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Abstract 12 

 13 

Cryptochromes (CRYs) are photoreceptors or components of the molecular clock in 14 

various evolutionary lineages, and they are commonly regulated by polyubiquitination 15 

and proteolysis. Multiple E3 ubiquitin ligases regulate CRYs in animal models, and 16 

previous genetics study also suggest existence of multiple E3 ubiquitin ligases for plant 17 

CRYs. However, only one E3 ligase, Cul4COP1-SPAs, has been reported for plant CRYs so 18 

far. Here we show that Cul3LRBs is the second E3 ligase of CRY2 in Arabidopsis. We 19 

demonstrated the blue light-specific and CRY-dependent activity of LRBs 20 

(Light-Response Bric-a-Brack/Tramtrack/Broad 1, 2 & 3) in blue-light regulation of 21 

hypocotyl elongation. LRBs physically interact with photoexcited and phosphorylated 22 

CRY2 to facilitate polyubiquitination and degradation of CRY2 in response to blue light. 23 

We propose that Cul4COP1-SPAs and Cul3LRBs E3 ligases interact with CRY2 via different 24 

structure elements to regulate the abundance of CRY2 photoreceptor under different 25 

light conditions, facilitating optimal photoresponses of plants grown in nature. 26 

 27 

 28 

CRYs are photolyase-like flavoproteins that act as photoreceptors in plants or core 29 

components of the molecular clock in mammals1-3. Regulation of CRY abundance is an 30 

important mechanism to control cellular photo-responses and chrono-responses. For 31 

example, two cullin 1 family E3 ubiquitin ligases, SCFFBXL3 and SCFFBXL21, regulate 32 
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ubiquitination and degradation of mCRYs to govern the circadian clock in mammals4-8. 33 

Similarly, a cullin 1-based E3 ubiquitin ligase receptor, Jetleg, and a cullin 4-based E3 34 

ubiquitin ligase receptor, Brwd3, bind to dCRY to regulate ubiquitination of Tim and 35 

dCRY in Drosophila9,10. 36 

Arabidopsis cryptochrome 2 (CRY2) is one of the best studied plant CRYs that 37 

mediate blue light inhibition of cell elongation and photoperiodic promotion of floral 38 

initiation11,12. These physiological activities of CRY2 are regulated by at least three blue 39 

light-dependent mechanisms. Firstly, CRY2 undergoes blue light-dependent 40 

oligomerization to become active tetramers13-17. The BIC1 and BIC2 (Blue-light Inhibitors 41 

of Cryptochromes 1 and 2) proteins interact with photoexcited CRY2 to negatively 42 

regulate CRY2 photo-oligomerization in light, whereas the active CRY2 homooligomers 43 

may also undergo thermal relaxation to become inactive monomers in the absence of 44 

light14-17. Secondly, the activity of CRY2 homooligomers are positively regulated by 45 

protein phosphorylation reactions catalyzed by four related protein kinases PPKs 46 

(Photoregulatory Protein Kinases 1-4)18-20. Thirdly, the photoexcited CRY2 proteins 47 

undergo polyubiquitination catalyzed by the E3 ubiquitin ligase Cul4COP1-SPAs and 48 

subsequently degraded by the 26S proteasome11,21,22. Like animal CRYs, the 49 

abundance and overall cellular activity of plant CRYs are regulated by phosphorylation, 50 

ubiquitination, and proteolysis3. However, only a cullin 4 family E3 ubiquitin ligase, 51 

Cul4COP1-SPAs, is presently known to regulate ubiquitination and degradation of plant 52 

CRYs3, raising the question how the highly conserved CRYs are differentially regulated 53 

in different evolutionary lineages. 54 

Under nature light conditions, plants rely on the coaction of blue light receptors CRYs 55 

and the red/far-red light receptors phytochromes (phys)23,24 to achieve the optimal 56 

photoresponses25. Mechanistically, the CRY-phy coaction could be achieved by different 57 

photoreceptors physically complexing with the same signaling proteins, such as bHLH 58 

transcription factors Phytochrome Interacting Factors (PIF1-8)26, Photoregulatory 59 

Protein Kinases (PPK1-4)20,27, the substrate receptor of a Cul4 E3 ligase Constitutive 60 

Photomorphogenic 1 (COP1)28, and Suppressors of PHYA-105 1 family members 61 

(SPA1-4) that act as COP1 activators29. For example, CRY2 interacts with PPKs, which 62 

catalyzes blue light-dependent phosphorylation of CRY2 to positively regulate the 63 
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functions, polyubiquitination, and degradation of CRY220. On the other hand, PPKs 64 

interact with the phyB-PIF3 complex to negatively regulate the function of phyB by the 65 

so-called “mutually assured destruction” mechanism27,30. According to this hypothesis, 66 

the photoexcited phyB interacts with PIF3, recruiting PPKs to phosphorylate PIF3; 67 

phosphorylated PIF3 interact with the substrate receptors of the Cul3LRBs, 68 

Light-Response Bric-a-Brack/Tramtrack/Broad (LRB 1-3), which catalyze 69 

polyubiquitination and degradation of PIF3 that also leads to phyB degradation27. 70 

Arabidopsis genome encodes three LRBs, LRB1, LRB2, and LRB330,31. LRB1 and LRB2 71 

share higher homology and higher levels of mRNA expression than LRB3, and they act 72 

redundantly to suppress phyB-dependent photoresponses31. It has not been reported 73 

whether Cul3LRBs play other roles in addition to its important function regulating PIF3 74 

ubiquitination and phyB-dependent red-light responses.  75 

 76 

Results 77 

 78 

LRBs are required for the CRY-dependent blue light responses 79 

We have previously shown that the blue light-dependent ubiquitination and 80 

proteolysis of CRY2 is diminished but not completely abolished in the cop1 null mutant22, 81 

suggesting the existence of another E3 ubiquitin ligase in addition to Cul4COP1-SPAs. 82 

Because LRB2 was identified as a putative CRY2-associated protein in our prior IP-MS 83 

(Immunoprecipitation-Mass Spectrometry) analyses of CRY2 complexomes purified from 84 

transgenic Arabidopsis plants overexpressing GFP-CRY220 (Supplementary Table 1), 85 

we first tested whether LRBs play a role in blue light-dependent seedling development. 86 

As reported previously30, the lrb123 triple mutant showed little apparent abnormality 87 

when grown in darkness or far-red light, but it exhibited a dramatic short-hypocotyl 88 

phenotype when grown in continuous red light (Fig. 1a-b). The lrb123 triple mutant also 89 

showed short-hypocotyl phenotype when grown in both long-day and short-day 90 

photoperiods illuminated with white light (Fig. 1a-b). These results are consistent with the 91 

established function of LRBs regulating red light-dependent activities of phyB30,31. When 92 

grown in continuous blue light, the cry1cry2 mutant developed long hypocotyl phenotype 93 

as previously reported32, whereas the lrb123 showed hypocotyls modestly shorter than 94 
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that of the wild-type seedings (Fig. 1c-d). The short hypocotyl phenotype of lrb123 95 

mutant in blue light can be rescued by constitutively overexpressing LRB2 protein in 96 

lrb123 mutant (Supplementary Fig. 1). The short-hypocotyl phenotype of the lrb123 97 

mutant seedlings (6-day-old) is more apparent in seedlings grown in blue light of the light 98 

intensities higher than 10 µmol m-2 s-1 (Fig. 1d), which is consistent with the previous 99 

report that showed hardly distinguished phenotype of the wild-type and the lrb12 double 100 

mutant (4-day-old) grown in continuous blue light with the light intensities of 10 µmol m-2 101 

s-1 or lower31. These results argue for a light intensity-dependent function of LRBs in blue 102 

light. To examine the functional relationship between CRYs and LRBs, we prepared the 103 

cry1cry2lrb123 quintuple mutant and compared the hypocotyl phenotype of the quintuple 104 

mutant with its parents (Fig. 1e-f). When grown under continuous blue light, the cry1cry2 105 

mutant and the lrb123 mutant exhibit long or short hypocotyl phenotype, respectively. 106 

However, the cry1cry2lrb123 quintuple mutant shows the long hypocotyl phenotype 107 

indistinguishable to that of the cry1cry2 mutant parent in blue light (Fig. 1e-f), but not in 108 

other light conditions (Fig. 1a-b). This result clearly demonstrates that the function of 109 

LRBs in blue light is dependent on the activity of the blue-light receptor CRYs. 110 

Comparing to the lrb123 parent, the lrb123cop1 quadruple mutant shows de-etiolated 111 

phenotype of the cop1 parent in darkness but a slight additive effect of both parents in 112 

blue light (Fig. 1g-h). Taken together, these results argue that LRBs regulate plant 113 

development by controlling not only the red light-dependent activity of phytochromes but 114 

also the blue light-dependent activity of cryptochromes. 115 

 116 

LRBs are required for the blue light-dependent CRY2 degradation  117 

We next tested how LRBs regulate cryptochrome activity by examining the blue 118 

light-dependent degradation of CRY2 in the lrb123 mutants. Results shown in Fig. 2 119 

demonstrate that LRBs are required for the blue light-induced degradation of CRY2. The 120 

CRY2 protein level decreased by at least 70% (in 30 minutes) to 85% (in 60 minutes) in 121 

etiolated wild-type seedlings transferred to blue light (30 µmol m-2 s-1) (Fig. 2a-b). In 122 

contrast, levels of the CRY2 protein exhibited little change in one lrb123 triple mutant 123 

allele (lrb1lrb2-1lrb3) or less than 50% decrease in the second lrb123 triple mutant allele 124 

(lrb1lrb2-2lrb3) under the same condition (Fig. 2a-b). This result indicates that 125 



5 

 

lrb1lrb2-1lrb3 is a slightly stronger allele in comparison to lrb1lrb2-2lrb3. We then 126 

compared the blue light-induced CRY2 degradation in lrb123, cop1, and lrb123cop1 127 

quadruple mutant in seedlings grown in continuous dark or blue light (Fig. 2c-d). Results 128 

of this experiment suggest that COP1, but not LRBs, determines abundance of the 129 

CRY2 protein in this steady-state condition, suggesting that LRBs are responsible for the 130 

rapid blue light response of CRY2 proteolysis but not the prolonged photoresponse of 131 

CRY2 proteolysis, whereas COP1 is required for the prolonged photoresponse of CRY2 132 

proteolysis. To test this hypothesis, we compared the photoresponsive CRY2 proteolysis 133 

in etiolated seedlings transferred to blue light from 30 minutes to 14 hours (Fig. 2e-f). 134 

Results of this experiment show that the lrb123 mutants are clearly defective for the blue 135 

light-induced CRY2 degradation within two hours of light exposure, whereas the cop1 136 

mutant shows defect in CRY2 degradation primarily during prolonged light exposure. As 137 

expected, little CRY2 degradation was detected in the lrb123cop1 quadruple mutant for 138 

both short or long exposure of blue light. We concluded that LRBs and COP1 are both 139 

required for the blue light-induced CRY2 degradation. 140 

 141 

LRBs interact with phosphorylated CRY2 to catalyze its polyubiquitination 142 

Given that a substrate receptor of E3 ubiquitin ligases must physically interact with 143 

the substrate, we examined the CRY2-LRB interaction (Fig. 3), using the 144 

co-immunoprecipitation (co-IP) assays of proteins co-expressed in the heterologous 145 

HEK293T (Human Embryo Kidney) cells as we previously reported14. Because we have 146 

previously shown that the blue light-induced phosphorylation of CRY2 is required for 147 

CRY2 ubiquitination and degradation, and that PPK1 is one of the four related protein 148 

kinases that specifically phosphorylate photoexcited CRY218,20, we tested LRB-CRY2 149 

interaction in the presence of the wild-type PPK1 in response to blue light in HEK293T 150 

cells. LRB1 and LRB2 preferentially interact with phosphorylated CRY2 in HEK293T 151 

cells co-expressing PPK1, but only when cells were exposed to blue light (Fig. 3a-b). 152 

The light dependence of LRB-CRY2 interaction is confirmed by the result that LRB2 153 

failed to interact with the photo-insensitive CRY2D387A mutant that does not bind the FAD 154 

(Flavin Adenine Dinucleotide) chromophore33 (Fig. 3c). The phosphorylation 155 

dependence of LRB-CRY2 interaction was confirmed by the result that LRB2 failed to 156 
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interact with CRY2 in light-treated HEK293T cells co-expressing the catalytically inactive 157 

PPK1D267N (Fig. 3d). These results demonstrate that LRBs directly and specifically 158 

interact with photoexcited and phosphorylated CRY2. We next examined LRB1-CRY2 159 

and LRB2-CRY2 interactions in vivo, using the BiFC (Bimolecular Fluorescence 160 

Complementation) assay in Arabidopsis cells34. In this experiment, Arabidopsis leaves 161 

were transiently transformed by infiltration of Agrobacterium cells harboring plasmids 162 

expressing the indicated BiFC pairs of recombinant proteins34, and the direct 163 

protein-protein interactions between the BiFC pairs were analyzed by the BiFC assay. 164 

Figure 4 shows strong BiFC signals between CRY2 and LRB1 or CRY2 and LRB2. In 165 

contrast, no BiFC signal was detected between the photo-insensitive CRY2D387A and 166 

LRB1 or CRY2D387A and LRB2. These results clearly demonstrate the direct interaction of 167 

CRY2 and LRB proteins in vivo. 168 

To further test the hypothesis that the Cul3LRBs and Cul4COP1-SPAs E3 ubiquitin ligases 169 

catalyze blue light-dependent CRY2 ubiquitination, we performed three independent 170 

experiments to investigate the activity of LRBs and COP1 in the blue light-induced 171 

polyubiquitination of CRY2, using the IP/immunoblot assays. In the first two experiments, 172 

we prepared transgenic plants overexpressing Flag-GFP-tagged CRY2 (FGFP-CRY2) in 173 

the wild-type (WT), the strong (lrb1lrb2-1lrb3) or weak (lrb1lrb2-2lrb3) alleles of the 174 

lrb123 triple mutant (Fig. 5a-b,d), and the cop1 mutant backgrounds (Fig. 5c-d). In the 175 

third experiment, we prepared double-tagged transgenic lines that overexpress 176 

FGFP-CRY2 with either the Myc-tagged LRB (Myc-LRB1, Myc-LRB2) or the Myc-tagged 177 

COP1 (Myc-COP1) (Fig. 5e). In the first experiment, polyubiquitinated proteins of 178 

samples were indiscriminately precipitated using the TUBE2 (Tandem Ubiquitin Binding 179 

Entity 2)-conjugated beads35, and the TUBE2-enriched proteins were analyzed by 180 

immunoblots probed with the anti-ubiquitin or anti-CRY2 antibodies (Fig. 5a-c). This 181 

experiment detected a high level of polyubiquitination of CRY2 in blue light-treated 182 

wild-type background seedlings (Fig. 5a-c). However, little ubiquitinated CRY2 was 183 

detected in etiolated seedlings or in blue light-treated lrb123 or cop1 mutant background 184 

seedlings (Fig. 5a-c). In the other two experiments, FGFP-CRY2 were 185 

immunoprecipitated by the GFP-trap beads, and the level of polyubiquitination of 186 

FGFP-CRY2 was analyzed by immunoblots probed against anti-ubiquitin antibody (Fig. 187 
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5d-e). In etiolated seedlings exposed to blue light, a high level of ubiquitinated 188 

FGFP-CRY2 was detected in the wild-type seedlings overexpressing FGFP-CRY2. In 189 

contrast, a lower level of ubiquitinated FGFP-CRY2 was detected in lrb1lrb2-2lrb3 weak 190 

allele, whereas almost no ubiquitinated FGFP-CRY2 was detected in the lrb1lrb2-1lrb3 191 

strong allele or the cop1 mutant seedlings transgenically overexpressing FGFP-CRY2 192 

(Fig. 5d). In comparison to FGFP-CRY2 overexpressed in the wild-type background, the 193 

blue light-induced polyubiquitination of GFP-CRY2 is enhanced in plants 194 

co-overexpressing LRB1, or LRB2, or COP1 (Fig. 5e). Taken together, results of those 195 

three independent experiments all support the hypothesis that two distinct E3 ubiquitin 196 

ligases, Cul3LRBs and Cul4COP1-SPAs, can both catalyze blue light-dependent 197 

polyubiquitination of CRY2 in vivo. 198 

 199 

COP1 and LRBs interact with different structure elements of CRY2 200 

 Because the LRBs and COP1 proteins share little sequence or structural similarity, 201 

we reasoned that they are unlikely to interact with the identical structure elements of 202 

CRY2. The VP motif is a conserved COP1-binding motif of many substrates of the 203 

Cul4COP1-SPAs E3 ligase, including CRY236,37. We previously reported that the CRY2P532L 204 

mutation impaired at the VP motif (Fig. 6a) loses all the physiological activities tested but 205 

retains many photochemical properties of CRY2, including blue light-induced 206 

oligomerization, phosphorylation, ubiquitination, and degradation15. We first compared 207 

the relative activity of FGFP-CRY2 and FGFP-CRY2P532L, using the hypocotyl inhibition 208 

assay in transgenic plants expressing the respective recombinant protein at similar 209 

levels in the cry1cry2 mutant background (Supplementary Fig. 2a). Transgenic seedlings 210 

expressing FGFP-CRY2P532L showed no obvious activity mediating light inhibition of 211 

hypocotyl elongation under all light intensities of blue light tested (Fig. 6b, 212 

Supplementary Fig. 2b). This result confirmed our previous report that CRY2P532L is a 213 

loss-of-function mutation15. We then compared the kinetics of blue light-induced 214 

degradation of FGFP-CRY2 and FGFP-CRY2P532L, using the same transgenic lines (Fig. 215 

6c-d). Although FGFP-CRY2P532L is degraded in response to blue light as we previously 216 

reported15, this recombinant CRY2 mutant protein appears to degrade slower than its 217 

wild-type counterpart (Fig. 6c-d). The apparent half-life of FGFP-CRY2P532L is more than 218 
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twice that of FGFP-CRY2 (Fig. 6d). Because the LRBs only interact with phosphorylated 219 

CRY2 whereas COP1 interacts with both phosphorylated and unphosphorylated CRY2 220 

(Fig. 6e), we examined the phosphorylation activity of the CRY2P532L mutant protein in 221 

HEK293T cells co-expressing the CRY2 kinase PPK1. CRY2P532L mutant undergoes 222 

blue light- and PPK1-dependent phosphorylation (Fig. 6e-f). Neither the 223 

unphosphorylated CRY2D387A control or the phosphorylated CRY2P532L mutant protein 224 

interacts with COP1 or SPA1 in response to blue light (Fig. 6e). Because the CRY2P532L 225 

mutant does not interact with COP1, its blue light-induced degradation is most likely 226 

dependent on another E3 ligase, such as LRBs. Consistent with this hypothesis, the 227 

photoexcited and phosphorylated CRY2P532L mutant protein interacts with LRB2 with no 228 

discernable difference in comparison to the wild-type CRY2 (Fig. 6f). This result explains 229 

why CRY2P532L that does not interact with COP1 or SPA1 can still be degraded in plants 230 

(Fig. 6c). Taken together, the results of our experiments argue that two types of 231 

substrate receptors, COP1 and LRBs, interact with CRY2 via distinct structural elements 232 

of CRY2 to enable the blue light-induced CRY2 ubiquitination and degradation by the 233 

respective E3 ubiquitin ligases, Cul3LRBs and Cul4COP1-SPAs. 234 

 235 

Discussion 236 

 237 

In this study, we demonstrate that, in addition to Cul4COP1-SPAs, the E3 ubiquitin 238 

ligases Cul3LRBs is required for blue light regulation and function of CRY2. We 239 

demonstrate that Cul3LRBs is responsible for the rapid ubiquitination and degradation of 240 

CRY2, whereas Cul4COP1-SPAs is responsible for the slow or prolonged ubiquitination and 241 

degradation of CRY2. We show that LRBs and COP1 interact with CRY2 via different 242 

structural elements: LRBs interacts with photoexcited and phosphorylated CRY2, but 243 

COP1 interacts with CRY2 regardless of its phosphorylation states. It is interesting that 244 

plants evolved with two distinct E3 ubiquitin ligases to regulate a CRY photoreceptor by 245 

different modes of interaction under different light conditions. In mammals, two related 246 

Cul1-based E3 ligases, SCFFBXL3 and SCFFBXL21, act to promote ubiquitination and 247 

degradation of CRYs in the nucleus and cytoplasm, respectively, to control the period of 248 

the circadian clock8. In Drosophila, Jetleg of a Cul1-based E3 ligase and Brwd3 of a 249 
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Cul4-based E3 ligase regulate ubiquitination and degradation of dCRY-dependent 250 

circadian rhythm9,10. Cul4Brwd3 mediates light-dependent ubiquitination and degradation 251 

of dCRY, whereas Cul1Jetlag interacts with dCRY to catalyze ubiquitination of the 252 

dCRY-interacting protein TIM10,38. Decreased TIM may enhance interaction of dCRY 253 

with its E3 ligases to accelerate its degradation in light. These studies demonstrate that 254 

multiple E3 ligases are needed to regulate the activity of a CRY to control the circadian 255 

clock. The results of this study argue that plant CRY2 is also controlled by two distinct E3 256 

ligases, and that the delicate control of the abundance of CRYs is evolutionarily 257 

conserved for not only circadian rhythms in animals but also photomorphogenesis in 258 

plants. Our finding that Cul3LRBs or Cul4COP1-SPAs catalyze CRY2 ubiquitination in different 259 

light conditions to promote rapid or slow degradation of CRY2, respectively, highlights 260 

the importance of photosensitivity to photomorphogenesis of plants. The complex 261 

mechanism regulating CRY2 turnover is likely evolved to optimize photomorphogenesis 262 

under natural light conditions. In this regard, it is particularly interesting that Cul3LRBs has 263 

been previously shown to be the E3 ligase of PIF3 and critical for the function of phyB 264 

and phytochrome-dependent photoresponses30,31. Our finding that Cul3LRBs also 265 

catalyzes blue light-dependent ubiquitination of CRY2 to regulate blue light-dependent 266 

photomorphogenesis argues for a previously unrecognized mechanism toward a better 267 

understanding of how plants respond to light in the nature white light conditions. 268 

 269 

Methods 270 

 271 

Plasmid construction 272 

Plasmid constructs in this study were generated by In-Fusion Cloning methods. The 273 

insertions were all verified by Sanger sequencing. The mammalian cell expression 274 

vectors used in this study were pQCMV-Flag-GFP, pQCMV-GFP and pCMV-Myc. 275 

pQCMV-Flag-GFP vector, driven by CMV promoter and with 1x Flag and GFP tags, was 276 

modified from pEGFP-N1 (Clontech). pQCMV-GFP vector, driven by CMV promoter and 277 

with a GFP tag, was modified from pQCMV-Flag-GFP. pCMV-Myc vector, driven by 278 

CMV promoter and with a 1x Myc tag, was described previously20. To generate plasmids 279 

expressing Flag-LRB1, Flag-LRB2, Flag-CRY2 and Flag-CRY2D387A, the CDS regions of 280 
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respective genes were amplified either from Arabidopsis cDNA or previous plasmids, 281 

and in-fusion into SpeI/KpnI-digested pQCMV-Flag-GFP vector, resulting a Flag tag at 282 

the N-terminus of genes. Myc-LRB1, Myc-LRB2, Myc-CRY2, Myc-SPA1 and Myc-COP1 283 

plasmids were prepared by cloning CDS into the BamHI site of pCMV-Myc vector, 284 

resulting a Myc tag at the N-terminus of genes. The CDS of PPK1 and PPK1D267N were 285 

amplified from previous plasmids by using the primers containing 2x HA coding 286 

sequences at the 5’ end of forward primers, and in-fusion into SpeI/KpnI-digested 287 

pQCMV-GFP vector to generate HA-PPK1 and HA-PPK1D267N. 288 

For BiFC constructs, the vectors used in this study were described previously39. The 289 

coding sequences of LRB1 (AT2G46260), LRB2 (AT3G61600), CRY2 (AT1G04400) and 290 

CRY2D387A were amplified and cloned into pDONR/Zeo entry vector. The entry 291 

constructs were then introduced into the destination vector pX-nYFP (N-terminus of YFP 292 

fused to C-terminus of genes) or pcCFP-X (C-terminus of CFP fused to N-terminus of 293 

genes) by LR reaction. 294 

pFGFP and pDT1H binary vectors were used for creating overexpression transgenic 295 

lines. The pFGFP binary vector, driven by Actin2 promoter and with 2x Flag and GFP 296 

tags, was modified from pCambia330120. The pDT1H binary vector, possessing two 297 

expression cassettes which can sequentially insert two genes into one vector, was 298 

modified from previously published vector pDT140 by replacing the BAR gene with HPT 299 

gene which converts basta resistance to hygromycin resistance in plants. The CDS of 300 

LRB2, CRY2 and CRY2P532L were cloned into BamHI-digested pFGFP vector to 301 

generate FGFP-LRB2, FGFP-CRY2, FGFP-CRY2P532L with 2x Flag and GFP tags fused 302 

to N-terminus of the genes. The CDS regions of LRB1, LRB2 and COP1 (AT2G32950) 303 

were cloned into the BamHI site of pDT1H vector to produce Myc-LRB1, Myc-LRB2 and 304 

Myc-COP1 with 4x Myc tags fused to N-terminus of the genes.  305 

Plant materials and growth conditions 306 

All mutants used in this study are in the Arabidopsis thaliana Columbia ecotype 307 

background. The cry1cry2 double mutant were described as previously32. The 308 

lrb1lrb2-1lrb3 (lrb1, Salk_145146; lrb2-1, Salk_001013; lrb3, Salk_082868) and 309 

lrb1lrb2-2lrb3 (lrb2-2, Salk-044446) triple mutants were gifts from Dr. Peter Quail and as 310 

described previously30,31. cop1-4 and cop1-6 are weak mutant alleles of COP1 as 311 



11 

 

previously described41. cry1cry2lrb1lrb2-2lrb3 and lrb1lrb2-2lrb3cop1-4 mutants were 312 

generated by crossing. The genotypes of lrb123 mutants were verified by PCR using the 313 

primers listed in Supplementary Table 2. cop1-4 mutant was verified by PCR using the 314 

primers listed in Supplementary Table 2, followed by Sanger sequencing to confirm the 315 

point mutation of COP1. cry1cry2 mutant was verified by western blots using antibodies 316 

against CRY1 and CRY2 proteins.  317 

All transgenic lines were generated via Agrobacterium tumefaciens–mediated 318 

floral-dip method42. The wild-type plants used for transformation in this study are rdr6-11, 319 

which suppresses gene silencing43. For in vivo ubiquitination study, FGFP-CRY2 was 320 

introduced into rdr6-11, lrb1lrb2-1lrb3, lrb1lrb2-2lrb3, and cop1-6 background. The 321 

FGFP-CRY2/Myc-LRB1 double-overexpression lines were prepared by introducing 322 

FGFP-CRY2 into Myc-LRB1/rdr6-11 plants. The transgenic T1 populations were 323 

screened on MS plates containing 25 mg/L Glufosinate-ammonium (cat # CP6420, 324 

Bomei Biotechnology) and 25 mg/L hygromycin (cat # 10843555001, Roche), and 325 

western blots were performed to confirm the expression of both proteins. The same 326 

method was used for generating FGFP-CRY2/Myc-LRB2 and FGFP-CRY2/Myc-COP1 327 

double-overexpression lines. For experiments comparing the hypocotyl phenotype and 328 

protein degradation kinetics of FGFP-CRY2 and FGFP-CRY2P532L, FGFP-CRY2 and 329 

FGFP-CRY2P532L were introduced into cry1cry2rdr6 background. The cry1cry2rdr6 were 330 

generated by crossing cry1-30432, cry2-112, and rdr6-1143. The transgenic lines were 331 

screened on MS plates with 25 mg/L Glufosinate-ammonium, and lines with similar 332 

protein expression level of FGFP-CRY2 and FGFP-CRY2P532L were used for analysis. 333 

For lrb123 mutant blue-light hypersensitivity phenotype rescue experiments, 334 

FGFP-LRB2 and Myc-LRB2 were transformed into lrb1lrb2-2lrb3 background.  335 

For routine maintenance, Arabidopsis thaliana were grown under long day conditions 336 

(16 hours light / 8 hours dark) at 22°C. For hypocotyl phenotype analysis, seedlings were 337 

grown on MS plates with 3% sucrose at 20-22°C for 6 days under different light 338 

conditions. Light-emitting diode (LED) was used to obtain monochromatic light (blue light, 339 

peak 465 nm, half-bandwidth of 25 nm; red light, peak 660 nm, half-bandwidth of 20 nm; 340 

far-red light, peak 735 nm, half-bandwidth of 21 nm). For endogenous CRY2 degradation 341 

analysis in WT, lrb123, cop1 and lrb123cop1 mutants, seedlings were grown in darkness 342 
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on MS plates with 3% sucrose for 7 days, then subjected to 30 μmol m-2 s-1 blue light for 343 

the indicated time. For FGFP-CRY2 and FGFP-CRY2P532L degradation analysis, 344 

seedlings were grown in darkness on MS plates with 3% sucrose for 7 days, then 345 

subjected to 100 μmol m-2 s-1 blue light for the indicated time. For immunoprecipitation of 346 

polyubiquitinated proteins, 7-day-old etiolated seedlings grown on MS medium 347 

containing 3% sucrose were treated with 50 μM MG132 (Cat # S2619, Selleck) in liquid 348 

MS in the dark overnight with gentle shaking, and then moved to 30 μmol m-2 s-1 blue 349 

light for 5, 10 and 15 minutes before harvest.  350 

Blue-light-induced CRY2 degradation assays 351 

For endogenous CRY2 degradation analysis, seedlings were grown in the dark for 352 

seven days and then treated with 30 μmol m-2 s-1 of blue light for indicated time. For 353 

FGFP-CRY2 and FGFP-CRY2P532L degradation analysis, seedlings were treated with 354 

100 μmol m-2 s-1 of blue light. Tissues were homogenized by TissueLyser (QIAGEN). 355 

Proteins were extracted in equal tissue volume of protein extraction buffer [120mM Tris 356 

pH 6.8, 100mM EDTA, 4% w/v SDS, 10% v/v beta-mercaptoethanol, 5% v/v Glycerol, 357 

0.05% w/v Bromophenol blue]44, heated at 100°C for 8 minutes, centrifuged at 16000 rcf 358 

for 10 minutes, and analyzed by western blot. Proteins were separated in 10% 359 

SDS-PAGE gels, and transferred to nitrocellulose membranes (Pall Life Sciences).  360 

For immunoblot signals detected by enhance conventional chemiluminescent (ECL) 361 

method, membranes were blocked with 5% non-fat milk in PBST for 1 hour, blotted with 362 

anti-CRY2 primary antibody (1:3000, homemade) in PBST for 1.5 hours, washed 8 363 

minutes x 3 times with PBST, blotted with anti-Rabbit-HRP (1:10000, cat # 31460, 364 

ThermoFisher) secondary antibody in PBST for 1.5 hours, washed 8 minutes x 3 times 365 

with PBST and then incubated with ECL solution for X-ray film development. The 366 

membranes were then stripped with stripping buffer [0.2 M Glycine, pH 2.5] and 367 

re-probed with anti-HSP82 (1:10000, cat # AbM51099-31-PU, Beijing Protein Innovation) 368 

primary antibody and anti-Mouse-HRP (1:10000, cat # 31430, ThermoFisher) secondary 369 

antibody. Anti-HSP82 antibody from Oryza sativa can also recognized Arabidopsis 370 

HSP90 protein45. Three independent blots were performed in parallel for quantification 371 

analysis. The quantification of protein intensity of ECL immunoblots was performed by 372 

ImageJ. 373 
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For immunoblot signals detected by Odyssey CLx Infrared Imaging System (Li-COR), 374 

membranes were blocked with 0.5% casein in PBS for 1 hour, blotted with anti-CRY2 375 

(1:3000) and anti-HSP82 (1:10000) mixed primary antibodies in PBST with 0.5% casein 376 

for 1.5 hours, washed 8 minutes x 3 times with PBST, blotted with Donkey anti-rabbit 790 377 

(1:15000, cat # A11374, ThermoFisher) and Donkey anti-mouse 680 (1:15000, cat # 378 

A10038, ThermoFisher) mixed secondary antibodies in PBST with 0.5% casein for 1.5 379 

hours, washed 8 minutes x 3 times with PBST and then signals were captured with 380 

Odyssey CLx by Image Studio Lite software. Three independent blots were performed in 381 

parallel for quantification analysis. Quantification of signals were processed with Image 382 

Studio Lite software. CRY2 degradation curves were indicated by CRY2 (B/D) ratio, 383 

calculated as CRY2 (B/D) = [CRY2/HSP90]blue / [CRY2/HSP90]dark, and analyzed with 384 

one phase decay of nonlinear regression. 385 

Protein expression and co-immunoprecipitation in HEK293T cells 386 

Human embryonic kidney (HEK) 293T cells were cultured in Dulbecco's modified 387 

Eagle's medium (DMEM) supplemented with 10% (v/v) FBS, 100 mg/L streptomycin and 388 

100 IU penicillin, in humidified 5% (v/v) CO2 air at 37°C. Cells were seeded at a density 389 

of approximately 8 x 105 cells/6-cm plate and the transfection were carried out with a 390 

calcium phosphate precipitation protocol. Briefly, different combinations of plasmid DNA 391 

(2~5 μg / construct) were mixed with 30 µl 2.5 M CaCl2 and ddH2O to a total volume of 392 

300 µl, then 300 µl of 2x HeBS [250 mM NaCl, 10 mM KCl, 1.5 mM Na2HPO4, 12 mM 393 

Dextrose and 50 mM HEPES, adjust the pH of the final solution to 7.05] was added drop 394 

by drop with vortex, and kept at room temperature for 5 minutes before applying to cells. 395 

The media were aspirated from each plate, DNA mixtures were gently added into plates 396 

and the plates were rotated gently to allow the mixtures to coat the entire plate. 3 ml of 397 

fresh media containing 25 μM chloriquine (cat # C6628, Sigma) were added to each 398 

plate and the plates were kept in the CO2 incubator overnight. The next day, the media 399 

were changed with 3 ml of fresh media without chloriquine. 36-48 hours after transfection, 400 

the cells were subjected to blue light treatment for indicated time, washed twice with cold 401 

PBS buffer and then harvested in liquid nitrogen for co-immunoprecipitation.  402 

Cells transfected with different plasmid DNA were lysed in 800 μl 1% Brij buffer [1% 403 

Brij-35, 50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1 mM EDTA,1x Protease inhibitor cocktail, 404 
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and 1x phosphatase inhibitor PhosSTOP] with rotating at 4°C for 20 minutes. Cell lysates 405 

were centrifuged at 16,000 rcf for 10 minutes at 4°C, and the supernatants were 406 

incubated with 20 μl Anti-FLAG M2 affinity gel (Cat. # F2426, Sigma) at 4°C for 2 hours 407 

with rotation. Beads were washed with 1% Brij buffer for 5 times. Proteins were 408 

competed from the beads with 35 μl 3xFlag peptide solution [500 ng/μl in 1% Brij buffer] 409 

for 30 minutes at room temperature with mixing. Elution was transferred to a new tube, 410 

mixed with 4XSDS sample buffer, denatured at 100 °C for 4 minutes and subjected to 411 

western blot analysis. Western blots were performed as described above. Primary 412 

antibodies used here were anti-Flag (1:1500, cat # F1804, Sigma), anti-Myc (1:5000, cat 413 

# 05-724, Millipore) and anti-HA (1:5000, cat # 12013819001, Roche), and secondary 414 

antibodies used were anti-Mouse-HRP (1:10000, cat # 31430, ThermoFisher) and 415 

anti-Rabbit-HRP (1:10000, cat # 31460, ThermoFisher). 416 

Bimolecular fluorescence complementation (BiFC) assay  417 

BiFC assays in Arabidopsis plants were performed as previously described methods 418 

with minor modifications34. Briefly, Agrobacteria AGL0 transformed with BiFC plasmids 419 

were grown in LB medium with 40 μM Acetosyringone and 1% Glucose in 28°C shaker 420 

overnight. Agrobacteria were centrifuged at 5000 rcf for 10 minutes, washed once with 421 

washing buffer [10 mM MgCl2, 100 μM Acetosyringone] and resuspended in infiltration 422 

buffer [1/4 MS pH 6.0, 1% sucrose, 100 μM Acetosyringone and 0.01% Silwet L-77] to 423 

0.5 of OD600. The agrobacteria were infiltrated into 3-4 weeks old Arabidopsis leaves 424 

with syringe. Each BiFC assay was performed with at least 3 independent plants with 2-3 425 

leaves infiltrated for each. Plant leaves were dried before kept in the dark for 24 hours, 426 

and then moved back to long day conditions (16 h light/8 h dark) to grow for two more 427 

days. The infiltrated leaf samples were analyzed under a Leica TCS SP8X confocal 428 

microscope. Hoechst 33342 was used for nuclei staining. The quantification of 429 

fluorescence intensity was performed by ImageJ. Briefly, the images of GFP and 430 

Hoechst 33342 channels from the same field were stacked first, then the regions of 431 

nuclei were selected on the image of Hoechst 33342 channel. The integrated intensity of 432 

the selected regions over the entire stack were measured. The BiFC ratio of the selected 433 

regions were calculated as [GFP intensity]nuclei / [Hoechst 33342 intensity]nuclei for each 434 
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image. Four to nine images (~40-100 nuclei in total) for each BiFC assay were used for 435 

quantification and the BiFC ratios were presented as mean ± SD (standard deviation). 436 

Immunoprecipitation of ubiquitinated proteins in Arabidopsis 437 

7-day-old etiolated seedlings were treated with 50 μM MG132 in liquid MS in the dark 438 

overnight with gentle shaking, and then treated with 30 μmol m-2 s-1 blue light for 5, 10 439 

and 15 minutes before harvest. For each immunoprecipitation, about 3 g of seedlings 440 

were used. Seedlings were ground in liquid nitrogen and homogenized in 1.5x tissue 441 

volume of IP buffer [50 mM Tris-HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1% Triton 442 

X-100, 20 mM NaF and 1x Protease inhibitor cocktail] at 4°C for 20 minutes with mixing. 443 

Lysates were centrifuged at 16000 rcf for 15 minutes at 4°C. 100 μl of supernatant were 444 

saved as inputs. 445 

For total ubiquitinated protein purification, the supernatant were incubated with 30 μl 446 

Agarose-TUBE2 beads (cat # UM402M, LifeSensors) for 2 hours at 4°C with rotating. 447 

After binding, beads were pelleted and washed 4 times with ice-cold IP buffer (without 448 

inhibitors). Total ubiquitinated proteins were eluted with 2XSDS sample buffer, 449 

denatured at 100 °C for 4 minutes and subjected to western blot analysis. Anti-ubiquitin 450 

antibody (α-Ubq, cat # 14-6078-80, Thermofisher) was used to detect total ubiquitinated 451 

proteins, and homemade anti-CRY2 antibody was used to detect CRY2 protein.  452 

For FGFP-CRY2 protein purification, the supernatant were incubated with 50 μl 453 

GFP-trap agarose beads (homemade or cat # gta-20, Chromotek) and rotated at 4°C for 454 

2 hours. Beads were pelleted and washed 4 times with IP buffer (without inhibitors). 455 

Proteins were eluted with 2XSDS sample buffer by heating at 100 °C for 4 minutes and 456 

subjected to western blot analysis. Anti-Flag antibody was used to detect FGFP-CRY2 457 

(IP) fusion protein, and anti-ubiquitin antibody was used to detect ubiquitinated CRY2. 458 

 459 
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 615 

Figures 616 

 617 

Fig. 1 LRBs are required for blue light responses. 618 

 619 

Fig. 2 LRBs and COP1 regulate fast or slow proteolysis of CRY2, respectively. 620 

 621 

Fig. 3 LRBs interact with phosphorylated Arabidopsis CRY2 expressed in the 622 

HEK293T cells. 623 

 624 

Fig. 4 LRBs interact with CRY2 in vivo. 625 

 626 

Fig. 5 LRBs and COP1 are both required for CRY2 ubiquitination. 627 

 628 

Fig. 6 The VP motif of CRY2 is required for the CRY2-COP1 interaction but not 629 

the CRY2-LRB interaction. 630 

 631 

 632 

 633 

 634 

 635 

 636 

 637 
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 639 

 640 

 641 

 642 
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Figure 1 643 

 644 

Fig. 1 LRBs are required for blue light responses. a, 6-day-old seedlings 645 

grown in darkness, red light (20 μmol m-2 s-1), far-red light (6 μmol m-2 s-1), long 646 

day (16h light / 8h dark), or short day (8h light / 16h dark). b, Hypocotyl length of 647 

indicated genotypes of (a). c, 6-day-old seedlings grown in darkness or blue light 648 

(10 μmol m-2 s-1). d, Hypocotyl length of indicated genotypes grown under blue 649 

light of different intensities (0, 5, 10, 20, 40 μmol m-2 s-1) for 6 days. e-g, 6-day old 650 

seedlings grown in darkness or blue light (20 μmol m-2 s-1). f-h, Hypocotyl length 651 

of indicated genotypes as in (e) and (g). Standard deviations (n≥20) are shown. 652 

 653 

 654 

 655 

 656 
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Figure 2 657 

 658 

Fig. 2 LRBs and COP1 regulate fast or slow proteolysis of CRY2, 659 

respectively. a-b, Representative immunoblots (a) and a quantitative analysis (b, 660 

n=3) showing the endogenous CRY2 in the 7-day-old etiolated lrb123 mutants 661 

irradiated with 30 μmol m-2 s-1 blue light for the indicated time. c-d, Representative 662 

immunoblots (c) and a quantitative analysis (d, n=3) showing the endogenous 663 

CRY2 in seedlings of indicated genotypes grown in darkness (D) or continuous 664 

blue light (cB, 30 μmol m-2 s-1). e, Representative immunoblots showing 665 

degradation of the endogenous CRY2 in 7-day-old etiolated seedlings irradiated 666 

with 30 μmol m-2 s-1 of blue light. f, Quantitative results of CRY2 degradation from 667 
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immunoblots in (e), analyzed with one phase decay of nonlinear regression. 668 

CRY2 (B/D) = [CRY2/HSP90]blue / [CRY2/HSP90]dark. CRY2 and HSP90 were 669 

probed with anti-CRY2 antibody and anti-HSP90 antibody. HSP90 is a loading 670 

control. Arrows indicate phosphorylated CRY2.  671 

 672 

 673 

Figure 3 674 

 675 

Fig. 3 LRBs interact with phosphorylated Arabidopsis CRY2 expressed in 676 

the HEK293T cells. a-d, Co-immunoprecipitation results showing the blue 677 

light-dependent interaction of LRBs and phosphorylated CRY2 in heterologous 678 

HEK293T cells. HEK293T cells co-transfected with indicated plasmids were either 679 

kept in the dark (-) or treated with 100 μmol m-2 s-1 blue light for 2 hours (+). 680 

Immunoprecipitations were performed with Flag-conjugated beads. CRY2D387A 681 

and PPK1D267N are inactive mutants of CRY2 and PPK1, respectively. Anti-Flag 682 

antibody, anti-Myc antibody or anti-HA antibody were used for detecting 683 

respective tagged proteins. Arrows show phosphorylated CRY2. 684 

 685 

 686 

 687 
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Figure 4 688 

 689 

Fig. 4 LRBs interact with CRY2 in vivo. Confocal microscopy images showing 690 

BiFC of indicated protein pairs transiently expressed in Arabidopsis plants. The 691 

Hoechst 33342 (nuclei) and GFP (BiFC) signals are shown. The relative activity of 692 

CRY2-LRB interaction was presented as BiFC ratio, calculated as BiFC ratio = 693 

[GFP intensity]nuclei / [Hoechst 33342 intensity]nuclei, quantified from each image 694 

(n≥4). Total number of quantified images and nuclei in the images is indicated 695 

underneath. CRY2D387A inactive mutant is used as the negative control. Standard 696 

deviations (n≥4 images) are shown. Scale bars, 10 μm. 697 

 698 

 699 

 700 

 701 

 702 

 703 

 704 
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 705 

Figure 5 706 

 707 

Fig. 5 LRBs and COP1 are both required for CRY2 ubiquitination. 708 

Immunoblots showing the ubiquitination of FGFP-CRY2 in indicated genotypes. 709 

7-day-old etiolated seedlings constitutively expressing FGFP-CRY2 in indicated 710 

genotypes, pretreated with MG132, were kept in the dark (D) or exposed to 30 711 

μmol m-2 s-1 blue light for 5, 10 and 15 minutes (B) before harvest for IP assays. 712 
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a-c, Total ubiquitinated proteins were purified by TUBE2-conjugated beads. 713 

Immunoprecipitated proteins were analyzed by immunoblots probed with 714 

anti-ubiquitin antibody (α-Ubq) or anti-CRY2 antibody (α-CRY2). The extent of 715 

CRY2 ubiquitination were shown underneath, calculated as [CRY2-Ubq 716 

intensity]IP / [Ubq intensity]IP. d-e, FGFP-CRY2 proteins were purified with 717 

GFP-trap beads. Immunoprecipitated proteins were analyzed by immunoblots 718 

probed with anti-ubiquitin antibody (α-Ubq), anti-Flag antibody (α-Flag) or 719 

anti-Myc antibody (α-Myc) for respective epitope-tagged proteins. The extent of 720 

CRY2 ubiquitination is calculated by [CRY2-Ubq intensity]IP / [Flag intensity]IP with 721 

the short exposure immunoblots and shown underneath. S. exp or L. exp: short or 722 

long chemiluminescence exposures of immunoblots.  723 
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Figure 6 741 

 742 

Fig. 6 The VP motif of CRY2 is required for the CRY2-COP1 interaction but 743 

not the CRY2-LRB interaction. a, A schematic diagrams depicting the CRY2P532L 744 

mutation. PHR, photolyase homologous region; CCE, CRY C-terminal extension; 745 

DQQVPSAV, VP motif in CRY2; numbers, amino acid positions. b, Hypocotyl 746 

length of 6-day-old seedlings of indicated genotypes grown under blue light of 747 

different light intensities (0, 10, 30, 60, 100 μmol m-2 s-1). FGFP-CRY2 and 748 

FGFP-CRY2P532L were constitutively expressed in cry1cry2rdr6. Standard 749 

deviations (n≥20) are shown. c, Immunoblots showing degradation of 750 

FGFP-CRY2 or FGFP-CRY2P532L in 7-day-old etiolated transgenic seedlings 751 
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irradiated with blue light (100 μmol m-2 s-1) for the indicated time. Immunoblots 752 

were probed with anti-CRY2 and anti-HSP90 antibodies. HSP90 is a loading 753 

control. d, Quantitative results of CRY2 degradation from immunoblots in (c), 754 

analyzed with one phase decay of nonlinear regression. CRY2 (B/D) = 755 

[CRY2/HSP90]blue / [CRY2/HSP90]dark. T1/2 indicates the time required for 50% 756 

degradation. e-f, Co-IP assays showing the lack of CRY2 P532L -COP1 interaction 757 

(e) and the the blue light- and phosphorylation-dependent CRY2P532L-LRB2 758 

interaction (f) in heterologous HEK293T cells. HEK293T cells co-transfected with 759 

indicated plasmids were either kept in the dark (-) or treated with 100 μmol m-2 s-1 760 

blue light for 2 hours (+). Immunoprecipitations were performed with 761 

Flag-conjugated beads. CRY2D387A is a negative control. Anti-Flag antibody, 762 

anti-Myc antibody or anti-HA antibody were used for detecting respective tagged 763 

proteins. Arrows indicate phosphorylated CRY2. 764 
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