
Articles
https://doi.org/10.1038/s41594-020-0410-z

1National Key Laboratory of Crop Genetic Improvement and National Centre of Plant Gene Research, Huazhong Agricultural University, Wuhan, China. 
2Laboratory of Magnetic Resonance and Atomic Molecular Physics, Wuhan Institute of Physics and Mathematics of the Chinese Academy of Sciences, 
Wuhan, China. 3These authors contributed equally: Ling Ma, Xiang Wang, Zeyuan Guan. ✉e-mail: yinping@mail.hzau.edu.cn

Photoreceptors are essential for mediating the light regula-
tion of plant growth and development throughout the entire 
life cycle1. One type of photoreceptor comprises the crypto-

chromes (CRYs), which transfer signals after sensing blue light. 
In Arabidopsis thaliana, two cryptochromes, CRY12 and CRY23,4, 
mediate blue-light inhibition of hypocotyl elongation2 and photope-
riodic control of floral initiation5,6, respectively. CRYs also perform 
a broad range of other functions in plants, including regulation of 
circadian rhythms, stomatal opening, root growth, osmotic stress 
response, shade avoidance and leaf senescence1,7–9.

CRYs contain two domains, the N-terminal PHR (photoly-
ase-homologous region) domain and the C-terminal CCE (CRY 
C-terminal extension) domain. The PHR domain can be further 
divided into α/β and α subdomains, which non-covalently bind to 
the chromophore flavin adenine dinucleotide (FAD)10,11. Under blue-
light irradiation, FAD undergoes photoreduction, during which FAD 
absorbs an electron and transforms to the anion radical form FAD•−. 
FAD•− is then protonated, forming the semi-reduced neutral FAD 
radical (FADH•), which is unstable and can be converted back to 
FAD in darkness10–13. The CCE domain plays essential roles in light 
signal transduction and protein functions such as nuclear localiza-
tion, phosphorylation and protein-protein interactions9,14–16.

Blue-light-activated CRYs undergo conformational changes 
and are consequently oligomerized17. The resulting oligomers 
have increased binding affinity for downstream signaling partners, 
which include key transcription factors such as CRY-interacting 
basic helix-loop-helix proteins (CIBs)18 and phytochrome-interact-
ing factors (PIF4 and PIF5)19,20. In this way, CRYs directly affect the 
transcriptional regulatory activities of these factors. Activated CRYs 
also indirectly modulate gene expression by binding to core devel-
opmental regulators, including the constitutive photomorphogenic 
1-suppressor of the PhyA–105 complex (COP1–SPA complex)21,22 
and auxin (indole-3-acetic acid) proteins23.

In contrast to the great advances made in studies of CRY pho-
toactivation and signal transduction, research on the inactivation 

mechanism of CRYs has lagged behind. Recently, blue-light inhibi-
tors of cryptochromes (BICs) were identified in a genetic screen as 
negative regulators of CRYs17. BIC interacts physically with CRYs to 
suppress CRY oligomerization and activation, turning off the CRY-
dependent blue-light signaling response. Despite this discovery, 
how the BIC–CRY complex assembles and the mechanism by which 
BIC suppresses CRYs remain to be explored.

Here, we determine the crystal structures of CRY2N (CRY2 PHR 
domain) and the BIC2–CRY2N complex from Arabidopsis with 
resolutions of 2.7 and 2.5 Å, respectively. BIC2 exhibits an extremely 
extended structure that sinuously winds around the groove between 
the α/β and α domains of CRY2, forming extensive hydrogen bonds 
and hydrophobic interactions. In this way, BIC2 not only restrains 
electron and proton transfer during FAD photoreduction, but also 
inhibits the blue-light-dependent oligomerization of CRY2 and 
prevents CRY2 from interacting with signaling partners. Together, 
these results offer insights into the molecular mechanism of BIC-
mediated inactivation of CRYs and provide new ideas for optoge-
netic manipulation of CRYs.

Results
Interactions between BICs and CRYs. To determine the crystal 
structure of the BIC–CRY complex, we first assessed the interac-
tion between BICs and CRYs in  vitro. Arabidopsis encodes two 
CRYs (CRY1 and CRY2) and two BICs (BIC1 and BIC2), which are 
involved in the blue-light signaling pathway17. To probe the inter-
actions between BICs and CRYs17, BIC1 or BIC2 was co-expressed 
with CRY1 or CRY2 in an Escherichia coli or insect cell expression 
system. BIC1 formed complexes with both CRY1 and CRY2, while 
BIC2 only bound to CRY2 (Extended Data Fig. 1a). In gel filtration 
chromatography analysis, full-length BIC2 and CRY2 co-migrated 
and eluted in the same fraction (Extended Data Fig. 1b). The 
BIC2–CRY2 complex exhibited a molecular weight of ~74.1 kDa 
(measured by sedimentation velocity analytical ultracentrifugation, 
SV-AUC) and 67 ± 1.9 kDa (measured by static light scattering, SLS) 
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(Extended Data Fig. 1c,d), suggesting that the BIC2–CRY2 com-
plex is a heterodimer with 1:1 stoichiometry. We next investigated 
which domain of CRY2 is responsible for binding to BICs. The 
PHR domain of CRY2 alone was sufficient to interact with BIC1 
or BIC217, while the CCE domain of CRY2 did not interact with 
BICs in pulldown assays, showing that this domain is dispensable 
for interaction with BICs (Extended Data Fig. 1e).

Crystal structure of A. thaliana CRY2N. We launched a system-
atic effort to determine the structures of CRY2 alone or in complex 
with BIC. We first solved the crystal structure of the PHR domain 
of CRY2 (CRY2N, residues 1–489, PDB ID 6K8I) at a resolution of 
2.7 Å using molecular replacement with Arabidopsis CRY1 (PDB ID 
1U3D)24 as a search model (Fig. 1a and Table 1). The CRY2N struc-
ture displayed the typical cryptochrome and photolyase fold, com-
posed of the N-terminal α/β domain (residues 1–136), C-terminal α 
domain (residues 214–489) and a linker region (residues 137–213). 
The flavin cofactor FAD, which adopted a typical U-shaped confor-
mation, was positioned in the cavity of the C-terminal α domain 
(Fig. 1a). CRY2N possessed a conformation nearly identical to that 
of CRY1, with a Cα root mean squared deviation (r.m.s.d.) of 1.1 Å 
over 460 aligned residues (Fig. 1b and Extended Data Fig. 2). We 
also analyzed several functional loops that are characteristic of the 
6-4-photolyase and animal cryptochrome family25–27 through align-
ment of CRY2N with full-length Drosophila CRY (dCRY) (PDB ID 
4JZY)27. Both FAD cavities are similar, but the conformations of 
functional loops are distinct. The antenna binding loop in CRY2N 
(C39-G49) contains a short helix and stretches into the antenna 

pocket, which partially covers the antenna pocket and prob-
ably blocks the potential second cofactor’s entry. The phosphate  
binding loop between the α9- and α10-helices of CRY2N 
(A233-L247) does not bind phosphate and is closer to FAD than that 
of dCRY. Two residues (T244 and S245) in this loop interact with 
FAD (see below), which may play a role in regulating FAD redox 
properties25. Interestingly, it is difficult to characterize the CRY2N 
protrusion loop. The sulfur loop (Q310-L316) is invisible due to 
poor electron density. Additionally, the C-terminal lid in CRY2N 
(S403-P416) is unstructured, but contains two short α-helices (α16′ 
and α16′′) in dCRY (Extended Data Fig. 3). These differences in the 
functional loops may reflect the distinct functions of CRYs in plants 
and animals.

Crystal structure of the A. thaliana BIC2–CRY2N complex. To 
investigate the mechanism by which BICs inhibit CRYs, we deter-
mined the structure of the BIC2–CRY2N complex (PDB ID 6K8K; 
BIC2: CID domain17, residues 33–97; CRY2N: the PHR domain, 
residues 1–506) at a resolution of 2.5 Å (Fig. 2, Extended Data Fig. 
4 and Table 1). Robust electron densities indicative of BIC2 are  
clearly visible on the surface between the α/β and α domains of 
CRY2N (Extended Data Fig. 4a). All BIC2 amino acids are well 
assigned in the distinct electron density map, except residues 72–74 
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Fig. 1 | Crystal structure of the CRY2 PHR domain. a, Overall structure of 
the CRy2 PHR domain, which harbors a FAD molecule. The PHR contains 
an α/β subdomain and an α subdomain, which are colored in magenta and 
cyan, respectively. The two subdomains are connected by a flexible linker, 
which is shown in silver. FAD bound to the α domain is shown as a green 
ball-and-stick representation. b, Comparison of the PHR domains of CRy1 
and CRy2. CRy1 is colored in wheat. Superimposition of CRy1 and CRy2 
PHR structures reveals slight structural changes in helix α20. FAD and 
AMP-PNP (in CRy1), indicated by black arrows, are presented as ball-and-
stick models.

Table 1 | Data collection, phasing and refinement statistics 
(molecular replacement)

CRY2N (PDB 6K8I) BIC2–CRY2N  
(PDB 6K8K)

Data collection

 Space group C2221 P6522

 Cell dimensions

 a, b, c (Å) 123.12, 160.37, 
139.92

142.55, 142.55, 
526.43

 α, β, γ (°) 90, 90, 90 90, 90, 120

 Resolution (Å) ~45–2.70 ~45–2.50

(~2.82–2.70)a (~2.54–2.50)a

 Rmerge (%) 8.4 (76.3)a 10.1 (78.4)a

 I/σ (I) 16.4 (2.6)a 21.3 (4.4)a

 CC1/2 0.999 (0.862) 0.999 (0.920)

 Completeness (%) 99.9 (99.2)a 99.2 (94.6)a

 Redundancy 7.4 (7.0)a 19.2 (18.4)a

Refinement

 Resolution (Å) ~49.04–2.70 ~48.42–2.50

 No. reflections 38,415 109,254

 Rwork/Rfree (%) 18.54/23.68 17.06/22.32

 No. atoms

 Protein 7,480 17,480

 Ligand (ligand species) 106 (FAD) 308 (FAD, AMP)

 Water 22 113

 B factors

 Protein 72.1 62.0

 Ligand (ligand species) 51.8 (FAD) 58.7 (FAD, AMP)

 Water 56.7 55.5

 R.m.s deviations

 Bond lengths (Å) 0.009 0.008

 Bond angles (°) 1.068 0.989
aValues in parentheses are for the highest-resolution shell.
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(Extended Data Fig. 4b). BIC2 displays an extremely extended 
structure, like a ‘waist belt’, sinuously winding around the groove 
between the α/β and α domains of CRY2N (Fig. 2b,c). The crys-
tallized BIC2 fragment is composed of four α-helices and a loop, 
which make extensive contacts with CRY2N and result in 2,451 Å2 
of buried surface area at the interface, stretching across more than 
106 Å. The α1-helix of BIC2 is located near the FAD binding cav-
ity of CRY2N and interacts with the phosphate binding loop which 
directly coordinates with the FAD of CRY2N (Fig. 2c and Extended 
Data Fig. 5a,b). FAD within the BIC2–CRY2N complex displays 
a U-shaped conformation and is coordinated by hydrogen bonds 
in the binding cavity (Extended Data Fig. 5c–e). The isoalloxazine 
ring is recognized by D387 and D389, and the phosphate group 
of FAD interacts with several residues, namely Y232, T244, S245, 
L246, L247, S248, W353 and N356 (Extended Data Figs. 2 and 5e).  
Near the FAD binding cavity, one AMP molecule with a high- 
quality density map is observed (Fig. 2b,c and Extended Data Fig. 5c,f).  

The AMP is primarily coordinated by one magnesium cation and 
CRY2N residues Y399, D406, N356 and R357 (Extended Data  
Figs. 2 and 5g). These residues are identical to those that mediate 
AMP-PNP binding in CRY1 (PDB: 1U3D)24.

The PHR domain of CRY2 possibly binds to a second chro-
mophore, 5,10-methenyltetrahydrofolate (MTHF) in the antenna 
pocket, which is normally observed as a chromophore in the pho-
tolyase family28–30. We analyzed the antenna pocket of BIC2–CRY2N 
and the α3-helix of BIC2 was found to be located on the surface 
of the pocket (Extended Data Fig. 6) and appears to be capable of 
blocking a potential second cofactor from entering.

Binding interfaces of BIC2 and CRY2N. Close examination of the 
structure of the BIC2–CRY2N complex revealed that CRY2N is fully 
embraced by all four helices and the loop of BIC2 through extensive 
hydrogen bonds and hydrophobic interactions (Fig. 3 and Extended 
Data Figs. 2 and 7a). The BIC2 α1-helix is embedded in a U-shaped 
clamp-like groove formed by the CRY2 α7-, α8- and α19-helices. 
The S39, R41, R43 and E50 side chains in BIC2 α1 interacted with 
E223, T244, S245, S211 and R208 of CRY2 through hydrogen bonds. 
The side chain and backbone of R48 interact with G241, E347 and 
Q432 of CRY2 through hydrogen bonds (Fig. 3, upper left). The  
aliphatic chain of L44 in BIC2 penetrates directly into a hydropho-
bic pocket of CRY2 composed of W210, L246 and W353 (Fig. 3, 
upper middle). The side chains of D59, W61 and E64 in loop 1 of 
BIC2 and K329, D383 and R332 in CRY2 form hydrogen bonds. 
The main chains of I57 and D59 form hydrogen bonds with Q333 
and R332 of CRY2 (Fig. 3, upper right). L67 of the BIC2 α2-helix 
interacts with V325 and W376 of CRY2, and W70 forms a cation–π 
interaction with K379 of CRY2 (Fig. 3, lower left). F76 and F80 in 
the BIC2 α3-helix are coordinated by a set of CRY2 residues includ-
ing W374, M378, L390 and I394 via extensive hydrophobic interac-
tions. D77 in BIC2 is bound to H315 of CRY2 through hydrogen 
bonds (Fig. 3, lower middle). S87 within the BIC2 α4-helix inter-
acts with H113 of CRY2 to form a hydrogen bond. L92 is stabilized 
by hydrophobic interactions with H102, Y104, L109 and W138 of 
CRY2 (Fig. 3, lower right).

To verify the residue interactions observed in the BIC2–CRY2N 
structure, we individually mutated 16 residues into alanine in 
each protein. CRY2 mutants L109A, W138A, R332A, E347A, 
W376A and D383A severely reduced BIC2 binding activity, and 
BIC2 mutants L44A, W61A, E64A, F80A and L92A significantly 
decreased the interaction with CRY2 (Extended Data Fig. 7b,c). 
Other mutants had little effect on protein interaction. The majority 
of CRY2-contacting residues in the CID domain of BIC2 are highly 
conserved in land plants (Extended Data Fig. 7d), suggesting that 
BIC proteins share a common CRY-binding mode.

Comparison of CRY2N and BIC2-bound CRY2N structures. 
To further explore the mechanism by which BIC2 inhibits CRY2 
function, we compared the structures of CRY2N with and without 
BIC2 (Extended Data Fig. 8 and Supplementary Figs. 1–3). Overall, 
CRY2N displays an approximately identical fold with a r.m.s.d. of 
0.45 Å over 459 Cα atoms. After BIC2 binding, there were no obvi-
ous changes in the overall structure of CRY2N (Extended Data Fig. 
8a). Close inspection of the two structures revealed that neither FAD 
nor FAD-coordinated residues showed apparent conformational 
changes on BIC2 binding (Supplementary Figs. 1 and 2). Some 
slightly conformational changes occurred in the α7-helix, α21-helix, 
the C-terminal lid and the phosphate binding loop (Extended Data 
Fig. 8a and Supplementary Fig. 3).

Following blue-light illumination, FAD undergoes rapid photo-
reduction, during which FAD receives an electron and a proton10–13. 
There are two possible electron transfer pathways. The first is the Trp-
triad (W397, W374 and W321 in CRY2) pathway proposed in the 
classical model (Fig. 4a,b)31. After blue-light irradiation, an electron  
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is transferred sequentially from W397 to FAD, from W374 to 
W397•+ and from W321 to W374•+. FAD receives an electron and 
becomes FAD•− (Fig. 4a,b, step 1). Subsequently, FAD•− accepts one 
proton from D393, turning into the semi-reduced neutral FAD radi-
cal (FADH•; Fig. 4a,b, step 2)10–13,28,30,32–34. After electron and proton 
transfer, D393 reaccepts a proton from N1 of W397 (Fig. 4a,b, step 
3)11,34–38. The other possible electron transfer pathway is the Y399–
ATP–FAD route suggested by Ahmad and colleagues39. Because 
AMP, and not ATP, was observed within the complex, we focused on 
comparing the conformations of the classical Trp-triad and D393 in 
the structures of CRY2N and the BIC2–CRY2N complex.

The side chain of W374 in CRY2 showed slight structural rear-
rangement following BIC2 binding. Furthermore, the side chain of 
D393 in the BIC2–CRY2N complex displayed a rotation of ~52° 
compared with that in CRY2N, shifting it further away from the 
isoalloxazine ring of FAD (Extended Data Fig. 8b,c). These changes 
may be the result of hydrophobic interactions between F76 in BIC2 
and W374, L390, I394 in CRY2 (Extended Data Fig. 7a). These 
observations suggest that BIC2 induces conformational changes in 
electron and proton transfer through the Trp triad and might affect 
the process of FAD photoreduction in CRY2.

BIC2 severely restricts the photoreduction of FAD. To determine 
whether BIC2 perturbs electron and proton transfer to FAD, we 
performed molecular dynamics (MD) simulations of CRY2N and 
the BIC2–CRY2N complex on a 100 ns scale. At the first step of 
photoreduction (Fig. 4a,b), we observed that the electron transfer 
distance from the central carbon atom of W397 to the C7M atom of 
the isoalloxazine ring of FAD was increased when BIC2 was bound 
to CRY2 (Fig. 4c). This change in distance could potentially reduce 
the electron transfer rate, based on previous findings37.

At the second step of photoreduction, we observed that the 
carboxyl group of D393 in the BIC2–CRY2N complex rotated 

~52° anticlockwise, compared with that in CRY2N, resulting in 
an increased distance between the oxygen atom of the carboxyl 
group and the isoalloxazine ring of FAD (Extended Data Fig. 8b,c). 
Therefore, we simulated the distance between the oxygen atom of 
the carboxyl group in D393 and the N5 atom of the isoalloxazine 
ring in oxidized FAD (d(OD393–N5ISO)) at the 100 ns scale (Extended 
Data Fig. 9a). The average d(OD393–N5ISO) in CRY2N was found to 
be ~6 Å, while it was near 9 Å in BIC2–CRY2N (Extended Data  
Fig. 9a). This result demonstrates that binding of BIC2 gives rise to a 
longer d(OD393–N5ISO). A previous study indicated that the distance 
between the hydrogen atom of the carboxyl group in D396 (CRY1) 
and the N5 atom of the isoalloxazine ring in oxidized FAD (d(HD396–
N5ISO)) fluctuated around 6 Å, a distance at which a hydrogen bond 
cannot be formed to transfer protons34. The carboxyl group of D396 
should be rearranged after the completion of step 1, and such a rear-
rangement permits hydrogen bond formation and proton transfer34. 
We also observed that the d(HD393–N5ISO) of CRY2N fluctuated 
around 6 Å on a 100 ns scale (Fig. 4d). By contrast, in the BIC2–
CRY2N complex, after 65 ns the d(HD393–N5ISO) reached ~11 Å, a 
much longer distance than that in the unbound state (Fig. 4d), mak-
ing protonation of FAD•− by D393 impossible.

We next investigated the distance between the hydrogen atom 
of N1 in W397 and the oxygen atom of the D393 carboxyl group 
(d(HW397–OD393))34 during the third step of photoreduction. The 
average value of d(HW397–OD393) in BIC2-bound CRY2N was  
found to be ~1 Å longer than that in CRY2N, suggesting that pro-
ton transfer rarely occurs in the BIC2–CRY2N complex (Extended  
Data Fig. 9b).

We next compared the photoreduction activity of FADs in CRY2, 
BIC2-bound CRY2 and a D393A mutant of CRY2. Both CRY2 and 
the BIC2–CRY2 complex exhibited a yellow color in solution, which 
may be due to the fact that both contained yellow oxidized FAD, and 
both showed similar absorption spectra in the ground state (0 min) 
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(Fig. 4e). After continuous blue-light illumination, oxidized FAD 
in CRY2 was rapidly photoreduced, leading to a sharp decrease in 
absorbance at 450 nm and a concurrent increase in the absorbance 
at wavelengths >500 nm, which is indicative of the formation of 
semi-reduced FADH•, as described previously10 (Fig. 4e, left). As 
anticipated, barely any photoreduction occurred in the BIC2–CRY2 
complex, even after 10 min of blue-light exposure (Fig. 4e, middle). 
The CRY2D393A mutant was pale yellow in color and had decreased 
FAD absorbance and weak photoreduction (Extended Data Fig. 9c). 
Even a higher concentration of CRY2D393A, with a FAD absorbance 
equal to that of the wild type, did not exhibit apparent photoreduc-
tion activity (Fig. 4e, right). Interestingly, after blue-light irradiation, 
a visible color change was observed in CRY2 as a crystal or in solu-
tion, but not in the BIC2–CRY2 complex (Extended Data Fig. 9d,e). 
Taken together, these results suggest that BIC2 suppresses CRY2 
photoreduction by restraining electron and proton transfer in vitro.

BICs suppress photoactivation of CRY2. To transduce blue-light 
signals, photoactivated CRY undergoes auto-oligomerization and 
interacts with signaling partners such as CIBs17,18. To investigate 
whether BICs suppress photoactivation of CRY2, we first recapit-
ulated CRY2 photoactivation and inactivation in vitro using size-
exclusion chromatography (SEC). In darkness, CRY2 existed as a 
monomer (Fig. 5a, brown line), while under blue light treatment, 
photoactivated CRY2 formed an oligomer (Fig. 5a, red line). We 
analyzed the molecular weight of the blue-light-induced CRY2 

oligomer by SLS. The molecular weight of full-length CRY2 in dark-
ness is 52 ± 0.34 kDa, while that of the oligomer is 184 ± 0.94 kDa 
(Extended Data Fig. 10a), indicating that light-induced CRY2 is a 
tetramer, which is in line with results obtained by multi-angle light 
scattering40. However, even under blue-light irradiation, BIC2-
bound CRY2 showed an elution volume (~13.7 ml) (Fig. 5a, blue 
line) similar to that in darkness (Extended Data Fig. 1b). These 
results clearly indicated that BIC2 robustly suppresses blue-light-
dependent oligomerization of CRY2.

We next explored whether BICs could return the activated CRY2 
oligomer to a monomer. The CRY2W374A mutant was reported to 
be constitutively active in  vivo41. The elution volume of recombi-
nant CRY2W374A (~11.5 ml) was similar to that of photoactivated 
CRY2 (Fig. 5b, pink line), suggesting that CRY2W374A was indeed 
in a constitutively active form. We therefore examined the interac-
tion between CRY2W374A and BICs. Although BIC1 alone was read-
ily purified, we were unable to isolate BIC2. In SEC assays, BIC1 
alone was eluted at 15.7 ml (Fig. 5b, khaki line). Upon co-incuba-
tion, CRY2W374A co-eluted with BIC1 at 13.3 ml (Fig. 5b, lavender 
line). When co-expressed with CRY2W374A, BIC2 and CRY2W374A co-
eluted at 13.7 ml in SEC assays (Fig. 5b, dark green line), showing 
that CRY2W374A forms a complex with BICs at a 1:1 stoichiometry. 
Taken together, these results demonstrate that CRY2 undergoes a 
monomer-to-oligomer switch in response to blue light. BICs not 
only interact with the CRY2 monomer to suppress oligomerization 
of CRY2, but also return the CRY2 oligomer to a monomeric state.
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To determine whether BICs suppress CRY2 oligomerization and 
return the CRY2 oligomer to a monomer ex vivo, we co-expressed 
CRY2-StrepII and CRY2-GFP in Expi293F cells and tested the 
interaction between these fusion proteins by pulldown assay. In 
the absence of blue light, no eluted CRY2-GFP was observed. In 
contrast, increasing amounts of CRY2-GFP were co-eluted with 
CRY2-StrepII after blue light exposure (Fig. 5c). In the presence of 
Flag-BIC1 and Flag-BIC2, CRY2-GFP did not co-elute with CRY2-
StrepII, even after 1.5 h of blue-light treatment, indicating that BICs 
suppress blue-light-dependent CRY2 oligomerization (Fig. 5c). 
These results are consistent with those of ref. 17. CRY2W374A-GFP 
was co-eluted with CRY2W374A-StrepII in darkness, indicating that 
CRY2W374A forms oligomers. Co-elution was no longer observed 
when the CRY2W374A fusion proteins were co-expressed with Flag-
BIC1 or Flag-BIC2, confirming the role of BICs in regulating the 
CRY2 oligomer-monomer transition (Fig. 5d).

We next examined whether BICs could obstruct the transduc-
tion of signals by activated CRYs. CIB1 is a transcription factor that 
interacts with CRY2 in a blue-light-specific manner to promote 

CRY2-dependent floral initiation in Arabidopsis18. We co-expressed 
CRY2W374A and CIB1 in insect cells. In darkness, recombinant 
CRY2W374A protein co-eluted with CIB1 at ~11.2 ml, which was 
similar to that of blue-light-induced wild-type CRY2 tetramer with 
CIB1 (~11 ml) in SEC (Fig. 5e, red line and Extended Data Fig. 10b),  
indicating that CRY2W374A formed a stable complex with CIB1, 
which corroborates the hypothesis that CRY2W374A is constitutively 
activated17. On addition of BIC1 to the CRY2W374A–CIB1 complex, 
CIB1 was completely outcompeted and eluted alone at 16.2 ml  
(Fig. 5e, blue and wheat lines), while BIC1 co-migrated with 
CRY2W374A (Fig. 5e, blue and pink lines). These results suggest that, 
compared with CIB1, BIC1 has higher binding affinity with CRY2 
and suppresses blue-light signal transduction.

Discussion
Activation of CRYs should be well balanced through inactivation, 
but the mechanism of CRY inactivation has remained unclear. 
Previously, Wang and others17 identified BICs as inhibitors of CRYs. 
In this study, we have determined the crystal structures of CRY2N 
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and the BIC2–CRY2N complex. Based on the results of biochemical 
analyses and MD simulations, we propose a model of BIC-mediated 
inactivation of CRY2 (Fig. 6).

BICs play two roles in the inhibition of CRY2 (Fig. 6). On the 
one hand, BIC2 inhibits the photoreduction of CRY2. Binding of 
BIC2 does not alter the overall structure of CRY2 PHR or FAD 
binding (Extended Data Fig. 8a and Supplementary Figs. 1 and 2), 
but increases the distance between FAD and residues in the electron 
transfer pathway and rotates the side chain of proton donor D393 
by ~52°, giving rise to a longer d(HD393–N5ISO) (Fig. 4d). Given the 
essential role of D393 in photoreduction11,34–38 (Fig. 4e, right and 
Extended Data Fig. 9c), we propose that this alteration may prevent 
the protonation of FAD•− by D393, and thereby disturb the blue-
light-dependent photoreduction of CRY2.

On the other hand, BICs suppress the oligomerization of photo-
activated CRY2 and its interaction with signaling partners (Fig. 6). 
The PHR domain of CRYs mediates oligomerization and interac-
tions with CIBs18,42. In the BIC2–CRY2N complex, about half of the 
BIC2 residues are involved in the interaction with CRY2N, resulting 
in a buried surface of 2,451 Å2 and a line of interaction stretching 
more than 106 Å. This long and extensive interface possibly leads 
to BICs occupying a part of the oligomeric and signaling partner 
interaction surface of CRYs. Moreover, BICs appear to prevent the 
blue-light-dependent conformational changes of the CRY PHR 
domain. It has been reported that blue light induces a notable loss 
of β-sheets in the α/β subdomain of the Chlamydomonas photolyase 
homolog 1 PHR43. In our structure of the BIC2–CRY2N complex, 
BIC2 displays a ‘U-shaped lock’ structure, in which helix 1 and helix 
4 in BIC2 mainly contact the α and α/β subdomains of PHR, respec-
tively (Fig. 2b,c). This lock-like structure might tightly stabilize the 
conformation of the CRY2 PHR domain.

An interesting question remaining to be answered is whether Trp-
triad pathway photoreduction is necessary for the photoactivation 

of CRYs. The photoreduction of CRYs, which was initially reported 
for Arabidopsis CRY110 and then for CRY24,12, has been proposed to 
initiate a CRY redox photocycle via electron transfer through the 
Trp-triad residues31,44. Mutations of Trp-triad amino acids to ala-
nine or phenylalanine impair light-induced photoreduction of iso-
lated CRYs in vitro41, indicating that the Trp triad is the electron 
donor for the photoreduction of CRYs in vitro. Despite the findings 
of in  vitro studies, the functions of the Trp-triad in photoreduc-
tion have been brought into question by genetic analyses. Mutation 
of Trp-triad residues, especially the CRY2W374A mutation, results 
in constitutively active physiological responses in Arabidopsis41,45. 
These results suggest that Trp-triad-dependent photoreduction  
is dispensable for CRY function in  vivo. Interestingly, we also  
found that CRY2W374A formed oligomers and interacted with  
CIB1 in a blue-light-independent manner in  vitro (Fig. 5b,e), 
similar to the behavior of blue-light-treated CRY2 (Fig. 5a). This  
raises the possibility that the structure of CRY2W374A is identical to 
that of photoactivated CRY2. Furthermore, these results somewhat 
support the hypothesis that the Trp-triad may be important for  
the structural integrity of CRYs41,46. Structures of blue-light-acti-
vated CRYs are needed to fully understand the mechanism of  
CRY photoactivation.

CRYs have an ancient evolutionary origin and are found widely, 
from bacteria to humans. In contrast, the BICs seem to exist only in 
land plants; they have not been found in species of other phyla such 
as bacteria, fungi or animals by sequence searching47. In this study, a 
Dali search using the BIC2 structure as a query failed to identify any 
similar structure that potentially interacts with CRY2. Nevertheless, 
the structure of the BIC2–CRY2N complex provides important new 
insights into the mechanism of CRY inactivation in Arabidopsis and 
bridges the gap in knowledge between the structure and function 
of BICs. Considering the wide application of CRY2 to optogenet-
ics, including blue-light-mediated protein-protein interactions48,49, 
light-induced co-clustering50,51 and spatiotemporal control of intra-
cellular phase transitions52, the BIC2–CRY2N structure also pro-
vides the possibility for further developing regulators of CRYs for 
optogenetic manipulation.
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Methods
Protein expression and purification. Full-length BIC1, BIC2, CRY1 and CRY2 
were amplified from the A. thaliana cDNA library using a standard PCR-based 
cloning strategy. The identities of individual clones were verified by sequencing. 
For proteins expressed in E. coli, specific constructs of BIC2 and CRY2 were 
subcloned into pET15 vector (with 6×His tag followed by a drICE protease 
cleavage site at the N terminus; Novagen) and pBB75 vector (without tag). 
Recombinant CRY2 (residues 1–506) and BIC2 (residues 33–97) were co-expressed 
in cell strain BL21 (DE3). For in vitro biochemistry, constructs were subcloned into 
a modified pFastBac1 vector with an N fused His10 affinity tag. All proteins were 
expressed and purified as described previously53.

Crystallization. Yellow crystals of the BIC2–CRY2N complex were obtained 
at 18 °C using the hanging drop vapor diffusion method by mixing the BIC2–
CRY2N complex (10 mg ml−1) with an equal volume of reservoir solution 
containing 0.1 M Tris (pH 7.5), 0.2 M calcium acetate hydrate and 20% wt/vol 
polyethylene glycol 3350. The cryoprotectant was made from the well buffer plus 
1 M lithium sulfate monohydrate. The high-quality crystals were flash frozen in 
liquid nitrogen. Lithium sulfate monohydrate markedly improved the resolution, 
as compared to glycerol. Crystals of CRY2N (1–489) were unexpectedly obtained 
from BIC1–CRY2N complex crystal screening with the original purpose of 
obtaining the BIC1–CRY2N complex structure. Crystals appeared in the drops, 
which were a mixture of the BIC1–CRY2N complex (15 mg ml−1) and an  
equal volume of well buffer containing 0.05 M MES pH 6.0, 0.4 M potassium 
chloride and 26% vol/vol pentaerythritol propoxylate (5/4 PO/OH). The  
crystals were flash frozen in cryoprotectant consisting of mother liquor and 
20% vol/vol glycerol.

Data collection and structure determination. X-ray diffraction datasets of 
CRY2N and BIC2–CRY2N complex were collected at the Shanghai Synchrotron 
Radiation Facility (SSRF) on beamline BL17U or BL19U. The diffraction data were 
processed using the HKL3000 program suite and XDS packages54. Both CRY2 and 
BIC2–CRY2 structures were solved by molecular replacement with PHASER using 
the structure of AtCRY1 (PDB ID 1U3D) as the initial searching model55. Crystal 
structures were built using Coot and refined using the Phenix program56. The 
related data and structure refinement statistics are presented in Table 1. All figures 
representing structures were developed with PyMOL57.

MD simulations. All MD simulations were performed with AMBER 1658 using 
ff14SB force field. The starting conformations were derived from the structures 
of CRY2N and BIC2–CRY2N. The parameters of FAD were derived from the 
theoretical work of Stuchebrukhov and colleagues59. The starting structures 
were solvated in a cubic TIP3P water box with at least 10 Å padding. Long-range 
electrostatics were treated using the particle mesh Ewald method60, and van der 
Waals interactions were truncated at 10 Å with energy shift. The structures were 
first energy-minimized and a Langevin thermostat was used to set the temperature. 
The structures were first warmed slowly to 298 K, followed by a trajectory 
production process. The simulations were run for 100 ns to produce 1,000 
snapshots at 100 ps intervals. The distance of corresponding atoms was calculated 
using the CPPTRAJ module in AMBER 16.

Photoreduction. FAD photoreduction assays of isolated full-length wild-
type CRY2, BIC2–CRY2 complex and CRY2D393A mutant were performed as 
follows. During the experiments, all samples containing 5 mg ml−1 protein (the 
concentration of CRY2D393A in Fig. 4e is 25 mg ml−1), 150 mM NaCl, 25 mM 
Tris (pH 8.0) and 10 mM DTT were exposed to blue light at a fluence rate of 
117 μmol m−2 s−1 at 450 nm for the indicated time period under aerobic conditions 
at 4 °C. Absorption spectra were measured with an Implen Photometer N60 
Nanodrop spectrophotometer. For solution and crystal photoreduction of CRY2 
and BIC2–CRY2, the samples of relevant proteins were prepared and irradiated 
with a blue-light laser for the indicated time period; photographs were taken 
immediately.

SEC. All proteins used in the SEC were purified as described above. CRY2  
and BIC2–CRY2 complex samples were prepared at 20 μM (in 25 mM Tris- 
HCl (pH 8.0),150 mM NaCl, 10 mM DTT) and run through a Superdex  
200 Increase 10/300 GL column either in the presence of blue light 
(117 μmol m−2 s−1, blue light-emitting diode array) or in darkness. Samples 
from relevant fractions were examined by SDS–PAGE and were visualized with 
Coomassie Blue staining.

In vitro pulldown assays. CRY1 and CRY2 with His tag at the N terminus 
(Extended Data Fig. 1a) and CRY2-FL, CRY2-PHR and CRY2-CCE with His tag 
at the N terminus (Extended Data Fig. 1e) were co-expressed with untagged BIC1 
and BIC2 in insect cell sf9, respectively. For the analysis in Extended Data Fig. 7b,c, 
full-length N-terminal His-tagged wild-type and mutant BIC2 were co-expressed 
with untagged mutant and wild-type CRY2, respectively. After cell disruption and 
centrifugation, the supernatants were loaded to Ni2+ affinity resin. After loading, 
unbound proteins were washed off. Bound proteins were released from the  

resin. Elution was examined by 15% SDS–PAGE and visualized with Coomassie 
Blue staining.

Immunoblot assays. The Expi293F cells transfected with corresponding proteins 
were incubated in dark conditions. Cells were harvested and washed with PBS, 
then were resuspended in buffer A (100 mM Tris-HCl (pH 8.0), 150 mM NaCl 
and 1 mM EDTA) and subjected to repeated freeze–thaw cycles three times. The 
lysed cells were centrifuged at 12,000g for 30 min. The supernatant was incubated 
with StrepII beads at 4 °C for the indicated time under blue-light irradiation 
(50 μmol m−2 s−1) or in darkness. Beads were washed five times with buffer A. The 
bound proteins were eluted in buffer A contained 2.5 mM d-desthiobiotin. The 
proteins in the input and elution were detected on immunoblots probed with 
antibodies against StrepII, GFP or Flag.

AUC. The AUC experiment was performed in a Beckman Coulter XL-I analytical 
ultracentrifuge using two-channel centerpieces. The BIC2–CRY2 complex  
was in a solution of 25 mM Tris-HCl (pH 8.0) and 150 mM NaCl. Data were 
collected via absorbance detection at 18 °C for protein at a concentration of 
1 mg ml−1 and rotor speed of 45,000 r.p.m. The SV-AUC data were globally analyzed 
using the SEDFIT program and were fitted to a continuous c(s) distribution model 
to determine the molecular mass of each protein. Data analysis was carried out 
using GraphPad Prism 7.

SLS experiment. Full-length CRY2 and BIC2–CRY2 (~3 mg ml−1) were 
independently loaded onto a Superdex 200 Increase 10/300 column (for  
BIC2–CRY2) or Superose 6 Increase 10/300 GL column (for CRY2 in  
darkness or under blue light) connected to a HELEOS multi-angle light  
scattering instrument (WYATT Technology). All assays were performed  
in 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 CRY2 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 analyzed using multi-angle light scattering. The figure was drawn 
using Origin 8.0.

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 CRY2N and BIC2–CRY2N complex 
have been deposited in the Protein Data Bank under accession codes PDB 6K8I and 
6K8K, respectively. Source data for Fig. 5 and Extended Data Figs. 1, 7 and 10 are 
available with the paper online.
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Extended Data Fig. 1 | Biochemical analysis of the BIC2-CRY2 complex. a, The interactions between two BICs (BIC1 and BIC2) and two CRys (CRy1 and 
CRy2) in Arabidopsis thaliana were assessed by pull-down assays. b, Characterization of the purified full-length BIC2-CRy2 complex. Upper panel is the 
gel filtration chromatogram for BIC2-CRy2 purified using a SuperdexTM 200 increase 10/300 GL column. Elution volume of BIC2-CRy2 = 13.7 ml. The 
calibration standard for gel filtration chromatography 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. The elution volume of BIC2-CRy2 is different to that of the 158 kDa marker, 
indicating BIC2-CRy2 complex is a heterodimer with a 1:1 stoichiometry. Lower panel: an SDS-PAGE gel showing the proteins present in the peak fractions 
of BIC2-CRy2 from gel filtration chromatography visualized by Coomassie blue staining. c-d, SV-AUC and SLS analyses of the molecular weight of the full-
length BIC2-CRy2 complex in solution under dark conditions. SLS analysis was performed in a SuperdexTM 200 increase 10/300 GL column. e, The domain 
of CRy2 interacting with BICs was characterized by pull-down assays. FL: full length; PHR: photolyase-homology region; CCE: Cryptochrome C-terminal 
Extension. Uncropped gel images of a, b and e are available as source data.
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Extended Data Fig. 2 | Sequence alignment of CRY1 and CRY2. The alignment was performed using MultAlin and ENDscript programs. Secondary 
structural elements are shown above the sequence. Sequence identity is shown in white letters on a red background, and sequence similarity is shown in 
red letters. The red and cyan dots indicate the residues interacting with FAD and AMP (in the BIC2-CRy2N structure, Extended Data Fig. 5), respectively. 
The yellow and dark blue dots below the sequence indicate residues involved in BIC2 hydrophobic and hydrophilic interactions, respectively (in the BIC2-
CRy2N structure, Extended Data Fig. 7). The magenta dots indicate the residues in CRy2 that were mutated to verify the interactions observed in the 
BIC2-CRy2N structure.
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Extended Data Fig. 3 | Structural alignment of CRY2N and full length Drosophila CRY (dCRY, PDB ID 4JZY). Ribbon presentation of overall structural 
alignment is shown at center, CRy2N is colored in cyan and dCRy in gray. Alignments of different functional loops are displayed around the overall 
structural alignment framed by black squares. The corresponding sequence alignments are shown beneath each black square. Different functional loops 
and their corresponding sequences in CRy2N and dCRy are highlighted in magenta and yellow, respectively. Magenta dashed line denotes the invisible 
sulfur loop in CRy2N, the corresponding residues are colored in blue. Sequence identity is indicated by red boxes.
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Extended Data Fig. 4 | electron density maps of BIC2 bound to CRY2N. a, Electron densities on the surface of the groove between the α/β and α domains 
of CRy2N. CRy2N is presented as a cyan surface model. BIC2 is shown as a 2Fo-Fc electron density map (contoured at 1σ in blue mesh). b, Stereo view of 
BIC2 electron density. The 2Fo-Fc electron density map of BIC2 is contoured at 1σ and colored in blue.
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Extended Data Fig. 5 | Detailed environment of the FaD binding cavity in the BIC2-CRY2N complex. a, Sequence conservation analysis and close up view 
of the FAD binding cavity in BIC2-CRy2N. The FAD binding cavity is mainly formed by the CRy2N α9, α10, α12, α15, α16, α17 helices, shown in the black 
box at right. Sequence conservation scores displayed in different colors on the surface of CRy2 were generated by the CONSURF program. The FAD and 
AMP molecules are presented as green and pink ball-and-stick models. The magnesium cation is colored in magenta. b, Interface between BIC2 helix α1 
and the phosphate binding loop between the α9 and α10 helices of CRy2N. yellow dashed lines denote hydrogen bonds. c, FAD and AMP molecules in the 
BIC2-CRy2N complex are presented as ball-and-stick models. d, FAD displays a U-shaped conformation. The electron density (blue) of FAD is contoured 
at 1σ. e, Schematic representation of the contacts between CRy2 and FAD. f, Stereo representation of the electron density map of AMP bound to BIC2-
CRy2N complex. The 2Fo-Fc electron density (1σ level) of AMP is shown in blue. g, The binding site of AMP. AMP is recognized by CRy2 residues N356, 
R357, y399, and D406. Hydrogen bonds are shown as yellow dashed lines.

NatuRe StRuCtuRaL & MoLeCuLaR BIoLoGY | www.nature.com/nsmb

http://www.nature.com/nsmb


ArticlesNature Structural & Molecular Biology

Extended Data Fig. 6 | antenna pocket of BIC2-CRY2N. Surface and ribbon representation of the BIC2-CRy2N complex. Wheat-colored ribbon denotes 
BIC2. Surface of CRy2N is shown in cyan. Antenna pocket of BIC2-CRy2N is shown in the black square. BIC2 residues 72-74, which were not observed in 
the electron density map, form a gap between the α2 and α3 helices of BIC2.
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Extended Data Fig. 7 | Mutational analysis of BIC2-CRY2N interface. a, Extensive interaction networks between BIC2 and CRy2N. Residues of BIC2  
and CRy2N involved in interactions are shown in yellow and cyan rectangles, respectively. Black outlines indicate residues that were mutated to verify  
the interactions in the BIC2-CRy2N structure. b, Analysis of the interactions between wild type BIC2 with CRy2 mutants (labeled with asterisk).  
c, Interactions analysis of BIC2 mutants (labeled with asterisk) with wild type CRy2. For BIC2, we mutated residues that interact with CRy2 via their side 
chains (residues labeled with magenta dots in Extended Data Fig. 7d). For CRy2, there are 36 residues involved in BIC interactions. PDB 6K8K was loaded 
to PDBePISA (https://www.ebi.ac.uk/pdbe/pisa/) to analyze the interface of BIC2 and CRy2N. We then mutated 16 residues with the highest accessible 
surface area (ASA) and buried surface area (BSA). Residues that have a higher buried area percentage in PDBePISA interface analysis may make greater 
contributions to the interaction. Residues critical for complex formation are shown on a gray background. d, Sequence alignment of CID domains17 of BICs 
from different plant species. Secondary structural elements of BIC2 are shown above the sequence. The alignment was performed using MultAlin and 
ENDscript programs. Amino acid residue numbers are indicated to the left and right of each sequence. Sequence identity is indicated in white letters on a 
red background. Cyan and magenta dots represent the BIC2 residues interacting with CRy2N via main chains or side chains, respectively. The latter BIC2 
residues were mutated to verify the interactions. Uncropped gel images of panels b and c are available as source data.
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Extended Data Fig. 8 | Comparison of CRY2N and BIC2-bound CRY2N structures. a, Ribbon presentation of superposed CRy2N and BIC2-bound 
CRy2N structures. CRy2N is colored in yellow and BIC2-bound CRy2N is colored in cyan. Black squares show that helices α7 and α21 undergo slight 
conformational changes upon BIC2 binding. Helix α7 is involved in the BIC2 interactions, but helix α21 is not; conformational changes of helix α21 may be 
caused by crystal contacts. b, Superimposition of CRy2N (yellow) and BIC2-bound CRy2N (cyan) structures and comparison of their electron transfer 
pathways. The Trp-triad and D393 residues are presented as sticks. c, Electron density maps of residues W321, W374, W397, and D393 in CRy2N 
(yellow) and BIC2-bound (cyan) CRy2N.
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Extended Data Fig. 9 | BIC2 binding increases d(oD393-N5ISo) and d(HW397-oD393) distances and inhibits blue light-induced photobleaching of CRY2 in 
crystals and in solution. a, Time-dependent distance d(OD393-N5ISO) in Step 2 obtained from MD simulations of CRy2N and the BIC2-CRy2N complex. 
b, Time-dependent distance d(HW397-OD393) in Step 3. c, Left panel shows the photoreduction activity of FAD in full-length CRy2D393A at 5 mg/ml (the 
absorbance at 450 nm is about 0.1). Middle panel shows the absorbances of CRy2WT and CRy2D393A at 450 nm at increasing concentrations. Wild-type 
CRy2 (CRy2WT) was used to generate the standard curve (blue line). When the concentration of CRy2WT is 8 mg/ml, the absorbance at 450 nm is 0.59. 
In contrast, the absorbance of CRy2D393A at 450 nm is only 0.14 when the concentration is 8 mg/ml. This indicates that CRy2D393A diminishes FAD binding. 
Right panel shows that CRy2D393A at a concentration of 53 mg/ml exhibits the same yellow color (the absorbance at 450 nm is 0.63) as CRy2WT at only 
8 mg/ml. d, Photoreduction of CRy2N and BIC2-CRy2N crystals viewed by light microscopy. e, Photoreduction of the corresponding solutions. FAD is in 
oxidized form. Unbound and BIC2-bound CRy2 are full-length proteins.
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Extended Data Fig. 10 | Blue light induced CRY2 oligomer is able to interact with CIB1 by SeC. a, SLS analyses of the molecular weight of full-length CRy2 
in darkness and under blue light, respectively. All the runs were performed in a SuperoseTM 6 increase 10/300 GL column. b, Blue light induced full-length 
CRy2 tetramer interacts with truncated CIB1 (M16-N131) in SEC. All runs were performed in a SuperdexTM 200 increase 10/300 GL column. Under blue 
light treatment, the activated CRy2 is eluted at 11.5 ml (pink line), indicating CRy2 forms a blue light-induced tetramer. CIB1 alone is eluted at 16.2 ml 
under blue light (brown lines). After co-incubation, the blue light-induced tetramer co-elutes with CIB1 at ~11 ml (blue line), indicating a CRy2 tetramer 
interacts with CIB1. Right panel shows SDS–PAGE gels of peak fractions shown at left. The last three lanes are from separate gels. Uncropped gel images 
are available as source data.
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