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REVIEW

The UV-B Photoreceptor UVR8: From Structure to Physiology
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Low doses of UV-B light (280 to 315 nm) elicit photomorphogenic responses in plants that modify biochemical composition,
photosynthetic competence, morphogenesis, and defense. UV RESISTANCE LOCUS8 (UVR8) mediates photomorphogenic
responses to UV-B by regulating transcription of a set of target genes. UVR8 differs from other known photoreceptors in that
it uses specific Trp amino acids instead of a prosthetic chromophore for light absorption during UV-B photoreception. Absorption
of UV-B dissociates the UVR8 dimer into monomers, initiating signal transduction through interaction with CONSTITUTIVELY
PHOTOMORPHOGENIC1. However, much remains to be learned about the physiological role of UVR8 and its interaction with
other signaling pathways, the molecular mechanism of UVR8 photoreception, how the UVR8 protein initiates signaling, how it
is regulated, and how UVRS8 regulates transcription of its target genes.

INTRODUCTION

Light is of paramount importance in promoting the growth and
development of plants. In addition to its role as the energy source
for photosynthesis, light regulates numerous aspects of plant
form and function throughout the life cycle, from seedling es-
tablishment to flowering time. These developmental responses
to light, termed photomorphogenesis, are complex in that plants
respond to several different facets of their radiation environ-
ment, in particular its spectral quality, the amount of light (de-
fined as the photon fluence rate), and the duration and direction
of illumination. To detect and respond to light, plants employ
a suite of photoreceptors coupled to a network of signaling
components and transcriptional effectors (Jiao et al., 2007; Kami
et al., 2010). Whereas a wealth of information has been obtained
about the photoreceptors and signaling mechanisms that plants
use to detect light in the UV-A to far-red regions of the spec-
trum, much less is known about the perception of UV-B light
(280 to 315 nm), which mediates numerous regulatory responses
in plants (Jordan, 1996; Jansen, 2002; Frohnmeyer and Staiger,
2003; Ulm and Nagy, 2005; Jenkins, 2009).

UV-B radiation has a major impact on virtually all organisms,
despite being a very small fraction of the daylight spectrum. Most
UV-B is absorbed by the stratospheric ozone layer, and only
wavelengths above ~295 nm reach the surface of our planet.
Because of its relatively high energy, UV-B radiation has the
potential to damage molecules, such as DNA, and consequently
to impair cellular processes, which ultimately may cause death.
Thus, organisms have evolved strategies both to avoid and re-
pair damage by UV-B. In plants, protection includes the pro-
duction of reflective surface waxes and hairs and the synthesis
of UV-absorbing phenolic “sun-screen” compounds that accu-
mulate in the epidermal layer and reduce transmittance to cells
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below (Caldwell et al., 1983; Jordan 1996; Rozema et al., 1997;
Frohnmeyer and Staiger, 2003; Jenkins, 2009). Damage caused
by UV-B exposure is ameliorated in several ways, in particular by
antioxidant systems and enzymes that repair DNA damage. An
important feature of these protective responses is that they are
stimulated when plants are exposed to UV-B.

Studies in the last century established that UV-B has regulatory
effects on plant growth, morphology, and biochemical content
(Klein, 1978). It was discovered that low doses of UV-B initiate
photomorphogenic responses that could not be explained by
the action of known photoreceptors and were not a consequence
of DNA damage (Wellmann, 1976, 1983). The action spectrum
for DNA damage peaks at ~260 nm, whereas action spectra for
photomorphogenic UV-B responses peak at ~295 to 300 nm
(Wellmann, 1976; Ensminger, 1993; Jenkins, 2009; Jiang et al.,
2012a). Photomorphogenic responses to UV-B include the sup-
pression of both hypocotyl extension and root growth in the low
fluence range and the promotion of cotyledon opening (Wellmann,
1976; Ballaré et al., 1995; Kim et al., 1998; Boccalandro et al.,
2001; Suesslin and Frohnmeyer, 2003; Shinkle et al., 2004; Tong
et al., 2008; Conte et al., 2010). However, perhaps the most
extensively characterized photomorphogenic response to UV-B
is the biosynthesis of flavonoid compounds, which are con-
stituents of the UV-absorbing sun screen (Caldwell et al., 1983;
Hahlbrock and Scheel, 1989; Rozema et al., 1997; Ryan et al.,
2001; Winkel-Shirley, 2002). Low doses of UV-B strongly stimulate
the transcription of flavonoid biosynthesis genes, including that
encoding the key enzyme chalcone synthase (CHS) (Hahlbrock
and Scheel, 1989; Frohnmeyer et al., 1999; Jenkins et al., 2001;
Hartmann et al., 2005). In addition, low doses of UV-B regulate
the expression of numerous other genes associated with various
plant processes (Ulm et al.,, 2004; Brown et al., 2005; Favory
et al., 2009).

The discovery that plants exhibit photomorphogenic respon-
ses to UV-B suggested the existence of a UV-B photoreceptor
comparable to other known photoreceptors. However, research
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over several decades failed to shed much light on the nature
of the UV-B photoreceptor or the mechanisms of photomor-
phogenic UV-B signaling. Biochemical and genetic studies
showed that photomorphogenic UV-B responses are distinct
from phytochrome- and cryptochrome-mediated responses
(Ballaré et al., 1995; Christie and Jenkins, 1996; Frohnmeyer
et al., 1998; Boccalandro et al., 2001; Suesslin and Frohnmeyer,
2003) and that DNA damage signaling, reactive oxygen species
signaling, and wound and defense signaling pathways, which
are important in mediating some responses to UV-B (Jenkins,
2009), are not the mechanism of photomorphogenic UV-B per-
ception (Boccalandro et al., 2001; Jenkins et al., 2001; Uim et al.,
2004; Gadjev et al., 2006; Jenkins, 2009; Gonzéalez Besteiro et al.,
2011). Progress in the identification of a UV-B photoreceptor
came from the application of a genetic approach. Kliebenstein
et al. (2002) isolated an Arabidopsis thaliana mutant of UV
RESISTANCE LOCUS8 (UVR8), which was subsequently shown to
act as a UV-B photoreceptor (Rizzini et al., 2011). More recently,
structural studies have revealed the molecular basis of photo-
reception by UVR8 (Christie et al., 2012; Wu et al., 2012). This
article will focus on the physiological role of UVRS, its structure,
and the mechanisms of photoreception, signal transduction, and
regulation. Further discussion of UVR8 can be found in other
recent reviews (Jenkins, 2009; Heijde and Ulm, 2012; Jiang et al.,
2012a; Li et al., 2013; Tilbrook et al., 2013).

PHYSIOLOGICAL ROLE OF UVR8

The exploration of UVR8 function in vivo is still at an early stage.
Initial studies focused on gene regulation by UVR8 and dem-
onstrated its importance in UV protection. Subsequently, addi-
tional aspects of UVR8 function have emerged (Table 1). Present
research is starting to reveal how UVR8 is integrated with other
photoreceptor pathways in mediating responses in vivo. How-
ever, it is important to remember that virtually everything we
know about UVRS8 is derived from studies with Arabidopsis, so
much remains to be learnt about its physiological role in other,
diverse species.

Gene Regulation Underpins UVR8 Function

The Arabidopsis uvr8-1 mutant was isolated in a screen for plants
hypersensitive to UV-B (Kliebenstein et al., 2002). This type of
screen had previously identified mutants defective in either phe-
nolic sunscreen biosynthesis (Lois and Buchanan, 1994) or the
repair of DNA damage (Harlow et al., 1994; Jiang et al., 1997;
Landry et al., 1997; Jenkins and Brown, 2007). However, uvr8-1
differs from these other mutants in that it exhibits altered gene
regulation following UV-B exposure. The mutant has greatly
reduced expression of the gene encoding the flavonoid bio-
synthesis enzyme CHS and reduced levels of protective fla-
vonoids. In addition, uvr8-1 shows increased expression of
PATHOGENESIS-RELATED1 (PR1) and PR5 proteins, suggest-
ing a stress response. Based on the phenotype of the mutant,
Kliebenstein et al. (2002) suggested, perceptively, that UVR8
might have a role in UV-B signaling. As discussed in detail be-
low, the UVR8 gene does not encode a protein known to be
involved in DNA repair or production of phenolic pigments.

Table 1. Responses to UV-B Mediated by UVR8

Response References?
Gene regulation 1-10

UV-B tolerance 1-4
Flavonoid biosynthesis 1,4, 6,10, 13
Hypocotyl growth suppression 4,12, 14
Leaf/epidermal cell expansion 4,10, 11
Endoreduplication in epidermal cells 11

Stomata per epidermal cell 11
Entrainment of circadian clock 7

Increased photosynthetic efficiency 8

Tolerance of B. cinerea infection 13

21, Kliebenstein et al. (2002); 2, Brown et al. (2005); 3, Brown and Jenkins
(2008); 4, Favory et al. (2009); 5, Brown et al. (2009); 6, Griber et al.
(2010); 7, Fehér et al. (2011); 8, Davey et al. (2012); 9, Lang-Mladek et al.
(2012); 10, Morales et al. (2013); 11, Wargent et al. (2009); 12, Cloix et al.
(2012); 13, Demkura and Ballaré (2012); 14, Huang et al. (2013).

Rather, UVR8 encodes a seven-bladed B-propeller protein (Figure 1B)
with moderate similarity to human REGULATOR OF CHROMATIN
CONDENSATION1 (RCC1), a guanine nucleotide exchange factor
involved in nucleocytoplasmic transport and the regulation of cell
cycle progression and mitosis (Renault et al., 1998). However, this
similarity is purely structural, and there is no evidence of func-
tional homology between UVR8 and RCC1 (Brown et al., 2005).

The initial characterization of uvr8-1 did not establish whether
the mutant was altered specifically in responses to UV-B and did
not explain the basis of its hypersensitivity to UV-B. Sub-
sequently, Brown et al. (2005) isolated additional uvr8 alleles and
showed that CHS expression in the mutant was only affected by
UV-B and not by several other stimuli, indicating that UVR8 acts
in a UV-B-specific manner. Given that UVR8 functions as a UV-B
photoreceptor, it is unlikely to be involved directly in mediating
responses to other stimuli. Nevertheless, as discussed below,
UVR8 could influence responses to other stimuli through cross-
talk with light and non-light signaling pathways, and it is also
conceivable that other environmental factors could modulate the
action of UVR8.

UVRS acts by regulating transcription of a set of genes. Using
microarray analysis, Brown et al. (2005) showed that UVR8 reg-
ulates expression of over 70 genes in response to UV-B in mature
Arabidopsis leaf tissue, including those involved in flavonoid
biosynthesis, DNA repair, and the amelioration of oxidative dam-
age. These genes are associated with the prevention and repair of
UV damage, and their impaired expression in uvr8 mutant plants
accounts for the UV-B hypersensitivity phenotype. UVR8 regu-
lates additional genes, including those involved with other aspects
of metabolism, signaling, and transcriptional regulation. Further-
more, several UVR8-regulated genes encode chloroplast proteins,
which likely explains why uvr8 exhibits impaired capacity for
photosynthesis compared with wild-type plants under elevated
UV-B (Davey et al.,, 2012). A subsequent microarray analysis
(Favory et al., 2009) indicated that several hundred genes are
regulated by UVR8 in Arabidopsis seedlings, many in common
with those regulated by UVRS in leaf tissue (Brown et al., 2005).
In these experiments, seedlings were exposed to a narrowband
UV-B source lacking the shorter UV-B wavelengths present in
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Figure 1. UVR8 Dimer Structure and Monomerization.

(A) UV-B induces monomerization of UVR8. Coomassie blue-stained
SDS-PAGE gel of purified UVR8 exposed for the times shown to
1.5 pmol m~2 s~ narrowband UV-B (Amax 311 nm). Samples were
prepared for electrophoresis without boiling. The UVR8 dimer and monomer
are indicated.

(B) Seven-bladed B-propeller structure of the UVR8 monomer. The
structure is shown for amino acids 14 to 380.

(C) Structure of the UVR8 dimer showing residues at the dimer in-
teraction surface.
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the broadband source used by Brown et al. (2005), facilitating
identification of UVR8-specific transcripts.

Although there are differences in the numbers and identities of
genes regulated by UVR8 between seedlings and leaf tissue and
between different UV-B treatments, it is evident that UVR8 medi-
ates the regulation of a substantial set of genes and therefore has
a broad impact on plant processes. The full extent of the physi-
ological role of UVR8 in Arabidopsis is not yet clear because
knowledge of target gene function is incomplete. Moreover, al-
most all studies have been confined to plants growing in growth
chambers; therefore, it is interesting that Morales et al. (2013)
found that UVR8 has an important role in regulating gene ex-
pression and biochemical composition in Arabidopsis in natural
sunlight. The gene expression responses mediated by UVR8 evi-
dently have an important function in acclimating plants to UV-B so
that they can subsequently tolerate relatively high levels of expo-
sure. Experiments with plants growing in a sun simulator show that
the uvr8 mutant is susceptible to damage by UV-B, with curled and
chlorotic leaves, whereas plants overexpressing UVR8 are tolerant
(Favory et al., 2009). Furthermore, experiments in natural sunlight
support the idea that early acclimation mediated by UVR8 pro-
motes growth under ambient solar UV-B (Morales et al., 2013).

The regulation of biochemical composition by UVR8 affects
several plant processes apart from UV protection. For instance,
various phenolic compounds that accumulate in leaf tissue ex-
posed to UV-B are involved in deterring attack by insect pests
and pathogens (Ballaré et al., 2012). UVR8 is involved in stimu-
lating the expression of genes concerned with combating herbivore
attack in natural light conditions (Morales et al., 2013). Demkura and
Ballaré (2012) reported that UV-B treatment of Arabidopsis plants
enhanced resistance to infection by the necrotrophic fungus Bo-
trytis cinerea and this effect was reduced in uvr8 mutant plants. The
protective effect of UV-B was absent in mutant plants defective
in the sinapate biosynthesis enzyme ferrulic acid 5-hydroxylase.
These observations suggest that UV-B, detected by UVRS, re-
duces B. cinerea infection by stimulating sinapate biosynthesis.
Whether biochemical changes regulated by UVR8 confer toler-
ance to other pathogens or pests remains to be established.

Brown and Jenkins (2008) showed that UVR8 mediates gene
expression responses over a wide range of UV-B fluence rates,
extending to the very low fluence rates characteristic of pho-
tomorphogenic responses. Several other genes, not regulated
by UVR8, required a 10-fold higher fluence rate of UV-B for in-
duction. Thus, genes are regulated by UVR8-dependent and UVR8-
independent UV-B signaling pathways with different characteristics.
It is not known how many UV-B signaling pathways operate in
plants. A number of pathways are not specific to UV-B, including
those involved in DNA damage signaling and wound and de-
fense signaling, and these pathways are likely to operate mainly
at higher fluence rates of UV-B (Jenkins, 2009). Furthermore,

(D) The dimer interaction surfaces of two UVR8 monomers displayed to
show patches of complementary electrostatic potential. Basic (blue) and
acidic (red) amino acids contribute positive and negative charges, re-
spectively.

Images in (B) to (D) were produced using PyMOL. (All panels produced
from data presented by Christie et al. [2012].)
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a number of responses to low fluence rates of UV-B may
be independent of UVRS8, so the possibility of additional UV-B
photoreceptor(s) cannot be excluded.

UVRS8 Regulates Morphology

Low fluence rates of UV-B modulate several photomorphogenic
responses in seedlings, including cotyledon opening, hypocotyl
extension, and phototropism (Ballaré et al., 1995; Kim et al., 1998;
Boccalandro et al., 2001; Eisinger et al., 2003; Suesslin and
Frohnmeyer, 2003; Shinkle et al., 2004; Conte et al., 2010) and
additionally regulate several aspects of morphogenesis in older
plants, including leaf expansion, stem extension, and branching
(Hectors et al., 2007; Wargent et al., 2009). It is not known how
many of these UV-B responses are regulated, at least in part, via
UVR8 signaling. Favory et al. (2009) showed that uvr8 mutant
plants are impaired in the suppression of hypocotyl extension by
UV-B. Consistent with this finding, overexpression of UVR8 in
Arabidopsis produces dwarf plants in the presence of UV-B. UVR8
also influences leaf area. UV-B suppresses leaf expansion through
a UVR8-independent reduction in epidermal cell number, but
Arabidopsis uvr8 plants have smaller leaves than the wild type
because they lack a compensatory stimulation of epidermal cell
area by UV-B that is mediated by UVR8 (Wargent et al., 2009). In
addition, UV-B promotes an increase in stomatal index (stomatal
number per epidermal cell) in wild-type plants, and this stimu-
latory effect is impaired in uvr8. Thus, UVRS is required for the
regulation of epidermal cell expansion and differentiation under
UV-B illumination.

The mechanisms underlying the regulation of cell extension
and expansion by UVR8 are unknown. Various molecules are im-
portant in controlling extension growth, including auxin, brassi-
nosteroids, gibberellins, and DELLA proteins, but no direct link
between UVR8 and these regulators has yet been reported. Auxin
has been implicated in regulating morphogenic responses to UV-B
(Jansen, 2002), but the molecular basis of its involvement is not
known. One potential mechanism by which UVR8 could regulate
cell expansion is the control of endoreduplication, which results in
endopolyploidy of cells and promotes cell growth under certain
conditions (De Veylder et al., 2011). Epidermal cells of the uvr8
mutant are impaired in progression to higher ploidy levels com-
pared with the wild type under UV-B (Wargent et al., 2009), and
this may contribute to their reduced expansion. Further research
is needed to investigate these aspects.

Integration of UVR8 with Other Pathways

Very little research has been undertaken to investigate how UVR8
integrates with other signaling pathways, including light signaling
pathways. Light signaling is initiated by several different photo-
receptors, the cryptochromes (cry1 and cry2), phototropins (phot1
and phot2) and Zeitlupe family proteins, which mediate responses
to UV-A/blue light, and the phytochromes (phyA, B, C, D, and E in
Arabidopsis), which mediate responses principally to red and far-
red light. There is evidence that UV-B induction of CHS expres-
sion, mediated by UVRS, is negatively regulated by phyB and
synergistically enhanced by UV-A and blue light (Wade et al.,
2001), but the molecular basis of these interactions is unknown.

Further evidence of interactions between UVR8 and other pho-
toreceptor pathways was obtained recently by Morales et al.
(2013), who studied transcriptome and metabolite profiles in
wild-type and uvr8 mutant plants in natural sunlight, where the
levels of UV-A light and total radiation are much higher than in
growth cabinet experiments. In sunlight, UVR8 mediates a num-
ber of responses predicted from previous studies, such as the
expression of genes concerned with UV-B protection, but un-
expectedly, UVR8 has both positive and negative effects on gene
expression and metabolite accumulation in response to UV-A
light. Since cryptochromes mediate gene expression responses
to UV-A, it is possible that UVRS8 interacts with cryptochrome
signaling under natural environmental conditions.

The phytochrome and cryptochrome photoreceptors mediate
the input of light signals that entrain the circadian clock (Jiao et al.,
2007). Fehér et al. (2011) found that exposure to low-fluence-rate
UV-B entrains the circadian clock in Arabidopsis and UVR8 me-
diates this response. Entrainment entails the regulation of genes
encoding components of the clock, and UVR8 mediates an in-
crease in transcripts of several such genes in response to UV-B.
Moreover, similar to other photoreceptor responses, the extent of
responsiveness to UV-B is restricted (gated) by the clock, so that
the increase in transcripts is maximal at particular times during the
circadian cycle. Several genes in output pathways from the clock,
including flavonoid biosynthesis and protection from oxidative
stress, are subject to circadian regulation in response to UV-B.
Thus, UVR8 acts with other light signaling pathways to ensure
the appropriate timing of physiological processes.

UVRS8 IS A UV-B PHOTORECEPTOR

Initial studies showed that UVR8 has properties expected of the
elusive UV-B photoreceptor (Jenkins, 2009). In particular, UVR8
is UV-B specific and acts at low fluence rates to initiate classical
UV-B photomorphogenic responses, such as the induction of fla-
vonoid biosynthesis and hypocotyl growth suppression. Moreover,
extensive genetic screens designed to identify UV-B photorecep-
tion or signaling components isolated only uvr8 and constitutively
photomorphogenic1 (cop1) alleles (Brown et al., 2005; Oravecz
et al., 2006; Favory et al., 2009). COP1, which is known to function
as a component of an E3 ubiquitin ligase complex, acts as a
positive regulator of UV-B responses and is the primary signaling
partner of UVR8 (Oravecz et al., 2006; Favory et al., 2009; see
section on UVR8 signaling below). In order to obtain convincing
evidence that a protein functions in photoreception, it is neces-
sary to demonstrate that light of a particular spectral quality di-
rectly affects the putative photoreceptor protein and that the
effect is coupled to photoreceptor action. The ultimate proof is
to show that a mutation of the protein that alters photoreception
in vitro has an equivalent effect on responsiveness in vivo.
Rizzini et al. (2011) discovered that UV-B exposure of plants
induces the conversion of UVR8 from a homodimer to a mono-
meric form (Figures 1A and 3C). Monomerization is accompa-
nied by a physical change to the protein that exposes an epitope
at the C terminus that is recognized by an anti-UVR8 antibody.
Furthermore, bimolecular fluorescence complementation and
coimmunoprecipitation experiments show that UVR8 physically
interacts with COP1 in a UV-B-dependent manner in plants (Favory



et al., 2009; Rizzini et al., 2011; Cloix et al., 2012; Figure 3B).
Rizzini et al. (2011) showed that this interaction occurs when
plant extracts are illuminated with UV-B and its UV-B dependence
requires the presence of UVR8. These experiments support the
hypothesis that UVR8 is a UV-B photoreceptor but do not prove it
conclusively; the possibility that some other plant protein acts in
photoreception, provided UVR8 is present, could not be com-
pletely excluded. It is therefore crucial that UVR8 was shown to
mediate a UV-B response in heterologous systems. UVR8 inter-
acts with COP1 in a UV-B-dependent manner when both proteins
are expressed in yeast (Rizzini et al., 2011; Cloix et al., 2012) and
mammalian cells (Rizzini et al., 2011; Crefcoeur et al., 2013).
Yeast does not possess functional homologs of UVR8 or COP1
and does not mediate the UV-B-dependent interaction through
DNA damage signaling (Cloix et al., 2012). The UV-B dependence
of the interaction in yeast requires intact UVR8 but not intact
COP1, indicating that UVR8 is responsible for photoreception
(Rizzini et al., 2011; Cloix et al., 2012). Rizzini et al. (2011) further
showed that UV-B stimulates monomerization of UVR8 in yeast.

The experiments in yeast and plants together provide compelling
evidence that UVR8 senses UV-B, causing monomerization and
interaction with COP1. Moreover, studies with purified recombi-
nant UVR8 unequivocally demonstrate its photoreceptor action.
Purified UVRS8 exists as a dimer that rapidly monomerizes when
exposed to doses of UV-B that initiate responses in plants (Christie
et al., 2012; Wu et al., 2012; Figure 1A). Furthermore, as discussed
below, mutations that affect UV-B photoreception by UVR8 in vitro
have equivalent effects on responses in vivo.

UVR8 STRUCTURE AND MOLECULAR FUNCTION

Arabidopsis UVRS8 is a 440-amino acid protein with a molecular
mass of ~47 kD. Recently, biochemical and biophysical studies
were undertaken with the purified recombinant protein expressed
in Escherichia coli (Christie et al., 2012; Wu et al., 2012). The intact
protein did not form crystals that could be used for x-ray crys-
tallography, likely due to the flexibility of its N- and C-terminal
regions. A high-resolution crystal structure was obtained for the
UVR8 protein core lacking 11 amino acids at the N terminus and
59 amino acids at the C terminus (Christie et al., 2012; Wu et al.,
2012). Nevertheless, the truncated protein is functional in UV-B
photoreception and converts from dimer to monomer like the full-
length protein. The crystal structure was obtained only for the
dimeric protein because the monomer reassociates to form a di-
mer under conditions used for crystallization. Consistent with the
structure predicted from the amino acid sequence (Kliebenstein
et al,, 2002), UVR8 was found to be a seven-bladed B-propeller
protein (Figures 1B and 1C).

Salt Bridge Interactions Maintain the UVR8 Dimer

A key region of the UVR8 dimer structure is the interface where
the two monomers are in contact. This interface is rich in aro-
matic and charged amino acids that are crucial for both the
structure and photoreceptor function of UVR8. The structure
reveals that charged amino acids at the dimer interface are grou-
ped such that patches of complementary electrostatic potential are
present on the opposing monomers (Figure 1D). The amino acids
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in these regions, mainly basic Arg and acidic Asp and Glu resi-
dues, form a network of salt bridges across the dimer interface
that hold the monomers together. Numerous amino acids po-
tentially contribute to maintaining the dimer, but some are likely to
be more important than others because they can form double
hydrogen—bonded rather than single hydrogen—-bonded salt bridges.
Notably, Arg-286 (R286) forms double and single hydrogen—bonded
salt bridges with Asp residues 107 and 96 (D107 and D96), re-
spectively, on the opposing monomer. In addition, a double
hydrogen-bonded salt bridge is formed between R146 and Glu-182
(E182) and single hydrogen bonds are formed between a number
of residues, for example, R338 and D44 and R354 and E53. The
network of salt bridges is evidently strong because the dimer
does not dissociate into monomers even in the presence of rel-
atively high concentrations of SDS, provided the sample is not
boiled (Rizzini et al., 2011; Christie et al., 2012; Wu et al., 2012).
However, if the salt bridges are neutralized, the dimer dissociates;
thus, purified UVR8 appears constitutively monomeric when the
pH of the medium is decreased (Christie et al., 2012) or its ionic
strength is increased (Wu et al., 2012).

The importance of particular salt bridges in maintaining the
dimer was investigated by site-directed mutagenesis and ex-
amination of the purified mutant proteins (Christie et al., 2012;
Wu et al., 2012). Wild-type UVRS8 that has not been exposed to
UV-B appears as a dimer when examined by SDS-PAGE with
nonboiled samples, whereas the UV-B-treated protein is mo-
nomeric (Figure 1A). However, even slight weakening of the salt
bridges makes the dimer susceptible to disruption by SDS, so
many salt bridge mutants appear as monomers in the above
assay. Size exclusion chromatography is a more rigorous and
sensitive method to assess dimer/monomer status. Using this
assay, it is clear that some mutants, such as R146 mutated to
the small neutral amino acid Ala (UVR8R146A) form a dimer in
vitro that monomerizes following UV-B exposure. Nevertheless,
the dimer is weakened because the mutant protein appears
monomeric in the nonboiled-SDS-PAGE assay (Christie et al.,
2012). A key finding is that mutations that disrupt the R286-D107/
D96 salt bridges make UVR8 constitutively monomeric, indicating
that these interactions are crucial to maintaining the dimer. If
these salt bridges cannot form, the remaining salt bridges are
not sufficiently strong to form a dimer under the in vitro con-
ditions used. Similarly, Wu et al. (2012) reported that UVR8R338A
is constitutively monomeric, suggesting that R338 is also im-
portant in maintaining the dimer.

The molecular environment of UVR8 in vivo clearly differs from
that used in the in vitro experiments, for example, with respect to
ionic conditions and the presence of other proteins. It is there-
fore essential to test the importance of salt bridges in main-
taining the UVR8 dimer in vivo.

Specific Trps Act as UV-B Chromophores for UVR8

In the decades preceding the discovery of the UVR8 photore-
ceptor, various authors speculated on the possible mechanism
of UV-B photoreception. Some suggested that photoreception
might be achieved by aromatic amino acids in a protein absorbing
UV-B (Ensminger, 1993; Ballaré et al., 1995; Gerhardt et al., 2005),
and this has turned out to be correct. Photoreceptor proteins
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normally employ bound cofactors as chromophores to absorb
light of particular wavelengths; for example, phytochrome binds
phytochromobilin and phototropin flavin mononucleotide as
chromophores. By contrast, purified UVR8 does not have a pros-
thetic cofactor to act as a chromophore for UV-B, but instead
employs specific amino acid residues for UV-B photoreception.
The amino acid Trp (W) strongly absorbs UV-B wavelengths, and
Arabidopsis UVR8 has 14 Trp residues, one in the C-terminal re-
gion (W400), six in the B-propeller core of the protein, and seven in
the dimer interface (Figure 2A). The six Trp residues in the core
(W39, W92, W144, W196, W300, and W352) are each in different
blades of the propeller structure and, together with a Tyr (Y248)
in the remaining blade, form a ring of aromatic residues that help
to maintain the core structure by forming hydrogen bonds and
hydrophobic interactions between adjacent propeller blades
(Figure 2B). Mutation of three of these core Trp amino acids
(W39, W144, and W352) to Ala results in unstable or nonfunctional
UVR8 proteins in vivo, whereas mutation to the aromatic Phe (F)
or Tyr (Y) does not, presumably because these residues form

hydrophobic interactions that help to maintain structure (O’Hara
and Jenkins, 2012).

Of the seven Trp residues located in the dimer interface, W233,
W285, and W337 are in a highly conserved GWRHT motif and are
only ~4 A apart, enabling their electronic orbitals to overlap
(Figure 2C). These Trp amino acids are referred to as the “triad.”
W94 is close to the triad on the opposing monomer, forming
a cross-dimer pyramid arrangement; there are two such pyramids
in each dimer (Christie et al., 2012; Figure 2D). The remaining
three Trp amino acids (W198, W250, and W302) are positioned at
the periphery of the dimer interface (Figure 2C) and, together with
Tyr residues Y201 and Y253 and F305, form an aromatic shield
around W233 and W285 (Christie et al., 2012). The functional
significance of this arrangement is not yet clear.

The functions of Trp residues in the dimeric interface have
been investigated using purified mutant proteins in vitro. Size ex-
clusion chromatography shows that UVR8W285F and UVR8W285A
form dimers that are unaffected by UV-B exposure. However,
UVR8W285A gvidently forms a weak dimer as it appears constitutively

Figure 2. UVR8 Has Distinct Groups of Trps.

(A) The arrangement of all UVR8 Trps (except W400) in the monomer viewed from the side. Trps in the protein core and at the dimer interaction surface

are shown in blue and red, respectively.

(B) The Trps in the core viewed from the dimer interaction surface. Each Trp is associated with a different propeller blade (humbered). Y248 from blade 5

completes the ring of aromatic residues.

(C) The Trps at the dimer interaction surface. The triad Trps are shown in magenta.
(D) The UVR8 dimer has two pyramid clusters of excitonically coupled Trps, each consisting of the triad Trps together with W94 on the opposing

monomer.

The images were produced using PyMOL. ([A] to [C] are reprinted from O’Hara and Jenkins [2012], Figures 1A, 1B, and 1D, respectively; [D] is produced

from data presented in Christie et al. [2012].)



monomeric when examined by SDS-PAGE with nonboiled sam-
ples (Christie et al., 2012; Wu et al., 2012). Similarly, UVR8W233F
and UVR8W233A gre dimers that do not respond to UV-B, whereas
the corresponding mutants of W94 and W337 are dimers that
monomerize in response to UV-B (Christie et al., 2012; Wu et al.,
2012).

When Trp amino acids are sufficiently close together that they
show excitonic coupling, they give a characteristic signal in the
far-UV circular dichroism (CD) spectrum (Grishina and Woody,
1994). This signal is observed for purified UVR8, with a peak at
234 nm and trough at 221 nm. When purified wild-type UVR8 is
exposed to UV-B, the CD signal becomes much reduced, in-
dicating that excitonic coupling is lost. One factor contributing
to this loss of signal will be separation of the monomers, which
breaks the pyramidal arrangement. Indeed, some of the consti-
tutively monomeric salt bridge mutants, such as UVR8P9N.D107N,
have a much reduced CD signal (Christie et al., 2012). In addition,
other changes associated with photoreception may contribute to
the loss of the CD signal, such as spatial reorientation of coupled
Trps or a redistribution of excited electrons.

Mutation of each of the pyramid Trps, either to Ala or Phe,
reduces the magnitude of the CD signal prior to UV-B exposure
to varying extents, with the greatest effect observed for UVR8W233F,
These observations support the conclusion drawn from the crystal
structure that the pyramid Trps are involved in excitonic coupling.
Furthermore, mutation of W233 and W285 to either Ala or Phe
abolishes the effect of UV-B exposure on the CD signal, impli-
cating these Trp residues in photoreception of UV-B. Mutation of
W337 has a lesser impact on UV-B perception and mutation of
W94 essentially no impact.

Trp gives rise to a characteristic fluorescence following UV-B
absorption, and it is likely that UV-B photoreception will lead to
changes in fluorescence emission by chromophore Trp residues.
Wau et al. (2012) monitored Trp fluorescence following UV-B exci-
tation of wild-type UVR8. UV-B illumination initiates a rise in fluo-
rescence at 335 nm followed by a gradual decline. The UVR8%285F
and UVR8W285A mutants do not show this rise in fluorescence,
indicating that they are impaired in UV-B photoreception. Similar
results are obtained for UVR8W233F and UVR8W233A, However,
several other Trp mutants, including UVR8W337F and UVR8W94F,
behave like wild-type UVR8. These observations are consistent
with the CD spectroscopy data (Christie et al., 2012) and indicate
that W285 and W233 are the principal UV-B chromophores for
UVRS.

Christie et al. (2012) found that mutation of W285 to Phe alters
the spectral sensitivity of the photoreceptor. Phe absorbs UV-C
wavelengths, maximally at 257 nm. Although UVR8W?285F fails to
absorb UV-B, it weakly absorbs UV-C, initiating monomerization
and reducing the CD signal. This observation further demon-
strates the key role of W285 as a chromophore for UVR8. Thus,
UVRS is different from all other known photoreceptors in using
intrinsic amino acids as chromophores for spectral sensitivity.

The Mechanism of UVR8 Photoreception Is Not Clear

Although the key amino acids involved in maintenance of the
UVR8 dimer structure and in UV-B photoreception have been
identified, details of the mechanism by which photoreception

UV-B Photoreceptor UVR8 27

leads to disruption of salt bridge interactions and, hence, mono-
merization are not yet known. The chromophore Trps are in-
timately associated with salt-bridging Arg residues; for instance,
W285 is adjacent to R286. Furthermore, cation-Pi interactions
between the aromatic rings of the Trps, in particular W233 and
W285, and the side chains of adjacent Arg residues strengthen
the interactions between the triad and salt-bridging residues.
Wu et al. (2012) suggested that photoreception could disrupt
these interactions and hence weaken intermolecular salt bridges,
causing monomerization. An additional possibility is that the ex-
citation of electrons in the Trp triad leads to the effective transfer of
an electron to a salt-bridging Arg, such as R286, neutralizing the
salt bridges (Christie et al., 2012). By applying biophysical methods
to monitor the rapid molecular events associated with photore-
ception, it should be possible to test these alternative mechanisms
and delineate the processes that lead to monomerization.

In Vivo Studies of UVR8 Photoreception

Prior to the availability of the crystal structure, modeling of UVR8
based on sequence similarity with RCC1 and other proteins
(Rizzini et al., 2011; Wu et al., 2011) suggested that the clustering
of the triad Trps and their presence in the conserved GWRHT
motifs might have functional significance. Hence, functional
analysis of Trp and other residues in the GWRHT motif was
initiated by examination of UVR8 mutants in yeast and trans-
genic plants (Rizzini et al., 2011; O’Hara and Jenkins, 2012).
Subsequently, resolution of the structure of UVR8 informed fur-
ther mutational analyses.

Experiments in yeast examined the effect of Trp mutations on
the dimer/monomer status of UVR8 and its interaction with
COP1. When analyzed by SDS-PAGE with nonboiled samples
(Rizzini et al., 2011), UVR8W285F s a dimer that does not respond
to UV-B, whereas UVR8W337F is a dimer that monomerizes fol-
lowing UV-B exposure, consistent with the size exclusion chro-
matography results obtained with purified proteins. UVR8W2854A,
UVR8W337A and UVR8W233F expressed in yeast appear as con-
stitutive monomers in the SDS-PAGE assay, indicating a weak-
ening of the dimer structures. Phe and Tyr mutants of the triad
Trps do not interact with COP1 in yeast, but each of the Ala
mutants interacts with COP1 both in the presence and absence
of UV-B (Rizzini et al., 2011; O’Hara and Jenkins, 2012). The Ala
mutation most likely causes exposure of regions of the protein
that bind to COP1, as discussed further below (see UVR8 sig-
naling section).

O’Hara and Jenkins (2012) extended the analysis of Trp mutants
in yeast to experiments with transgenic Arabidopsis. Function was
determined by complementation of the impaired gene expression
and hypocotyl extension phenotypes of uvr8-1. Mutation of sev-
eral Trp residues located in either the core of the protein or at the
periphery of the dimer interface has little or no effect on UVR8
function in these assays, in agreement with findings in yeast. By
contrast, function is affected by mutation of the triad Trp residues.
UVR8W285F and UVR8W285A do not complement the impaired re-
sponse to UV-B of uvr8-1. However, UVR8W233A shows a low level
of responsiveness to UV-B, which is not evident from in vitro
studies. UVR8W337A shows little loss of function compared with
wild-type UVR8 and UVR8W94A no apparent loss of function. An
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important caveat is that the function of these mutant proteins in
Arabidopsis has only been studied using saturating UV-B ex-
posures in controlled environments. It is possible that different
conclusions might be drawn under limiting doses of UV-B and
under natural conditions.

In transgenic Arabidopsis, UVR8W285F forms a dimeric protein
that does not respond to UV-B, whereas UVR8W285A gppears
constitutively monomeric, consistent with the findings in yeast
(O’Hara and Jenkins, 2012; Huang et al., 2013; Heijde et al,,
2013). UVR8W233A gand UVR8WS337A form weak dimers in the ab-
sence of UV-B and both respond to UV-B to produce monomers
(O’Hara and Jenkins, 2012). UVR8W285F does not interact with
COP1, but the Ala mutants UVR8W285A UVR8W233A and UVR8W337A
all interact constitutively with COP1, as found in yeast. Since the
Ala mutants of UVR8 triad Trps bind COP1 constitutively, it is
possible that plants expressing these proteins would display
a cop mutant phenotype, with short hypocotyls and expanded
cotyledons in darkness. This was not observed by O’Hara and
Jenkins (2012) but is reported by Huang et al. (2013) and Heijde
et al. (2013). The extent of the cop phenotype is dependent on
the level of transgene expression. The transgenic lines selected
by O’Hara and Jenkins (2012) had relatively low levels of transgene
expression, similar to that of a GFP-UVR8 fusion that functionally
complements uvr8. Heijde et al. (2013) observed a mild cop phe-
notype in plants showing moderate (~4-fold) overexpression of
UVR8W285A but an obvious cop phenotype in plants with 30- to
40-fold overexpression. These plants do not lack COP1 but ac-
cumulate relatively high levels of the protein, which is stabilized
by interaction with UVR8W285A_ Interestingly, the high UVR8W285A
overexpressors show activation of photomorphogenic UV-B re-
sponses in the absence of UV-B, with strong accumulation of the
ELONGATED HYPOCOTYL5 (HY5) transcription factor, which is
an important effector of UVR8-mediated responses (see section
on UVRS signaling). The mechanism by which overexpression of
UVR8W285A |eads to HY5 accumulation is not clear but likely in-
volves posttranslational stabilization rather than transcriptional
control.

In summary, the in vivo studies of UVR8 Trp function largely
support and extend the in vitro observations and lead to the
conclusion that W285, in particular, and W233 function as the
principal UV-B absorbing chromophores of UVR8. W337 and
W94 appear to have minor roles in that UVR8 can function in
photoreception when they are mutated. Thus, the pyramid Trp
residues are not equally important in photoreception. Although
W285 and W233 appear to be the main UV-B chromophores of
UVRS, it is interesting that they do not function in a redundant
manner; the other Trps cannot compensate for the loss of W285,
and W285 cannot completely compensate for mutation of W233.
Since the chromophore Trps are not functionally redundant, it
appears that they each have distinct roles in maintaining the in-
tegrity of the triad and in photoreception. The exact nature of
these roles remains to be determined.

UVR8 Photoreception in Natural Daylight

The work undertaken to date has laid the foundations for further
in vivo studies. In particular, it is important to understand how
UVRS8 functions in plants growing in natural conditions. The action

spectrum for UVR8 activity in stimulating HY5 transcript accu-
mulation (Brown et al., 2009) shows a strong peak at 280 nm, as
expected from the absorption maximum of Trp, with action ex-
tending to at least 315 nm. Since the shortest wavelength UV-B
that reaches the Earth’s surface is ~295 nm, only the longer
wavelength action of UVR8 is physiologically relevant. Many
laboratory experiments now employ narrowband UV-B sources,
which emit maximally at 311 nm, but studies are needed in
natural daylight. It is important to know how the dimer/monomer
status of UVR8 is controlled in natural conditions, how it is influ-
enced by other environmental factors, and how monomerization
correlates with gene regulation. Moreover, it will be interesting to
discover how UVR8 acts in different species and in genotypes
adapted to different light environments.

Evolutionary Conservation

UVRS is highly conserved in plant evolution. Amino acid sequen-
ces with strong identity to Arabidopsis UVR8 are found not only in
angiosperms, but in the moss Physcomitrella patens, the lycopod
Selaginella moellendorffii, and the green algae Chlamydomonas
reinhardtii and Volvox carteri (Rizzini et al., 2011; Wu et al., 2011).
An important observation is that the number and position of key
residues, including Trps and salt-bridging Args, are conserved,
indicating that these proteins are likely to function with an equiv-
alent molecular mechanism to higher plant UVR8. The conserva-
tion of UVR8 sequences suggests that the protein appeared early
in plant evolution, before the appearance of vascular land plants.
At that time, levels of UV-B would have exceeded those pres-
ently on earth because the ozone layer was not fully developed
(Rozema et al., 1997). UV-B penetrates into water and would
have been potentially damaging to photosynthetic algae; pho-
tosystem Il is particularly susceptible to damage by UV-B (Jansen
et al., 1996; Takahashi et al., 2010). Thus, UVR8 may have evolved
to stimulate UV-protective mechanisms in early photosynthetic
plants. Further insights into the evolution of UVR8 are likely to
emerge from the analysis of algal genome sequences.

UVR8 SIGNALING

UVRS8 Signaling Is Focused in the Nucleus

The cellular localization of UVR8 was studied initially using trans-
genic plants expressing the protein fused to green fluorescent
protein (GFP) (Brown et al., 2005; Kaiserli and Jenkins, 2007).
Confocal microscopy shows that GFP-UVRS is present in both
the nucleus and cytosol, and calculations of cellular distribution
suggest that most is in the cytosol in plants that have not been
exposed to UV-B. Similar results were obtained by immunodetection
of native UVR8 in cellular fractions (Kaiserli and Jenkins, 2007).
Nonetheless, UVR8 function is focused in the nucleus. lllumina-
tion of plants with a low fluence rate of UV-B stimulates the ac-
cumulation of UVR8 in the nucleus; ~90% of nuclei show GFP
fluorescence and, moreover, the brightness of the fluorescence
increases strongly in UV-B-illuminated plants (Figure 3A). Nuclear
accumulation of GFP-UVRS is specific to UV-B light and is rapid,
being detectable within 5 min of exposure. COP1 also accumu-
lates in the nucleus in plants exposed to UV-B, and transient



expression experiments in mustard hypocotyl cells suggest that
CFP-UVRS colocalizes with yellow fluorescent protein~-COP1 in
nuclear bodies following UV-B illumination (Favory et al., 2009).
However, GFP-UVRS is not observed in nuclear bodies in trans-
genic plants (Brown et al., 2005; Kaiserli and Jenkins, 2007).

It is not clear whether nuclear accumulation of UVR8 involves
active translocation into the nucleus. An alternative possibility is
that the protein is able to move between the nucleus and cytosol
but is retained in the nucleus when it becomes active in the
regulation of transcription in response to UV-B. Deletion of 23
amino acids from the N terminus of UVR8 prevents nuclear
accumulation. This region does not contain an obvious nuclear
localization signal, although it is conceivable that it interacts with
a protein that mediates translocation into the nucleus, analo-
gous to the action of FHY and FHL with phyA (Genoud et al.,
2008). However, the 23—-amino acid deletion may impact on the
integrity of the first propeller blade of UVR8 and hence impair
protein function, which in turn might prevent accumulation.
Studies of the effects of additional deletions within the N-terminal
region and of the mechanism of UVR8 movement into and out of
the nucleus would therefore be informative.

An important point is that once UVR8 has accumulated in the
nucleus following UV-B exposure, it appears to be retained; in
plants placed in darkness for 24 h following UV-B treatment, ~70%
of nuclei still contain GFP-UVR8 (Kaiserli and Jenkins, 2007).
Hence, in plants growing in natural photoperiodic cycles, UVR8
is likely to accumulate in the nucleus.

Given the importance of nuclear localization to UVR8 function,
it is not known why so much of the protein is present in the
cytosol. It is possible that the high level of cytosolic UVR8 is an
aberration of using plants grown in the absence of UV-B, since
UV-B exposure in nature will probably drive most UVRS8 to ac-
cumulate in the nucleus. Alternatively, perhaps UVR8 moves
very slowly into the nucleus following synthesis and therefore
accumulates in the cytosol. A further possibility is that cytosolic
UVRS is involved in other cellular processes, although there is
no evidence for such a role at present.

Although UVR8 acts in the nucleus, its presence in the nu-
cleus in not sufficient for function; UV-B exposure is still re-
quired, consistent with its photoreceptor action. Attachment of
a nuclear localization signal to UVR8 causes GFP-UVR8 to be
constitutively nuclear. However, the nuclear localized protein is
only able to stimulate gene expression if it is exposed to UV-B
(Kaiserli and Jenkins, 2007).

COP1 Acts with UVRS8 in Photomorphogenic
UV-B Responses

As stated previously, COP1 is the primary signaling partner of
UVR8 and it interacts with UVR8 in a UV-B-dependent manner
(Favory et al., 2009; Rizzini et al., 2011; Cloix et al., 2012; Figure
3B). Genetic screens in plants and in yeast have so far failed to
identify additional positive signaling components. Oravecz et al.
(2006) showed that mutants in cop? are impaired in the regu-
lation of gene expression in response to UV-B. The genes reg-
ulated by COP1 are essentially the same as those regulated by
UVR8 in seedlings (Favory et al., 2009), indicating that COP1
and UVRS8 act together to mediate the photomorphogenic UV-B
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Figure 3. UVR8 Signaling and Regulation.

(A) UV-B-induced nuclear accumulation of UVR8. Confocal image of
epidermal cells of Arabidopsis uvr8-1 plants expressing UVR8P,O:GFP-
UVRS. Plants were grown in 20 wmol m~2 s~ white light lacking UV-B (—)
and exposed to 3 wmol m—2 s~ broadband UV-B for 4 h (+). Bar = 20 um.
(Modified from Kaiserli and Jenkins [2007], Figure 3A.)

(B) Interaction of UVR8 and COP1 in plants. Whole-cell protein extracts
were obtained from uvr8-1/UVRS,, :GFP-UVR8 and uvr8-1/UVRS,,,:
GFP-AC27UVRS plants treated (+) or not (—) with 3 pmol m=2 s~ nar-
rowband UV-B. Coimmunoprecipitation assays were performed under
the same illumination conditions. Input samples (15 .g; IN) and eluates
(IP) were fractionated by SDS-PAGE, and protein gel blots were probed
with anti-COP1 and anti-GFP antibodies. (Reprinted from Cloix et al.
[2012], Figure 3A.)

(C) Regeneration of the UVR8 dimer. Immunoblot of whole-cell protein
extracts from wild-type Landsberg erecta plants probed with anti-UVR8
antibody. Plants were exposed to 2.5 pmol m=2 s~ narrowband UV-B
for 3 h (+ UV-B) and then transferred to darkness for the indicated time
periods before extracts were made. Extract samples were prepared for
electrophoresis without boiling prior to SDS-PAGE and immunoblotting.
The UVR8 dimer and monomer are indicated. Ponceau staining of Rubisco
large subunit (rbcL) is shown as a loading control. (Reprinted from Heilmann
and Jenkins [2013], Figure 1A.)

response. This positive action of COP1 contrasts sharply with its
well-established function as a repressor of photomorphogenesis
(Lau and Deng, 2012). In dark-grown seedlings, COP1 acts in
an E3 ubiquitin ligase complex, targeting positive regulators of
photomorphogenesis, such as HY5, for destruction (Osterlund
et al., 2000; Lau and Deng, 2012), whereas in response to UV-B,
COP1 promotes HY5 expression, along with numerous other
genes (Oravecz et al., 2006). Although in principle COP1 could
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act positively in UV-B responses by initiating degradation of a
negative regulator of UVR8 action, there is no direct evidence for
such a scenario. COP1 has several domains that can mediate
protein—protein interactions, so in principle it could facilitate the
interaction of UVR8 with other proteins to promote transcription.
However, at present the mechanism by which COP1 acts in the
UV-B response is poorly understood.

The four Arabidopsis SUPPRESSOR OF PHYA-105 (SPA) pro-
teins are WD40-domain proteins that associate with COP1 to form
E3 ubiquitin ligase complexes (Laubinger et al., 2004; Zhu et al.,
2008; Lau and Deng, 2012). Huang et al. (2013) report that SPA
proteins act redundantly as positive regulators of UVR8 signaling;
an impaired response to UV-B is seen in plants with multiple spa
mutations. This phenotype was not observed in a previous study
(Oravecz et al., 2006), although different experimental conditions
were used. Huang et al. (2013) found that UV-B exposure reduces
the association of COP1 and SPA proteins with the CULLIN4
(CUL4)-DAMAGED DNA BINDING PROTEIN1 (DDB1) E3 ubiquitin
ligase complex. Following UV-B exposure, SPA proteins are found
in a complex with COP1 and UVRS, although they do not appear
to interact directly with UVR8. Similar findings were reported by
Heijde et al. (2013), who identified proteins associated with
UVR8W285A ysing a tandem affinity purification strategy. Thus,
the UVR8-COP1-SPA protein complex acts to positively regu-
late photomorphogenic UV-B responses, although the exact role
of the SPA proteins is not clear.

The physical interaction of COP1 with UVR8 may inactivate
the E3 ubiquitin ligase activity of COP1. The COP1-SPA1 com-
plex is known to interact with the cry1 and cry2 photoreceptors,
leading to inactivation of its E3 ubiquitin ligase activity in blue light
(Yang et al., 2001; Wang et al., 2001; Liu et al., 2011; Lian et al.,
2011; Zuo et al., 2011). The UV-B-stimulated interaction of COP1
with UVR8 could provide an additional mechanism for promoting
photomorphogenesis through inactivation of COP1. There is ev-
idence that UV-B exposure protects the HY5 transcription factor
from degradation (Favory et al., 2009; Huang et al., 2013). In
particular, the presence of the UVR8-COP1-SPA complex under
UV-B conditions stabilizes HY5 protein (Huang et al. 2013). In the
absence of UV-B, COP1-SPA is recruited into the CUL4-DDB1
complex, which may promote HY5 degradation (Huang et al.,
2013). However, the situation appears more complex because
HY5 shows more degradation after UV-B exposure in cop1 plants
than in the wild type and this degradation is inhibited by the
proteasome inhibitor MG132, suggesting that an E3 ubiquitin li-
gase other than COP1 is involved in HY5 degradation. Thus, the
UVR8-COP1-SPA protein complex promotes HY5 accumulation
following UV-B exposure through posttranslational stabilization in
addition to the stimulation of transcription.

Interaction of UVR8 with COP1 requires a 27—-amino acid region
of UVR8 located toward the C terminus of the protein (amino
acids 397 to 423). Deletion of this region, referred to as C27,
prevents interaction with COP1 both in yeast two-hybrid assays
and in plants (Cloix et al., 2012; Figure 3B). In consequence,
GFP-AC27UVRS fails to stimulate gene expression and hypo-
cotyl growth suppression in response to UV-B when expressed
in uvr8-1. COP1 interacts with UVR8 via its WD40 domain
(Rizzini et al., 2011; Cloix et al., 2012) and may recognize a short
motif within C27 that is similar to COP1 binding sites in other

proteins (Cloix et al., 2012; Wu et al., 2013). Yeast two-hybrid
assays indicate that C27 is sufficient for interaction with the
WD40 region of COP1. In this case, the interaction is not de-
pendent on UV-B because the photoreceptive core of UVR8 is
absent. Although C27 is both necessary and sufficient for in-
teraction with COP1, it is entirely possible that one or more other
regions of UVR8 are also involved in the interaction.

Further understanding of the interaction of UVR8 with COP1
requires information about the location of the C-terminal region
of UVR8 and any changes in its conformation and, hence, avail-
ability for interaction with COP1 following photoreception. Since the
UVRS crystal structure does not provide information on the location
of the C terminus, other methods will be needed to determine its
structure and any UV-B-induced conformational changes.

A further dimension to the involvement of COP1 in photomor-
phogenic UV-B responses is that its own expression and accu-
mulation is stimulated by UV-B. The association of COP1 with
UVR8 leads to stabilization and accumulation of COP1 (Favory
et al., 2009; Heijde et al., 2013). In addition, the UV-B stimulation
of COP1 transcription is mediated by the HY5 and FAR-RED
ELONGATED HYPOCOTYL3 (FHY3) transcription factors, which
are able to bind to elements within the COP7 promoter (Huang
et al., 2012). COP1 and HY5 produce a positive feedback loop,
in that HY5 expression is stimulated by COP1 acting with UVRS;
in turn, HY5 promotes COP1 expression. FHY3 expression is
stimulated by UV-B, and a fhy3 mutant is impaired in UV-B pho-
tomorphogenic gene expression responses, hypocotyl growth
suppression, and tolerance of damaging levels of UV-B (Huang
et al., 2012). Thus, FHY3 is an important positive regulator of
UV-B photomorphogenic responses through its stimulation of
COP1 transcription.

HY5 Transcription Factor Is a Key Effector of
UVR8-Mediated Responses

The HY5 transcription factor is one of the most important effectors
of photomorphogenic responses mediated by different photo-
receptors (Ang et al., 1998; Jiao et al., 2007; Lee et al., 2007).
HY5 and the closely related protein HY5 HOMOLOG (HYH) act
downstream of UVR8 and COP1 in UV-B responses. UV-B-
dependent expression of HY5 and HYH is controlled by UVR8
(Brown et al., 2005; Favory et al., 2009). The UV-B induction of
HY5 and HYH transcripts is very rapid and occurs in response to
low doses of UV-B exposure (UIm et al., 2004; Brown et al.,
2005, 2009; Brown and Jenkins 2008). Transcriptome analysis
of the hy5 mutant in comparison to the wild type (Brown et al.,
2005; Oravecz et al., 2006) shows that HY5 regulates numerous
gene targets of the UV-B photomorphogenic pathway. Expres-
sion analysis in hy5 and hyh mutants in comparison to hy5 hyh
double mutant plants (Brown and Jenkins, 2008) reveals a de-
gree of functional redundancy between the transcription factors
in the regulation of some genes, but HY5 is the major effector of
UVR8-mediated gene expression, controlling many of the down-
stream target genes. Consistent with this, hy5 is hypersensitive to
elevated levels of UV-B, similar to uwr8, whereas hyh is more tol-
erant (Brown et al., 2005; Brown and Jenkins 2008).

Some of the photomorphogenic UV-B response genes regu-
lated by HY5 are concerned with growth responses, since the



hy5 mutant is impaired in hypocotyl growth suppression medi-
ated by UVR8 (Oravecz et al., 2006; Cloix et al., 2012). These
genes have not been identified but are likely to include those
involved, for instance, in gibberellin or auxin signaling. Some of
the UV-B response genes regulated by HY5 include other
transcription factors, such as MYB12 involved in flavonol bio-
synthesis (Stracke et al., 2010), indicating a hierarchical cascade
of transcriptional regulation. However, not all UVR8-regulated
genes are controlled by HY5/HYH. For instance, the UV-B in-
duction of the CCA7 and PRR9 genes, associated with the cir-
cadian clock, is unaffected in hy5 hyh mutant plants and the
circadian gating of responsiveness to UV-B is also not de-
pendent on HY5/HYH (Fehér et al., 2011).

HY5 action in UV-B responses is negatively regulated by the
B-BOX ZINC FINGER PROTEIN24/SALT TOLERANCE (BBX24/
STO) protein. This protein was originally reported to confer salt
tolerance when expressed in yeast (Lippuner et al., 1996) but
subsequently was found to be a repressor of photomorphogenic
responses mediated by different photoreceptors (Indorf et al.,
2007). Jiang et al. (2012b) reported that BBX24/STO represses
hypocotyl growth, primary root growth, and gene expression
responses to UV-B. Hence, the bbx24/sto mutant is hypersen-
sitive to UV-B and adopts a dwarf phenotype. The expression of
BBX24/STO is stimulated by UV-B and the protein accumulates
under UV-B conditions, whereas in darkness, it is degraded,
most likely by COP1. Jiang et al. (2012b) found that COP1 in-
teracts with BBX24/STO following UV-B exposure and that
COP1 promotes BBX24/STO accumulation in UV-B. In addition,
BBX24/STO interacts with HY5 in both yeast and plants in both
the presence and absence of UV-B. BBX24/STO suppresses HY5
accumulation specifically under UV-B illumination (Jiang et al.,
2012b), although it is not clear whether this occurs as a result of
transcriptional and/or posttranslational regulation. Interestingly,
BBX24/STO appears to inhibit the ability of HY5 to stimulate tran-
scription of a reporter construct in response to UV-B in a transient
expression assay in Arabidopsis. This finding suggests that BBX24/
STO can affect HY5 transcriptional activity directly, but the mech-
anism involved is not known.

BBX24/STO interacts with the RADICAL-INDUCED CELL
DEATH1 (RCD1) protein (Belles-Boix et al., 2000), which is an
additional negative regulator of UV-B signaling. The rcd7 mutant
is tolerant of elevated levels of UV-B and has enhanced ex-
pression of HY5 and a number of UVR8-regulated genes under
UV-B conditions as well as increased hypocotyl growth suppres-
sion (Jiang et al., 2009). RCD1 reduces the expression of BBX24/
STO under UV-B exposure (Jiang et al., 2009). It therefore appears
that RCD1 and BBX24/STO work together to negatively regulate
HY5 in UVR8 signaling.

How Does UVR8 Regulate Transcription?

At present, there is very little information about events that occur
following the interaction of UVR8 with COP1 that lead to the
regulation of transcription.

There is evidence that UVR8 associates with chromatin through
its ability to bind histones. UVR8 binds strongly to histone-agarose
beads in vitro, requiring quite high salt concentrations for elution
(Brown et al., 2005). In competition experiments, H2B is more
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effective than other histones in reducing binding of UVRS8 to
histone-agarose, suggesting that UVR8 interacts preferentially
with histone H2B (Cloix and Jenkins, 2008). In agreement with
these in vitro observations, UVR8 can readily be detected in plant
chromatin preparations. When GFP-UVRS8 is immunoprecipitated
from chromatin preparations using an anti-GFP antibody, histo-
nes are present in the immunoprecipitated material (Cloix and
Jenkins, 2008). Together, these findings indicate that UVR8 asso-
ciates with chromatin in vivo via histones. However, the dynamics
of UVR8 interaction with chromatin are unknown. Chromatin im-
munoprecipitation (ChIP) experiments suggest that UVR8 can as-
sociate with chromatin in both the absence and presence of UV-B
(Cloix and Jenkins, 2008), but since quantitative data are lacking, it
is not clear whether UV-B stimulates chromatin association.

Although it is likely that UVR8 interacts with other proteins in
a chromatin context, no such proteins have yet been identified.
There is no evidence that COP1 binds to chromatin, although
there are technical difficulties in establishing indirect associations
with chromatin mediated by other proteins (Zeng et al., 2006). It is
therefore unknown whether COP1 interacts with UVR8 bound to
chromatin. COP1 may not be required for UVR8 binding to chro-
matin, since the association is still observed in cop7-4 (Favory
et al., 2009) and in plants expressing GFP-AC27UVR8, which does
not bind COP1 (Cloix et al., 2012). Hence, the exact role that COP1
plays in regulating transcription with UVR8 remains a mystery.

ChIP experiments provide evidence that UVR8 interacts with
chromatin at some genes it regulates. In experiments with plants
expressing GFP-UVRS8, an anti-GFP antibody immunoprecipi-
tates chromatin fragments containing the promoter regions of
the UVR8-regulated HY5, MYB12, and CRYD genes, but not the
control ACTIN2 gene (Brown et al., 2005; Cloix and Jenkins,
2008). Similar results are obtained using anti-UVR8 antibodies
with wild-type plants. With respect to the HY5 gene, association
is seen in the promoter, coding and 3’ noncoding regions, but
not 6 kb either side of the gene. The ChIP data raise the pos-
sibility that UVR8 might interact directly with chromatin at target
gene loci to promote transcription (Brown et al., 2005), although
the mechanism by which it would associate with specific genes
is unknown. However, the situation is more complex because
the promoter regions of some genes regulated by UVRS8 (e.g.,
HYH and CHS) are not found in chromatin associated with UVR8
in ChIP experiments (Cloix and Jenkins, 2008). There is no ob-
vious reason why some target genes and not others are asso-
ciated with UVR8 in the ChIP experiments. However, the ChIP
assays are subject to technical limitations because the signal is
not very strong and obtaining quantitative data is therefore dif-
ficult. Thus, at present, the specificity of the ChIP interactions is
not clear. Further studies, such as ChIP sequencing, may help to
resolve this issue.

Although the mechanism by which UVR8 regulates tran-
scription is obscure, it is likely that it promotes the activation or
recruitment of transcription factors that regulate target genes
and/or the remodeling of chromatin at selected gene loci. There
is good evidence in maize (Zea mays) that UV-B regulates
chromatin remodeling associated with transcriptional regulation.
Genotypes from high altitude sites that are naturally exposed to
elevated levels of UV-B have increased expression of transcripts
encoding putative chromatin remodeling proteins (Casati et al.,
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2006). Moreover, when expression of genes encoding selected
chromatin remodeling proteins is knocked down using RNA in-
terference, plants become hypersensitive to UV-B and show
altered expression of several UV-B-regulated genes. It is well
established that histone modifications are important in recruiting
regulatory proteins to particular sites in chromatin, and there is
evidence that UV-B exposure causes histone modifications that
correlate with altered transcription. ChIP experiments with maize
show that acetylation of histones H3 and H4 is associated with
increased transcription of several genes in response to UV-B
(Casati et al., 2008). Similarly, in Arabidopsis, promoter regions
of the UVR8-regulated HY5 and ELIP1 genes become enriched
in chromatin containing diacetyl-histone H3(K9/K14) following
UV-B exposure, indicating that this histone mark is associated
with increased transcription in response to UV-B mediated by
UVRS8 (Cloix and Jenkins, 2008). Since there are many potential
histone modifications, including several associated with responses
to light (Fisher and Franklin, 2011), it will be valuable to identify all
the modifications involved in responses to UV-B and whether their
appearance is regulated by UVR8.

REGULATION OF UVR8

Negative Regulation of UVR8 Signaling

In many signaling pathways, the action of positive regulators is
kept in check by one or more repressor proteins. UVR8 signaling
is no exception. Two closely related proteins, REPRESSOR OF
UV-B PHOTOMORPHOGENESIS1 (RUP1) and RUP2 act as re-
dundant negative regulators of UVR8 action, effectively to ensure
that the response to UV-B is balanced and not excessive. Griber
et al. (2010) found that a rup? rup2 double mutant is hyperre-
sponsive to UV-B, with enhanced hypocotyl growth suppression,
increased UVR8-mediated HY5 and CHS gene expression, and
elevated levels of flavonoids compared with wild-type plants
under UV-B. By contrast, overexpression of RUP2 in transgenic
plants suppresses expression of HY5 and CHS in response to
UV-B. The RUP1 and RUPZ2 genes are stimulated by UV-B ex-
posure under the control of UVR8, COP1, and HY5 (Griiber et al.,
2010). Hence, the RUP proteins provide negative feedback reg-
ulation of UV-B signaling, preventing the exaggerated response
to UV-B characteristic of plants overexpressing UVRS.

RUP1 and RUP2 are small WD40-repeat proteins with sequence
similarity to the WD40 domains of COP1 and the SPA proteins.
Bimolecular fluorescence complementation assays with proteins
transiently expressed in mustard (Sinapis alba) seedling hypo-
cotyls show that both RUPs interact with UVR8 (Gruber et al.,
2010). Moreover, this interaction is seen both in the presence and
absence of UV-B. Similar results are seen in yeast two-hybrid
assays, although the interaction appears stronger under UV-B
(Cloix et al., 2012). These findings show that negative regulation
by the RUP proteins is achieved through physical interaction with
UVRS8. But how does interaction with RUPs impair UVR8 signaling?
It is interesting that both RUP proteins interact with the C27
region of UVR8, which is also required for binding COP1. This
finding suggests that RUP proteins may inhibit UVR8 signaling
by impairing the binding of COP1. One possibility is that the RUP

proteins have higher affinity for interaction with the C-terminal
region of UVR8 than COP1. Alternatively, their affinity for binding
to UVR8 may be similar to that of COP1, but their abundance may
exceed that of COP1 as a result of expression following UV-B
exposure, resulting in an increased probability of the RUPs binding
to UVR8. Accurate measurements of the binding affinities and
relative abundance of the proteins is required to resolve this point.

Although the RUP proteins evidently have an important role in
regulating UVRS8, they have additional functions. RUP1 and RUP2
are also known as EARLY FLOWERING BY OVEREXPRESSION1
(EFO1) and EFO2, respectively, because transgenic lines over-
expressing these genes have early flowering phenotypes (Wang
et al., 2011). In addition, the overexpressors have elongated hy-
pocotyls. Mutants in efo2 (rup2) and efo1 efo2 (rup1 rup2) have
reduced hypocotyl length and are also altered in leaf formation
and expansion. The light sources used in these experiments likely
contain either no or extremely little UV-B, so the EFO phenotype
appears to have no relationship to UV-B perception by UVR8.
Expression of RUP/EFO genes appears to be stimulated by light
generally and not specifically by UV-B and is subject to circadian
regulation. Further study showed that EFO2/RUP2 is a repressor
of flowering, and it reduces expression of the floral inducer
FLOWERING LOCUS T (FT) (Wang et al., 2011). FT is regulated
by CONSTANS, a transcription factor whose proteolytic de-
struction is controlled by COP1 (Liu et al., 2008). Although
EFO2/RUP2 does not regulate CO transcript levels, CO is nev-
ertheless required for the effect of EFO2/RUP2 on flowering.
Wang et al. (2011) speculated that EFO2/RUP2 may act in some
way with COP1 to degrade CO. Whether the RUP proteins have
a role in targeted proteolysis similar to the way the related SPA
proteins act with COP1 remains to be seen. Like COP1 and the
SPA proteins, the RUP proteins contain a conserved DWD (DDB1
binding WD40) motif (Lee et al., 2008) and may therefore be able
to interact with CUL4-DDB11.

A recent study by Huang et al. (2013) suggests that CUL4 acts
as a negative regulator of UVR8 signaling because the UV-B-
induced expression of some UVR8-regulated transcripts (but not
HY5) is enhanced in transgenic plants expressing reduced levels
of CUL4. These plants have increased levels of HY5 protein,
particularly under UV-B conditions, suggesting that CUL4 is in-
volved in repressing HY5 accumulation, presumably by mediating
proteolysis.

Regulation of Dimer/Monomer Status

An important question for any photoreceptor is how the pho-
toreceptive form is regenerated after photoreception has oc-
curred. In the case of UVR8, how is the dimer regenerated after
formation of the monomer? Two possible mechanisms can be
considered. First, monomers could simply reassociate to form
the dimer, but this might not happen spontaneously. Second,
monomers could be degraded after they initiate signaling, with
the dimer replaced by de novo synthesis; this mechanism would
require rapid turnover of the protein. With the latter alternative,
inhibition of degradation is predicted to lead to accumulation of
the protein, while inhibition of synthesis should prevent its reap-
pearance. Experiments with Arabidopsis plants grown in the pres-
ence of either the protein synthesis inhibitor cycloheximide (Heijde



and Ulm, 2013; Heilmann and Jenkins, 2013) or MG132 (Heilmann
and Jenkins, 2013), which inhibits degradation by the proteasome,
do not support the rapid turnover hypothesis. In both cases, the
level of UVR8 protein stays relatively constant, indicating a low rate
of turnover. Experiments with purified UVR8 show that monomers
can reassociate to form dimers that can respond to UV-B (Christie
et al., 2012; Wu et al., 2012). However, this process is very slow,
taking over 24 h for most of the dimer to reform. By contrast, the
reversion of monomers to dimers is very rapid in vivo, being
complete within ~1 h (Heijde and Ulm, 2013; Heilmann and
Jenkins, 2013; Figure 3C).

That reversion to the dimer is much more rapid in vivo indicates
that the process is facilitated. Dimer regeneration requires intact
cells because the rate of dimer formation in UV-B-illuminated
plant cell extracts is just as slow as for the purified protein (Heilmann
and Jenkins, 2013). Protein synthesis is required to maximize the
rate of reversion to the dimer, as reversion slowed in the presence
of cycloheximide. In addition, reversion is slower in the cop1
mutant and in plants expressing UVR8 lacking the C27 region
(Heilmann and Jenkins, 2013). Together, these observations
indicate a requirement for expression of UV-B-induced proteins
and the interaction of one or more proteins with the C-terminal
domain of UVR8 to maximize the kinetics of reversion. In prin-
ciple, COP1 could be involved in either or both processes. It is
important to note, however, that additional factors are required
because the rate of reversion in vivo in the presence of cyclo-
heximide and in cop7 and GFP-AC27UVRS plants is not as slow
as in vitro. A likely explanation is that residual levels of the protein
(s) that mediates dimer reversion are sufficient to promote re-
generation in the absence of new protein synthesis.

Heijde and Ulm (2013) obtained evidence that RUP proteins
regulate UVR8 dimer regeneration. The involvement of the RUP
proteins is consistent with the findings of Heilmann and Jenkins
(2013), in that the RUPs are UV-B induced and interact with the
C27 region of UVR8. In rup1 rup2 double mutant plants, the rate
of reversion to the dimer following UV-B-induced monomer-
ization is much slower than in the wild type, indicating that the
RUP proteins facilitate dimer formation. Conversely, plants over-
expressing RUP2 have reduced levels of UVYR8 monomer, which
can be explained by enhanced dimer reversion limiting monomer
accumulation. During the period of dimer reversion, COP1 dis-
sociates from UVR8, but RUP-mediated redimerization does not
depend on this process. Indeed, RUP action appears to be in-
dependent of COP1 in that dimer formation occurs much more
slowly in a triple cop? rup1 rup2 mutant than in cop? alone
(Heijde and Ulm, 2013). Additional experiments are now required
to further define the role of the RUP proteins in dimer reversion,
COP1 dissociation, and UVR8 negative regulation.

MODEL OF PHOTOMORPHOGENIC UV-B RESPONSES

The model of UVR8 photoreception and signaling that has emerged
in recent years is that the dimer absorbs UV-B, monomerizes, and
then binds COP1 to initiate signaling. Fundamentally, this is an
accurate basic description of events, but some elaboration is
needed to explain all observations (Figure 4). In wild-type UVRS,
COP1 interaction is dependent on photoreception and binding
requires the C27 region. Therefore, photoreception initiates some
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(1) UV-B photoreception by dimeric UVR8 forms monomers. A proposed
conformational change makes the C terminus of the protein available for
interaction with COP1. However, the location of the C terminus is not
known. (2) COP1, bound to SPA proteins, binds to UVR8 via the C27
region; it is not known whether other regions of UVR8 are involved in the
interaction. (3) UVR8 bound to COP1/SPA adopts an active conformation
ready to initiate gene expression. (4) UVR8 together with COP1/SPA
regulates transcription of target genes, leading to photomorphogenic
UV-B responses. (5) Among the genes induced are those encoding the
RUP proteins, which negatively regulate UVR8. RUP1 and RUP2 bind to
the C27 region of UVR8 and displace COP1. (6) The RUP proteins fa-
cilitate reassociation of UVR8 monomers to form the dimer. (7) The dimer
is regenerated for photoreception.

change that enables COP1 to bind. This could be a conforma-
tional change that exposes the C terminus. It is also possible that
some additional region of the protein interacts with COP1 and this
becomes accessible following photoreception. Several mutants
with weak dimers, such as the Ala mutants of triad Trps, bind
COP1 constitutively so possibly in these proteins the C27 region
is exposed as a result of the mutation. An understanding of the
events following UVR8 photoreception is hampered by the lack of
information on the location of the C terminus in the crystal struc-
ture. Studies of the above UVR8 mutant proteins in vivo indicate
that neither monomer formation nor binding to COP1 is sufficient
to initiate a response when the mutant protein is expressed at
levels similar to wild-type UVR8 (O’Hara and Jenkins, 2012). This
suggests that photoreception initiates an additional process that
converts the photoreceptor into an active state, although at pres-
ent we do not understand what this is. The requirement for COP1
binding and activation is illustrated in Figure 4. Based on recent
evidence, COP1 is shown bound to SPA proteins (Huang et al.,
2013; Heijde et al., 2013). Once the active monomer bound to
COP1 is produced, it initiates gene expression, through both tran-
scription and stabilization of effectors, in particular HY5. The pre-
sumed increase in RUP protein accumulation, which has yet to be
assayed in vivo, is proposed to negatively regulate UVR8 through
displacing COP1 and stimulating redimerization. It is not clear when,
if at all, RUP proteins dissociate from the UVR8 dimer. No doubt
this model will be modified as new information is obtained.
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SUMMARY AND PERSPECTIVES

Much has been learned about the physiological role and mo-
lecular function of UVRS8 since its discovery in 2002. However,
we are still at the beginning of the UVR8 story. Much remains to
be discovered about the physiological significance of UVRS,
particularly in species other than Arabidopsis, its integration with
other signaling pathways, and the molecular mechanism of ac-
tion of the photoreceptor.

Elucidation of the crystal structure of UVR8 has provided the
basis for a more detailed understanding of the protein. The novel
Trp-based mechanism of photoreception is remarkable, but not
fully understood. Although the chromophore Trps have been
identified, it is not clear how photoreception leads to disruption
of the salt bridges that maintain the dimer. The application of ap-
propriate biophysical methods is required to identify how excited
states of the Trps neutralize the key salt bridges.

The structure of UVR8 is only partly characterized. The loca-
tions of the C and N termini and how conformation of the protein
changes in going from dimer to monomer are unknown. This is
crucial to understanding interactions with other proteins. Mono-
mer formation exposes the dimer interaction surface, which is an
important site for protein—protein interactions in other B-propeller
proteins (Stirnimann et al., 2010). To date, only COP1 and the
RUP proteins are known to interact directly with UVR8 in plants;
further research may identify additional interactors. Both COP1
and the RUP proteins interact with the C terminus of UVR8, but
the interaction of COP1 is UV-B dependent, whereas that of the
RUP proteins is not. It is important to understand the basis of this
difference. It is likely that photoreception initiates conformational
changes to UVRS, particularly with respect to the C terminus, to
promote COP1 binding. An additional possibility is that COP1
interacts with another region of the protein that is exposed fol-
lowing photoreception.

Signal transduction leads to transcriptional regulation, but this
key aspect of UVR8 function is the least understood. The sig-
nificance of UVR8 interaction with chromatin is not entirely clear.
Does UVR8 form part of a complex on chromatin that regulates
target genes? If so, how does it selectively associate with these
genes? And is COP1 also part of the complex or does it disso-
ciate from UVR8 prior to chromatin interaction? If the interaction
of UVR8 with chromatin is nonspecific, then we need to un-
derstand how it can recruit transcription factors to selected target
genes. The regulation of HY5 accumulation is crucial. UVR8
photoreception stimulates HY5 transcription but, in addition,
binding of COP1 to UVR8 leads to stabilization of HY5, pro-
moting its accumulation. However, the mechanisms involved in
HY5 transcriptional regulation and stabilization of HY5 protein
are poorly understood. Clearly, much work is required to ad-
dress these questions.

In addition to understanding the fundamental basis of UVR8
function, it is important to consider potential applications. Plant
responses to UV-B are important in agriculture (Wargent and
Jordan, 2013), and UVRS8 regulates plant biochemical compo-
sition, which can affect nutritional quality and defense against
herbivores and pathogens. Moreover, UVR8 regulates morpho-
genesis. Hence, manipulation of the amount and biochemical
properties of UVR8 may have applications in crop improvement.

UVR8 may have further applications in synthetic biology and
medicine through its potential as an optogenetic light switch.
Optogenetics employs photoreceptors to manipulate processes
in various organisms; UVR8 has several properties that make it
attractive for such applications, and its potential in this respect
has already been demonstrated (Crefcoeur et al., 2013; Miller
et al., 2013).
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