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Abstract
The recently identified plant photoreceptor UVR8 triggers regulatory changes in gene expression
in response to ultraviolet-B (UV-B) light via an unknown mechanism. Here, crystallographic and
solution structures of the UVR8 homodimer, together with mutagenesis and far-UV circular
dichroism spectroscopy, reveal its mechanisms for UV-B perception and signal transduction. β-
propeller subunits form a remarkable, tryptophan-dominated, dimer interface stitched together by
a complex salt-bridge network. Salt-bridging arginines flank the excitonically coupled cross-dimer
tryptophan “pyramid” responsible for UV-B sensing. Photoreception reversibly disrupts salt
bridges, triggering dimer dissociation and signal initiation. Mutation of a single tryptophan to
phenylalanine re-tunes the photoreceptor to detect UV-C wavelengths. Our analyses establish how
UVR8 functions as a photoreceptor without a prosthetic chromophore to promote plant
development and survival in sunlight.

UVR8 (UV RESISTANCE LOCUS 8) orchestrates the expression of over 100 genes in
Arabidopsis in response to UV-B wavelengths (280–315 nm) (1–4). The uvr8 mutant
exhibits UV-B sensitivity from decreased expression of genes conferring UV-protection (1,
5). UV-B exposure promotes both rapid UVR8 accumulation in the nucleus (6), where the
protein binds chromatin via histones (1, 7), and interaction with COP1
(CONSTITUTIVELY PHOTOMORPHOGENIC 1) to initiate transcriptional responses (3,
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8). In plant extracts and in heterologous systems, UV-B exposure triggers UVR8 dimer
dissociation to initiate signaling (9). Tryptophan has been implicated in UV-B perception (4,
9), but the absence of detailed three-dimensional information on dimer assembly precludes
understanding of the mechanisms for UVR8 photoreception and signaling.

To investigate UVR8 structure/function relationships, we made recombinant Arabidopsis
UVR8 (10) for biophysical analyses (fig. S1, S2). Purified UVR8 (fig. S2A) is a homodimer
that dissociates into monomers following exposure to narrowband, long wavelength UV-B
(fig. S2B); the dose-response relationship (Fig. S2C) mirrors UVR8 behavior in plant
extracts (9). Moreover, UV-B-induced monomerization is reversible; the active, dimeric
photoreceptor spontaneously reassembles within hours in vitro, and again responds to UV-B
(Fig. 1A). UVR8 absorbs strongly at 280 nm (fig. S3), as expected from its complement of
aromatic residues (14 Trp, 10 Tyr and 8 Phe per 440-residue monomer). Photoactive,
purified UVR8 lacks any bound cofactor, demonstrating that reversible UV-B-induced
dimer dissociation is a property intrinsic to the protein.

The X-ray crystallographic structure of UVR8 (Fig. 1) was determined to 1.7 Å resolution
(Table S1) by molecular replacement with the RCC1 (Regulator of Chromosome
Condensation 1) domain of E3 ligase HERC2 as the probe (10). UVR8 has a 7-bladed β-
propeller fold, like monomeric RCC1 and HERC2, but unexpectedly the topology is
permuted (fig. S1, S4). In HERC2 and RCC1, the N- and C-terminal sequences are linked
because each contributes two of the four β-strands to blade 1. In UVR8, however, each
blade is contiguous in sequence with the N- and C-termini in the first and last blades,
respectively (fig. S1, S4), potentially permitting greater conformational flexibility.

Each doughnut-shaped UVR8 monomer is 40–50 Å in diameter, by ~35 Å high with a
central water-filled tunnel (Fig. 1B). Crystal packing of the trypsin-treated protein, which
remains UV-B-responsive (fig. S5), suggests two potential cylindrical dimer assemblies
(Fig. 1C, inset). Small angle X-ray scattering (SAXS) (Table S2) clearly distinguishes the
correct dimer in solution (Fig. 1C), by agreement between calculated and observed
scattering profiles (11–13). The smaller, concave surfaces of the two subunits assemble
face-to-face, but offset by about 10 Å (Fig. 1B,D). The two-fold dimer symmetry juxtaposes
different blades from each subunit, except self-pairing blade 4 (Fig. 1B). SAXS results (Fig.
1D) show different lengths, but the same overall shape for full-length UVR8 and the trypsin-
cleaved protein used for crystallography. Molecular envelopes derived from SAXS data on
full-length UVR8 match the crystallographic dimer offset and diameter, and locate the C-
terminal missing ~10% at distal ends of the dimer (Fig. 1D).

The dimer interface is remarkable for a preponderance of aromatic residues (7 Trp, 3 Phe,
and 2 Tyr; Fig. 1E) and charged side chains, which contribute to distinct regions of
complementary electrostatic potential (Fig. 2A). The dimer offset and 2-fold symmetry align
rows of arginine and carboxylate side chains (Fig. 2B, fig. S6) to form a complex network of
salt bridges across the dimer interface (fig. S7). In particular, doubly hydrogen-bonded salt
bridges link R286 with D107 and R146 with E182 (Fig. 2C). Additional, singly hydrogen-
bonded salt bridges join R286 with D96, R338 with D44, and R354 with E43 and E53.
Interestingly, the dimer interface is composed of charged, hydrophilic and aromatic residues
only (except for hydrophobic A52), leading the PISA software (14) to assess dimer
assembly as unstable. Yet, the solution scattering profile (Fig. 1C), size exclusion
chromatography (SEC) (Table S3), multi-angle light scattering (MALS) (fig. S8A) and
SDS-polyacrylamide (SDS-PAGE) gel analyses (9) (fig. S2B) demonstrate that UVR8 is a
dimer.
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To test the importance of ionic interactions in maintaining the UVR8 dimer, we showed that
decreasing pH in vitro promotes monomerization (Fig. 2D), and examined the effects of
mutating residues that participate in cross-dimer salt bridges. The UVR8R146A and
UVR8R286A proteins, each lacking one dominant salt bridge, are dimers that undergo UV-B-
induced monomerization, when assayed by SEC (Table S3). However, unlike the wild-type
protein, these mutants appear monomeric by SDS-PAGE without sample boiling (fig. S2D),
indicating that the dimer has been destabilized. Double mutants lacking both dominant salt
bridges (UVR8R146A/R286A), the salt bridges of R286 with D107 and D96
(UVR8D96N/D107N), or both the R286 and R338 salt bridges (UVR8R286A/R338A) (Fig. 2C),
are constitutive monomers (Fig. 2E, fig. S8), demonstrating a key role for the R286 salt
bridges in dimer formation.

In each monomer, a striking cluster of nine aromatic residues dominates the interaction
surface (Fig. 1E). A conserved Gly-Trp-Arg-His-Thr sequence repeat in blades 5, 6, and 7
(fig. S1) generates a ‘triad’ of closely packed tryptophans, W233, W285 and W337, that are
implicated in UVR8 photoreception (9). These pentapeptide repeats form protruding tight
turns that project Trp and Arg residues outwards, and His residues (in all 7 blades) inwards
to form a buried ring (Fig. 1E). Each triad Trp is flanked by the adjacent Arg guanidinium
moiety, but the side-chain orientation and packing differ among the three repeats (Fig. 3A).
R234 and R338 are positioned as “book ends” flanking W285 and W233. Three more pairs
of aromatic residues from blades 4, 5 and 6 (W198, Y201; W250, Y253; and W302, F305
create a perimeter fence of aromatic residues that isolates the Trp triad from solvent. At the
center of the aromatic cluster, W285 and R286 are π-stacked between triad W337 and
perimeter Y253 (Fig. 3A). W94 of the opposing monomer forms the apex of a Trp pyramid
with the Trp triad as the base (Figs. 3A, fig. S6). The close packing (less than 4.5 Å apart) of
the Trp pyramid allows orbital overlap, permitting exciton coupling (15–17), which we
assessed experimentally with far-UV circular dichroism spectroscopy (CD) (Fig. 3B–G)

UV-B exposure of UVR8 strongly diminishes the large far-UV CD peak at 234 nm and
trough at 221 nm that are characteristic (15) of exciton coupling between tryptophans (Fig.
3B). We mutated the pyramid Trps to investigate their contributions to exciton coupling and
thus potentially to photoperception. The far-UV CD peak height is reduced in each of the
single conservatively substituted W>F mutants (Fig. 3D–F), most strongly in UVR8W233F

(Fig. 3D). Among four individual W>A side-chain truncation mutants (Fig. 3C–F),
UVR8W285A revealed the most significant loss of exciton coupling, with its far-UV CD
spectrum resembling those of triple mutant UVR8W233A/W285A/W337A (Fig. 3G) and UV-B-
treated wild-type (Fig. 3B). UV-B has no effect on the altered CD signal of either the single
UVR8W285A (Fig. 3E) or the triple W>A (Fig. 3G) mutants, indicating a complete loss of
photoreception. Similarly, UV-B has no effect on the CD signal of the UVR8W233F and
UVR8W285F mutants, whereas it substantially reduces the CD signals of UVR8W337F and
UVR8W94A, although to a lesser extent than in the wild type protein (Fig. 3B, 3D–F).
Consistent with these results, SEC analysis shows that UVR8W337F and UVR8W94A

monomerize in response to UV-B whereas UVR8W233F and UVR8W285F are constitutive
dimers (Table S3). Together, these observations indicate that the Trp pyramid is key to
UVR8 photoperception, with W285 as the principal UV-B sensor. W233 is also important,
not only in photoreception but particularly in maintaining exciton coupling, whereas W337
and W94 play auxilliary roles.

To examine the in vivo role of W285 in UV-B perception, we expressed GFP-UVR8W285A

in mutant uvr8-1 plants and assayed UV-B induction of HY5 transcripts, mediated by UVR8
(1). GFP-UVR8W285A does not restore UV-B-mediated induction of HY5 to uvr8-1 mutants
(Fig. 4A). However, loss of activity in the W285A mutant does not result from gross
structural changes; SAXS analysis of UVR8W285A confirmed that the dimer protein has
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dimensions similar to those of the wild type (Fig. 4B). Thus, these experiments show the in
vivo functional importance of W285 in UV-B photoreception. Remarkably, although
UVR8W285F is unable to respond to UV-B, it does respond to UV-C, consistent with the
shorter wavelength absorption of phenylalanine compared to tryptophan. Thus, UV-C
exposure reduces the 234 and 221 nm CD features of UVR8W285F (Fig. 4C) and initiates
monomerization (Fig. 4D). Although UV-C is clearly less efficient in initiating
photoreception in UVR8W285F than UV-B in wild-type UVR8, these observations support
the hypothesis that W285 has a key role in UVR8 photoreception. Furthermore, they
demonstrate that the spectral sensing properties of the photoreceptor can be re-tuned by a
single amino acid change, definitively establishing that UVR8 uses a tryptophan
chromophore.

Salt-bridge mutations also influence exciton coupling as measured by far-UV CD. The
constitutively monomeric, double salt-bridge mutants (Table S3, Fig. 2E) show a reduction
in exciton coupling (Fig. 4E) consistent with the tight packing of arginine side chains with
tryptophans within the aromatic cluster, and the role of salt bridges in maintaining the cross-
dimer Trp pyramid. The impact of these salt-bridge mutations on the exciton coupling is
greater than that observed for the W94A (Fig. 3C) or W337A (Fig. 3F) mutants, which
remove one tryptophan from the Trp pyramid. Indeed, the CD spectrum for
UVR8R146A/R286A resembles that for UVR8W285A, suggesting the importance of the π-
stacking of these two residues in packing the Trp pyramid for exciton coupling.

Together our findings indicate that UV-B photoreception by the excitonically coupled Trp
pyramid leads to disruption of cross-dimer salt bridges, promoting UVR8 monomerization
(Fig. 4F). Notably, the proximity and coupling of arginines and tryptophans suggests a
specific mechanism whereby photoreception leads to monomerization. In particular, the key
chromophore W285 stacks with adjacent R286, which has a crucial role in dimerization.
This closely packed W285-R286 pair is therefore positioned to link UV-B photoreception
and salt-bridge status (Fig. 2C). We propose that photoreception by the Trp pyramid,
predominantly W285 and W233, results in the effective transfer of an excited electron from
the excitonically coupled Trp pyramid to adjacent arginine(s), leading to charge
neutralization, consequent breakage of cross-dimer salt bridges and thus dimer
destabilization and dissociation (Fig. 4F). The complex packing assembly of the conserved
aromatic cluster surrounding the Trp pyramid, and the interconnectivity of the conserved salt
bridges that zip together the dimer interface, suggest that UVR8 has evolved a robust,
concerted mechanism for UV-B perception and signaling.

In conclusion, we show that UVR8 is distinct from other known photoreceptors in exploiting
the UV-B-absorbance of its intrinsic tryptophans, rather than a bound chromophore. The
presence of putative UVR8 orthologues in algae and mosses suggests that the photoreceptor
may have evolved to promote plant survival when the earth’s early atmosphere allowed high
levels of UV-B exposure. β-propeller proteins interact with partners, often at the surface that
UVR8 uses for dimerization (18, 19). Hence dimer dissociation is expected to facilitate
interactions of UVR8 with proteins involved in downstream signaling or photoreceptor
regulation.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Summary

UV-B photoreception by an excitonically-coupled tryptophan pyramid in the
photoreceptor UVR8 disrupts cross-dimer salt-bridges leading to monomerization and
signaling to promote plant development and survival in sunlight.

Christie et al. Page 7

Science. Author manuscript; available in PMC 2012 November 24.

$w
aterm

ark-text
$w

aterm
ark-text

$w
aterm

ark-text



Figure 1.
Structure of Arabidopsis UVR8 dimer. (A) UV-B-induced dimer dissociation spontaneously
reverses in the dark, regenerating photoactive dimers; analyzed by SDS-PAGE without
sample boiling. (B) UVR8 forms a symmetric homo-dimer of 7-bladed β-propeller subunits
(side-and end-views). Key salt bridges are shown as ball-and-stick. End-view is numbered to
show blade pairing centered at blade 4 (box). (C) Experimental SAXS profile of UVR8
(crystallographic construct) compared with computed profiles for crystallographic dimers.
(D) Crystallographic dimer docked into ab initio SAXS model of full-length UVR8 dimer
(top) and pair-distance-distribution functions [P(r)] for full-length and trypsin-treated UVR8
(bottom), defining maximal diameter difference (ΔDmax). (E) Asymmetric localization of
aromatic residues identifies center of photoreception. Key side chains (grey) are labeled.
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Figure 2.
Ionic interactions are key to maintaining the UVR8 dimer. (A) Electrostatic potential surface
of UVR8 reveals charge complementarity at the dimer interface, (B) Arg (blue/cyan) and
Glu/Asp (red/magenta) balls indicate key charged residues mediating cross-dimer salt
bridges aligned across the interface. (C) Close up of key salt bridges: Arg 286 with Asp 96
and Asp 107; Arg 146 with Glu 182; Arg 338 with Asp 44, with hydrogen bonds shown as
orange dots. The Trp pyramid (black dashed lines) is formed by W94 (purple) atop the Trp
triad (green). (D) Acidification promotes monomerization of wild-type UVR8, as analyzed
by SDS-PAGE without sample boiling (E) Size exclusion chromatography shows
UVR8R146A/R286A, UVR8R286A/R338A and UVR8D96N/D107N mutants are constitutive
monomers.
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Figure 3.
Specific tryptophans mediate UV-B photoreception by UVR8. (A) Bulky aromatic residues
tightly pack with key charged residues across the dimer (top) and within a monomer
(bottom). (B–G) Far-UV CD spectrum change of UVR8 by UV-B. (B) Wild-type UVR8;
(C) UVR8W94A; (D) UVR8W233F and UVR8W233A; (E) UVR8W285F and UVR8W285A; (F)
UVR8W337F and UVR8W337A; (G) triple mutants UVR8W233F/W285F/W337F and
UVR8W233A/W285A/W337A.
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Figure 4.
Key features of UVR8 photoreceptor mechanism (A) qRT-PCR analysis of UV-B induction
of HY5 transcripts in wild-type, uvr8-1, and uvr8-1 expressing GFP-UVR8W285A (line 7-1).
Inset shows Western blot of GFP-UVR8 in plant lines and Ponceau S staining of rbcL
protein as loading control. (B) SAXS Pair-distance-distribution functions [P(r)] show that
UVR8W285A is dimeric, with only subtle conformational differences from wild-type. (C)
Far-UV CD spectra of UVR8W285F before and after exposure to 40 min UV-C. (D) Size
exclusion chromatography of UVR8W285F mutant protein exposed to UV-C (solid and
dotted magenta lines). (E) Far-UV CD spectra of UVR8R146A/R286A, UVR8R286A/R338A and
UVR8D96N/D107N mutants. (F) Model for UV-B photoreception by UVR8. UV-B sensing
(by Trp “pyramid”) triggers dimer dissociation by disrupting salt bridges.
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