 2013). Moreover,
no interaction between UVR8 and COP1 can be detaatdRUP2 overexpressor lines,
suggesting that RUP1 and RUP2 negatively regulted VR8-COPL1 interaction (Heijde
and Ulm, 2013). It is unknown yet, whether COP¥ekeased solely because of UVRS8
redimerisation or whether competition between C@rd RUP1/RUP2 for binding sites in
the C-terminus of UVR8 might play a role as wellthdugh the C27 region is both
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necessary and sufficient for interaction with RUPsl COP1, the observation that RUPs
can bind UVR8 independent of UV-B and thus in iteetic form could be one indication
that RUPs and COP1 might not interact with UVR8piecisely the same binding site. To
gain a better understanding of this process it beélhecessary to fine-map the RUP-UVRS8
interaction site within the C27 region as alreadlygested for COP1.

Reversion from the monomer to the dimer thus alloggeneration of the initial ground
state and switches off signalling. Since it hasnbskown that UV-B induced UVRS8-
mediated signalling is possible in the constituivemonomeric mutant GFP-
UVR8PNPION the question arises how the inactive ground ssatesitored in this mutant.
The currently available methods to monitor changegke UVRS8 protein are not sufficient
to investigate what happens in a functional comstiely monomeric mutant once it is no
longer exposed to UV-B. Presumably, the C-termihas to return somehow into its
inactive conformation and possible changes in thptaphan chromophore have to be
reversed as well. Further experiments are essdntiavestigate whether these processes

can also be achieved in this mutant or if they megdimerisation of the photoreceptor.

7.7  Conclusions
The following main conclusions can be drawn from dlata presented in this study:

1. lonic interactions are the dominating force to naimthe UVR8 dimer.

2. The positive charge of R286 adjacent to the tryjpdoppyramid is essential for
UVRS8 dimerisation and in vivo function.
R338 is also important for dimerisation and funatio
Mutation of any of the tested cross-dimer salt ¢l leads to a weakened and
destabilized dimer.

5. UV-B reception and a functional UV-B response cae mmediated by a
constitutively monomeric form of UVRS.

6. Constitutive monomerisation is not sufficient fod®R8-mediated response in the
absence of UV-B.

7. Constitutive interaction between UVR8 and COP1 stjuires UV-B for UVR8
function.

8. UV-B not only induces monomerisation but also ireBiconformational changes
of the C-terminus which are essential for a UVR&mated response.

9. The local environment of the tryptophan pyramid rges during UV-B
photoreception.
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10. Formation of a long lived photoproduct is part k¢ primary response of UVR8
UV-B.

11. The UVRS8 dimer is regenerated by reversion of tl@omer to the dime

12. Dimer regeneration is mucquicker in vivo then in vitro and requires intaetls.

13. The Cterminuy, COP1 andprotein synthesis in response UV-B is required to

maximize the rate of dimer regenerat

Based on these conclusions, the current model ®®photoreception and sigring can
be extended by a number of aspects (I-1). Future work will show whether some of 1
assumptions incorporated into the presented moaelepto be correcor whether they

have to be reconsidere

e — 1
)

TARGET GENES e.g. HY5

Photomorphogenesis, UV-protection and acclimation

FIGURE 7-1: Proposed model of UVR8 photoreception and signatig.

UV-B is perceived by an excitonically coupled tryptoplpgmamic (indicated by the three indc
rings)which is in close contact to the cr-dimer salt bridges that maain the UVR8 dimer in the
dark state. Proposedeetron transfe (yellow indole rings)petween the tryptophans and adjac
arginines leads to charge neutralisation and diis&tion of the dimer. The photorecep
undergoes conformational changes arposes the C-terminus (®&ading to monomerisati. The
UV-B activated monomer binds COFUVRS8 associates with nucleosomes on chromatin e
region of target genes suchHY5. UVR8 is proposedo facilitate the activation or recruitment
transcription factorsrequired for theUV-B induction of target genes that influence pli
photomorphogenesis and lead to -protection and acclimatio®nceUV-B is no longer present,
the dimer is regenerated through reversion of tlomame. This process is medial by RUP
proteins, which can bind the UVR8 dimer as weltlss monome Box: Perception of UV-B and
initiation of signaling is still possible in a monomeric foohUVR8 (generated by mutation of t
major salt bridge)Iinteraction with COP1 in the absence of-B is not sufficient for functior
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7.8 Future Work

Even though our knowledge about the structure-fanctelationships of UVR8 in the
UV-B signalling response has been extended by tta gresented in this thesis and
together with other published recent discoveriesnymuestions still need to be addressed
in the future. Processes including the precise qui@mistry and primary response of
UVRS8 to UV-B, subsequent signal transduction amukeslly regulatory mechanisms of
the UV-B response have so far been insufficientharacterized and await further
elucidation.

One main objective for future work on the structfinection studies of UVRS8 will be to
understand at the molecular level how UVRS8 inigsasggnalling through interaction with
COPL1. To be able to define what conformational glkarof the protein’s C-terminus occur
upon UV-B perception, at first the position and foomation of the C-terminus in the dark
state dimer has to be determined. The best apprttacdxamine the location of the
C-terminus as well as conformational changes indliigephotoreception will be by NMR
spectroscopy studies of the protein. Solution NMyecsra of *°N,**C-labelled UVRS8
samples will have to be recorded in the presenceasence of UV-B. This requires
UV-B light delivery via fibre optics inside the NMBpectrometer which is possible, but
not a standard feature of such instruments. Backb@sonance assignment of the
C-terminal region will enable characterisation bé tC-terminus dynamics through, for
example, measurements of amide secondary chenhiftl, $1iydrogen exchange rates and
>N relaxation parameters (Mittag and Forman-Kay, 7300 hese measurements could
identify which residues are highly dynamic and whassociate with the globular core of
UVRS8. Furthermore it will be important to show h@enformational changes produce an
active monomer that can bind COP1. Therefore, oNB&R spectroscopy has been
established for wild-type UVR8, generation and cargon of atomic level structural data
for some of the monomeric mutants generated in #tigly might reveal further
information.

The number of known UVRS8 interacting proteins il sery small and it is most likely
that more downstream UV-B signalling componentsstexinat directly associate with
UVRS8. Performance of a yeast two-hybrid screen ukd&B is one possibility to identify
further UV-B dependent interactors. Further invgaion of the binding site and binding
conditions of the two RUP proteins is also requitedbetter understand their role as
negative regulators of the UV-B response and dutiegregeneration process. One of the
first steps would be to narrow down the binding sif the RUPs as well as COP1 in the

C27 region of UVRS8. One possibility here would e implementation of a synthetic
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peptide array (Reineke et al., 2001). A series ayftides could be made from the C27
region in which each amino acid would sequentibymutated to alanine. Those peptides
would then be incubated with RUP or COP1 proteittiee labelled with*>S or with a tag
that can be detected by an antibody. Subsequeptaaditgraphy or immunoblotting
should then reveal which alanine mutations prevdstaction of UVR8 with either COP1
or RUPs and the role of those residues could bmeaal further with various techniques,
ultimately in vivo.

One aspect of UVR8 photoreception that has not bemnded in this study but also needs
further investigation is the subcellular localisatiof the photoreceptor. The precise
mechanism of UV-B induced nuclear accumulationudtig the role of the N-terminus,
and whether other proteins are involved has sbilbveen established. Furthermore, BiFC
experiments show that UVR8 can localise to discretelear bodies/speckles (Favory et
al., 2009) just like phytochromes and cryptochronf@ken et al., 2003; Wang et al.,
2001). Even if the general principles of nucleadyodunction and assembly are still
largely unknown, their further investigation in pest to UVRS8 is worthwhile. They might
be involved in transcriptional regulation or midig associated with chromatin and could
even serve as a hub for the interaction betweeditfexent light signalling pathways (van
Buskirk et al., 2012). It is also unknown yet whestluVR8 plays a functional role in the
cytoplasm or whether nucleo-cytoplasmic partitignmight play a role in the regeneration
process.

Last, but not least, the in-depth elucidation @ tholecular mechanism of UV-B reception
via the tryptophan pyramid will provide a major lteage for biophysicists in the future.
The proposed hypothesis of electron transfer betvilggtophans and adjacent arginines
needs to be tested further by spectroscopic methodst will be interesting to see if any
of the other conserved tryptophans play a role e iw the mechanism. Overall, future
studies will hopefully reveal more unique and iesting details about UV-B
photoreception by UVR8 and about the comprehensirgrol that sunlight exerts over

plant growth and development.
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FIGURE A-1: Calibration curve for SEC column Superdex 200(A) Elution profiles of
aldolase, albumin, ovalbumirchymotrypsinogen andibonuclease A protein standards. B

dextran wasused to defin the void volume of the columiiB) Sizes of UVRS8 protein sampl

were calculated based on the calibration curvé@fge-phase distribution coefficient ,,) vs. log

of the molecular weight of the proteins ,, ((Ve - Vo)/(V. - Vo)) where V, = column void volume,
V. = elution volume and . = geometric column volume.
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FIGURE A-2: Near-UV CD spectra of salt bridge mutants compared to wil-type
UVRS. (A) NearUV CD spectra of wild type UVRS8 protein, UVIF?¥* and UVR&EENPION
exposed or not (- U\B, solid line) to 1.5 pmol fhs* narrowbandJV-B for 1 h (+ UV-B, dotted
line). (B) UVR8™* (C) UVR8™™™ and UVR&™ (D) UVRE™® (E) UVRg M ARZA5n
UVR8™?*** and(F) UVR8™¥*®*and UVR&?%AR38Ayith same treatment as in (.
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