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COP1 is required for UV-B—induced nuclear
accumulation of the UVR8 photoreceptor
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The UV-B photoreceptor UV RESISTANCE LOCUS 8 (UVRS8) pro-
motes UV-B acclimation and tolerance in Arabidopsis thaliana.
UVR8 localizes to both cytosol and nucleus, but its main activity
is assumed to be nuclear. UV-B photoreception stimulates nuclear
accumulation of UVRS in a presently unknown manner. Here, we
show that CONSTITUTIVELY PHOTOMORPHOGENIC 1 (COP1) is re-
quired for UV-B-induced nuclear accumulation of UVRS, but bypass-
ing the COP1 requirement for UVR8 nuclear accumulation did not
rescue the cop? mutant UV-B phenotype. Using a glucocorticoid
receptor (GR)-based fusion protein system to conditionally localize
GR-UVRS8 to the nucleus, we have demonstrated that both photo-
activation and nuclear localization of UVR8 are required for UV-B-
induced photomorphogenic responses. In contrast, there was no
UV-B response when UV-B-activated UVR8 was artificially retained
in the cytosol. In agreement with a predominantly nuclear activity,
constitutively active UVR8"?>* accumulated in the nucleus also in
the absence of UV-B. Furthermore, GR-COP1 expression lines sug-
gested that UV-B-activated UVR8 can be coimported into the nucleus
by COP1. Our data strongly support localization of UVR8 signaling
in the nucleus and a dual role for COP1 in the regulation of UV-B-
induced UVR8 nuclear accumulation and in UVR8-mediated
UV-B signaling.

nuclear accumulation | UV-B photoreceptor | COP1 | glucocorticoid
receptor | UVR8

he UV-B radiation intrinsic to sunlight is potentially dam-

aging to living tissues. However, a biochemical pathway exists
in plants by which UV-B radiation induces UV-B stress tolerance
through the activation of acclimation responses (1-4). The UV-B
radiation inducing these responses is perceived by the UV
RESISTANCE LOCUS 8 (UVRS) sensory photoreceptor that
converts from a biologically inactive homodimeric to an active
monomeric conformer (5). In contrast to visible light photore-
ceptors, UVRS has no external chromophore but includes specific
intrinsic tryptophan residues whose standard aromatic side chains
act as a chromophore (5-7). Trp-285 is of major importance for
UV-B responsiveness; mutation to Phe results in a “UV-B blind”
constitutively homodimeric UVR8"?*Y, whereas mutation to Ala
leads to a constitutively partially active UVR8Y*** (5, 8). By in-
activation, UVRS reverts to the dimeric ground state in association
with REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1
(RUP1) and RUP2 (9, 10).

Activated monomeric UVRS interacts with CONSTITUTIVELY
PHOTOMORPHOGENIC 1 (COP1) (1), an E3 ubiquitin ligase
that is not only a key factor in UV-B signaling but also acts as a
repressor of photomorphogenesis in the dark and in visible light (11—
13). COP1 forms stable complexes with the four partially redundant
SUPPRESSOR OF PHYA-105 (SPA) protein family members
SPA1-SPA4 that are crucial for the majority of COP1 activities (14—
16). As an exception, the SPA proteins are not required for COP1
activity in early seedling development or for UV-B signaling (11, 17).

The COP1-SPA complex mediates ubiquitination of several
positive regulators of photomorphogenesis in the dark, including
the bZIP transcription factor ELONGATED HYPOCOTYL 5
(HYS) (18). In visible light, COP1-SPA is inactivated by the
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phytochrome red/far-red and the cryptochrome blue light pho-
toreceptors, especially through their light-dependent interaction
with the SPA proteins (19-23). In addition to direct inhibition
through the photoreceptors, COP1 is influenced by light-regulated
nucleocytosolic partitioning, with nuclear accumulation in the dark
and nuclear exclusion in the light (12, 24, 25). In agreement, COP1
includes both a nuclear localization signal (NLS) and a nuclear
export signal (NES) (12). However, UV-B counteracts nuclear ex-
clusion of COP1 in white light, resulting in its nuclear accumulation
under supplemental UV-B (11). This response is associated with an
increase in COP1 level under supplemental UV-B due to tran-
scriptional activation and posttranslational stabilization (1, 11, 26).
Similarly, HYS accumulates in response to UV-B in a UVRS8-de-
pendent manner, also mediated by transcriptional activation and
posttranslational stabilization (1, 4, 11, 27, 28). HYS associates with
the promoters of its target genes and is required for activation of a
large fraction of UV-B-responsive genes (4, 27, 29).

Photoactivation of primarily cytosolic UVRS triggers its rapid
nuclear accumulation in an unknown manner, except that it
depends on the N-terminal 23 amino acids of UVRS (30). Here,
we show that COP1 is required for nuclear accumulation of
UV-B-activated UVRS photoreceptor and can potentially coimport
UVRS in response to UV-B. The nuclear localization of UVRS is
essential to its activity and COP1 plays a dual role in UV-B sig-
naling and UVRS nuclear accumulation.

Results

Nuclear Accumulation of UV-B-Activated UVRS Is Impaired in cop1-4
Mutants. To investigate the nucleocytosolic partitioning of UVRS
in response to UV-B, Arabidopsis wild-type seedlings were grown
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under continuous white light or white light supplemented with
UV-B. Total protein extracts were separated into nuclear and
cytosolic fractions, and their purity was verified by immunoblot
analysis of nuclear histone H3 and a cytosolic UGPase. Consis-
tent with published data (30), UVRS8 accumulation was detected
in nuclear fractions within a few hours of photomorphogenic
narrowband UV-B treatment (Fig. 14). The nuclear accumula-
tion of UV-B-activated UVRS8 was accompanied by a slight re-
duction in the cytosolic fraction (Fig. 14).

Examining whether COP1 affects nuclear accumulation of
UV-B-activated UVRS, we found no UV-B-mediated UVRS
nuclear accumulation in copl-4 and copl-20 mutant seedlings
(Fig. 1B and SI Appendix, Fig. S1). Total UVRS protein levels
were not affected in the copl mutants compared with the wild
type (Fig. 1C). To verify a requirement for COP1 in UVRS
nuclear accumulation, we generated transgenic Arabidopsis lines
expressing yellow fluorescent protein (YFP)-UVRS under the
control of the CaMV 35S promoter in copl-4 mutant back-
grounds. As a control, we used a transgenic complementation
line with comparable YFP-UVRS protein levels in a uvr§-6

mutant background (Fig. 1D and SI Appendix, Fig. S2). An en-
hanced nuclear YFP-UVRS signal was detected in cotyledons of
the uvr8/YFP-UVRS control line in response to UV-B (Fig. 1E).
In sharp contrast, UV-B-activated YFP-UVRS8 did not accu-
mulate in nuclei in the absence of functional COP1 in the copl-4
mutant backgrounds (Fig. 1E). It is of note, however, that UVRS
monomerization is similar in copl-4 and the wild type (5, 10).
Thus, we conclude that COP1 is required for UVRS8 nuclear
accumulatlon in response to UV-B.

cop1°“® mutant seedlings show normal etiolated growth in the
dark but are hypersensitive to visible light similar to copl-4, in-
cluding dwarf growth, early flowering, and elevated pigment
levels (31). In COP1F™PS, the conserved His-69 residue of the
RING fmger motif is changed to a Tyr (31). Interestmgly,
COP1F™P¢ s impaired in visible light signaling but not in UV-B
signaling, including the UV-B-dependent interaction with UVR8
(1, 11). Therefore, we tested UVRS nuclear accumulation in re-
sponse to UV-B in copI°“s mutants. In agreement with its ability to
respond to UV-B, UVRS nuclear accumulation in copI®® was
comparable to the wild type (SI Appendix, Fig. S3). This finding
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Fig. 1.

Nuclear accumulation of UVR8 requires COP1. (A-C) Immunoblot analyses: (A) UVR8, histone H3 (nuclear control), and UGPase (cytosolic control) in

cytosolic and nuclear proteins of 7-d-old wild-type plants (Col) grown in white light without (0 h) or with UV-B for 4 h or 24 h. (B) UVRS8, histone H3, and
UGPase in nuclear (Left) and cytosolic proteins (Right) of uvr8-6, wild-type (Col), cop7-4, and cop1-20 plants grown in white light without (-UV-B) or with UV-B
for 6 h (+UV-B). (C) Total UVR8 protein levels of uvr8-6, wild-type (Col), cop7-4, and cop1-20 plants grown in white light without (-UV-B) or with UV-B for
6 h (+UV-B). (D) UVR8, YFP-UVRS, and actin (loading control) proteins in 4-d-old uvr8-6, wild-type (Col), uvr8-6/Prosss:YFP-UVR8 (uvr8-6/YFP-UVR8 3), and
cop1-4/Prosss:YFP-UVRS (cop1-4/YFP-UVR8 6 and 11) lines. (E) YFP and DAPI fluorescence in cotyledon adaxial epidermis of 4-d-old uvr8-6/Prosss:YFP-UVR8
line 3 and cop1-4/Prosss:YFP-UVRS line 6. (Scale bars: 10 pm.) (F) Yeast two-hybrid growth assays of COP1 interactions with wild-type UVR8, UVRg~N?3
truncation, and constitutively active variant UVR8"?8>* on selective —His medium (SD/-Trp/-Leu/-His) in the presence or absence of UV-B. Growth on +His
medium (SD/-Trp/-Leu) as a transformation control. AD, activation domain; BD, binding domain. (G) Coimmunoprecipitation of COP1 using anti-GFP an-
tibodies in extracts from uvr8-7 (negative control), uvr8-7/Prozss:YFP-NLS-UVRS, and uvr8-7/Prosss:YFP-NLS-UVR8*M?3 lines. Seven-day-old seedlings were
treated with broadband UV-B for 15 min (+UV-B) or not (—UV-B). IB, immunoblotting; IP, immunoprecipitation (H and /) Inmunoblot analyses: (H) UVRS,
histone H3, and UGPase nuclear (Upper) and cytosolic proteins (lower) of 7-d-old uvr8-7, wild-type (Ws), uvr8-7/Prosss:UVR8"?554 line 4 (uvr8-7/UVR8V?8>4),
and cop1-4 uvr8-7/Prozss:UVR8"?%*A (cop1-4 uvr8-7/UVR8"?%>A) treated with 9-h narrowband UV-B or not. (/) UVRS, histone H3, and UGPase in nuclear
(Upper) and cytosolic proteins (lower) of 7-d-old wild-type (Col) and uvr8-6, and rup1 rup2 treated with 6-h narrowband UV-B or not.
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Fig. 2. Nuclear UVR8 regulates UV-B responses. (A and B) Immunoblot analyses: (A) UVR8, GR-UVRS, and actin (control) proteins in 4-d-old uvr8-7, wild-type
(Ws), uvr8-7/Prosss:GR-UVR8 (uvr8-7/GR-UVR8 1 and 6), and uvr8-7/Prosss:GR-UVR8V?%>F (uvr8-7/GR-UVR8W?®>F 4 and 8) lines. (B) UVR8 and GR-UVR8
homodimers and monomers in nonheat-denatured protein extracts of 4-d-old uvr8-7, wild-type (Ws), and uvr8-7/Prosss:GR-UVRS line 6 seedlings. The latter
seedlings were treated with 10 uM dexamethasone (Dex) or ethanol (mock). Seedlings were irradiated for 15 min with (+) or without (-) broadband UV-B.
Actin was the loading control. (C) Hypocotyl growth in weak white light with or without narrowband UV-B and treated with 10 pM dexamethasone (Dex) or
ethanol (EtOH) or no treatment (-). Images of representative individuals (Upper) and hypocotyl lengths (Lower) of 4-d-old seedlings; means with SE; n = 15.
(D) Quantitative RT-PCR analysis of HY5 mRNA in 7-d-old seedlings incubated for 3 h in one-half-strength MS (Ctrl.) with 10 pM dexamethasone (Dex) or
ethanol (EtOH) before irradiation for 2 h with narrowband UV-B (+) or without (-). Data for Col with ethanol treatment were set to 1; means with SE; n = 3.

PLANT BIOLOGY

suggests that the UVRS nuclear accumulation defect in copl-4
mutants is independent of the enhanced photomorphogenic
phenotype characteristic of both copl-4 and cop1°“, and further
highlights the different structural requirements and activities of
COP1 in the visible and UV-B pathways (1, 11).

Interestingly, nuclear accumulation of UVRS was shown pre-
viously to depend on its N-terminal 23 amino acids (30). In
contrast to the GFP-UVRS wild-type control, the GFP-tagged
N-terminal deletion variant GFP-ANUVRS (here written GFP-
UVRS2N? for consistency) showed no UV-B-dependent nu-
clear accumulation (30). Thus, we hypothesized that the nuclear
accumulation defect of UVR8*N? is due to impaired UV-B-
dependent interaction with COP1. We tested this hypothesis in a
yeast two-hybrid assay in which wild-type UVRS interacts with
COP1 specifically in the presence of UV-B (Fig. 1F), as reported
(5). Indeed, in agreement with the importance of COP1 for
UV-B-dependent UVRS8 nuclear accumulation in Arabidopsis
and the defect in this process in UVR8*N%, UVR8AN?? in yeast
was impaired in UV-B-dependent interaction with COP1 (Fig.
1F). Moreover, we generated transgenic lines expressing YFP-
NLS-UVRS or YFP-NLS-UVR8*"* in a uyr8 mutant back-
ground. In contrast to YFP-NLS-UVRS, YFP-NLS-UVR8*N*?
did not complement the hypocotyl growth inhibition phenotype
(SI Appendix, Fig. S4) and did not coimmunoprecipitate en-
dogenous COP1 in response to UV-B (Fig. 1G), in agreement
with the yeast two-hybrid data.

Yin et al.

UVR8 Triggers UV-B Photomorphogenic Responses in the Nucleus.
UVRSWY?A has a constitutive signaling activity that involves
interaction with COP1 and UV-B acclimation (5). In agreement
with its activity, UVR8WY?$4 showed constitutive nuclear protein
levels higher than wild-type UVRS (Fig. 1H and SI Appendix,
Fig. S5), supporting the notion of predominant nuclear activity
of UVRS. The nuclear accumulation of UVR8V** was im-
paired in the copl-4 mutant and, thus, depends on wild-type
COP1 (Fig. 1H). In sharp contrast to UVRS, UVR8V?F did not
accumulate in the nucleus in response to UV-B (SI Appendix,
Fig. S5), in agreement with the absence of a response to UV-B by
monomerization and of COP1 interaction (5, 8, 32). Moreover,
rupl rup2 double mutants are hypersensitive to UV-B because of
impairment of UVRS inactivation by redimerization (9, 10).
Therefore, we tested whether UVRS8 nuclear accumulation in
response to UV-B is higher in rupl rup2 than in the wild type and
found this to be the case (Fig. 1I). This finding is a further in-
dication that active UVRS8 accumulates in the nucleus in re-
sponse to UV-B.

To investigate whether UVRS regulates photomorphogenic
responses primarily in the nucleus or in the cytosol, we generated
transgenic Arabidopsis lines expressing UVRS fused to mam-
malian glucocorticoid receptor (GR-UVRS) and driven by the
constitutive CaMV 35S promoter in a uvr§-7 null mutant back-
ground. The GR-based fusion protein system has been widely
used to chemically control nuclear transport of plant proteins
(33-35), including the photoreceptors phytochrome B (phyB)
and cryptochrome 2 (cry2) (36, 37). In addition to GR-UVRS,

PNAS | Published online | E4417


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1607074113/-/DCSupplemental/pnas.1607074113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1607074113/-/DCSupplemental/pnas.1607074113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1607074113/-/DCSupplemental/pnas.1607074113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1607074113/-/DCSupplemental/pnas.1607074113.sapp.pdf
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1607074113/-/DCSupplemental/pnas.1607074113.sapp.pdf

L T

/

1\

=y

we generated a GR fusion with “UV-B blind” and constitutively
homodimeric UVR8W?#5F (5) as a negative control (GR-
UVR8W?F) We selected several independent transgenic lines
with expression levels comparable to endogenous UVRS in the
wild type (Fig. 24). Whereas GR-UVRS fusion proteins were
retained in the cytosol of these lines, dexamethasone treatment
resulted in partial translocation into the nucleus (SI Appendix,
Fig. S6), providing a conditional nuclear accumulation system
for UVRS. We further tested whether the GR fusion affects
UVRS activation by UV-B. Similar to wild-type UVRS, GR-UVRS
is a homodimer in the absence of UV-B and monomerizes in re-
sponse to UV-B, both with dexamethasone (partially nuclear) and
mock treatments (cytosolic) (Fig. 2B). It should be noted, that
UVRS8 homodimers are only detectable by SDS/PAGE of nonheat-
denatured protein samples and that they migrate aberrantly at an
apparent molecular mass of approximately 70 kDa, which is sig-
nificantly smaller than predicted for the combination of two fully
denatured UVRS (47.1 + 47.1 = 94.2 kDa; see ref. 5). Most im-
portant, comparable aberrant migration in SDS/PAGE is seen
with nonheat-denatured highly purified homodimeric recombinant
UVRS (6, 38). Similar to endogenous UVR8 homodimers,
GR-UVRS8 homodimers also migrated aberrantly at an apparent
molecular mass of approximately 140 kDa (the monomer runs at
approximately 80 kDa). Thus, we conclude that GR-UVRS can be
UV-B-activated independent of its subcellular localization and
independent of dexamethasone treatment. However, UV-B
activation of GR-UVRS did not result in nuclear accumulation
in the absence of dexamethasone (SI Appendix, Fig. S6), indi-
cating that GR-mediated cytosolic retention is tight.

We further tested whether GR-UVRS can complement uvr§
mutant phenotypes and, if so, whether nuclear localization is required
for GR-UVRS activity. For this experiment uvr8/Prosss:GR-UVRS
transgenic lines were grown in the absence or presence of dexa-
methasone in white light or white light supplemented with UV-B.
Hypocotyl growth was strongly inhibited only in the combined
presence of dexamethasone and UV-B (Fig. 2C). This result
demonstrates (i) that GR-UVRS can functionally complement
uvr8 mutants and (ii) that GR-UVRS regulates hypocotyl growth
inhibition specifically in the nucleus; cytosolic monomerization
had no effect. Importantly, dexamethasone treatment did not af-
fect wild-type, uvr8-7, or uvrS-7/Prosss:GR-UVRS" 3" control
seedlings (Fig. 2C and SI Appendix, Fig. S7).

UV-B-mediated activation of UVRS is followed by a tran-
scriptional response. Expression of the HYS, MYBI2, and ELIP2
marker genes was induced by UV-B only after concomitant
treatment of GR-UVRS transgenic lines with dexamethasone
(Fig. 2D and SI Appendix, Fig. S8). In sharp contrast to GR-
UVRS, treatment of GR-UVR8Y?¥F lines with UV-B and
dexamethasone did not induce transcription of those marker
genes (Fig. 2D and SI Appendix, Fig. S8). Taken together, we
conclude from the experiments with GR-UVRS that nuclear
UVRS is required to regulate UV-B-induced hypocotyl growth
inhibition and transcriptional induction of the examined
marker genes; cytosolic UVRS has no respective biological
activity.

COP1 Is Required for UVR8 Signaling, Not only for UVR8 Nuclear
Accumulation in Response to UV-B. We tested whether COP1 is
required solely for UV-B-dependent nuclear accumulation of
UVRS, which could explain the previously described UV-B-
insensitive phenotype of cop! mutants (11). To test this hypothesis,
we introduced GR-UVRS into copl-4 mutants, thus allowing the
chemical induction of GR-UVRS nuclear accumulation in the ab-
sence of functional COP1 (i.e., circumventing the COP1 require-
ment for nuclear accumulation) (Fig. 34). However, in contrast to
the functional complementation of uvr§ mutants, expression of
GR-UVRS in copl-4 mutants together with dexamethasone treat-
ment did not restore UV-B—dependent transcriptional induction of
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marker genes (Fig. 3B and SI Appendix, Fig. S9). Similarly,
expression of NLS-UVRS, which provides a signal promoting
nuclear accumulation (Fig. 3 C and D), complemented the uvr§-6
mutant but not the copIl-4 uvr8-6 double mutant (Fig. 3E). We
thus conclude that COP1 is active in UVRS nuclear accumulation
but also in signaling.

Chemically Regulated Nuclear Import of GR-COP1 Coimports UVRS
Specifically in Response to UV-B. Our data indicate that COP1
may coimport UVRS in a UV-B-dependent manner. We first
tested whether cytosolic UVRS can interact with COP1 in a
UV-B—dependent manner, which would be a requirement for
coimport. UVR8-COP1 interaction can be detected within mi-
nutes of UV-B irradiation of Arabidopsis seedlings (1). We per-
formed coimmunoprecipitation assays by using a cytosolic protein
fraction from UV-B-treated wild-type seedlings compared with
total protein extracts as a positive control. Indeed, COP1 coim-
munoprecipitated with endogenous UVRS in the cytosolic protein
fraction of UV-B-treated seedlings, albeit to a lower extent than in
the total protein control (Fig. 44). We further found that cyto-
solically retained, UV-B-activated GR-UVR8 coimmunoprecipi-
tated COP1 with or without dexamethasone treatment (Fig. 4B).
Altogether, we conclude that UVRS can interact with COP1 in the
cytosol, where both proteins are primarily localized in visible light
in the absence of UV-B.

To test whether COP1 can mediate nuclear coimport of
UV-B-activated UVRS, we established transgenic Arabidopsis
lines expressing GR-COP1 in the copI-4 mutant background. We
first tested whether GR-COP1 is functional and can complement
the constitutively photomorphogenic (cop) phenotype of copl-4
in the dark. In the absence of dexamethasone, copl-4/GR-COP1
seedlings showed a cop phenotype comparable to copl-4 (SI
Appendix, Fig. S10). However, dexamethasone treatment resulted
in functional complementation, as shown by the longer hypo-
cotyls of copI1-4/GR-COP1 compared with copI-4 or the absence
of dexamethasone (SI Appendix, Fig. S10). It should be noted,
however, that GR-COP1 complemented the hypocotyl growth
phenotype of copl-4 in the presence of dexamethasone, whereas
it did not complement the open cotyledon phenotype of copl-4
(SI Appendix, Fig. S10). To test whether chemically induced
nuclear translocation of GR-COP1 can coimport endogenous
UVRS, we treated seedlings expressing GR-COP1 with UV-B
for 30 min, followed by 60 min of dexamethasone or mock
treatment. Indeed, the nuclear level of UVRS was higher in the
GR-COP1 line when UV-B activation was followed by dexameth-
asone treatment (Fig. 4C). Moreover, the increase was clearly de-
tectable, despite the fact that dexamethasone treatment resulted in
GR-COP1 accumulation in the nucleus only to a minor extent and,
in particular, that there was no significant reduction in cytosolic
GR-COP1 under these conditions (Fig. 4C). Nevertheless, dexa-
methasone alone in the absence of UV-B did not increase the
nuclear level of UVRS. Thus, we conclude that the UV-B-
dependent interaction of UVRS with COP1 can lead to nuclear
coimport of activated UVRS. Importantly, coimport of activated
UVRS with GR-COP1 functionally complemented the copl-4
UV-B phenotype by restoring HY5 marker gene activation, spe-
cifically after UV-B and dexamethasone treatment (Fig. 4D).

Discussion

UV-B triggers UVR8 monomerization and UVR8-COP1 in-
teraction (1, 5) and also stimulates UVR8 migration to the nu-
cleus (30). However, a large fraction of UVRS remains cytosolic,
even under conditions most favorable for nuclear accumulation
(30). The questions remained of how UVRS nucleocytosolic
partitioning is regulated and whether nuclear accumulation of
active UVRS is crucial to the observed physiological responses.
The results of this study demonstrate that COP1 is required for
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UV-B-induced nuclear accumulation of UVRS and that nuclear
localization of UVRS is essential for the UV-B responses tested.
Using the dexamethasone-inducible mammalian GR-based
fusion protein system to chemically control nuclear transport, we
have shown that GR-UVRS is retained in the cytosol and is
UV-B responsive. However, the signaling activity of UV-B-
activated GR-UVRS requires dexamethasone treatment. This find-
ing clearly indicates that UVRS functions primarily in the nucleus.
Although we have shown using copl-4 mutants that COP1 is
required for the nuclear accumulation of UVRS in response
to UV-B, neither NLS-UVRS8 nor dexamethasone-treated
GR-UVRS rescued the copl mutant UV-B phenotype. Thus,
COP1 appears to be active not only in UVRS nuclear accumu-
lation but also in UVRS8-mediated signaling. Consequently, the
copl mutant could not be used to address whether nuclear ac-
cumulation of UVRS is required, as against simply its nuclear
localization, for the induction of UV-B-induced photomorpho-
genic responses. It was also shown that NES-GFP-UVRS accu-
mulates in the nucleus in response to UV-B (30). However,
nuclear levels of the N-terminal deletion variant UVR8*N? (30)
linked to GFP were similar to GFP-UVRS in the absence of
UV-B but did not further accumulate in the nucleus in response to
UV-B. Interestingly, expression of GFP-UVR8*™* did not com-
plement the uvr8 null mutant phenotype although it appeared to
interact with chromatin in the HY5 promoter similar to GFP-
UVRS (30). However, it should be noted that chromatin associ-
ation of UVRS has recently been challenged (39). Independent of
this controversy, the GFP-UVR8*N* responses indicate that sim-
ple nuclear localization is not sufficient and that UV-B-induced
nuclear accumulatlon of UVRS is required for UV-B signaling.
However, UVR8*™* was impaired in UV-B-dependent interaction
with COP1 in yeast two-hybrid and coimmunoprecipitation assays,
suggesting that this defect may be why it failed to complement
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the uvr8 mutant phenotype. It is likely that the UVRS8 f-pro-
peller structure is affected by the deletion of the N-terminal 23
amino acids (6, 7), which may be a reason for the impaired in-
teraction with COP1 (32) and failure to complement uvr8 mutant
phenotypes (ref. 30 and this work). Altogether, we conclude
that UVRS rapidly and strongly accumulates in the nucleus, that
UVRS nuclear localization is required for signaling, and that
COP1 is required both for UVRS nuclear accumulation in re-
sponse to UV-B and for UV-B signaling.

In contrast to UVRS, COP1 contains NLS and NES sequences
(12, 40). Thus, COP1 may shuttle back and forth between the
cytosol and nucleus. Indeed, COP1 shows nucleocytosolic par-
titioning influenced by light: COP1 resides mainly in the nucleus
in the dark but is excluded in white light (24, 25). Furthermore,
supplemental UV-B counteracts the nuclear exclusion of COP1
in white light, resulting in its nuclear accumulation (11). The
UV-B-sensitive nuclear accumulation of COP1 is associated
with UVRS8-dependent COP1 protein stabilization and accu-
mulation (1). It is tempting to speculate that cytosolic UVRS-
COP1 interaction leads to their combined COP1-NLS-mediated
nuclear import. The GR-COP1 mediated coimport of UVRS
after UV-B treatment and in the presence of dexamethasone
indicates that such a “piggy-back” coimport mechanism is pos-
sible. Interestingly, similar mechanisms have been postulated for
the light-responsive nuclear import of phyA and phyB (41-43).
FAR-RED ELONGATED HYPOCOTYL 1 (FHY1) and FHY1
LIKE (FHL) play important roles in phyA nuclear import, which
requires only their NLS and binding domains specific for active
phyA (Pfr form) (41, 42). As well as coimport by interaction with
the PHYTOCHROME-INTERACTING FACTOR 3 (PIF3)
transcription factor (43), the light-dependent unmasking of a
cryptic NLS was postulated as a nuclear import mechanism for
phyB (44). Presently, we cannot exclude a similar cryptic NLS
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mechanism for UVRS nuclear accumulation. However, if such a
mechanism exists, nuclear COP1 would retain imported UVR8
in the nucleus. Given the COP1 interaction that occurs in the
cytosol and the presence of a COP1 NLS, we favor a model in
which UVRS and COP1 are coimported into the nucleus in re-
sponse to UV-B (Fig. 4E, Upper). In bimolecular fluorescence
complementation experiments, UVR8-COP1 heterodimers were
detected mainly in nuclei of plant cells after exposure to UV-B
(1). However, these experiments did not differentiate between
nuclear coimport and nuclear retention through UVR8-COP1
interaction, or a combination of the two mechanisms. A third
possibility of differential stabilization of UVRS through inter-
action with COP1 specifically in the nucleus is doubtful, given
that UVRS accumulates in the nucleus without change in total
protein level and that nuclear accumulation is associated with
reduced cytosolic levels (ref. 30 and this work). Although we
cannot exclude a nuclear retention mechanism (Fig. 4E, Lower),
our data favor COP1-enhanced UVRS nuclear accumulation due
to nuclear coimport based on the COP1 NLS (Fig. 4E).

It is not clear whether cytosolic active UVRS induces physi-
ological responses. In previous work in which NES was fused to
UVRS, UV-B treatment led to nuclear accumulation of NES-
UVRS, which precluded the investigation of possible cytosolic
activity of NES-UVRS (30). In this present study, we retained
GR-UVRS in the cytosol in the absence of dexamethasone and
showed that GR-UVRS8 remained in the cytosol after UV-B
exposure. In the absence of dexamethasone, cytosolic GR-UVRS
monomerized and interacted with COP1 in response to UV-B. In
contrast, hypocotyl shortening and changes in gene expression
depended on dexamethasone treatment and, thus, nuclear
translocation of GR-UVRS8. However, we cannot exclude that
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Fig. 4. GR-COP1 mediation of nuclear coimport and accumulation of UVR8. (A) Coimmunoprecipitation of COP1 with UVR8 from total protein extracts of
7-d-old wild-type (Ws) and uvr8-7 seedlings (total) or Ws cytosolic fraction (cyto.). Seedlings were irradiated for 15 min with broadband UV-B or not; IB, im-
munoblotting; IP, immunoprecipitation. (B) Coimmunoprecipitation of COP1 with UVR8 and GR-UVR8 from total protein extracts of 7-d-old uvr8-7, wild-type
(Ws), and uvr8-7/Prosss:GR-UVRS (line 1) seedlings irradiated for 15 min with broadband UV-B or not in the absence (—Dex) or presence of 10 uM dexa-
methasone (+ Dex). (C) Immunoblot analysis of GR-COP1 (FLAG-tagged), UVR8, UGPase, and histone H3 in cytosolic and nuclear fractions of 7-d-old cop1-4/
Prosss:GR-COPT1 treated for 30 min with broadband UV-B or not, followed by 100 pM dexamethasone (+Dex) for 60 min or an ethanol mock treatment (—Dex);
uvr8-6 seedlings +UV and +Dex as a control. (D) Quantitative RT-PCR analysis of HY5 mRNA in 7-d-old seedlings irradiated for 30 min with broadband UV-B or
not. Expression levels were normalized against a Col -UV-B control; means with SE, n = 3. (E) Nuclear coimport model (Upper): UVR8 monomerization and
binding to COP1 in the cytosol in response to UV-B, followed by nuclear coimport of UVR8 mediated by the COP1 NLS. Nuclear retention model (Lower): UV-B
promotes UVR8 monomerization followed by translocation into the nucleus by an unknown mechanism (cryptic intrinsic NLS, coimport with a presently
unknown protein); nuclear COP1 retains UVR8 in the nucleus by inhibiting its immediate nuclear export.

some untested (e.g., stomatal closure; ref. 45) or as yet unknown
physiological response to UV-B is activated by cytosolic UVRS.
The uvr8/Prozss:GR-UVRS described here will allow further in-
vestigation of possible cytosolic UVRS activity.

Materials and Methods

Plant Material, Growth Conditions, and UV-B Irradiation. The uvr8-6 and rup1-1
rup2-1 mutants are in the Columbia (Col), uvr8-7 in the Wassilewskija (Ws),
and cop1e""’6 in the Landsberg erecta (Ler) backgrounds (1, 9). The cop1-4
mutant allele used in this work is in the Col background (46) except for the
results in S/ Appendix, Fig. S1, where a cop7-4 allele in the Ws background
was used (11). The SALK_137391 line (47) is a T-DNA-tagged cop’ mutant
allele, designated herein as cop7-20 (SI Appendix, Fig. S11). The uvr8-7/
Prosss:UVR8"?8°A and uvr8-7/Prosss:UVR8"?%5F transgenic lines were as de-
scribed (8). The uvr8-7/Pros;ss:UVR828°A line 4 (8) was crossed with copT-4
(Ws) (11) to generate cop?-4 uvr8-7/ Prosss:UVR8WV28>A,

Arabidopsis seeds were surface-sterilized and sown on one-half-strength
Murashige and Skoog basal salt medium (MS; Duchefa Biochemie) contain-
ing 1% (wt/vol) sucrose and 1% (wt/vol) phytagel (Sigma-Aldrich). Seeds
were stratified for 2 d in the dark at 4 °C, and seedlings were grown at 22 °C
under continuous irradiation in a white-light field with Osram L18W/30
tubes (1). For dexamethasone treatment, seedlings were grown as described
above in medium supplemented with dexamethasone (Sigma-Aldrich) dis-
solved in ethanol, with an equivalent volume of ethanol as control. UV-B
treatments were performed by using established conditions with broadband
(Philips TLAOW/12RS; 21 pmol-m’z-s”) (27) or narrowband UV-B lamps (Phi-
lips TL20W/01RS; 1.5 pmol-m~2s7") (11) as indicated.

Generation of Transgenic Arabidopsis Lines. The coding sequence of UVR8
(At5963860) was cloned into pDONR207 (Thermo Fisher Scientific). The correct
sequence was confirmed by sequencing and further inserted into the Gateway-
compatible vectors pJAN33-FLAG-GR (34), pB7WGY2, and pB2GW?7 (48).

To clone NLS-UVR84?%, forward primer (5-GGGGACAAGTTTGTACAA-
AAAAGCAGGCTTCATGCTGCAGCCTAAGAAGAAGAGAAAGGTTGGAGGAGC-
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TAGCCACTCCGTCGCTCTTCTC-3’) and reverse primer (5-GGGGACCACTTTG-
TACAAGAAAGCTGGGTTTCAAATTCGTACACGCTTGAC-3’) were used. To clone
NLS-UVRS, forward primer (5'-GGGGACAAGTTTGTACAAAAAAGCAGGCT-
TCATGCTGCAGCCTAAGAAGAAGAGAAAGGTTGGAGGAATGGCGGAGGATA-
TGGCTGCCGAC-3’) and reverse primer (5'-GGGGACCACTTTGTACAAGAA-
AGCTGGGTTTCAAATTCGTACACGCTTGAC-3') were used. The PCR products
were cloned into pDONR207. The NLS-UVR8?* and NLS-UVR8 sequences were
further inserted into the Gateway-compatible vector pB7WGY2 (48).

The coding sequence of COPT (At2g32950) was first cloned into pENTR1A
(Thermo Fisher Scientific) and further inserted into pJAN33-FLAG-GR (34).
The binary vectors were used for Agrobacterium-mediated transformation
of plants (49). The resulting transgenic lines were shown to have the
transgene integrated at a single locus. Homozygous transgenic lines were
used for experiments.

Cell Fractionation. Seven-day-old seedlings were collected for total protein
isolation in extraction buffer [20 mM Tris-HCl, pH 7.4, 25% (vol/vol) glycerol,
20 mM KCl, 2 mM EDTA, 2.5 mM MgCl,, 250 mM sucrose, 1 mM DTT, and
1 mM PMSF] at 4 °C. Total protein extracts were filtered through three layers
of Miracloth. After centrifugation at 1,500 x g for 10 min at 4 °C, the clear
supernatant was taken as the cytosolic fraction. The pellet was washed twice
with nuclei resuspension Triton buffer [20 mM Tris-HCl, pH 7.4, 25% (vol/vol)
glycerol, 2.5 mM MgCly, 0.2% Triton X-100] and once with nuclei resuspension
buffer [20 mM Tris-HCl, pH 7.4, 25% (vol/vol) glycerol, 2.5 mM MgCl,]. For
protein gel blots, 30 pg of the cytosolic and 10 ug of the nuclear fraction
were separated by SDS/PAGE and transferred to polyvinylidene difluoride
(PVDF) membranes.

Protein Extraction, Inmunoprecipitation, and Protein Gel Blots. For immuno-
precipitation, total or cytosolic protein extracts were incubated with anti-
UVR8“26-440) antibodies (10). Immunoprecipitates were captured with pro-
tein A-agarose (Roche Applied Science) for 1 h. For protein gel blot analysis,
proteins were separated by SDS/PAGE and transferred to PVDF membranes
according to the manufacturer’s instructions (Bio-Rad). Polyclonal anti-
UVR8“26440) (1) anti-COP1¢'32% (10), anti-histone H3 (Abcam), anti-UGPase
(Agrisera), and anti-actin (Sigma-Aldrich) were used as primary antibodies,
with horseradish peroxidase (HRP)-conjugated protein A (Pierce), anti-rabbit
immunoglobulins or anti-mouse immunoglobulins (Dako A/S) as secondary
antibodies. Chemiluminescent signals were generated by using the ECL
Western Detection Kit and detected with an ImageQuant LAS 4000 mini CCD
camera system (GE Healthcare).
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Quantitative Real-Time PCR. Arabidopsis total RNA was isolated with Plant
RNeasy kit (Qiagen) and treated with DNasel according to the manufac-
turer’s instructions. cDNA was synthesized with a 1:1 mix of poly-A primer
and hexamers with a TagMan Reverse Transcription Reagents Kit (Applied
Biosystems). PCRs were performed by using the ABsolute QPCR Rox Mix Kit
according to the manufacturer’s instructions (ABgene). The primers used
were as follows: for HY5 (At5g11260), HY5-Fd (5-GCTCTTTTCCTCTTTATC-
CTTTTCAC-3’) and HY5-Rv (5'-TGTTCCTGCATTTTTCTTACTCTTTG-3') (50); for
ELIP2 (At4g14690), ELIP2-Fd (5'-GTGAGTACGAAGTTTGGAGATTTGC-3’) and
ELIP2-Rv (5'-TTGCTAGTCTCCCGTTGATCCT-3’) (8); for MYB12 (At2947460),
MYB12-Fd (5'-AAAAACTCGTAAAACGAAGAAAACG-3') and MYB12-Rv (5'-TCTT-
TATCAGCCCCAGCTACATC-3') (51). cDNA concentrations were normalized to the
18S rRNA transcript levels as standard by using the Eukaryotic 18S rRNA Kit
(Applied Biosystems). Quantitative real-time PCR was carried out by using a
7900HT Real-Time PCR System (Applied Biosystems). Expression was de-
termined in biological triplicates.

Subcellular Localization Analysis. Transgenic seedlings were grown on one-
half-strength MS phytagel plates supplemented with 1% sucrose for 4 d.
Seedlings were grown for 3 d under weak white light followed by 24 h with
(+UV-B) or without (~UV-B) supplementary narrowband UV-B. To stain nuclei,
individual seedlings were mounted in PBS with 5 pg/mL 4'-6-diamidino-2-
phenylindole (DAPI) (SERVA Electrophoresis) under a coverslip and in-
cubated for 15 min before imaging. Imaging of YFP-UVR8 and DAPI was
performed with an LSM 780 confocal laser-scanning microscope (Zeiss)
(Bioimaging Center, University of Geneva) by using a water 40x N.A. 1.2
C-Apochromat lens. DAPI and YFP were excited at 405 nm and 514 nm, re-
spectively, and emission was determined between 436 and 482 nm with a
PMT (DAPI) and between 525 and 561 nm with a GaAsP detector (YFP).
Acquisition settings and image processing were the same for all treatments
and genotypes. Z stacks of all images were processed in Fiji by using the
maximum projection function (52).
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