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Dear Editor,

Cryptochromes (CRYs) are blue-light photoreceptors that

mediate various light responses in plants (Wang and Lin, 2020;

Wang et al., 2021). Two CRYs have been identified in

Arabidopsis thaliana (At), AtCRY1 and AtCRY2, which mediate

hypocotyl elongation and floral initiation (Ahmad and

Cashmore, 1993; Guo et al., 1998). CRYs are comprised of a

conserved N-terminal photolyase-related (PHR) domain for chro-

mophore FAD binding and a C-terminal domain (CCE) of variable

length, and different plant CRYs have been found to exert over-

lapping biological functions (Lin et al., 1998; Rosenfeldt

et al., 2008).

Upon illumination with blue light, AtCRY2 can directly modulate

the transcription of flowering locus T through interaction with the

N-terminal domain of CRY interaction basic-helix-loop-helix

(bHLH) protein 1 (CIB1), a bHLH transcription factor (Liu et al.,

2008). CIB1 is the first-identified downstream transcription fac-

tor that interacts with CRY2 in a blue light–dependent manner. It

can form homodimers or heterodimers (with other CIBs) to bind

with G/E-box DNA via bHLH, and G/E-box DNA is usually

present in light-responsive gene promoters (Liu et al., 2013).

Since the identification of CIB1, the AtCRY2–CIB1 complex

has been engineered as an optical control switch and used

extensively in optogenetics (Konermann et al., 2013; Wang

and Lin, 2020). To elucidate the assembly and interaction

mechanism of activated AtCRY2 and downstream CIB1, we

determined the cryoelectron microscopy (cryo–EM) structures

of a constitutively active AtCRY2 mutant and its complex with

the CIB1 fragment.

To obtain an active sample for structural analysis, we generated

the constitutively active AtCRY2 mutant AtCRY2W374A (Li et al.,

2011) and AtCIB1 truncates (Figure 1A), and we expressed

them separately or together in insect cells. A two-step purification

protocol (Shao et al., 2020), Ni2+-chelating plus gel-filtration chro-

matography, was used to obtain a homogenous complex sample

for cryo–EM analysis. It appeared that the CIB1 C-terminal trun-

cates, CIB1NT275 (residues 1–275) and CIB1NT158 (residues 1–

158), could form a complex with AtCRY2W374A. Compared with

AtCRY2W374A, an obvious peak shift suggested formation of an

AtCRY2W374A–CIB1NT275 complex during gel-filtration purifica-

tion (Figure 1B). The binding affinity between AtCRY2W374A and

CIB1NT275 was determined using bio-layer interferometry,

yielding a dissociation constant of 3.90E�07 M, whereas no

significant binding was detected between wild-type AtCRY2

and CIB1NT275 (Supplemental Figure 1). SDS–PAGE analysis

indicated that AtCRY2W374A and AtCIB1 proteins assemble in a

1:1 molar ratio. The resulting samples were used for cryo–EM
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analysis after treatment with 2.0 mM bis(sulfosuccinimidyl)

suberate.

The cryo–EM structure of AtCRY2W374A was determined to an

overall resolution of 2.56 Å, and a tetramer atomic model

was built (Figure 1C and Supplemental Figures 2 and 3;

Supplemental Table 1), which was much improved compared

with previous reported structures (Ma et al., 2020a; Shao et al.,

2020). However, because of the dynamic nature of the

AtCRY2W374A–CIB1 complex (Supplemental Video 1), numerous

efforts were made to obtain an AtCRY2W374A–CIB1 structure.

The best density map of AtCRY2W374A–CIB1NT275 was refined

to 3.89 Å resolution (Figure 1D and 1E and Supplemental

Figures 4 and 5; Supplemental Table 1), based on which the

PHR domain of AtCRY2W374A and partial secondary structural el-

ements of CIB1 (Figure 1F) could be built (orange color).

Additional density blobs (gray color) could be observed at the

AtCRY2 Mol-BD (or AC) interface and were thought to be a

CIB1 fragment, but the model could not be traced (Figure 1D

and 1E). The CCEs in both structures were disordered.

Nevertheless, the binding site of CRY2 to CIB1 could be clearly

determined from the envelope structure.

Consistent with our previous study (Shao et al., 2020), two

interaction surfaces were confirmed in the AtCRY2W374A struc-

ture (Figure 1C): the conserved interaction surface 1 (INT1)

formed by molecules AB (or CD) and the non-conserved

INT2 formed by molecules AC (or BD). The CIB1 fragments

bind at the INT2 regions in a side-by-side manner to the CRY2

tetramer in the AtCRY2W374A–CIB1 complex structure

(Figure 1D). We also noticed that the density of CIB1 molecules

on the right side was clearer than that on the left side, probably

owing to the dynamic nature of the complex (Supplemental

Video 1). Two repeated secondary structural elements can be

fairly deduced from the right-side CIB1 molecules (Figure 1D–

1F), supporting a 1:1 molar ratio of AtCRY2 and CIB1.

Structural elements and residues of AtCRY2 involved in the

CIB1 interaction can be defined from the current complex struc-

ture and include the a4 helix, b5–a5 loop, and L11 loop and the

His113, Trp138, Tyr141, and Phe302 residues (Figure 1F).

These residues were confirmed by mutation-based analysis,

and pull-down results demonstrated that mutation

of residue Trp138 or Tyr141 to Ala impaired the AtCRY2–CIB1

interaction, whereas mutation of His28 or Phe302 had less

effect (Figure 1G). Supporting evidence also comes from a
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Figure 1. Cryo–EM structure of the CRY2–CIB1 complex.
(A) Color-coded domain architecture of CRY2 and CIB1 from Arabidopsis thaliana. CRY2 comprises a PHR domain and a non-conserved CCE domain.

CIB1 contains an N-terminal domain (CIB1N) and a C-terminal domain (CIB1C). CIB1N is the CRY2-binding domain, whereas CIB1C, which contains the

bHLH motif, interacts with DNA.

(B) SEC (size exclusion chromatography) profiles of the constitutively active mutant AtCRY2W374A (red), the AtCRY2W374A–CIB1NT275 complex (blue), and

CIB1NT275 (cyan). Peak fractions of the AtCRY2W374A–CIB1NT275 complex SEC were subjected to SDS–PAGE.

(legend continued on next page)
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cross-linking mass spectrometry experiment in which lysine

residues Lys116, Lys118, and Lys146 around INT2 were

observed to interact with CIB1 as multi-crosslinked sites

(Supplemental Figure 6; Supplemental Table 2).

Because it is difficult to trace the amino acids of CIB1 from the At-

CRY2–CIB1 fragment complex structure, we used a yeast two-

hybrid assay to map the interaction region of CIB1. Our previous

data have demonstrated that residues 16–43 of CIB1 are essen-

tial for interaction with activated AtCRY2 (Shao et al., 2020) and

that residues 18–27 tend to form an a-helix when predicted

using AlphaFold (Jumper et al., 2021). We therefore generated

a mutation within this region and found that mutation of 18–27

to Ala (CIB1NT158–10A) significantly reduced the blue light–

dependent interaction between CRY2 or CRY2–PHR and CIB1

(Figure 1H and Supplemental Figure 7), as demonstrated by

reduced yeast growth and b-galactosidase activity. These

results indicated that CIB118–27 plays a critical role in the

CRY2–CIB1 interaction.

In the AtCRY2W374A and AtCRY2W374A–CIB1NT275 structures,

each CRY monomer is comprised of a/b and a domains linked

by the connection loop connecting helices a5–a6. We

aligned these structures with the previously reported inactive

AtCRY2N structure under darkness (PDB: 6K8I) (Ma et al.,

2020b) and summarized the conformational changes within the

monomers (with root-mean-square deviations around 1.4 Å

using all pairs). In the activated AtCRY2W374A structure, the

relative movement of the a domain near INT1 (Figure 1I) and a

fairly defined b5–a5 loop near INT2 (Supplemental Figure 8A

and 8B) enable light-dependent formation of the CRY2 dimer

and tetramer. The subsequent binding of CIB1 further induces

more stabilized structures at the loops connecting a11–a12

(L11 loop) and a5–a6 (connection loop) (Figure 1J and

Supplemental Figure 8A and 8C). In a zoomed-in view around

the FAD molecule, the distal one of the ‘‘Trp triad’’ residues,

Trp321, located in the L11 loop, undergoes a pronounced

conformational change (Figure 1J, inset). Similar conformational

changes of ‘‘Trp-triad’’ residues have been found during the

photoactivation process of ZmCRY1c (Shao et al., 2020). This

finding suggests that the CRY2 tetramer may adopt a more

stable active conformation when binding with CIB1.

In the CRY2 tetramer, INT2 is formed by helices a2 and a10 and

a connection loop from each molecule, and the interaction

forces are mainly hydrophobic interactions. Binding of CIB1 to

AtCRY2W374A causes 15 (out of 85) more residues to be involved
(C) Cryo–EM map of the AtCRY2W374A tetramer in front view contoured at 3 s

purple, blue, and green, respectively. The INT1 and INT2 interfaces are indica

(D and E)Cryo–EMmap of the AtCRY2W374A–CIB1NT275 complex in front and si

and the same color scheme of CRY2 is used in all figures. The additional CIB

(F) Zoomed-in view of CIB1 fragment binding with CRY2. Residues involved in

is contoured at 4s threshold. (G) In vitro pull-down assay of CRY2W374A muta

(H) Growth phenotype of the yeast two-hybrid assay showing that CIB118–27 p

was measured to quantify the results.

(I) Structure superimposition of CRY2 monomers from AtCRY2N (pink) and A

(J) Structure superimposition of CRY2 monomers from AtCRY2W374A (gray)

indicated by a circle. Trp-triad residues are shown as gold spheres. Inset, a c

(K) G-box binding affinity curves of CIB1NT275 (upper) and the AtCRY2W374A–

(L) A possible workingmodel of AtCRY2 photosignalingmediated by CIB prote

CRY2 dimer or tetramer upon blue-light illumination; III, active CRY2 tetrame
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in INT2 formation; at the same time, the buried surface area of

INT2 increases by about 30% (from 1104 to 1627 Å2 for Mol-

BD, and from 1104 to 1504 Å2 for Mol-AC) (Supplemental

Figure 8D and 8E). By contrast, no obvious changes take place

at the Mol-AB (or Mol-CD) dimer interface after CIB1 binding,

as the buried surface area of INT1 shows little change (from

1494 to 1506 Å2). A significant change is manifested by the

shortened distance, from 7.1 to 3.7 Å, between the adjacent

connection loops (Supplemental Figure 8F). In general, CIB1

binding induces an obvious relative movement of Mol-CD against

Mol-AB (Supplemental Video 2), which can be simplified into a

�7� rotation and a 1.4 Å translation of Mol-CD along the y axis

perpendicular to the INT2 plane (Supplemental Figure 9),

resulting in a more compact AtCRY2 tetramer.

Because CIB1 can bind with G-box DNA (Liu et al., 2013), we

tested the effect of the AtCRY2–CIB1 complex on the binding

ability of CIB1 to DNA. Using the recombinantly expressed

AtCRY2–CIB1 complex and synthesized G-box DNA, we found

that the dissociation constant of CIB1 was about 1.01E�08 M,

whereas that of the AtCRY2–CIB1NT275 complex was about

2.85E�09 M (Figure 1K), indicating that binding of AtCRY2 to

CIB1 improves the binding affinity of the latter by about four-fold.

Based on structural analysis and biochemical experiments, we

propose a possible working model of AtCRY2 photosignaling

mediated by CIB proteins (Figure 1L). In the dark, inactive

AtCRY2 exists mainly as a monomer. A small number of CIB

homo- or hetero-dimers are in dynamic equilibrium, during which

the DNA-binding ability of the C-terminal bHLH domain is rela-

tively low. Upon blue-light illumination, AtCRY2 undergoes

conformational changes and consequently forms an active olig-

omer (dimer and tetramer). Meanwhile, the expression of CIBs

is upregulated (Liu et al., 2008). The N-terminal domain of CIB

interacts with INT-2 of the active AtCRY2 homotetramer, not

only strengthening AtCRY2 homotetramer formation but also

enhancing the binding or association of CIBs with the target

gene promoter, ultimately leading to transcriptional activation.

In summary, we present a representative three-dimensional

structure of activated CRY binding with its downstream signaling

protein CIB1. Structure-based analysis reveals that the blue light–

induced oligomerization of AtCRY2 is required for downstream

CIB1 binding, and the binding site of CIB1 on AtCRY2 is pre-

sented. Interestingly, binding of AtCRY2 with CIB1 further

enhanced the DNA-binding ability of CIB1, and the mechanism

underlying this effect requires further investigation. In addition,
threshold. The four monomers labeled A, B, C, and D are colored wheat,

ted with dashed lines.

de views contoured at 2.8s threshold. CIB1 fragments are colored orange,

1 density blobs are colored gray.

interactions are labeled and shown as sticks. EM density of CIB1 fragment

nts and CIB1NT275 complex.

lays a critical role in the CRY2–CIB1 interaction. b-galactosidase activity

tCRY2W374A (gray) structures. a domain is indicated by a circle.

and AtCRY2W374A–CIB1NT275 (purple) structures. CIB1 binding region is

lose-up view of FAD and Trp-triad residues is shown.

CIB1NT275 complex (lower). KD, dissociation constant.

ins. The blue zigzag represents blue light. I, CRY2monomer in darkness; II,

r forms a complex with CIB to mediate photosignaling.
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because the CRY2–CIB light-inducible dimerization system has

been used extensively for optogenetic applications, our study

provides a structural basis for rational engineering of this light

switch.
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