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ABSTRACT

The plant UV-B photoreceptor UVRESISTANCE LOCUS 8 (UVR8) exists as a homodimer in its inactive ground

state. UponUV-Bexposure,UVR8monomerizes and interactswith a downstreamkey regulator, theCONSTI-

TUTIVE PHOTOMORPHOGENIC 1/SUPPRESSOR OF PHYA (COP1/SPA) E3 ubiquitin ligase complex, to

initiate UV-B signaling. Two WD40 proteins, REPRESSOR OF UV-B PHOTOMORPHOGENESIS 1 (RUP1)

and RUP2 directly interact with monomeric UVR8 and facilitate UVR8 ground state reversion, completing

the UVR8 photocycle. Here, we reconstituted the RUP-mediated UVR8 redimerization process in vitro and

reported the structure of the RUP2-UVR8W285A complex (2.0 Å). RUP2 and UVR8W285A formed a heterodimer

via two distinct interfaces, designated Interface 1 and 2. The previously characterized Interface 1 is found be-

tween the RUP2 WD40 domain and the UVR8 C27 subregion. The newly identified Interface 2 is formed

through interactions between the RUP2 WD40 domain and the UVR8 core domain. Disruption of Interface

2 impairedUV-B induced photomorphogenic development inArabidopsis thaliana. Further biochemical anal-

ysis indicated that both interfaces are important for RUP2-UVR8 interactions and RUP2-mediated facilitation

of UVR8 redimerization. Our findings suggest that the two-interface-interaction mode is adopted by both

RUP2 and COP1when they interact with UVR8, marking a step forward in understanding themolecular basis

that underpins the interactions between UVR8 and its photocycle regulators.
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INTRODUCTION

As an inherent part of sunlight, UV-B (280–315 nm) plays a pivotal

role in the entire life cycle of plants (Rozema et al., 1997; Heijde

andUlm, 2012; Podolec et al., 2021a). High-energyUV-Bexposure

induces stress responses such as DNA damage and photosyn-

thesis inhibition, whereas low-energy UV-B irradiation plays a role

in regulating plant metabolism and development (Ulm et al., 2004;

Jenkins, 2009; Podolec et al., 2021a). First discovered in

Arabidopsis thaliana, UVR8 has been characterized as the only

UV-B photoreceptor identified to date (Kliebenstein et al., 2002;

Rizzini et al., 2011; Yang et al., 2015). Upon UV-B absorption,

ground-state UVR8 (inactive homodimer) dissociates into active

monomers and rapidly interacts with the CONSTITUTIVE PHOTO-

MORPHOGENIC1/SUPPRESSOROFPHYA(COP1/SPA)E3ubiq-

uitin ligasecomplex (Oraveczetal., 2006; Favoryetal., 2009;Rizzini

et al., 2011; Cloix et al., 2012; Huang et al., 2014; Yin et al., 2015;
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Wang et al., 2022). This interaction in turn inhibits the E3 ligase

activity of COP1/SPA against target proteins, including the central

photomorphogenesis-promoting transcription factorELONGATED

HYPOCOTYL 5 (HY5), eventually triggering the expression of UV-

B-responsive genes (Favory et al., 2009; Huang et al., 2013,

2014; Binkert et al., 2014; Lau et al., 2019; Han et al., 2020; Wang

et al., 2022). UVR8 also directly interacts with and modulates the

activities of several transcription factors, including WRKY DNA-

BINDING PROTEIN 36 (WRKY36), BRI1-EMS-SUPPRESSOR

1 (BES1), BES1-INTERACTING MYC-LIKE 1 (BIM1), MYB

DOMAIN PROTEIN 73/77 (MYB73 and MYB77), and MYB13, as

well as the DNA methyltransferase DOMAINS REARRANGED
munications 4, 100428, January 9 2023 ª 2022 The Author(s).
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Figure 1. RUPs facilitate the redimerization of UVR8 in vitro.
(A) Color-coded domain structure of UVR8 and RUP1/2. UVR8 contains the N-terminal RCC1-like core domain in purple, the C27 subregion in red, and

the C17 subregion in gray. RUP1/2 is composed of a short N-terminal extension in gray and aWD40 domain at the C terminus in cyan. Simplified cartoon

model of the core UVR8 photocycle (right panel). Inactive UVR8, active UVR8, and RUP (RUP1/2) are colored in gray, purple, and cyan, respectively.

RCC1, Regulator of Chromosome Condensation 1; C-ter, C terminus.

(B) In vitro reconstruction of RUP1- and RUP2-mediated facilitation of UVR8 redimerization. UV-B-activated monomeric UVR8 was subjected to dark

reversion without (upper panel) or with RUP1 (middle panel) and RUP2 (lower panel) at the indicated time points. 24* indicates that redimeric UVR8

dissociates into monomers again upon UV-B irradiation. M, molecular weight ladder (kDa). Asterisk (*) indicates a contaminant protein band.

(C) Quantification of the kinetics of wild-type UVR8 homodimer regeneration without (black) or with RUP1 (magenta)/RUP2 (blue) shown in (B). The solid

lines indicate fitted curves. The dots indicate the percentage of redimerized UVR8 relative to total UVR8 protein without UV-B treatment at the indicated

time points. The gray dashed lines indicate the time required for 50% of the UVR8 dimer to regenerate.
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METHYLTRANSFERASE 2 (DRM2), thereby regulating gene tran-

scription (Liang et al., 2018, 2019; Yang et al., 2018, 2020; Qian

et al., 2020; Jiang et al., 2021).

UVR8 comprises two distinct domains: an N-terminal UV-B

sensing core domain (residues 12–381) and a flexible C-terminal

domain encompassing the C27 (residues 397–423) and C17

(residues 424–440) subregions (Christie et al., 2012; Cloix

et al., 2012; Wu et al., 2012; Yin et al., 2015; Lin et al., 2020).

The C27 subregion contains a Val-Pro (VP) motif responsible

for binding to the COP1/SPA complex (Holm et al., 2001; Yin

et al., 2015; Lau et al., 2019; Wu et al., 2019; Wang et al.,

2022) (Figure 1A). In the ground state, UVR8 forms a bottom-

to-bottom symmetric dimer via a network of salt bridges medi-

ated by two surface patches of complementary charged resi-

dues in the core domains (Christie et al., 2012; Wu et al.,

2012). Several intrinsic tryptophan residues (especially W285

and W233) located at the dimer interface serve as the

chromophores for UV-B perception (Christie et al., 2012; Wu
2 Plant Communications 4, 100428, January 9 2023 ª 2022 The Au
et al., 2012). It is proposed that UV-B irradiation results in exci-

tation of the W285 and W233 indole rings, thus destabilizing the

cation-p interactions and/or neutralizing the key salt bridge in-

teractions via a proton-coupled electron transfer reaction

(Christie et al., 2012; Wu et al., 2012, 2014; Li et al., 2014,

2020, 2022; Voityuk et al., 2014; Mathes et al., 2015). The

destabilization and/or neutralization consequently lead(s) to

the dissociation of the UVR8 homodimer into monomers

(Christie et al., 2012; Wu et al., 2012, 2014; Li et al., 2014,

2020, 2022; Voityuk et al., 2014; Mathes et al., 2015; Podolec

et al., 2021a).

To avoid exaggerated UV-B responses, additional regulators

play roles in UVR8-mediated signaling (Podolec et al.,

2021a). Two highly related WD40-repeat proteins, RUP1 and

RUP2, mediate the negative feedback regulation of the UV-B

response pathway (Gruber et al., 2010; Heijde and Ulm,

2013). Upon UV-B irradiation, RUPs are transcriptionally

activated in a UVR8-, COP1-, and HY5-dependent manner
thor(s).
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(Gruber et al., 2010). Overexpression of RUP2 reduces UV-B-

induced photomorphogenesis and impairs UV-B acclimation

(Gruber et al., 2010; Heijde and Ulm, 2013). Further

investigations revealed that RUPs directly interact with UVR8

in plants and yeast, facilitate UVR8 ground state reversion in

planta (redimerization of monomeric UVR8; Figure 1A), and

disrupt the UVR8-COP1/SPA complex to repress UV-B signal

transduction (Heijde and Ulm, 2013). However, the molecular

mechanisms that underpin these processes remain largely

elusive.

In this study, we reconstructed the RUP-mediated UVR8 ground

state reversion in vitro and determined the crystal structure of

RUP2 in complex with UVR8W285A at a 2.0-Å resolution. Two

distinct interfaces can be observed in the RUP2-UVR8W285A het-

erodimer, in which both the UVR8 core domain and C27 subre-

gion are involved in the interaction with RUP2. Using in planta

physiological analysis and in vitro biochemical analyses, we

found that both interaction interfaces are crucial for RUP2’s func-

tion in promoting UVR8 redimerization. Our study reveals the mo-

lecular basis of RUP2-UVR8 interaction andmarks a step forward

in understanding how RUP2 facilitates UVR8 ground state

reversion.
RESULTS

In vitro reconstruction of RUP-mediated UVR8 ground
state reversion

Prior studies indicated that the in vivo UVR8 redimerization pro-

cess takes about 2 h (Heijde and Ulm, 2013; Heilmann and

Jenkins, 2013; Yin et al., 2015). During in vitro assays, ground

state homodimeric UVR8 monomerizes upon UV-B exposure

and slowly converts back to the dimeric state (�30 h) in the

dark (Wu et al., 2012; Heilmann and Jenkins, 2013; Wang et al.,

2022). In this study, we first determined the auto recovery rate

of the UVR8 dimer in the dark after UV-B treatment. As expected,

UVR8 existed as a stable dimer in the absence of UV-B and

monomerized after UV-B irradiation (Figure 1B). At 24 h post

UV-B treatment, approximately 90% of UVR8 monomers re-

verted to the dimeric form (Figure 1C). The resultant UVR8

dimer completely monomerized upon a second round of UV-B

exposure, indicating that it retained UV-B sensing capability after

redimerization (Figure 1B).

We then investigated whether recombinant RUP1 and RUP2 pro-

teins had any promotive effect on UVR8 redimerization in vitro.

Great efforts were made to express RUPs in prokaryotic and eu-

karyotic expression systems, but an acceptable amount of RUPs

could only be obtained, along with contaminants, by expression

and purification in mammalian cells (Figure 1B). When co-

incubated with RUP1 or RUP2, most monomeric UVR8 reverted

to the homodimeric state within 4 h, which is much faster than

the UVR8 auto recovery rate (Figure 1B and 1C). These results

suggest that the recombinant RUPs facilitated the reversion of

UV-B-activated UVR8 to its ground state.

RUP1 and RUP2 were previously shown to interact with both

monomeric and homodimeric UVR8 in plants and yeast, although

they exhibited a higher affinity for the active UVR8 monomers

(Gruber et al., 2010; Cloix et al., 2012; Yin et al., 2015). Thus,
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we further investigated whether RUP1/2 directly interacts with

UVR8 via in vitro pull-down assays. RUP1/2-Flag was incubated

with UV-B-treated or untreated UVR8-Strep II and then pulled

down using anti-Flag G1 affinity resin. UV-B-activated mono-

meric UVR8 was readily pulled down by RUP1/2-Flag, whereas

almost no dimeric UVR8 was observed after the pull-down as-

says (Supplemental Figure 1A). These results suggest that

RUP1 and RUP2 tend to interact with UVR8 in a UV-B-

dependent manner in vitro.

Overall structure of the RUP2-UVR8W285A complex

The in vitro reconstruction of a stable RUP-UVR8 complex is a

key step for understanding the interaction between the two pro-

teins. We first co-expressed RUP1 (or RUP2) and UVR8 in Ex-

pi293F cells and purified the proteins under UV-B treatment.

However, owing to the dynamic nature of RUP2-UVR8 interaction

and UVR8 monomerization/redimerization cycles, it is difficult to

obtain a relatively stable RUP2 in complex with UV-B-activated

UVR8 for crystallization (Supplemental Figure 1B). A previous

structural study used a constitutively activated mutant of the

plant blue-light receptor cryptochrome 2 (CRY2, CRY2W374A)

that mimics the photoactivated conformation and elucidated

how CRY2 undergoes dynamic conformational change during

blue-light-induced activation (Ma et al., 2020a; Shao et al.,

2020). Similarly, we chose UVR8W285A, a well-known physiologi-

cally constitutively active mutant of UVR8, which results in a

constitutive photomorphogenesis phenotype in the dark when

overexpressed in planta, for further structural analysis (Heijde

et al., 2013; Huang et al., 2014; Podolec et al., 2021b).

Consistent with previous reports (Heijde et al., 2013; Huang et al.,

2014; Yin et al., 2015; Podolec et al., 2021b), in vitro pull-down as-

says showed that UVR8W285A directly interacts with RUP1/2 in a

UV-B-independent manner (Figure 2A). When co-expressed in

Expi293F cells, UVR8W285A was observed to form a complex

with RUP1 or RUP2 (Figure 2B). RUP2-UVR8W285A exhibited rela-

tively higher yield compared with RUP1-UVR8W285A when sub-

jected to further purification. Furthermore, homogeneous

RUP2-UVR8W285A complex can be obtained after gel filtration

chromatography (Supplemental Figure 2) and was thus

chosen for further crystallization experiments. After numerous

attempts, we finally obtained the RUP2-UVR8W285A (RUP2 resi-

dues 21–366, UVR8W285A residues 12–421) crystal and deter-

mined its structure at 2.0-Å resolution (Supplemental Table 1,

PDB:8GQE). Overall, the RUP2-UVR8W285A heterodimer has a

height of approximately 70 Å and a width of 50 Å. The UVR8

b-propeller core domain (residues 12–381) and part of the C27

subregion (residues 397–413) were clearly observed, whereas

the linker (residues 382–396) in between showed poor electron

density, possibly due to flexibility. An�45� angle is observed be-

tween the two central axes of the UVR8 core domain and the

RUP2 WD40 domain owing to the tilt of the latter (Figure 2C).

RUP2 displays a canonical WD40 fold and interacts with
UVR8W285A through two interfaces

The RUP2 WD40 domain displays a canonical seven-bladed

b-propeller architecture, with each blade comprising four

b-strands (termed A to D) from the inner to the outer ring of the

propeller (Figures 2C and 3A). The RUP2 propeller fold ends

with the N-terminal b-strand (residues 25–33), which is the last
munications 4, 100428, January 9 2023 ª 2022 The Author(s). 3



Figure 2. Overall structure of the RUP2-UVR8W285A complex.
(A) RUP1/2 interacts with UVR8W285A in a UV-B-independent manner. Purified RUP1-Flag (or RUP2-Flag) was incubated with UVR8W285A-Strep II and

then pulled down by anti-Flag G1 affinity resin. The input samples in the pull-down assay were analyzed by SDS-PAGE. The elution samples were

detected by immunoblotting with antibodies against Flag and Strep II. M, molecular weight ladder (kDa). Asterisk (*) indicates a contaminant protein band.

(B) RUP1/2 forms a stable complex with UVR8W285A. RUP1 (or RUP2) and UVR8W285A were co-expressed in Expi293F cells. The proteins were purified

using anti-Flag G1 affinity resin and Strep-Tactin affinity resin, respectively. The elution samples were analyzed by SDS-PAGE. M, molecular weight

ladder (kDa). Asterisk (*) indicates a contaminant protein band.

(C) Crystal structure of the RUP2-UVR8W285A complex. The core domain and part of the C27 subregion (residues 397–413 can be traced) of UVR8W285A

are indicated by pink and red, respectively. RUP2 is colored in cyan. The dotted lines indicate unresolved regions.
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b-strand of the seventh blade (7D). An extended loop (residues

68–94) linking b-strands 1C and 1D (hereafter named the 1CD

loop) located on the side of RUP2 contains an additional a1

(residues 69–75) and b5 (residues 84–87) (Figure 3A, 3B, and

Supplemental Figure 3). b5 forms a parallel strand with b-strand

7D (Figure 3C). Two long loops extending out of the top of

RUP2, one (residues 33–43) located between b-sheet 7D and

1A and the other (residues 319–335) linking b-sheet 6D and 7A

(Figure 3A), encircle parts of the UVR8W285A C27 subregion

(Figure 3D–3F and Supplemental Figure 3).

The UVR8W285A and RUP2 interactions are mediated through two

interfaces, termed Interface 1 and 2, with a total buried surface

area of �1620 Å2 (Figure 2C). The UVR8W285A C27 subregion
4 Plant Communications 4, 100428, January 9 2023 ª 2022 The Au
binds to the top of RUP2 and forms Interface 1, which has been

characterized previously via yeast two-hybrid analysis and in

planta mutational analysis (Cloix et al., 2012; Yin et al., 2015).

Specifically, in the solved structure, the conserved VP motif

from the C27 subregion anchors to a shallow RUP2 binding

pocket comprising K101, L102, W148, C198, T257, and F284

(Figure 4A). Residues 400 to 413 in the UVR8 C27 subregion

and their interacting counterparts of RUP2 form a network of

hydrogen bonds and hydrophobic interactions (Supplemental

Figure 4). Part of the C27 subregion extends out from the

bottom of the UVR8 core domain and covers part of the acidic

surface patch responsible for UVR8 dimer formation

(Supplemental Figure 5). We performed mutational analysis and

subsequent in vitro biochemical assays to corroborate the
thor(s).



Figure 3. Structure of the RUP2 WD40 domain (RUP2WD40).
(A) Top view of seven-bladedWD40 b-propeller of RUP2 displayed as a cartoon. The propellers are differently colored. The 1CD loop is highlighted in the

magenta rectangle.

(B) Side view of RUP2WD40. The 1CD loop is highlighted in cyan.

(C) A close-up view of b-sheet5 (cyan), which is parallel to strand 7D (blue).

(D) and (E) Two long loops extend out of the RUP2WD40 top and are highlighted in blue and yellow, respectively. The structure is displayed as a cartoon (D)

or surface (E).

(F) The two long loops encircle the C27 subregion of UVR8W285A. The C27 subregion is depicted in red.
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importance of this C27 subregion. The two UVR8W285A mutants

UVR8W285A,N396 (C-terminally truncated mutant, residues 1–396)

and UVR8W285A,VP/AA (double alanine substitutions of residues

V410 and P411) lost the capacity to bind RUP2 (Figure 4B).

Furthermore, like wild-type UVR8, the UVR8N396 mutant retained

the capability to monomerize upon UV-B irradiation and reverted

back to the ground state autonomously in the dark, but its auto

recovery rate was not affected by co-incubation with RUP2

(Figure 4C and 4D). In addition, the alanine substitutions of

UVR8 residues V410 and P411 strongly impaired UVR8

redimerization in planta (Yin et al., 2015). Together, these

results indicate that the UVR8 C27 subregion is crucial for

RUP2-UVR8 interactions and is required for the promotion of

UVR8 redimerization by RUP2 in vitro.

Interface 2 was found between the RUP2WD40 domain (b-propel-

ler blades 1 and 2) and the UVR8 core domain (b-propeller blades

1–3, 6, and 7), which contain two surface patches with comple-

mentary charges (Figure 5A, 5B, and Supplemental Figure 6A).

Specifically, the RUP2 positively charged surface patch contains

R62, K63, K101, and R146, and its UVR8 counterpart comprises

D77, D96, D44, and E43. The acidic surface patch of RUP2

comprises D122, E138, D140, and E141, and its UVR8

counterpart contains R41, R338, R286, R354, and K304. The

charged amino acids form 13 pairs of intermolecular hydrogen

bonds in total (Figure 5A). The salt bridges mediated by ionic

interactions between the RUP2 WD40 b-propeller and the UVR8

core domain are similar to those observed in the previously

reported UVR8 homodimer, except that in the UVR8 dimer, the
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charged surface patches exhibit more ionic interactions (Christie

et al., 2012; Wu et al., 2012) (Figure 5C).
RUP2-UVR8 Interface 2 plays crucial roles in UVR8
redimerization

The roles of the observed ionic interactions were investigated

through alanine substitutions and subsequent Flag/Strep

affinity purification assays (Supplemental Figure 6B–6D). The

RUP2R62A, RUP2D122A, RUP2E138A, and RUP2D140A mutants

displayed dramatically reduced binding affinity to UVR8W285A,

whereas RUP2K101A partially retained binding to UVR8W285A

(Supplemental Figure 6B). By contrast, RUP2 S40, K63A, Y95,

E141, and R146A mutations had little impact on the binding of

RUP2 to UVR8W285A (Supplemental Figure 6B). Compared with

these single alanine substitution mutants, the RUP2 mutant

with combined D122A/E138A/D140A mutations (hereafter

named RUP2DED) exhibited a further reduction in UVR8W285A

binding affinity (Supplemental Figure 6C). Among the alanine

substitutions in UVR8W285A, only the D44A mutation of

UVR8W285A had an obvious adverse effect on the yield of RUP2

during co-expression, suggesting that this mutation potentially

affected the formation of the UVR8W285,D44A-RUP2 complex.

Other UVR8 mutants retained the ability to form complexes

with RUP2 (Supplemental Figure 6D).

To corroborate the importance of these key residues in planta, we

generated transgenic Arabidopsis thaliana lines overexpressing

Flag-tagged RUP2 or RUP2 mutants (RUP2D122A or RUP2DED)
munications 4, 100428, January 9 2023 ª 2022 The Author(s). 5



Figure 4. The C27 subregion is essential for the interaction between UVR8W285A and RUP2.
(A) Top view of the C27 subregion bound to RUP2WD40. RUP2WD40 is shown in cartoons (left panel) and as a surface (middle panel) in cyan. Close-up view

of the C27 binding pocket (right panel), in which key residues are indicated by sticks in green. The C27 subregion is colored in red.

(B) Mutations in the C27 subregion disrupt the interaction between UVR8W285A and RUP2. RUP2-Flag was co-expressed with UVR8W285A-Strep II,

UVR8W285A,N396 (residues 1–396), or UVR8W285A,VP/AA (alanine substitution of the residues V410-P411) in Expi293F cells. The proteins were purified using

anti-Flag G1 affinity resin and Strep-Tactin affinity resin, respectively. The elution samples were analyzed by SDS-PAGE. M, molecular weight ladder

(kDa). Asterisk (*) indicates a contaminant protein band.

(C) RUP2 has no effect on the redimerization of UVR8N396. UV-B-activated monomeric UVR8N396 was subjected to dark reversion without (left panel) or

with RUP2 (right panel) at the indicated time points. M, molecular weight ladder (kDa). Asterisk (*) indicates a contaminant protein band.

(D) Quantification of the kinetics of UVR8N396 homodimer regeneration without (black) or with RUP2 (green) shown in (C). The solid lines indicate fitted

curves. The dots indicate the percentage of redimerized UVR8N396 relative to total UVR8N396 protein without UV-B treatment at the indicated time points.

The gray dashed lines indicate the time required for 50% of the UVR8N396 dimer to regenerate.
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in wild-type (Col) and rup1-1 rup2-1 double mutant backgrounds

(Figure 6A, 6C, and Supplemental Figure 7A), and we

examined the effect of these mutations on UV-B induced

photomorphogenesis. Consistent with previous reports, wild-

type seedlings (Col) showed normal UV-B-dependent

photomorphogenesis, and rup1-1 rup2-1 displayed shorter

hypocotyls than Col under both �UV-B and +UV-B conditions

(Gruber et al., 2010; Ren et al., 2019; Podolec et al., 2021b)

(Figure 6). In the wild-type background, RUP2 overexpression

significantly inhibited UV-B-induced photomorphogenesis; by

contrast, RUP2D122A overexpression had a partially inhibitory ef-

fect, and RUP2DED overexpression had no obvious inhibitory effect

(Figure 6A and 6B). This was further supported by the observation

that RUP2 but not RUP2DED overexpression in the rup1-1 rup2-1

background was able to rescue the short hypocotyl phenotype

(line 2-2) or even displayed a UV-B-hyporesponsive phenotype

(line 3-3) (Figure 6C and 6D). These results indicate that

RUP2D122A and RUP2DED are functionally deficient RUP2 mutants

with regard to plant UV-B-induced photomorphogenesis.
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We further investigated the capability of RUP2DED to facilitate

UVR8 redimerization in planta. UVR8 monomerization rate in

the rup1-1 rup2-1 seedlings was comparable to that observed

in wild-type seedlings, but UVR8 redimerization was signifi-

cantly slower in the double mutant (Supplemental Figure 7B

and 7C). Constitutive expression of RUP2DED in the rup1-1

rup2-1 mutant had no effect on UVR8 monomerization and re-

dimerization compared with the rup1-1 rup2-1 mutant, sug-

gesting that the RUP2DED mutant lost the capability to facili-

tate UVR8 dimerization (Supplemental Figure 7). The

importance of these key residues is further supported by

our previous report that RUP2R62A, RUP2D122A, RUP2E138A,

and RUP2D140A failed to facilitate UVR8 ground state rever-

sion in vitro (Wang et al., 2022) and by the observation

that RUP2 failed to promote UVR8D44A redimerization

(Supplemental Figure 6E and 6F). Taken together, these

results indicate that residues D122, E138, and D140 of

RUP2 in Interface 2 play pivotal roles in regulating UVR8

redimerization in planta and in vitro.
thor(s).



Figure 5. Interface 2 between RUP2WD40 and the core domain of UVR8.
(A)Close-up views of RUP2-UVR8W285A Interface 2 indicated by black and green dashed boxes. Residues fromRUP2 and UVR8W285A are colored in cyan

and pink, respectively. Hydrogen bonds are indicated by yellow dashed lines.

(B) The interaction between RUP2WD40 and the core domain of UVR8 is mediated by two complementary charged surfaces. The positively charged patch

of RUP2 interacts with the negatively charged patch at the bottom of UVR8W285A (in green) and vice versa (in yellow).

(C) Cartoon of interaction interfaces in UVR8 homodimer and RUP2-UVR8W285A formation. C-ter indicates C terminus. ‘‘+’’ and ‘‘�’’ indicate positive and

negative charge, respectively.
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Comparison of RUP2-UVR8W285A with other known
UVR8-related structures

We recently reported the cryo-electron microscopy (cryo-EM)

structure of the COP1 WD40 domain in complex with UV-B-

activated UVR8 (COP1WD40-UVR8, PDB:7VGG) (Wang et al.,

2022). Intriguingly, RUP2-UVR8W285A and COP1WD40-UVR8 adopt

a similar architecture, and COP1WD40 also interacts with both the

UVR8 core domain and the C-terminal region (Figure 7A) (Wang

et al., 2022). Superposition of the two complexes revealed an

overall root-mean-square distance (RMSD) of 2.045 Å over 623

Ca atoms (Figure 7A). Although the UVR8W285A from RUP2-

UVR8W285A and the UV-B-activated UVR8 from COP1WD40-UVR8

show nearly identical conformations, with a RMSD of 0.381Å over

316 Ca atoms (Supplemental Figure 9A), RUP2 showed an

overall shift of �5 Å in distance compared with COP1WD40 when

the position of the bound UVR8 VP motif was used as a reference

(Figure 7A). Notable differences can be observed in the two

interaction interfaces. RUP2-UVR8W285A exhibited a buried area

of�1620 Å2 with 31 pairs of residues forming hydrogen bond inter-

actions (Figure 5A and Supplemental Figures 4A and 6A). By

contrast, in the COP1WD40-UVR8 complex, the observed counter-

part area is �1399 Å2 with 20 pairs of interacting residues (Wang

et al., 2022).

Although differences exist in the RUP2-UVR8W285A and

COP1WD40-UVR8 structures, the overall conformation of the
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C27 subregion-bound RUP2WD40 is almost identical to that of

the VP motif-bound COP1WD40 (PDB: 7VGG and 6QTQ) (RMSD

<0.7 Å over 215 Ca atoms) (Lau et al., 2019; Wang et al., 2022)

(Supplemental Figure 8A and 8B). This suggests that these

WD40 domains of RUP2 and COP1 share a common VP motif

binding mode (Supplemental Figure 8C). In addition, four

charged residues (R393, E442, E458, and E460) in COP1 are

also conserved in RUP2 (R62, D122, E138, and D140)

(Figure 7B) (Wang et al., 2022). RUP2 mutants with individual

mutations in these four conserved residues can neither

outcompete COP1 and separate it from UVR8 nor facilitate

UVR8 redimerization (Wang et al., 2022).

Various UVR8 core domain structures have been reported previ-

ously, including ground state UVR8 (PDB: 4DNW), UVR8W285A

(PDB: 4DNU), and UV-B-activated UVR8 in COP1WD40-UVR8

(PDB: 7VGG) (Wu et al., 2012; Wang et al., 2022). We further

compared the UVR8W285A structure from RUP2-UVR8W285A with

those reported UVR8 core domain structures. The overall struc-

ture of these core domains is nearly identical, and the most

noticeable differences are observed in the side chain conforma-

tions of residues D129, W233, R234, and W337, which are

involved in UV-B perception and electron-coupled proton trans-

fer in wild-type UVR8 (Supplemental Figure 9). Compared with

UVR8W285A (PDB: 4DNU) and UV-B-activated UVR8 from

COP1WD40-UVR8 (PDB: 7VGG), the orientations of UVR8W285A
munications 4, 100428, January 9 2023 ª 2022 The Author(s). 7



Figure 6. Mutations in RUP2 impair UVR8 redimerization in planta.
(A) Phenotypes of 4-day-old Col, Flag-RUP2/Col, Flag-RUP2D122A/Col, and Flag-RUP2DED/Col Arabidopsis seedlings grown with (+) or without (�) UV-B

light exposure.

(B) Hypocotyl lengths of the seedlings shown in (A). Mean ± SD, n R 30. Different letters represent significant differences (p < 0.05, Student’s t test)

between samples.

(C) Phenotypes of 4-d-old Col, rup1-1 rup2-1, Flag-RUP2/rup1-1 rup2-1, and Flag-RUP2DED/rup1-1 rup2-1 Arabidopsis seedlings grown with (+) or

without (�) UV-B light exposure.

(D) Hypocotyl lengths of the seedlings shown in (C). Mean ± SD, n R 30. Different letters represent significant differences (p < 0.05, Student’s t test)

between samples.
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D129, W233, and W337 side chains in RUP2-UVR8W285A are

more similar to those of UVR8 in the ground state (PDB:

4DNW). Specifically, the hydrogen bond distance between

UVR8W285A D129 and W233 in RUP2-UVR8W285A (2.9 Å) is com-

parable to that in dimeric UVR8 (2.8 Å), whereas those in

UVR8W285A (PDB: 4DNU) and COP1WD40-UVR8 are 5.8 Å and

6.7 Å, respectively (Supplemental Figures 9 and 10A). As UVR8

D129 is involved in the COP1WD40-UVR8 interaction and

reported to function in electron-coupled proton-transfer-medi-

ated UVR8 monomerization (Li et al., 2014, 2022; Wu et al.,

2014; Wang et al., 2022), we wondered whether this residue is

involved in UVR8 redimerization. In gel filtration

chromatography, UVR8D129A was characterized as a dimer in

the absence of UV-B exposure, whereas UV-B activated

UVR8D129A appeared to be monomeric. However, UVR8D129A

was present as monomers on SDS-PAGE regardless of UV-B

treatment, similar to UVR8W285A (Supplemental Figure 10B).

Thus, we used the gel filtration chromatography method to

analyze the redimerization of UVR8D129A. Most of the monomeric
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wild-type UVR8 reverted to the dimeric state at 24 h post

UV-B exposure. By contrast, only a small portion of the mono-

meric UVR8D129A redimerized within the same time frame

(Supplemental Figure 10C). These results suggest that D129

plays an important role in UVR8 redimerization.

DISCUSSION

UVR8-mediated UV-B signal transduction pathways play crucial

roles in plant growth and development (Yin and Ulm, 2017; Liang

et al., 2019; Podolec et al., 2021a). Multiple molecular players are

involved in regulation of the UVR8-mediated UV-B response, and

the RUP1/2-mediated facilitation of UVR8 ground state reversion

is an integral part of the UVR8 photocycle (Yin and Ulm, 2017;

Liang et al., 2019; Podolec et al., 2021a). Previous studies

suggested that the UVR8 core domain and C-terminal tail are

responsible for UV-B perception and signal transduction func-

tions, respectively, and highlighted the importance of the C-ter-

minal domain in RUP-UVR8 interaction (Christie et al., 2012; Wu
thor(s).



Figure 7. Structural comparison of the RUP2-UVR8W285A complex and the COP1WD40-UVR8 complex.
(A) Superposition of RUP2-UVR8W285A and COP1WD40-UVR8 (PDB: 7VGG). The core domain and C27 subregion of UVR8W285A are indicated by pink and

red, respectively. RUP2WD40 and COP1WD40 are colored in cyan and wheat, respectively.

(B)Close-up view of the charged residues in the two surface patches of RUP2 (in cyan, upper panel) and COP1WD40 (in wheat, upper panel), or UVR8W285A

(in pink, lower panel) and UV-B activated UVR8 (in purple, lower panel), respectively. The conserved residues illustrated with a yellow undertone are the

negatively charged RUP2 residues D122, E138, D140, and E141 and the corresponding COP1WD40 E442, E458, E460, and E463. The conserved residues

illustrated with a gray undertone are the positively charged RUP2 R62 and the corresponding COP1WD40 R393. The charged residues R286, K304, R338,

D44, and D77 of UVR8 are involved in the interactions with both RUP2 and COP1WD40.
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et al., 2012; Yin et al., 2015; Lau et al., 2019; Podolec et al., 2021a;

Wang et al., 2022). Here, through structural determination of the

RUP2-UVR8W285A complex and biochemical analysis, we found

that in addition to the C-terminal domain, the UVR8 core domain

is also involved in the RUP2-UVR8 interaction. The importance of

both interaction interfaces for RUP2-mediated facilitation of

UVR8 redimerization was also verified.

Notably, RUP2 facilitates the reversion of active state UVR8 to the

ground state (monomer to dimer), yet RUP2 occupies the UVR8

dimer surface in the RUP2-UVR8W285A complex. Our findings

suggest that the UVR8 core domain should dissociate from

RUPs prior to homodimer formation. The RUP2-mediated facilita-

tion of UVR8 redimerization is a highly dynamic process

(Figure 1B and 1C). We speculate that different intermediate

states in which RUP2 interacts with monomeric/homodimeric

UVR8 are likely to exist. The mode of action underlying RUP-

UVR8 dissociation and UVR8 dimer formation remains to be

further investigated.

In UVR8-mediated UV-B signaling pathways, active state UVR8

forms the UVR8-COP1/SPA complex, eventually leading to pos-

itive regulation of UV-B responses (Oravecz et al., 2006; Favory

et al., 2009; Rizzini et al., 2011; Cloix et al., 2012; Heijde et al.,

2013; Huang et al., 2014; Yin et al., 2015; Wang et al., 2022).

As negative feedback regulators, RUPs disrupt the UVR8-

COP1/SPA complex and facilitate UVR8 ground state reversion

to repress UV-B signal transduction (Gruber et al., 2010; Heijde

and Ulm, 2013; Podolec et al., 2021a; Wang et al., 2022).

Interestingly, RUP2-UVR8W285A and the recently reported

COP1WD40-UVR8 adopt a similar overall architecture, and the

COP1WD40 domain also interacts with both the UVR8 core and

C-terminal domains (Wang et al., 2022) (Figure 7). These

findings suggest that a common interaction mode (with a

similar molecular basis) might be shared by molecular
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regulators of UVR8 involved in the UVR8 photocycle. In

addition, compared with the COP1WD40-UVR8 complex, the

RUP2-UVR8W285A complex has larger buried surface areas

harboring more interacting residues, suggesting that RUP2might

have stronger binding affinity than COP1 to UVR8. This could

explain why RUP2 can dissociate UVR8 from the COP1-UVR8

complex (Wang et al., 2022).

In summary, we report the two-interface interaction of RUP2 and

UVR8, an interaction mode also adopted by COP1 and UVR8,

and verified the functional importanceof bothRUP2-UVR8 interac-

tion interfaces. Although how RUPs facilitate the redimerization of

UVR8 remains to be further elucidated, our findings mark a step

forward in understanding themolecular basis that underpins the in-

teractions between UVR8 and its photocycle regulators.
MATERIALS AND METHODS

Molecular cloning and protein expression

Full-lengthRUP1,RUP2, andUVR8 geneswere amplified from theA. thali-

ana cDNA library using standard PCR-based cloning strategies. RUP2

and UVR8 mutants were amplified by Fusion PCR. Full-length RUP1,

RUP2, and RUP2 mutants were subcloned into a modified pMlink vector

(Lu et al., 2014) containing a C-terminal 33Flag tandem affinity tag. Full-

length UVR8W285A and mutants based on UVR8W285A were subcloned

into the pMlink vector with a C-terminal Twin-Strep-tag. All clones were

verified by sequencing. Proteins were expressed in Expi293F mammalian

cells (Invitrogen) (a new, suspension-adapted [human embryonic kidney

293] HEK293 cell line), as previously described (Wang et al., 2022).

Plasmids encoding RUP2 (residues 21–366) and UVR8W285A (residues

12–421) were co-transfected into cells with polyethylenimines (PEIs) (Pol-

ysciences). Transfected cells were cultured for 60 h before harvesting. The

cells were collected by centrifugation at 15003 g for 15min. The cell pellet

was subsequently washed with PBS and resuspended in lysis buffer A

containing 50 mM Tris-HCl (pH 8.0) and 150 mM NaCl. The cell suspen-

sions were flash-frozen in liquid nitrogen and stored at �80�C.
munications 4, 100428, January 9 2023 ª 2022 The Author(s). 9
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Protein purification

The stored cell suspension was thawed at room temperature and lysed

using a JN-02 homogenizer (JNBIO, China). The lysed cells were ultracen-

trifuged at 20 0003 g at 4�C for 1 h to remove the cell pellets. The super-

natant was incubated with anti-Flag G1 affinity resin (GenScript) at 4�C for

2 h. The bound proteins were washed with 5 column volumes (CVs) of

buffer A and then eluted with buffer A containing 300 mg ml�1 Flag peptide

(Genscript). The eluted protein was further purified by anion-exchange

chromatography (Source 15Q 10/100, GE Healthcare). The protein was

concentrated with a 10-kDa cutoff Centricon (Millipore) and then sub-

jected to size-exclusion chromatography (Superdex-200 Increase 10/

300, GE Healthcare) in buffer containing 25 mM Tris-HCl (pH 8.0),

150 mM NaCl, and 5 mM dithiothreitol (DTT). The homogeneous peak

fractions of RUP2-UVR8W285A were pooled and immediately used for

crystallization.

For in vitro biochemical assays, the wild-type and mutant UVR8 genes

were subcloned into a modified pET15 vector with an N-terminal 63His

tag followed by a drICE protease cleavage site. The fusion proteins

were expressed in Escherichia coli cell strain BL21 (DE3) and purified as

described previously (Ma et al., 2020b). The proteins were digested by

drICE protease before size-exclusion chromatography.

Crystallization

The sitting drop or hanging drop vapor diffusion method (18�C) was used

for crystallization. Crystals of the RUP2-UVR8W285A complex were

obtained from drops containing a mixture of 1 mL protein (6.7 mg mL�1

in storage buffer) and 1 mL of crystallization buffer containing

14.8% (w/v) PEG 6000, 100 mM MES (pH 5.5), 62.5 mM NH4Cl, 10 mM

hexamminecobalt (III) chloride, and 2% sucrose. High-quality crystals

were flash-frozen in liquid nitrogen and cryoprotected by adding 25%

(v/v) ethylene glycol.

Data collection and structure determination

All diffraction data for the RUP2-UVR8W285A complex were collected at the

Shanghai Synchrotron Radiation Facility on beamline BL17U or BL19U us-

ing a CCD detector cooled to 100K. The diffraction data were processed

using the HKL2000 program suite and XDS packages (Otwinowski and

Minor, 1997). Further data processing was carried out using the CCP4

suite (Winn et al., 2011). The structure was iteratively built using COOT

(Emsley and Cowtan, 2004) and refined with the PHENIX program

(Adams et al., 2010). Data collection and structure refinement statistics

are summarized in Supplemental Table 1. All figures representing

structures were generated using PyMOL (http://www.pymol.org/).

Redimerization of wild-type UVR8 or UVR8 variants mediated
by RUP2

UV-B treatment and redimerization of UV-B-activated wild-type UVR8 or

UVR8 variants (UVR8N396 and UVR8D44A) were performed as described

previously (Wang et al., 2022). Equal volumes of the reaction products

were sampled at different time points and subjected to SDS-PAGE (i.e.,

the total amount of UVR8 [monomeric and homodimeric UVR8] loaded

in each lane was the same). To quantify the kinetics of dimer regeneration

of wild-type UVR8 or UVR8 variants, the band intensity of redimerized

UVR8/variants was measured on Coomassie-stained gels with ImageJ

software. The percentage of redimerized UVR8 relative to the dimer

without UV-B illumination at a given time point was plotted and fitted using

Nonlinear Curve Fitting in OriginPro 2021.

Pull-down assays

Expi293F cells expressing RUP1/2-Flag or UVR8/UVR8W285A-Strep II

were harvested and washed with PBS buffer. The cells expressing

RUP1/2-Flag were then lysed in buffer A by repeated freezing-thawing

three times and centrifuged at 4�C and 18 0003 g for 1 h. The supernatant

was incubated with anti-Flag G1 affinity resin (GenScript) at 4�C for 2 h.

The bound proteins were washed with 5 CVs of buffer A and eluted with
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buffer A containing 300 mg mL�1 Flag peptide (Genscript). The cells ex-

pressing UVR8/UVR8W285A-Strep II were lysed in buffer B containing

100 mM Tris-HCl (pH 8.0), 150 mM NaCl, and 1 mM EDTA and purified

with Strep-Tactin (IBA) affinity resin as for Flag affinity purification. The

bound proteins were washed with 5 CVs of buffer B and eluted with buffer

B containing 2.5 mM D-desthiobiotin (IBA).

For Flag pull-down assays, a mixture of 100 mg UVR8/UVR8W285A-Strep II

and 250 mg RUP1/RUP2-Flag was incubated with 150 mL anti-Flag G1 af-

finity resin (GenScript) under UV-B irradiation (for UVR8-Strep II) or in the

dark (for UVR8W285A-Strep II) in buffer A at room temperature for 30 min.

The bound protein was washed with 5 CVs of buffer A and then eluted us-

ing buffer B containing 300 mg mL�1 Flag peptide (Genscript). These input

samples were analyzed by SDS-PAGE. Proteins from elution fractions

were detected by immunoblotting with antibodies against Strep II or

Flag (all antibodies were used at a 1:3000 dilution).
Immunoblot assays

Expi293F cells co-expressing UVR8W285A-Strep II and RUP2 mutants-

Flag were lysed in lysis buffer B by repeated freezing-thawing three

times. The proteins were purified using the Strep II-tag protein purifica-

tion method mentioned above. Cells co-expressing UVR8W285A mutants-

Strep II and wild-type RUP2-Flag were lysed in buffer A. The proteins

were purified using the Flag-tag protein purification method mentioned

above. Cell lysis supernatants were detected by immunoblotting with

antibodies against Strep II and Flag (all antibodies were used at a

1:3000 dilution). Proteins from elution fractions were analyzed by SDS-

PAGE.
Gel filtration chromatography analysis

The dimer or monomer state of UVR8 and UVR8D129A was determined

by gel filtration chromatography analysis. Samples were then injected

into a Superdex 200 Increase 10/30 GL column (GE Healthcare)

equilibrated with buffer containing 25 mM Tris-HCl (pH 8.0), 150 mM

NaCl, and 5 mM DTT. Data analysis was performed using GraphPad

Prism8.
Plant materials and growth conditions

Thewild-typeA. thaliana lines used in this studywere in the Columbia (Col)

background. Flag-RUP2/Col and rup1-1 rup2-1 were described previ-

ously (Ren et al., 2019). Transgenic Flag-RUP2/rup1-1 rup2-1, Flag-

RUP2DED/rup1-1 rup2-1, Flag-RUP2D122A/Col, and Flag-RUP2DED/Col

plants were generated by the floral dipmethod usingAgrobacterium strain

GV3101.

The seeds were surface-sterilized and sown on solid 1% Murashige and

Skoog medium supplemented with 1% sucrose for molecular and

biochemical assays or with 0.3% sucrose for phenotypic analysis, fol-

lowed by cold treatment at 4�C for 4 days before light treatment. For

UV-B-induced photomorphogenesis, seedlings were grown at 22�C un-

der continuous low white light (3 mmol$m�2$s�1, measured by an HR-

350 Light Meter, Hipoint) supplemented with UV-B light from Philips

TL20W/01RS narrowband UV-B tubes (1.5 mmol$m�2$s�1, measured by

a UV-297 UV-B Light Meter, HANDY) under a 350-nm cutoff (half-maximal

transmission at 350 nm) ZUL0350 filter (�UV-B; Asahi spectra) or a 300-

nm cutoff (half-maximal transmission at 300 nm) ZUL0300 filter (+UV-B;

Asahi spectra).
Hypocotyl measurement

Hypocotyl length was measured as described previously (Ren et al.,

2019). For each line grown under �UV-B or +UV-B for 4 days, hypocotyl

length was analyzed for three biological replicates, each consisting of at

least 30 Arabidopsis seedlings. Hypocotyl length was quantified using

ImageJ (http://rsb.info.nih.gov/ij/).
thor(s).
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biases the conformation of the intrinsically disordered plant UVR8

photoreceptor C27 domain altering the functional properties of

the peptide. Sci. Rep. 9:818. https://doi.org/10.1038/s41598-018-

37005-8.
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