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The blue-light receptor cryptochrome (CRY) in plants under-
goes oligomerization to transduce blue-light signals after 
irradiation, but the corresponding molecular mechanism 
remains poorly understood. Here, we report the cryogenic 
electron microscopy structure of a blue-light-activated 
CRY2 tetramer at a resolution of 3.1 Å, which shows how 
the CRY2 tetramer assembles. Our study provides insights 
into blue-light-mediated activation of CRY2 and a theoreti-
cal basis for developing regulators of CRYs for optogenetic 
manipulation.

Cryptochromes (CRYs) are photoreceptors in plants and ani-
mals1,2. Arabidopsis CRYs regulate plant growth and development 
by modulating gene expression2. Photoexcited CRYs undergo 
conformational changes following blue-light-dependent oligo-
merization to interact with up to 30 CRY signalling proteins2–5. 
The photoactivation of CRYs is regulated by blue-light inhibitors 
of cryptochromes (BICs) in light conditions3 or by spontaneous 
monomerization in dark conditions6. We have previously reported 
the structural basis of BIC-dependent inhibition of CRY2 photo-
activation4. However, how blue light induces CRY oligomerization 
remains largely unknown.

CRYs comprise two domains: a conserved amino-terminal pho-
tolyase homologous region (PHR) domain and an unstructured 
carboxy-terminal CRY C-terminal extension (CCE) domain. The 
PHR domain is mainly composed of α/β- and α-subdomains linked 
by a connector region7. The α-subdomain harbours flavin adenine 
dinucleotide (FAD) as a cofactor8 (Fig. 1a). After photoexcitation, 
the excited FAD receives an electron and a proton and transforms 
to the semireduced FAD (FAD•− or FADH•), which can be fully 
reduced to FADH− or FADH2. Semireduced or fully reduced FAD is 
unstable and reverts back to FAD in darkness, which completes the 
photocycle8–14. The photoreduction of FAD to FADH• triggers CRY 
conformational changes and subsequent signal transduction10,11,14. 
However, the corresponding trigger mechanism remains to be fur-
ther investigated.

To uncover the molecular mechanism of CRY photoactivation, 
we determined the structure of the blue-light-activated CRY oligo-
mer. Arabidopsis encodes two CRYs, CRY1 and CRY2, to perceive 
blue light. CRY1 plays a major role in blue-light inhibition of hypo-
cotyl elongation15 and CRY2 mainly mediates the photoperiodic 
control of floral initiation16,17. In this study, we focused on analys-
ing CRY2. We constructed two collimated blue-light light-emitting 
diode (LED) arrays parallel to a gel filtration column and performed 

the final step of recombinant CRY2 purification under blue-light 
irradiation (Methods and Supplementary Fig. 1). In this way, we 
successfully obtained a blue-light-activated CRY2 oligomer. The 
elution volume was approximately 11.5 ml in size-exclusion chro-
matography (SEC) (Fig. 1b, blue line), and the complex was identi-
fied as a tetramer4, which is in line with the observation of Hallett 
et al.18. When protein in the elution peak (highlighted by the red 
square in Fig. 1b) was re-injected into the column under darkness, 
the re-injected CRY2 was eluted at approximately 14.2 ml (Fig. 1b, 
brown line). This was identical to the elution volume of monomeric 
CRY2, thereby indicating that the CRY2 tetramer is unstable and 
easily reverts back to monomers in darkness. This result is con-
sistent with previous studies in which the half-time of oligomer–
monomer conversion was reported to be approximately 1.5 min 
in vitro and 16.58 min in vivo6,18. Thus, we prepared cryogenic elec-
tron microscopy (cryo-EM) grid samples under blue-light illumina-
tion and then collected data (Methods).

We constructed a three-dimensional (3D) map of photoactivated 
CRY2 to an overall resolution of 3.1 Å (Fig. 1c,d and Extended Data 
Fig. 1; EM Database (EMD) accession code 30128 and Protein Data 
Bank (PDB) ID 6M79) in accordance with the gold-standard Fourier 
shell correlation criterion (Extended Data Fig. 2 and Supplementary 
Table 1). The high-quality electron density map allowed us to build 
an atomic model for the CRY2 tetramer containing the PHR domain 
(1–489, hereafter named CRY2N), the FAD cofactor and adenosine 
monophosphate (AMP) (Fig. 1c,d and Extended Data Fig. 3; details 
about model building are described in the Methods). We did not 
add AMP during protein expression, purification or cryo-EM grid 
preparation. We speculate that endogenous AMP binds to CRY2. 
However, the role of bound AMP needs to be further investigated. 
No clear electron density was found for the CCE domain (490–612), 
which suggests that the CCE domain is flexible after photoactiva-
tion. Consistent with the structural observation, the PHR domain 
alone was sufficient for blue-light-mediated tetramerization 
(Extended Data Fig. 4).

The overall structure of the CRY2N tetramer exhibits an axial 
symmetric assembly (Fig. 1c,d). Each CRY2N in the tetramer 
(molecule (mol) A, B, C and D) displays a fold nearly identical to 
that of the CRY2N monomer, as reported in our previous study4, 
including an α/β-domain (1–136), a connector region (137–213) 
and an α-domain (214–489) (Fig. 1e and Supplementary Fig. 2).  
The α/β-domain contains helices α1 to α5 and sheets β1 to β5. 
The connector region is formed by helices α6 and α7 and a long 
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loop in-between. The α-domain contains helices α8 to α21 
(Supplementary Fig. 2). Four CRY2Ns interact with each other in a 
‘head to head’ and ‘tail to tail’ manner (Fig. 1c,d). The α/β-domain 
of mol A (and mol C) is close to helix α11 and the loop in the 

connector region of mol B (and mol D). The C terminus of the 
α-domain in mol A (and mol B) contacts that in mol C (and mol 
D). These contacts contribute to the overall ‘doughnut’ appearance 
of the CRY2N tetramer, with a polar axis of approximately 110 Å, an 
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Fig. 1 | Overall structure of the blue-light-induced CRY2N tetramer. a, A colour-coded domain architecture of CRY2 (upper) and a cartoon model of CRY2 
photoactivation (lower). b, Left: in SEC, CRY2 is a tetramer under blue light (blue line) and reverts back to a monomer after blue light is removed (brown 
line). The calibration standard is a mixture of thyroglobulin, γ-globulin and ovalbumin proteins with approximate molecular weights of 669 kDa (10.3 ml), 
158 kDa (13.0 ml) and 44 kDa (15.7 ml), respectively. Dashed lines indicate the peaks of SEC calibration standards. Right: SDS–PAGE gels showing proteins 
present in the peak fractions of CRY2 tetramer and monomer from the left panel. Proteins in the red rectangle were used to perform the re-injection 
experiment in darkness. SDS–PAGE gels are stained with Coomassie blue. Experiments were independently repeated three times with similar results 
obtained. Uncropped gel images are available as source data. c, Structural overview of the blue-light-induced CRY2N tetramer. Mol A, B, C and D are 
shown in light pink, cyan, light blue and yellow, respectively. The PHR domain comprises α/β- and α-subdomains. Reduced FAD and AMP are depicted in 
green and pink, respectively. d, Surface view of the CRY2 tetramer. e, Comparison of mol A, B, C and D in the CRY2N tetramer.
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equatorial diameter of 120 Å and a thickness of 40 Å (Fig. 1c). The 
symmetrical tetramer gives rise to two distinct interfaces: interface 
1 (and interface 1′), which is mainly generated by helices α1, α3, α8 
and α11, and by helix α6 and the long loop of the connector region 
in mol A and mol B (mol C and mol D) (Extended Data Fig. 5a, red 
square); and interface 2 (and interface 2′), which is generated by 
helix α7 of the connector region and helices α13, α14, α19 and α20 
of the α-domain in mol A and mol C (mol B and mol D) (Extended 
Data Fig. 5a, black square).

Close investigation of the CRY2N tetramer revealed that the 
CRY2Ns interact with each other through a network of hydro-
phobic interactions and hydrogen-bonding interactions (Fig. 2 
and Extended Data Fig. 5b). Details of the interactions are shown 
in Fig. 2 and summarized in the legend of Extended Data Fig. 5b. 
The roles of these residues in tetramerization was supported by a 
mutational analysis. The photooligomerization capacity of R50A, 
H62A, R173A, W214A, Q333A, R346A and R439A was severely 
diminished or completely abolished. In contrast, other mutants 
had little effect on tetramer assembly (Extended Data Fig. 6). CRY2 
undergoes oligomerization and forms photobodies after blue-light 
irradiation in plant cells (aetiolated seedlings)19,20 and mammalian 
cells (HEK293T)21,22. We further assessed the effect of these residues  
on CRY2 photobody formation. Mutants R50A, R346A and R439A 

significantly diminished the formation of photobodies (Extended 
Data Fig. 7), which was consistent with the results shown in 
Extended Data Fig. 6. Mutants Q333A and E462A displayed much 
smaller photobodies than wild-type (WT) CRY2 (Extended Data 
Fig. 7), which suggests that Q333 and E462 play an important role 
in the formation of photobodies.

These results revealed that helices α13, α14, α19 and α20 of CRY2 
in interface 2 are essential in CRY2 photooligomerization and pho-
tobody formation. Moreover, these interacting residues of CRYs, 
including R50, Q333, R346, R439 and E462, are highly conserved 
in plant CRYs, which suggests that plant CRYs share a similar oligo-
merization mode. However, in animals, the corresponding residues 
are largely different, which suggests that animal CRYs might share a 
distinct activation mechanism (Supplementary Fig. 3).

Recently, we determined the crystal structure of the CRY2N 
monomer under darkness (PDB ID 6K8I)4. Here, we compared 
the structure of the light-activated CRY2N tetramer with that of 
the dark-state CRY2N monomer (Fig. 3a–c). Although the two 
overall CRY2N structures are approximately identical, with a root 
mean squared deviation (r.m.s.d.) of 1.159 Å over 447 Cα atoms, the 
α/β-domain, the connector region and the α-domain exhibited rela-
tive movement (Fig. 3a). In the α/β-domain, α1, α3, α4, α5, β2 and 
β3 shifted slightly away from reduced FAD. In the connector region, 
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Fig. 2 | Binding interfaces in the CRY2N tetramer. Residues of mol A, B and C are coloured in pink, cyan and blue, respectively. Crucial residues involved 
in oligomerization are displayed as sticks and labelled with corresponding residue numbers. The red and green dashed lines indicate hydrogen bonds in 
interface 1 and interface 2, respectively. Close-up views of interface 1 are shown in magenta (hydrogen bonds) and red squares (hydrophobic interactions). 
Close-up views of interface 2 are shown in blue (hydrogen bonds) and black squares (hydrogen bonds). Interaction details are summarized in Extended 
Data Fig. 5.
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helices α6 and α7 located on the two sides of the CRY2 FAD-binding 
cavity also moved away from reduced FAD. The most significant 
conformational changes occurred in the α-domain. Helices α9, α11, 

α12, α13, α14, α18, α19 and α20 moved in the opposite direction 
of reduced FAD (Fig. 3a). Meanwhile, the FAD-binding cavities in 
both the monomer and tetramer of CRY2 were formed by helices 
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Fig. 3 | Blue-light-induced loosening of the FaD-binding cavity triggers CRY2 photooligomerization. a, Cylinder presentation of superimposed CRY2 
tetramer (cyan) and monomer (wheat). Conformational changes are indicated by black arrows. The α/β-domain and connector region of the tetramer are 
in magenta and red, respectively. Model representing the conformational changes is shown in dashed lines. b, Conformational changes of the FAD-binding 
cavities of the CRY2 monomer (wheat) and the tetramer (cyan). Black arrows indicate the direction of the movement between the two structures. c, 
The distances between FAD/reduced FAD and CRY2 monomer and tetramer residues. Monomer and tetramer residues are shown in wheat and cyan, 
respectively. FAD and reduced FAD are shown in green and magenta, respectively. d, Model of CRY2 photoactivation. Magenta dashed lines indicate the 
distances from FAD/reduced FAD to interacting residues. Black arrows indicate movements of corresponding helices.
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α9, α10, α12, α15, α16 and α17 and FAD-interacting residues. All 
of these helices, especially α9 and α12, were farther from reduced 
FAD in the CRY2 tetramer than in the CRY2N monomer (Fig. 3b).

Under darkness, FAD is mainly coordinated with ten residues 
(Y232, T244, S245, L246, L247, S248, W353, N356, D387 and 
D389) via hydrogen bonds4. In the blue-light-activated tetramer, 
the distances between reduced FAD and all these residues, except 
S245, were increased, resulting in larger total solvent-accessible 
surface area of these residues (approximately 312.28 Å2) than that 
in the inactive monomer (approximately 272.79 Å2) (Fig. 3c and 
Supplementary Table 2). The volume of the reduced FAD cavity 
(approximately 191 Å3, calculated using POVME23) in the tetramer 
was also larger than that in the monomer (approximately 167 Å3) 
(Extended Data Fig. 8). As exemplified by Y232, W353, N356 and 
D387, the distances between the side chains and reduced FAD sur-
passed 4 Å, thereby posing a barrier to hydrogen-bond formation 
(Fig. 3c and Supplementary Table 2). These observations suggest 
that the partial disappearance of hydrogen bonds between reduced 
FAD and the cavity might lead to tetramerization; this was corrobo-
rated by a mutagenesis analysis. We replaced residues Y232, T244, 
S245, W353, N356 and D387 with alanine and/or phenylalanine, 
which disrupted hydrogen bonding. The SEC results showed that 
Y232A and parts of W353A mutants formed tetramers in dark-
ness, similar to WT CRY2 under blue light. The elution volume of 
T244A shifted forward 0.5 ml compared with that of WT CRY2, 
which indicates that T244 might also make some contributions to 
the oligomerization of CRY2. Other mutants (S245A, N356A and 
D387A) had little effect on the oligomerization of CRY2 (Extended 
Data Fig. 9). Similar results were obtained using blue-native gels 
(Supplementary Fig. 4).

On the basis of these structural observations, we propose a 
model for CRY2 photooligomerization (Fig. 3d). The FAD-binding 
cavity is in the centre of CRY2 and coordinates with several residues 
via a series of hydrogen bonds. Following illumination, FAD is pho-
toreduced to FADH•, which weakens the hydrogen-bond network 
and loosens and enlarges the FAD-binding cavity. The enlarged 
FAD-binding cavity triggers global CRY2 conformational changes, 
especially in the connector region and helices α18, α19 and α20 
of α domain, and induces tetramer formation (Fig. 3d). Our pro-
posed photoactivation mechanism differs from that of Drosophila 
CRY (dCRY)24. Blue light induces conformational changes and the 
C-terminal-tail helix release of dCRY, but does not trigger obvious 
oligomerization, as it does in plant CRYs6. These changes correlated 
with the conformation and protonation state of conserved His378 
(ref. 24) or other unidentified residues in dCRY25.

CRYs are composed of PHR and CCE domains. The PHR domain 
harbours the chromophore for blue-light perception, whereas the 
CCE domain mainly functions in signal transduction. Previous 
yeast two-hybrid, transgenic and biochemical assays indicated that 
CRYs are oligomerized through the PHR domain26. Consistent with 
these previous reports, in this study, we only traced the PHR domain 
in CRY2 tetramer structures. Furthermore, the PHR domain is a 
monomer (44 ± 0.24 kDa) in darkness in solution and switches to 
a tetramer under blue-light treatment (173 ± 1.95 kDa) (Extended 
Data Fig. 4). Collectively, the CRY2 PHR domain is sufficient for 
photooligomerization. CCE domain release is not involved in oligo-
merization. Unfortunately, information about the CCE domain is 
missing in our structure, which hampers a delineation of its func-
tion and indicates its conformational flexibility. The domain could 
be stabilized by posttranslational modification or protein interac-
tions (such as that between the CCE and COP1/SPA)2. To fully 
understand the blue-light signal-transduction mechanism, it is 
necessary to determine the structures of full-length activated CRYs 
alone or with other factors.

Our structure suggests that FAD photoreduction is neces-
sary for CRY2 photooligomerization. The Trp-triad (residues 

W321, W374 and W397 in CRY2) is proposed to be the electron 
donor for photoreduction in vitro27. The residues in the Trp-triad 
might also play a role in maintaining the structure of CRYs27. In 
the absence of blue light, CRY2W374A possesses constitutively active 
physiological responses similar to those of the photoactivated pho-
toreceptor and interacts with CIB1 and SPA1, which suggests that 
CRY2W374A has a conformation similar to that of photoactivated 
CRY2 (ref. 28). Consistently, we observed that CRY2W374A is a tet-
ramer and interacts with CIB1 in vitro4. W374 is located in helix 
α16, which is part of the FAD-binding cavity, and is nestled in a 
greasy environment in the CRY2 monomer. These hydrophobic 
interactions might play an important role in maintaining the con-
formation and integrity of the FAD-binding cavity. The CRY2W374A 
mutation might disrupt hydrophobic interactions (Extended Data  
Fig. 10a), which lead to FAD-binding cavity conformational changes 
similar to those in the photoactivated cavity. Recently, cryo-EM 
structures of an Arabidopsis thaliana CRY2W374A (AtCRY2W374A) tet-
ramer (EMD accession code 30023) and a Zea mays CRY1cW368A 
(ZmCRY1cW368A) tetramer (PDB ID 6LZ3) were determined5. The 
overall fold of the ZmCRY1cW368A tetramer was nearly identical to 
that of our blue-light-induced AtCRY2 tetramer (r.m.s.d. of 1.269 Å 
over 405 Cα atoms) (Extended Data Fig. 10b).

BICs (BIC1 and BIC2 in A. thaliana) interact with CRYs to 
suppress CRY activation3. Recently, we reported the structure of 
BIC2-bound CRY2N, in which BIC2 sinuously winds around the 
groove between the α/β- and α-domains of CRY2N4. The compari-
son of the CRY2 tetramer and the BIC2–CRY2N complex structures 
showed that interface 2 in the CRY2 tetramer clashed with BIC2 
in the BIC2–CRY2N complex. Loop 1 in BIC2 might hamper the 
interactions between helices α13, α14, α19 and α20 in interface 2 
(Extended Data Fig. 10c). This observation corroborated our specu-
lation that BICs might inhibit CRY2 oligomerization by occupying 
CRYs oligomeric surface.

Light-dependent protein–protein interactions are convenient 
tools for manipulating biological processes. As a blue-light-sensitive 
photosensory protein, CRY2 undergoes light-dependent oligomer-
ization and binds to the partner protein CIB1, which makes CRY2 
a widely used optogenetic module for switching protein–protein 
interactions, protein transcription and other cellular biochemi-
cal events29–31. Here, this study reveals the CRY2 oligomerization 
mechanism and explains how blue light activates CRY2 to assemble 
tetramers. Our findings provide a theoretical basis for CRY regula-
tor development and optogenetic manipulation and expand optoge-
netic strategies for cellular function exploration.

Methods
Protein expression and purification. The full-length CRY2 was amplified from 
the A. thaliana complementary DNA library using a standard PCR-based cloning 
strategy. The identities of individual clones were verified by sequencing. For protein 
expression, constructs were subcloned into a modified pFastBac1 vector with an N 
fused His10 affinity tag and expressed in insect sf9 cells or the pET15D vector for 
Escherichia coli expression. All proteins were expressed and purified as previously 
described4. The last step of protein purification was run in a Superdex 200 increase 
10/300 GL column under blue light as shown in Supplementary Fig. 1 in a buffer 
containing 25 mM Tris-HCl (pH 8.0), 150 mM NaCl and 10 mM dithiothreitol 
(DTT).

Cryo-EM grid preparation and data collection. After purification, proteins 
in the peak fraction were diluted to 2 mg ml−1. The protein was placed in buffer 
containing 150 mM NaCl, 25 mM Tris (pH 8.0) and 10 mM DTT. For cryo-EM 
sample preparation, to avoid the reversion of the CRY2 tetramer, 40 μl of CRY2 
protein in 2 mg ml−1 was irradiated with a high brightness (20,000 μmol m−2 s−1) 
blue-light laser for 20 s. It was visible that yellow CRY2 was photoreduced 
to colourless activated CRY2 (Supplementary Fig. 1). An aliquot (3.5 μl) of 
photoactivated CRY2 was taken out and applied to glow-discharged holey Cu grids 
(Quantifoil, 300 mesh, R1.2/1.3) as soon as possible (<3 s), blotted with Vitrobot 
Mark IV (ThemoFisher Scientific) using 3 s of blotting time with 100% humidity at 
8 °C, and plunged into liquid ethane cooled by liquid nitrogen. The total time from 
obtained colourless CRY2 to deep freezing for cryo-EM was less than 7 s in our 
experiment. The data were acquired using a FEI Titan Krios transmission electron 

NatuRe PLaNtS | VOL 6 | DECEMBER 2020 | 1432–1438 | www.nature.com/natureplants1436

http://www.ebi.ac.uk/PDBe/entry/EMDB/30023
https://doi.org/10.2210/pdb6LZ3/pdb
http://www.nature.com/natureplants


Brief CommuniCationNature PlaNts

microscope at 300 kV with a magnification of ×130,000. Images were recorded by a 
Gatan K2 Summit direct electron detector using the super-resolution mode with a 
GIF Quantum energy filter. The defocus range varied from −1.8 to −2.5 μm. Each 
image was dose fractionated to 32 frames with a total electron dose of 50 e− Å−2 
and a total exposure time of 5.6 s. Serial EM was used for fully automated data 
collection. All stacks were motion-corrected using MotionCor2 with a binning 
factor of 2, resulting in a pixel size of 1.11 Å and dose weighting was concurrently 
performed. The defocus values were estimated using Gctf.

Data processing of the CRY2 tetramer. The movie stacks were motion-corrected 
using MotionCorr2 (ref. 32). The defocus values of each aligned sum were 
estimated using Gctf33. A total of 3,303 movie stacks with contrast transfer 
function fits better than 5 Å were used for particle picking. A total of 3,252,248 
particles were automatically picked in RELION3.0 (ref. 34). After several rounds of 
two-dimensional classification, 3,178,552 particles were selected and subjected to 
3D classification. After combining particles from the best 3D classes and removing 
duplicated particles, 1,134,305 particles were re-extracted using unbinned particles 
(pixel size 1.11 Å). The particles were subjected to a final multi-reference 3D 
classification (k = 6). The best 209,604 particles from one class were retained 
for further 3D autorefinement for which C2 symmetry was applied, resulting in 
a 3.1-Å density map estimated on the basis of the gold-standard Fourier shell 
correlation with 0.143 criterion. A diagram of data processing is presented in 
Extended Data Fig. 1.

Model building and refinement. The structure of the CRY2 monomer (PDB ID 
6K8I) was fitted into the cryo-EM density map of the CRY2 tetramer. Then, the 
model was manually rebuilt in COOT35 and subsequently refined in Phenix36. 
The model versus map fourier shell correlation curve was calculated using 
Phenix.mtriage. The geometries of the structures were valuated using Phenix and 
MolProbity37. Statistics for cryo-EM data collection and model refinement are 
summarized in Supplementary Table 1. In our recent study4, we observed that 
after continuous illumination by blue light under aerobic conditions, oxidized 
FAD in CRY2 (yellow colour in solution) was rapidly photoreduced, leading to a 
decrease in absorbance at 450 nm and a concurrent increase in the absorbance at 
wavelengths >500 nm, which is indicative of the formation of semireduced FADH• 
(colourless), as described in other studies8,10,11,14. The total time used to prepare 
cryo-EM samples was less than 7 s in our experiment (condition: 150 mM NaCl, 
25 mM Tris (pH 8.0) and 10 mM DTT, 8 °C), which is far less than ~200 s that is 
reported to be the half-life of FADH• in vitro10,11,38,39. Thus, we speculate that FAD 
in our CRY2 tetramer converts to the reduced form. However, the electron density 
map was insufficient to accurately resolve the FAD form during photoreduction. 
Therefore, we built a FAD molecule in the structure and refer to it as ‘reduced FAD’ 
in the main text to differentiate it from oxidized FAD.

Immunoblot assays. The Expi293F cells transfected with corresponding proteins 
were incubated in the dark. Cells were collected, washed with PBS, resuspended 
in buffer A (100 mM Tris-HCl (pH 8.0), 150 mM NaCl and 1 mM EDTA) 
and then underwent repeated freeze–thaw three times. The lysed cells were 
centrifuged at 12,000 g for 30 min. CRY2–StrepII was the bait and CRY2–Myc 
was the prey. The supernatant was incubated with StrepII beads at 4 °C for 2 h 
under blue light (50 μmol m−2 s−1) irradiation or in darkness. Beads were washed 
five times with buffer A. The bound proteins were eluted in buffer A containing 
2.5 mM d-desthiobiotin. Proteins in input and eluted fractions were detected by 
immunoblots probed with antibodies against StrepII and Myc (all antibodies were 
used at 1:3,000 dilution). The integrated densities of different bands were measured 
using ImageJ software. The pull-down bands of the preys were normalized by  
both the input values and the amount of bait bound. The values of different  
CRY2–StrepII and CRY2–Myc in elution were first normalized by the values  
of the corresponding CRY2–StrepII and CRY2–Myc in input, respectively. 
Then, the obtained values of CRY2–Myc were compared to the values of the 
corresponding CRY2–StrepII. Last, we normalized the prey amount of different 
CRY2 mutants relative to WT CRY2 (%). This experiment was independently 
repeated three times.

Static light scattering experiment. CRY2 PHR (boundary 1–506, approximately 
3 mg ml−1) was independently loaded onto a Superdex 200 increase 10/300 
column (in darkness or under blue light) connected to a HELEOS multiangle 
light scattering instrument (Wyatt Technology). All the assays were performed in 
a buffer containing 25 mM Tris-HCl (pH 8.0), 150 mM NaCl and 10 mM DTT at 
a flow rate of 0.5 ml min−1. For the CRY2 PHR oligomer, the assay was run under 
blue-light irradiation (117 μmol m−2 s−1) from the beginning to the end. Each 
fraction was automatically analysed using multiangle light scattering. The figure 
was drawn using Origin 8.0.

Fluorescence microscopy. The Expi293F cells transfected with corresponding 
proteins were incubated in the dark. After 48 h of transfection, cells were observed 
under a Leica DM6B microscope. Fluorescent signals were detected at 488 nm for 
the green fluorescent protein (GFP) channel. For photobody observations, cells 
were excited with 17% of 488-nm laser light for 0.5 min, 1 min and 2 min.

SEC assay. All the proteins used in the SEC assay were purified as described above. 
All CRY2 samples were prepared at about 15 μM (in 25 mM Tris-HCl (pH 8.0), 
150 mM NaCl and 10 mM DTT) and run through a Superose 6 increase 10/300 GL 
column either in the presence of blue light (117 μmol m−2 s−1, blue LED array) or in 
darkness. The elution peak of the protein was separated and collected in separate 
tubes (500 μl per tube). For the re-injection experiment, only proteins in two tubes 
at the peak fraction were used. Samples from relevant fractions were examined by 
SDS–PAGE and were visualized with Coomassie blue staining.

Blue-native PAGE. Native PAGE Bis-Tris gradient gels (4–16%, 10 × 10 cm) were 
used to determine the oligomeric states of WT CRY2 and different CRY2 mutants. 
The anode buffer contained 50 mM Bis-Tris (pH 7.0). The cathode buffer A 
contained 50 mM tricine, 15 mM Bis-Tris (pH 7.0) and 0.02% (w/v) Coomassie blue 
G250. The cathode buffer B contained 50 mM tricine and 15 mM Bis-Tris (pH 7.0). 
NativeMark unstained protein standard (LC0725, Thermo Fisher) was used as the 
ladder. Samples contained 5% glycerol, 0.5% Coomassie blue G250, 10 mM Bis-Tris 
(pH 7.0) and 50 mM 6-amino hexanoic acid. The gel was run with cold cathode 
buffer A at 4 °C as follows: 90 V for 15 min, 150 V for 60 min, and then changed 
cathode buffer A to cathode buffer B, 200 V for 5 h or until the thick blue front ran 
out the gel. After electrophoresis, the gel was equilibrated in buffer containing 40% 
methanol and 10% ethanoic acid for 1.5 h and then stained in buffer containing 
40% methanol, 10% ethanoic acid and 0.1% (w/v) Coomassie blue G250 for 12 h. 
The stained gel was placed in ddH2O for decolourization for up to 48 h for analysis.

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
Atomic coordinates and structure factors of blue light activated CRY2 tetramer 
have been deposited in the Protein Data Bank under accession codes PDB 6M79. 
The cryo-EM map of this tetramer has been deposited in the EM Database with 
accession code EMD-30128. Source data for Fig. 1b, Extended Data Figs. 6, 7 and 
9, and Supplementary Fig. 4 are provided with this paper online. The structures 
of CRY2N monomer under darkness (PDB accession code 6K8I), BIC2-CRY2N 
complex (PDB accession code 6K8K), and ZmCRY1cW368A tetramer (PDB accession 
code 6LZ3) used in this study had been reported (https://doi.org/10.1038/s41594-
020-0410-z and https://doi.org/10.1038/s41594-020-0420-x). Source data are 
provided with this paper.
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Extended Data Fig. 1 | Cryo-eM data processing of CRY2 tetramer. Processing of 3036 movie stacks resulted in a total number of 3,252,248 particles. 
After 2D classification, 3,178,552 particles were kept and subjected to 3D classifications. The best 209,604 particles from one class were retained for 
further 3D auto-refinement for which C2 symmetry was applied, resulting in a 3.1 Å density map estimated on the basis of the gold-standard Fourier shell 
correlation with 0.143 criterion.
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Extended Data Fig. 2 | Cryo-eM map of CRY2 tetramer generation and resolution estimation. a, Representative Cryo-EM micrograph of CRY2 oligomer. 
Experiments were independently repeated three times with similar results. b, Selected reference-free 2D classification averages. 2D classification of CRY2 
oligomer particles representing tetramer-like fold. c, Angular distribution plot for the final reconstruction from two different views. d, Local resolution 
of the Cryo-EM map generated by ResMap colored from blue to red to indicate resolution from high to low (side bar). e, Gold-standard Fourier Shell 
Correlation curve for CRY2 tetramer reconstruction. f, Fourier Shell Correlation curve of the model versus the map used for model refinement.
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Extended Data Fig. 3 | Representative Cryo-eM map for key components of the CRY2N tetramer. a, Cryo-EM density for reduced FAD and interacting 
residues. b, Cryo-EM density for AMP and interacting residues. c, Cryo-EM density for CRY2N tetramer helices and sheets.
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Extended Data Fig. 4 | SLS analyses of CRY2 PHR molecular weight in darkness and under blue light. Static light scattering analyses of CRY2 PHR 
molecular weight in darkness and under blue light, respectively. All runs were performed in a Superdex 200TM increase 10/300 GL column. The 
corresponding CRY2 PHR molecular weights for the two conditions were 44±0.24 kDa and 173±1.95 kDa, respectively.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | two interfaces and schematic representation of interactions in the tetramer. a, Two interfaces of tetramer. CRY2 tetramer is 
comprised of mol A, B, C, and D that are shown as light pink, cyan, light blue, and yellow, respectively. Connector regions are colored in magenta, red, blue, 
and green, respectively. Red and black squares show close-up views of interface 1 and interface 2 with 90° rotations, respectively. Numbered helices are 
involved in the tetramerization. b, Schematic representation of CRY2 tetramer interactions. Extensive interaction networks of interface 1 and interface 2. 
Residues in mol A, mol B, and mol C involved in interactions are indicated by purple, dark green, and light blue rectangles, respectively. In interface 1, E18 
in helix α1; H62 and S66 in helix α3; D160 in helix α6; M167 and R173 in the loop of the connector region; N222 in helix α8; and M267 and R274 in helix α11 
from mol A coordinate with M267, R274, R173, M167, D160, N222, E18, H62, and S66 from mol B via hydrogen bonds, respectively (left panel black dashed 
lines). I17, L159, I163, W172, W214, F262, M267, I270, and I271 interact with each other via hydrophobic interactions (left panel black solid line). Interface 
2 is mainly mediated by a dozen hydrogen bonds formed by R50, S202, K329, Q333, R346, W349, E436, R439, A458, and E462 from the two protomers.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Oligomerization state of Wt and mutated CRY2 in darkness and under blue light. a, Oligomerization state of wild type (WT) 
and mutated CRY2 measured by pull-down assays. Mammalian cells (Expi293F) were co-transfected with constructs designed to express the indicated 
proteins. The supernatant from lysed cells was incubated with StrepII beads under blue light (50 μmol m−2s−1) or in darkness for 1.5 h. Proteins in input and 
eluted fractions were detected by immunoblots probed with antibodies against StrepII and Myc. Residues critical for oligomerization are labeled in red. 
b, Quantification of results in a. The integrated densities of different bands were measured using Image J software. The pull-down prey bands under blue 
light were normalized by both input and bait bound. Mutants with pull-down bands lower than 20% percent of wild type were shown in red column. The 
standard deviation is derived from three measurements. Data were presented as mean ± SD. Black circles indicate individual data points for n=3 biological 
replicates. Differences between each mutants and wild type CRY2 were analyzed by two-tailed paired t-tests. Means with p < 0.05 are indicated.  
*, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001. Experiments in a were repeated three times, with similar results. Uncropped blot images are 
available as source data.
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Extended Data Fig. 7 | Capacity of photobodies formation of different CRY2 mutants. a, Photobodies formation of CRY2 WT and CRY2 mutants. It was 
reported that CRY2-GFP, but not GFP-CRY2, forms photobodies in response to blue light19. GFP was constructed to the C-terminal of these CRY2 mutants. 
B: blue. Bars = 5 μm. b, Percent of cells with photobodies which is calculated by [total number of cells with photobodies in a field of view] / [the number 
of total cells in the same field view]. The standard deviation is derived from n=80 cells examined 3 independent experiments. Data were presented as 
mean ± SD. Black circles indicate individual data points for 3 biological replicates. Differences between each mutants and wild type CRY2-GFP were 
analyzed by two-tailed paired t-tests. Means with p < 0.05 are indicated. *, p < 0.05; **, p < 0.01; ***, p < 0.001; ****, p < 0.0001.
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Extended Data Fig. 8 | FaD/Reduced FaD cavity volume calculated using POVMe. The FAD/Reduced FAD binding cavities were defined as forming by 
the residues that possess distances within 4.5 Å to the FAD/Reduced FAD cofactor, and the cavity volume was calculated using POVME23.
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Extended Data Fig. 9 | SeC analyses of different CRY2 mutants. All the rans were performed in a SuperoseTM 6 increase 10/300 GL column. Left panel 
shows SEC analyses of CRY2WT (in darkness and under blue light), CRY2Y232F, CRY2Y232A, CRY2W353A and CRY2W353F. In darkness, wild type CRY2 eluted at 
16.5 ml (deep teal line). Whereas, after blue light treatment, activated CRY2 eluted at 14.3 ml (dark purple line), indicating that CRY2 formed a tetramer. In 
darkness, CRY2Y232A (orange line) and a part of CRY2W353A (peak 1 of red line) eluted at around 14.8 ml, which is similar to that of CRY2WT under blue light, 
indicating CRY2Y232A and CRY2W353A are tetramers. CRY2Y232F (brown line) and CRY2W353F (green line) were eluted at 16.5 ml, indicating they were monomer. 
Right panel shows SEC analyses of CRY2WT (in darkness and under blue light), CRY2T244A, CRY2S245A, CRY2N356A and CRY2D387A. Coomassie blue-stained 
SDS-PAGE gels of peak fractions are on the right of corresponding SEC lines. Experiments were independently repeated three times with similar results. 
Uncropped gel images are available as source data.
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Extended Data Fig. 10 | Intra protein hydrophobic interactions of W374 in CRY2N monomer and superposition of structures of blue-light activated 
CRY2Wt tetramer with ZmCRY1W368a tetramer and BIC2-CRY2N complex. a, CRY2N is shown in white and FAD binding cavity helices are shown in cyan. 
The black square shows a close-up view of residues that form intra protein hydrophobic interactions with W374. b, Superposition of structures of blue 
light induced AtCRY2NWT tetramer (in this study) and PHR domain of ZmCRY1W368A tetramer (PDB 6LZ3). c, Structure alignment of CRY2N tetramer (in 
this study) with BIC2-CRY2N complex (PDB 6K8K). Mol A and D are shown in white; Mol B and C are shown in wheat. BIC2 is shown in red. Surface and 
ribbon representation of BIC2 is shown. Black dashed lines indicate the clash between BIC2 and interface 2. The black square shows a close-up view of the 
clash with a 90° rotation.
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Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection All equipment specifications and experimental parameters have been details in main text and method section.

Data analysis All software and data analyses methods have been described and references appropriately cited. The following software (version number) 
were used:  
MotionCor2 1.3.2-for anisotropic correction of beam-induced motion 
Gctf v0.56-for defocus estimation   
RELION3.0-for 3D reconstraction 
CCP4 v7/Coot-for Crystallographic model building 
Phenix 1.16.1 -for refinement 
MolProbity4.4-for model validation 
Chimera1.10.1/PyMol 1.4-Molecular graphics software 
ResMap1.1.4-for local resolution 
Image J 1.50i-for measured integrated densities of different western blot bands 
Prism 8-for data plotting and analysis 
Leica DM6B microscope-for photobodies observation 
POVME 2.0-for volume calculation

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A list of figures that have associated raw data 
- A description of any restrictions on data availability

Atomic coordinates and structure factors of blue light activated CRY2 tetramer have been deposited in the Protein Data Bank under accession codes PDB 6M79. The 
cryo-EM map of this tetramer has been deposited in the EM Database  with accession code EMD-30128. Source data for Fig. 1b, Extended Data Figs.6, 7, 9, and 
Supplementary Fig.4 are provided with this paper online. The structures of CRY2N monomer under darkness (PDB accession code 6K8I), BIC2-CRY2N complex (PDB 
accession code 6k8k), and  ZmCRY1cW368A tetramer (PDB accession code 6LZ3)  used in this study had been reported (https://doi.org/10.1038/s41594-020-0410-z 
and https://doi.org/10.1038/s41594-020-0420-x). 

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Life sciences study design
All studies must disclose on these points even when the disclosure is negative.

Sample size In the experiments of Extended Data Fig.7a,  Expi293F™ Cells transfected with corresponding proteins were incubated in dark condition. 48 hr 
post transfections, cells were observed under Leica DM6B microscope. Cells were uniformly distributed under coverslip. Under  microscope, 
we randomly choose a field of view at lower magnification. Samples sizes were not statistically predetermined. Cells numbers with and 
without photobodies in this field of view were calculated. Cell numbers (n>=80 per mutant) were chosen to allow for more than 20 samples 
were analyzed, which is comparable with previous studies (e.g Hahm et al. 2020,  Nat Commun.; ).

Data exclusions No exclusion of the data was performed in this study.

Replication All experimental findings were repeated at least 3 times with similar results.

Randomization In the experiments of Extended Data Fig.7a,  Expi293F™ Cells transfected with corresponding proteins were incubated in dark condition. 48 hr 
post transfections, cells were observed under Leica DM6B microscope. Under  microscope, we randomly choose a field of view at lower 
magnification. Pictures of all cells in this field were obtained at 100* oil-immersion lens under blue light. Then the percent of cells with 
photobodies were caculated.

Blinding There is no allocation of samples into groups.

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study

Antibodies

Eukaryotic cell lines

Palaeontology and archaeology

Animals and other organisms

Human research participants

Clinical data

Dual use research of concern

Methods
n/a Involved in the study

ChIP-seq

Flow cytometry

MRI-based neuroimaging

Antibodies
Antibodies used StrepII tag antibody: Abbkine, ABB-A02230-50ul; Myc tag antibody mouse mono: Proteintech, 60003-2-Ig.

Validation StrepII tag and Myc tag antibodies were purchased from Abbkine and Proteintech. StrepII tag  antibody was previously used (Ma et 
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Validation al. 2020, Nature Structural & Molecular Biology). These two antibodies was validated by manufacturer using western blot analysis of 
StrepII-tagged and Myc-tagged fusion proteins (see http://www.amyjet.com/featured/strep-tag-ii-antibody.shtml; https://
www.ptgcn.com/Products/MYC-Antibody-60003-2-Ig.htm)

Eukaryotic cell lines
Policy information about cell lines

Cell line source(s) sf9, purchased from ThermoFisher (12659017 ); Expi293F™ Cells, purchased from ThermoFisher (A14527).

Authentication The cell lines were not authenticated.

Mycoplasma contamination We did not perform further Mycoplasma contamination test for this commercial cell line.

Commonly misidentified lines
(See ICLAC register)

No commonly misidentified cell lines were used.
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