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Rapid Reversion from Monomer to Dimer Regenerates
the Ultraviolet-B Photoreceptor UV RESISTANCE
LOCUS8 in Intact Arabidopsis Plants1[W][OA]

Monika Heilmann and Gareth I. Jenkins*

Institute of Molecular, Cell, and Systems Biology, College of Medical, Veterinary, and Life Sciences, University
of Glasgow, Glasgow G12 8QQ, United Kingdom

Arabidopsis (Arabidopsis thaliana) UV RESISTANCE LOCUS8 (UVR8) is a photoreceptor that specifically mediates
photomorphogenic responses to ultraviolet (UV)-B in plants. UV-B photoreception induces the conversion of the UVR8 dimer
into a monomer that interacts with the CONSTITUTIVELY PHOTOMORPHOGENIC1 (COP1) protein to regulate gene
expression. However, it is not known how the dimeric photoreceptor is regenerated in plants. Here, we show, by using
inhibitors of protein synthesis and degradation via the proteasome, that the UVR8 dimer is not regenerated by rapid de
novo synthesis following destruction of the monomer. Rather, regeneration occurs by reversion from the monomer to the
dimer. However, regeneration of dimeric UVR8 in darkness following UV-B exposure occurs much more rapidly in vivo
than in vitro with illuminated plant extracts or purified UVR8, indicating that rapid regeneration requires intact cells. Rapid
dimer regeneration in vivo requires protein synthesis, the presence of a carboxyl-terminal 27-amino acid region of UVR8, and the
presence of COP1, which is known to interact with the carboxyl-terminal region. However, none of these factors can account
fully for the difference in regeneration kinetics in vivo and in vitro, indicating that additional proteins or processes are involved
in UVR8 dimer regeneration in vivo.

UV-B wavelengths (280–315 nm) act as a key regu-
latory signal to initiate photomorphogenic responses
in plants (Frohnmeyer and Staiger, 2003; Ulm and
Nagy, 2005; Jenkins, 2009; Heijde and Ulm, 2012).
These responses include the suppression of hypocotyl
extension (Ballaré et al., 1995; Kim et al., 1998; Suesslin
and Frohnmeyer, 2003; Shinkle et al., 2004), regulation
of plant morphology (Hectors et al., 2007; Wargent
et al., 2009), and the production of UV-absorbing
phenolic compounds that act as a sunscreen in the
outer tissues (Li et al., 1993; Stapleton and Walbot,
1994; Jordan, 1996; Rozema et al., 1997). Photomor-
phogenic responses to UV-B are mediated by the
photoreceptor UV RESISTANCE LOCUS8 (UVR8;
Kliebenstein et al., 2002; Brown et al., 2005; Brown and
Jenkins, 2008; Favory et al., 2009; Rizzini et al., 2011).
UVR8 specifically regulates the expression of numer-
ous genes that underpin photomorphogenic responses
to UV-B (Brown et al., 2005; Favory et al., 2009). Some

of these genes encode proteins that help to prevent
or repair damage by UV-B (Ulm et al., 2004; Brown
et al., 2005; Favory et al., 2009; Stracke et al., 2010).
Hence, uvr8 mutant Arabidopsis (Arabidopsis thaliana)
plants, which fail to express these genes, are highly
sensitive to elevated levels of UV-B (Kliebenstein et al.,
2002; Brown et al., 2005).

Among the genes regulated by UVR8 is that en-
coding the ELONGATED HYPOCOTYL5 (HY5) tran-
scription factor (Brown et al., 2005; Favory et al., 2009).
HY5, sometimes acting redundantly with ELON-
GATED HYPOCOTYL5 HOMOLOG, mediates many
gene expression responses initiated by UVR8 (Brown
et al., 2005; Brown and Jenkins, 2008). UVR8 binds to
histones in chromatin, including at the HY5 gene
(Brown et al., 2005; Cloix and Jenkins, 2008), raising
the possibility that UVR8 regulates transcription by
promoting the recruitment or activation of transcrip-
tion factors and/or chromatin-remodeling proteins.
However, the processes involved in transcriptional
regulation by UVR8 are not understood.

Map-based cloning of the UVR8 gene revealed
that it encodes a seven-bladed b-propeller protein
(Kliebenstein et al., 2002). The UVR8 protein exists as a
homodimer in plants and in vitro, but it rapidly dis-
sociates into monomers in response to UV-B treatment
(Rizzini et al., 2011, Christie et al., 2012; Wu et al.,
2012). The recently determined crystal structure of
UVR8 reveals that the dimer is maintained by salt-
bridge interactions between charged amino acids at
the dimeric interface (Christie et al., 2012; Wu et al.,
2012). UV-B photoreception causes the disruption of
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these salt bridges and hence monomerization. UVR8
absorbs UV-B via specific Trp amino acids that act as
chromophores for the photoreceptor and that are ad-
jacent to salt-bridging Arg residues (Christie et al.,
2012; Wu et al., 2012).

Photoreception leads to both the rapid nuclear ac-
cumulation of UVR8 (Kaiserli and Jenkins, 2007) and
interaction with the CONSTITUTIVELY PHOTO-
MORPHOGENIC1 (COP1) protein (Favory et al., 2009;
Rizzini et al., 2011; Cloix et al., 2012). COP1 is a posi-
tive regulator of UVR8-mediated gene expression
(Oravecz et al., 2006), in contrast to its function as a
negative regulator of photomorphogenesis in dark-
grown seedlings (Osterlund et al., 2000; Yi and Deng,
2005). Whereas COP1 acts as an E3 ubiquitin ligase to
degrade positive regulators such as HY5 in dark-grown
seedlings, there is no evidence that it functions as an E3
ubiquitin ligase in UV-B photomorphogenic responses.
The REPRESSOR OF UV-B PHOTOMORPHOGENE-
SIS1 (RUP1) and RUP2 proteins negatively regulate
UVR8-mediated photomorphogenic responses and in-
teract with UVR8 (Gruber et al., 2010). The RUP pro-
teins are expressed in response to UV-B, and both UVR8
and COP1 are required for their UV-B-induced ex-
pression (Gruber et al., 2010).

An important issue is how the functional UVR8
photoreceptor is regenerated following photorecep-
tion. Since UV-B photoreception converts the UVR8
dimer into the monomer, how is the dimeric photore-
ceptor restored? In principle, there are two possible
mechanisms. First, the monomer could be degraded
after it functions and protein synthesis could replace
the dimer in the cell. This would entail quite rapid and
continual turnover of the UVR8 protein. Second, the
monomer could revert to the dimer to reconstitute the
functional photoreceptor without any requirement for
synthesis and degradation. Experiments with the ho-
mogeneous purified protein show that the monomer
can revert to the dimer and that the reformed dimer is
functional in UV-B photoreception (Christie et al.,
2012; Wu et al., 2012). However, the kinetics of rever-
sion in vitro are slow; although some dimer is re-
formed within a few hours, complete reversion takes
24 to 48 h. Hence, our aim in this study was to

Figure 1. Regeneration of the UVR8 dimer after UV-B exposure is
much more rapid in vivo than in vitro. A, Immunoblot of whole cell
extracts from wild-type Ler plants probed with anti-UVR8 antibody.
Plants were exposed to 2.5 mmol m22 s21 UV-B for 3 h (UV-B +) and
then transferred to darkness for the indicated time periods before ex-
tracts were prepared. Extract samples were prepared for electropho-
resis without boiling and resolved on a 7.5% SDS-PAGE gel prior to
immunoblotting. The UVR8 dimer (D) and monomer (M) are indicated.
Ponceau staining of Rubisco large subunit (rbcL) is shown as a loading
control. B, Coomassie-stained SDS-PAGE gel of purified UVR8 protein

exposed to 1.5 mmol m22 s21 UV-B for 1 h (UV-B +) and then trans-
ferred to darkness at room temperature for the indicated times. Sam-
ples were analyzed without boiling on a 7.5% SDS-PAGE gel. A
non-UV-B-treated boiled sample is shown as a control. C, Quantifi-
cation of the loss of monomer in darkness following UV-B exposure for
the wild type in vivo (solid line) and purified UVR8 in vitro (solid line
with points). Dotted and dashed lines show 95% confidence limits of
the best fit curves from three replicates. D, Immunoblot of UV-
B-treated whole cell extract from wild-type Ler plants probed with
anti-UVR8 antibody. The extract was exposed to 1.5 mmol m22 s21

UV-B for 1 h (UV-B +) and then transferred to darkness at room tem-
perature for the indicated times. Samples were analyzed without
boiling on a 7.5% SDS-PAGE gel prior to immunoblotting. Ponceau
staining of Rubisco large subunit is shown as a loading control.
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investigate the kinetics and mechanism of regeneration
of the UVR8 photoreceptor in plants.

RESULTS

Regeneration of the UVR8 Dimer Is Rapid in Intact Plants

To examine whether UVR8 is in the dimeric or
monomeric form, we used a SDS-PAGE assay devel-
oped by Rizzini et al. (2011). In this assay, protein
samples for electrophoresis are prepared using sample
buffer containing SDS, but they are not boiled prior to
loading on a SDS-PAGE gel. Interactions that maintain
the dimer are sufficiently strong to resist denaturation
by SDS under these conditions. Hence, the UVR8 di-
mer and monomer are clearly resolved on the gels and
are visualized by incubating an immunoblot of the gel
with an anti-UVR8 antibody.
We used this assay to monitor the relative amounts

of UVR8 dimer and monomer following UV-B treat-
ment of intact wild-type Arabidopsis plants. As shown
in Figure 1A, essentially all the UVR8 protein is pre-
sent as a dimer before UV-B exposure, and it is then
converted to the monomer in response to a 3-h UV-B
treatment. When plants are subsequently transferred
to darkness, a decrease in the amount of monomer and
a concomitant increase in the dimer are seen within
15 min. After 1 h in darkness, virtually all the UVR8
protein is present as the dimer. The total amount of
UVR8 does not appear to change significantly over the
time course, at least up to 2 h following the end of
illumination.
In contrast, reappearance of the dimer in darkness

following UV-B treatment of purified UVR8 protein
shows much slower kinetics (Fig. 1B). Although re-
version to the dimer is detectable 3 h after transfer to
darkness, most of the protein is still in the monomeric
form 6 h after the end of UV-B illumination, and ap-
proximately 30 h are required to see nearly complete
dimer regeneration.
In an attempt to quantify the kinetics of dimer re-

generation, the percentage of UVR8 in the monomeric
form was determined by measuring band intensities
on western blots from several independent experi-
ments. As shown in Figure 1C, in vivo, the monomer
declines exponentially in darkness following UV-B
exposure, whereas in vitro, the rate is much slower.
The mean time required for 50% loss of the monomer
was calculated from the graphical data with 95%
confidence limits (Table I). In vivo, 50% of the mono-
mer is lost within approximately 18 min, whereas in
vitro, it takes about 15 h.
In the introduction, we raised two possible mecha-

nisms of dimer regeneration following monomer-
ization: (1) reversion of monomer to dimer, and (2)
dimerization of newly synthesized monomer to re-
place degraded monomer. From the above data, we
conclude that if the UVR8 dimer is regenerated by
reversion, the process occurs much more quickly in

intact plants than in vitro. However, if there is mono-
mer degradation and resynthesis, both must occur
rapidly in vivo and must be coordinated to maintain a
constant amount of UVR8.

Rapid Regeneration of the UVR8 Dimer Requires
Intact Cells

To further explore the mechanism of regeneration,
we monitored the amounts of UVR8 dimer and mono-
mer following UV-B treatment of plant extracts. UV-B
exposure of Arabidopsis extracts in vitro initiates
monomerization of UVR8 (Fig. 1D). However, reap-
pearance of the dimer is much slower in extracts than
in intact plants, and the kinetics are very similar
to those seen for reversion of the purified protein
(compare Fig. 1, B and D), with most of the UVR8
protein being in the monomeric form 12 h after the end
of UV-B illumination. Quantification of the loss of
monomer (Supplemental Fig. S1A) further demon-
strates the similarity in kinetics for the purified protein
and plant cell extract in vitro (Table I). We conclude
that rapid regeneration of the UVR8 dimer requires
intact cells, implying the involvement of physiological
processes.

Protein Synthesis Is Required for Rapid Regeneration of
the Dimer

To examine whether protein synthesis is important
in dimer regeneration, we treated plants with cyclo-
heximide (CHX). Plants were transferred to liquid
medium containing CHX 1 h before the start of UV-B
exposure to ensure that the chemical entered the cells.
To test the effectiveness of the CHX treatment, we
monitored the UV-B induction of CHALCONE SYN-
THASE (CHS) expression, which is inhibited by CHX
(Christie and Jenkins, 1996). Control plants were treated
in exactly the same way except that CHX was omitted.
As shown in Figure 2A, CHX treatment did not impair
UV-B-induced conversion of the UVR8 dimer to the
monomer. Nevertheless, CHX was active in the tissue
because CHS expression, detected by a specific anti-
body, was prevented (Fig. 1B).

We reasoned that if protein synthesis is required to
replenish the UVR8 dimer following hypothetical
rapid degradation of the monomer, then the amount of
UVR8 should decrease substantially following CHX
treatment. However, as shown in Figure 2A, CHX
treatment did not affect the total amount of UVR8 up
to at least 3 h following the end of UV-B exposure, by
which time UVR8 is in the dimeric form. This result
indicates that synthesis of the UVR8 protein is not
required for dimer regeneration following UV-B ex-
posure. Nevertheless, Figure 2A shows that the rate of
dimer reappearance is slower in the plants treated with
CHX; whereas very little monomer remains in control
plants 30 min after transfer to darkness following UV-B
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treatment, in the CHX-treated plants, a substantial
amount of monomer remains after 1 h and is still de-
tectable after 2 h of darkness. Quantification of the loss
of monomer (Supplemental Fig. S1B) reveals the
slower kinetics following CHX treatment (Table I). We
conclude that protein synthesis is required to maxi-
mize the rate of reversion from monomer to dimer.

No Evidence of Targeted Proteolysis of UVR8 via
the Proteasome

To complement the experiments with CHX, we ex-
amined the effect of MG132, which inhibits protein
degradation by the proteasome, on the amount of
UVR8 following UV-B exposure. Since several previ-
ous studies employed quite long preincubations with
MG132 to see inhibition of the proteasome (Jang et al.,
2005; Yang et al., 2005; Dong et al., 2006), plants were
transferred to liquid medium containing MG132 11 h
before the start of UV-B illumination. MG132 did not
impair UV-B-induced conversion of the UVR8 dimer
to the monomer (Fig. 3A). Furthermore, there was no
effect on regeneration of the dimer following transfer
to darkness (Fig. 3A) and no quantitative difference in
the kinetics for monomer loss in MG132-treated and
control plants (Table I; Supplemental Fig. S1C). To
check that MG132 had entered the tissue, an immu-
noblot was incubated with an antibody to ubiquitin.
Inhibition of proteasomal degradation should lead to
the accumulation of polyubiquitylated proteins in the
cell, and it is evident that increased amounts of such
proteins are present in the plants treated with the in-
hibitor compared with the control (Fig. 3B). The key
observation in this experiment is that the total amount
of UVR8 did not change over the time course of illu-
mination and dimer regeneration in darkness (Fig. 3,
A and C). Therefore, we conclude that UVR8 is not
subject to proteasomal degradation following UV-B
exposure.

The C Terminus of UVR8 Is Required for Rapid in Vivo
Regeneration of the Photoreceptor

To further study regeneration of the UVR8 dimer,
we examined the importance of the C terminus of the
protein. A 27-amino acid region in the C terminus from
residues 397 to 423 (termed C27) is both necessary and
sufficient for interaction with the WD40 region of the
COP1 protein and can also interact with other WD40
proteins (Cloix et al., 2012). As shown in Figure 4A, the
uvr8-2 mutant, which lacks the C-terminal 40 amino

Table I. Quantification and statistical analysis of the lifetime of the UVR8 monomer in different experimental conditions

UVR8 protein bands were quantified on three representative western blots for each type of experiment using ImageJ software. The value for the
monomer at each time point was normalized against that after UV-B illumination, taken as 100%. Percentage values of monomer with time were
plotted (Fig. 1C; Supplemental Fig. S1) and fitted using the Curve Fitting Toolbox in MATLAB (version 7.12.0). The best fit was chosen, and the time
point at which the monomer reached 50% is shown 6 the 95% confidence values at that point. The R2 value indicates how well the line fits the data
points, where 1.0 would represent a perfect fit.

Source of UVR8 Treatment In Vivo/In Vitro 50% Monomer R2

Wild type In vivo 18 min (+4/23) 0.94
Wild type Protein extract In vitro 15 h (+/22) 0.85
cop1-4 In vivo 75 min (+15/29) 0.87
Wild type CHX In vivo 60 min (+/26) 0.98
Wild type DMSO (CHX control) In vivo 14 min (+2/23) 0.99
Wild type MG132 In vivo 17 min (+6/24) 0.95
Wild type DMSO (MG132 control) In vivo 15 min (+/22) 0.98
uvr8-1/GFP-UVR8 In vivo 60 min (+/215) 0.94
uvr8-1/GFP-DC27UVR8 In vivo 5.5 h (+/21) 0.80
Purified UVR8 In vitro 15 h (+/21) 0.98
Purified UVR8 Trypsin treated In vitro 14.5 h (+1.5/22) 0.95

Figure 2. Protein synthesis is required to maximize the rate of dimer
regeneration. A, Immunoblots of whole cell extracts from wild-type Ler
plants probed with anti-UVR8 antibody. Plants were placed in medium
containing 0.1% DMSO with or without CHX 1 h before exposure to
2.5 mmol m22 s21 UV-B for 3 h (UV-B +) and then transferred to
darkness for the indicated times before extracts were prepared. Sam-
ples were prepared for electrophoresis without boiling and resolved on
a 7.5% SDS-PAGE gel prior to immunoblotting. The UVR8 dimer (D)
and monomer (M) are indicated. B, Immunoblots from the experiment
shown in A probed with anti-CHS antibody. The asterisk indicates a
nonspecific band recognized by the antibody. Ponceau staining of
Rubisco large subunit (rbcL) is shown as a loading control.
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acids including the C27 region (Brown et al., 2005;
Cloix et al., 2012), shows normal UV-B induction of
monomerization but slower regeneration of the dimer
in subsequent darkness compared with the wild type;
the monomer is still detectable 4 h after the end of
illumination. A similar observation is seen with a
UVR8 mutant protein lacking specifically the C27 re-
gion (Fig. 4B). This experiment was undertaken with a
transgenic uvr8-1 line expressing UVR8 lacking the
C27 region fused to GFP at the N terminus (uvr8-1/
GFP-DC27UVR8; Cloix et al., 2012); control plants
expressed wild-type UVR8 fused to GFP (uvr8-1/GFP-
UVR8; Kaiserli and Jenkins, 2007). Both lines show
UV-B-induced monomerization, but regeneration of
the dimer was much slower in the uvr8-1/GFP-
DC27UVR8 plants compared with the uvr8-1/GFP-
UVR8 control (Fig. 4B). Quantification (Table I;
Supplemental Fig. S1D) shows the slower kinetics of
the loss of monomer in the uvr8-1/GFP-DC27UVR8

plants. We conclude that the C27 region is required to
maximize the rate of UVR8 dimer regeneration in vivo.

To test whether the C terminus affected the rate of
dimer regeneration in vitro, purified UVR8 was sub-
jected to a mild trypsin treatment, which removes 40
amino acids from the C terminus (Christie et al.,
2012). This C-terminally truncated protein undergoes
normal UV-B-induced dimer-to-monomer conver-
sion, as reported previously (Christie et al., 2012).
However, in contrast to the in vivo situation, the rate
of dimer regeneration in darkness following UV-B
exposure was not slower for C-terminally truncated
UVR8 compared with the wild-type protein; the ki-
netics of regeneration were indistinguishable for the
two proteins (compare Figs. 1B and 4C). The same
conclusion can be drawn from measurements of
monomer loss (Table I; Supplemental Fig. S1E). This
finding indicates that the absence of the C27 region
only slows regeneration in intact cells, suggesting that
interaction of one or more proteins with the C27 region
may be required to maximize the rate of regeneration.

COP1 Is Required for Rapid Dimer Regeneration in Vivo

Since the C27 region interacts with COP1, we
reasoned that this interaction might be important for
dimer regeneration. The kinetics of regeneration,
therefore, was examined in the cop1-4 mutant. As
shown in Figure 4D, cop1-4 plants show normal
UV-B-induced UVR8 monomerization, but the rate of
dimer regeneration in subsequent darkness is slower
than in wild-type plants; whereas the monomer is no
longer detectable in wild-type plants after 1 h of dark-
ness, monomer is present in cop1-4 plants after at least
2 h of darkness (compare Fig. 4D with Figs. 1A and
4A). Quantification of monomer loss reveals the slower
kinetics for cop1-4 plants compared with the wild
type (Table I; Supplemental Fig. S1F). Thus, COP1 is
required to maximize the rate of dimer regeneration
in vivo.

DISCUSSION

No Evidence for Rapid Turnover of UVR8 in Intact Plants

In intact plants, exposure to UV-B converts dimeric
UVR8 into the monomer, and the dimer is then totally
regenerated in less than 1 h of darkness. Furthermore,
there is no change in the total amount of UVR8 over
the time course of monomerization and regeneration.
The question we addressed here is how the dimer is
regenerated. We considered the possibility that the
monomer is degraded following its formation and that
the dimer is replaced following the synthesis of new
monomer. If this were the case, the processes would
have to be rapid and closely coordinated to maintain a
constant amount of UVR8. The experiments presented
in Figures 2 and 3 do not provide any evidence of such
rapid turnover.

Figure 3. Monomeric UVR8 is not degraded via the proteasome. A,
Immunoblots of whole cell extracts from wild-type Ler plants probed
with anti-UVR8 antibody. Plants were placed in medium containing
0.1% DMSO with or without MG132 11 h before exposure to 2.5
mmol m22 s21 UV-B for 3 h (UV-B +) and then transferred to darkness
for the indicated times before extracts were prepared. Samples were
prepared for electrophoresis without boiling and resolved on a 7.5%
SDS-PAGE gel prior to immunoblotting. The UVR8 dimer (D) and
monomer (M) are indicated. Ponceau staining of Rubisco large subunit
(rbcL) is shown as a loading control. B, Immunoblots from the exper-
iment shown in A probed with anti-ubiquitin antibody. C, Immuno-
blots prepared as in A probed with anti-UVR8 antibody but with
samples of whole cell extract boiled prior to electrophoresis on a 7.5%
SDS-PAGE gel.
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The preincubation with CHX was evidently effective
because it prevented the accumulation of CHS in re-
sponse to UV-B treatment. We previously reported that
CHX inhibits CHS transcript accumulation in response
to UV-B without generally affecting gene expression
(Christie and Jenkins, 1996). Hence, the CHX treatment
would be expected to inhibit the synthesis of UVR8
following UV-B treatment if it was required to replace
the dimer. However, CHX treatment did not prevent the
regeneration of the dimer, and there was no detectable
change in the total amount of UVR8 over the duration of
the experiment. The fact that the dimer reappeared
completely in the presence of CHX indicates that UVR8
protein synthesis is not required for dimer regeneration.

MG132 has been used widely to inhibit proteaso-
mal activity (Osterlund et al., 2000; Yang et al., 2005;
Dong et al., 2006; Yu et al., 2007). The presence of
MG132 in cells causes the general accumulation of
polyubiquitylated proteins, which can be seen in our
experiment using an anti-ubiquitin antibody. Al-
though MG132 evidently entered the tissue, there was
no effect either on the regeneration of the dimer or on
the total amount of UVR8. Clearly, if the monomer
was rapidly degraded via the proteasome following
UV-B exposure, MG132 would have inhibited its dis-
appearance. Therefore, we conclude that the monomer
is not subject to significant proteasomal degradation.
Although it is not possible to rule out monomer deg-
radation by other types of proteolysis, the fact that the

total amount of UVR8 remained constant throughout
all the experiments presented in this study indicates
that the protein is not subject to rapid turnover. This
conclusion is consistent with previous studies showing
that UVR8 is essentially constitutively expressed; the
protein is present in all plant tissues analyzed to date
(Rizzini et al., 2011), and its abundance is not affected
by different light qualities (Kaiserli and Jenkins, 2007).

We conclude from the above experiments that the
UVR8 dimer is regenerated by reversion of the mono-
mer to the dimer. Since the photoreceptor appears to be
relatively stable, we anticipate that, in vivo, UVR8 will
cycle between the dimeric and monomeric forms
according to the prevailing ambient level of UV-B.
Thus, a UVR8 dimer/monomer photoequilibrium may
be established analogous to the balance between the
inactive Pr and active Pfr forms of phytochromes in
daylight. The stability of the UVR8 photoreceptor is
similar to that of the light-stable phytochromes and
cry1 but contrasts with that of the phyA and cry2
photoreceptors, both of which are subject to protea-
somal degradation (Seo et al., 2004; Yu et al., 2007).

Protein Synthesis Is Required to Maximize the Rate of
Dimer Regeneration

Regeneration of the UVR8 dimer following UV-B ex-
posure occurs muchmore slowly with the homogeneous

Figure 4. The C terminus of UVR8 is required
for rapid regeneration of the dimer in vivo. A,
Immunoblots of whole cell extracts from wild-
type Ler (WT) and uvr8-2 plants probed with
anti-UVR8 antibody. Plants were exposed to 2.5
mmol m22 s21 UV-B for 3 h (UV-B +) and then
transferred to darkness for the indicated times
before extracts were prepared. Extract samples
were prepared for electrophoresis without
boiling and resolved on a 7.5% SDS-PAGE gel
prior to immunoblotting. The UVR8 dimer (D)
and monomer (M) are indicated. Ponceau staining
of Rubisco large subunit (rbcL) is shown as a
loading control. B, Immunoblots of whole cell
extracts from uvr8-1/GFP-UVR8 and uvr8-1/
GFP-DC27UVR8 plants probed with anti-GFP
antibody. Plants were exposed to UV-B and
transferred to darkness, and samples were ana-
lyzed by electrophoresis as in A. The asterisk
indicates a nonspecific band recognized by the
anti-GFP antibody. C, Coomassie-stained SDS-
PAGE of purified UVR8 protein digested with
trypsin, exposed to 1.5 mmol m22 s21 UV-B for
1 h (UV-B +), and then transferred to darkness
for the indicated times. Samples were analyzed
without boiling on a 7.5% SDS-PAGE gel. A
non-UV-B-treated boiled sample is shown as a
control. D, Immunoblot of whole cell extract
from cop1-4 plants probed with anti-UVR8
antibody. Plants were exposed to UV-B and
transferred to darkness, and samples were ana-
lyzed by electrophoresis as in A.
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purified protein than it does in vivo. The purified
protein is very stable in vitro, and it monomerizes in
response to UV-B even after 48 h of incubation in
darkness at room temperature (Christie et al., 2012).
In addition, dimer regeneration occurs with the same
slow kinetics following exposure of plant extracts to
UV-B. Therefore, it appears that a normal cellular
environment is required to maximize the rate of
regeneration, presumably because cellular compart-
mentation or particular physiological processes are
needed.
The CHX experiment indicates that protein synthe-

sis following UV-B exposure is required to facilitate the
rapid reversion from monomer to dimer. CHX treat-
ment did not affect the total amount of UVR8 or pre-
vent dimer regeneration, but it did slow the kinetics
of monomer disappearance and dimer accumulation.
A likely scenario is that one or more proteins synthe-
sized in response to UV-B facilitate reversion of the
monomer. Nonetheless, dimer formation still occurred
in the presence of CHX, so protein synthesis was evi-
dently not essential for regeneration. Moreover, the
rate of dimer formation in vivo in the presence of CHX
was still a lot faster than that in vitro, so clearly, pro-
tein synthesis is not the only factor required for rapid
dimer regeneration.

The C Terminus of UVR8 Is Required for Rapid
Regeneration in Vivo

Deletion of the C-terminal 40 amino acids of UVR8,
in the uvr8-2 allele, and specifically the C27 region, in
the GFP-DC27UVR8 fusion, reduced the rate of dimer
regeneration in vivo. To address the possibility that
removal of the C-terminal region impaired reversion to
the dimer because of an adverse effect on UVR8
structure, we examined the regeneration of trypsin-
treated purified UVR8, which is equivalent to the
uvr8-2 allele because it lacks the C-terminal 40 amino
acids. Since there was no difference in the kinetics
of dimer regeneration for the wild-type and trypsin-
treated UVR8 proteins in vitro, we conclude that
truncation of the C terminus does not impair regen-
eration for structural reasons. That the absence of the
C-terminal region only affects regeneration in vivo
suggests that this part of UVR8 may interact with
proteins that facilitate reversion to the dimer. This
could include proteins synthesized in response to
UV-B, as discussed above. The presence of preexisting
proteins is not sufficient to maximize the rate of re-
version, at least in vitro, because there is no difference
in reversion kinetics between purified UVR8 and
UV-B-treated whole cell extracts. Nevertheless, the
absence of COP1, which is present prior to UV-B ex-
posure, does diminish the rate of dimer regeneration,
indicating that it is involved, most likely with other
proteins, in facilitating reversion of the monomer.
We reported recently that COP1 interacts with the

C27 region of UVR8 to initiate signal transduction

(Cloix et al., 2012). It is possible that this interaction is
required to promote the recruitment of other proteins
that facilitate reversion to the dimer. In principle, the
C terminus could interact with a range of proteins; it is
known to interact with the WD40 domain proteins
COP1, RUP1, and RUP2 (Cloix et al., 2012), but there
are numerous WD40 domain proteins in plants, and
other types of proteins might also interact. Moreover,
COP1 is required for the UV-B induction of many
UVR8-regulated genes, so the absence of COP1 in the
cop1-4 mutant may impair the synthesis of one or more
components needed for rapid regeneration. Therefore,
we do not know whether the role of COP1 in dimer
regeneration is direct, via its ability to interact with the
C terminus of UVR8, or indirect, via its requirement to
synthesize one or more other proteins that can interact
with the C terminus. It should be noted, however, that
regeneration of the dimer in cop1-4 plants and in UVR8
with C-terminal deletions in vivo is still faster than in
vitro, so additional factors are likely to maximize the
rate of dimer regeneration.

CONCLUSION

In summary, this study demonstrates that the di-
meric UVR8 photoreceptor is regenerated rapidly in
vivo and that this is accomplished by reversion of the
monomer to the dimer rather than by a mechanism
involving rapid turnover of the protein. This process is
crucial, as it will enable the photoreceptor to respond
rapidly and sensitively to changes in ambient UV-B
levels in sunlight to regulate photomorphogenic re-
sponses. The data presented suggest that the process of
reversion from monomer to dimer is complex and is
facilitated by several factors: the presence of intact
cells, protein synthesis in response to UV-B, and in-
teraction of the C-terminal region of UVR8 with pro-
teins, including COP1. Therefore, further research is
required to identify the components and processes
involved.

MATERIALS AND METHODS

Plant Materials and Treatments

Seeds of wild-type Arabidopsis (Arabidopsis thaliana) ecotype Landsberg erecta
(Ler) and the cop1-4 mutant were obtained from the Nottingham Arabidopsis
Stock Centre. The uvr8-2 mutant (Ler background) was isolated by Brown et al.
(2005) and further characterized by Cloix et al. (2012). Transgenic lines
expressing the GFP-UVR8 and GFP-DC27UVR8 (UVR8 lacking amino acids
397–423) fusions under the control of the UVR8 promoter were made in the
uvr8-1 background, as described by Kaiserli and Jenkins (2007) and Cloix et al.
(2012), respectively.

Plants were grown on agar plates containing one-half-strength Murashige
and Skoog (MS) salts under 100 mmol m22 s21 constant white light (warm
white fluorescent tubes; Osram) at 21°C for 10 d and then placed in darkness
for 16 h. Plants were exposed to narrow-band UV-B (Philips TL20W/01RS;
spectrum shown in Christie et al., 2012) as indicated in the figure legends and
subsequently transferred to darkness for the durations shown in the figures
before the preparation of protein extracts.

For CHX and MG132 treatments, plants were transferred to liquid one-half-
strength MS medium containing CHX (100 mM, dissolved in 0.1% dimethyl
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sulfoxide [DMSO]; Sigma) or MG132 (100 mM, dissolved in 0.1% DMSO; Cal-
biochem) and incubated for 1 or 11 h, respectively, prior to the UV-B treatment.
Control plants were transferred to one-half-strength MS medium containing
0.1% DMSO alone.

UVR8 Dimer/Monomer Analysis

Arabidopsis whole cell extracts were prepared as described by Kaiserli
and Jenkins (2007). The dimer/monomer status of UVR8 in whole cell
extracts was examined essentially as described by Rizzini et al. (2011).
Four times loading buffer (250 mM Tris-HCl, pH 6.8, 2% SDS, 20%
b-mercaptoethanol, 40% glycerol, and 0.5% bromphenol blue) was added
to the samples, and the proteins were loaded on a 7.5% SDS-PAGE gel
without boiling (unless indicated otherwise). Immunoblots were incu-
bated with an anti-UVR8 antibody directed against the C terminus of the
protein (Kaiserli and Jenkins, 2007), except for the uvr8-2 experiment,
when an antibody recognizing the N terminus was used (Cloix and
Jenkins, 2008), or anti-GFP antibody (Clontech) in the case of the GFP
fusions.

For direct UV-B illumination of extracts (Fig. 1C), exposure to 1.5 mmol
m22 s21 narrow-band UV-B for 1 h was carried out on ice (control extracts
were not illuminated), and the extracts were then transferred to darkness at
room temperature.

Preparation of purified UVR8 protein as well as trypsin treatment (N-tosyl-L-
phenylalanyl chloromethyl ketone treated; Sigma) were performed as described
by Christie et al. (2012). Purified proteins were exposed to 1.5 mmol m22 s21

narrow-band UV-B on ice for 1 h and transferred to darkness at room temperature
for the indicated times. Protein samples were prepared for electrophoresis without
boiling (unless indicated otherwise) and loaded on a 7.5% SDS-PAGE gel. Gels
were stained with Coomassie blue.

For the analysis of CHS and polyubiquitylated proteins, protein samples
were boiled prior to electrophoresis on a 7.5% SDS-PAGE gel. Immunoblots
were probed with anti-CHS (Santa Cruz) or anti-ubiquitin (Agrisera) anti-
bodies.

Immunoblots were stained with Ponceau S to reveal the Rubisco large
subunit, which was used as a loading control. The data shown are represen-
tative of at least three independent experiments.

Quantification of UVR8 monomer loss in darkness following UV-B
exposure was undertaken for representative western blots from three in-
dependent experiments. The immunodetected UVR8 bands were quanti-
fied using ImageJ software. Data were corrected for background and
normalized against the value of the monomer after UV-B illumination,
taken as 100%. Points were plotted and fitted using the Curve Fitting
Toolbox in MATLAB (version 7.12.0). The best fit was chosen, and a 95%
confidence level of the fit is shown. To facilitate comparison between
treatments and genotypes, the time taken for loss of 50% of the monomer
was calculated.

The Arabidopsis Genome Initiative locus identifier for UVR8 is At5g63860
and that for COP1 is At2g32950.

Supplemental Data

The following materials are available in the online version of this article.

Supplemental Figure S1. Kinetics of the loss of UVR8 monomer in dark-
ness following UV-B exposure under the experimental conditions used
in this study.
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