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Abstract  

Cryptochromes are widespread flavoproteins with homology to photolyases, a class of blue 

light activated DNA repair enzymes. Unlike photolyases, both plant and animal 

cryptochromes have a C-terminal domain. This Cryptochrome C-terminal (CCT) domain 

mediates interactions with other proteins, while the photolyase-like domain converts light 

energy to a signal via reduction and radical formation of the flavin adenine dinucleotide 

(FAD) cofactor. However, the mechanism by which the photolyase-like domain regulates the 

CCT domain is not known. Here, we applied the pulsed laser induced transient grating (TG) 

method to detect conformational changes induced by blue-light excitation of full-length 

Arabidopsis thaliana Cryptochrome 1 (AtCRY1). A significant reduction in the diffusion 

coefficient of AtCRY1 was observed upon photoexcitation, indicating that a large 

conformational change occurs in this monomeric protein. AtCRY1 containing a single 

mutation (W324F) that abolishes an intra-protein electron transfer cascade did not exhibit this 

conformational change. Moreover, the conformational change was much reduced in protein 

lacking the CCT domain. Thus, we conclude that the observed large conformational changes 

triggered by light excitation of the photolyase-like domain result from C-terminal domain 

rearrangement. This inter-domain modulation would be critical for CRYs’ ability to transduce 

a blue-light signal into altered protein-protein interactions for biological activity. Lastly, we 

demonstrate that the TG technique provides a powerful method for the direct observation and 

understanding of photoreceptor dynamics. 
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Photolyase, PHR; CCT, Cryptochrome C-terminal; FAD, flavin adenine dinucleotide; TG, 

transient grating; TA, Transient Absorption; FTIR, Fourier Transform Infrared; D, molecular 
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Introduction 

 Cryptochromes (CRY) are flavoproteins found in all kingdoms of life: plants 1,2, 

animals 3-5, and bacteria 6. CRYs share amino acid sequence similarities, a common structural 

fold and the non-covalently bound flavin adenine dinucleotide (FAD) cofactor with DNA 

photolyase (PHR) enzymes, which catalyze the light-dependent repair of UV-damaged DNA. 

CRYs have little or no DNA repair activity 7, but instead control a wide variety of life 

activities 1,8,9; light-dependent growth and development in plants, the circadian clock in 

animals, and sensitivity to the magnetic field (light-dependent magnetoreceptor) in flies 5. 

 Among plant CRYs, Arabidopsis thaliana Cryptochrome 1 (AtCRY1) has been most 

extensively studied 1,2,10-15, while recent publications expand the fundamental knowledge 

about the others such as Arabidopsis thaliana Cryptochrome 2 (AtCRY2) 16 or algal 

Cryptochrome 17. AtCRY1 regulates many aspects of photomorphogenesis 1,2,18. Plant CRYs, 

represented by AtCRY1, contain not only the N-terminal PHR-like domain (ca. 500 amino 

acids), but also an additional characteristic Cryptochrome C-terminal (CCT) domain 1,2. 

While the crystal structure of the PHR-like domain of AtCRY1 has been reported 10, the 

isolated CCT domain was found to be unstructured by NMR analysis 11. For plant CRYs, the 

CCT domain plays an important functional role; genetic and physiological analysis of 

truncated forms of CRYs has demonstrated that the CCT domain mediates signal transduction 

by interaction with protein partners and can function in isolation when fused to a reporter 

gene 12,13. The mechanism and kinetics for CRY signal transduction from the light excitation 

of FAD in the N-terminal PHR-like domain to protein-protein interactions of the CCT domain 

remain central unanswered questions. 

 For CRY signaling, the FAD-containing PHR-like domain most likely initiates light 

signal conversion through the cofactor, regulating the activity of CCT domain in a light 

dependent manner 12,13. Transient Absorption (TA) 14 and Fourier Transform Infrared (FTIR) 
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15 studies on AtCRY1 in vitro have both revealed that light-induced intra-protein electron 

transfer from an aromatic residue (Trp or Tyr) to the chromophore takes place during 

formation of the FAD radical (FADH·), which has been shown to be the signaling state in 

plant CRYs 16,19, following photoexcitation of oxidized flavin. This electron transfer is 

presumed to take place within the PHR-like domain of CRYs by analogy with that during 

photoactivation (photoreduction, not photoreactivation (DNA repair)) reaction of E. coli 

DNA photolyase 20. Subsequent to light absorption and flavin reduction, additional changes in 

the protein have been probed by FTIR and partial proteolysis experiments, which suggested 

the possibility of light dependent conformational rearrangement of AtCRY1 11,15. However, 

the conformational changes observed by FTIR are relatively weak and have not been well 

assigned 15. Similarly, indirect proteolysis analysis 11 showed only minor effects and gave 

poor information in time-resolution. Therefore, the nature and reaction kinetics for the overall 

signal transduction process associated with plant CRYs, including potential rearrangement of 

the CCT domain still remains unclear.  

 To reveal the kinetics and mechanism of signal transduction in AtCRY1, it is 

essential to monitor time-resolved changes in protein conformation and/or intermolecular 

interactions. To date, the TA method has been one of the main techniques to monitor reaction 

kinetics of photoreceptor proteins. However, because structural changes affecting absorption 

are generally localized to the vicinity of the chromophore, this method is not suitable for 

monitoring the conformational changes elsewhere in the protein. To observe time-resolved 

conformational dynamics throughout the protein, we complemented TA with time-resolved 

detection of changes in diffusion by the pulsed laser induced transient grating (TG) technique 

21-29. The unique advantage of this method is its possibility to detect changes in molecular 

diffusion coefficients (D) during chemical reactions with a very short time-resolution. D is a 

valuable and important physical property to characterize a molecule in solution. This value is 
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sensitive to not only the protein conformational changes, but also intermolecular interaction 

between the protein and the solvent. If the friction between the diffusing protein and the 

solvent molecules increases, D should decrease. In fact, it was reported that D of a protein 

molecule in the aqueous solution is largely decreased upon the unfolding 21. Therefore, 

time-resolved measurement of D by the TG technique provides a powerful way to study the 

kinetics of both spectrally active and spectrally silent changes in molecular conformation 

and/or intermolecular interactions. Conformation changes observed by the TG method so far 

are consistent with results from other methods and kinetics of the changes has been revealed 

by this method; e.g., N-terminal helix unfolding of PYP 22, (consistent with circular 

dichroism (CD) study 30), N-terminal helix formation of phytochrome 23 (consistent with the 

time-resolved CD data 31), Jα-helix unfolding of the linker region of phototropins LOV2 

domain 24,25 (consistent with CD 32 and NMR 33 experiments), and so on. These previous 

studies support the validity of the TG method.  

 In this study, we investigated the photochemical reactions of full-length AtCRY1 

using the TG method. We successfully detected large conformational change of full-length 

AtCRY1 as the change in D and determined its kinetics. This D-change was not observed in 

the AtCRY1 W324F mutant protein carrying a single mutation in the Trp triad of the 

N-terminal PHR-like domain. We also found that the conformational change in truncated 

AtCRY1 lacking the CCT domain is very small. These observations clearly indicate that both 

the PHR-like and the CCT domains are responsible for the overall conformational change of 

plant CRYs. Thus light-dependent modulation between these two domains would likely be 

critical for activation of the receptor and subsequent biological activity by CRYs. 

 

 

Results and discussion 
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Detection of conformational change in full-length AtCRY1 

 The TG signal of the full-length AtCRY1 was measured in buffer solution at 12 ˚C at 

a protein concentration of 80 μM, and the signal at a grating wavenumber of q2 = 4.1×1011 

m-2 is depicted in Fig. 1a. In principle, the TG signal intensity is proportional to the square of 

the photo-induced refractive index change (δn), which mainly derives from thermal energy 

releasing (thermal grating) and the creation and depletion of the chemical species (species 

grating) 34-36. The observed TG signal (Fig. 1a) mainly consisted of two components; after the 

pulsed laser light irradiation, the TG signal quickly rose followed by a decay to the baseline 

within a few microseconds, and then by a rise-decay profile in the hundreds millisecond time 

range. If the kinetics of the signal depends on grating wavenumbers (q2), this phase should be 

attributed to a diffusion process. If not, it should be due to reaction kinetics. For the 

assignment of the signal components, the TG signals of the AtCRY1 sample were measured 

at various q2 (Fig. 1b). The rate of the initial decay indeed depended on q2 (Fig. 1b (inset)). 

The dependence indicates that this phase represent diffusion process, not reaction kinetics. 

Furthermore, the profile was expressed by an exponential function and the rate constant 

agreed well with the rate of the thermal diffusion Dthq
2 (Dth: thermal diffusivity), which was 

determined independently from the TG signal of the calorimetric reference sample (BCP) 

under the same condition. Hence this initial decay component was clearly attributed to the 

thermal grating signal (δnth(t)). 

)exp()( 2tqDntn ththth         (1) 

where the δnth is the initial refractive index change of the thermal grating signal. The 

time scales of the last rise-decay curve are also q2-dependent (Fig. 1 b). This phase indicates a 

protein diffusion process (diffusion signal: δnP(t)-δnR(t)), which reflects the decay process of 

the species grating signal due to the reactant (δnR) and product (δnP) by their diffusion 

processes. If we ignore the time-dependence of the molecular diffusion coefficient D, the 
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diffusion signal should be expressed as a following bi-exponential function 37,38. 

)exp()exp()()( 22 tqDntqDntntn RRPPRP       (2) 

where the DR and DP are the molecular diffusion coefficients of the reactant and product, 

respectively. The rise-decay feature of the observed diffusion signal indicates two diffusion 

components having opposite signs of δn (eq. (2)). Because the thermal grating signal had 

decayed to the baseline before the appearance of the diffusion signal and the sign of δnth is 

negative at this temperature, the signs of δn for the rise and decay components were 

unambiguously determined to be negative and positive, respectively. The rate of the rise 

component is faster than that of the decay component, indicating that D was decreased by the 

photoreaction. D is a physical property that reflects not only the molecular size but also the 

intermolecular interactions including the large conformational rearrangement. The significant 

reduction in D following photoexcitation will be discussed later.  

 What are the kinetics of this D-change? The kinetics can be obtained from the q2 

dependence of the signal. In Fig. 1b, the TG signals are normalized by the thermal grating 

intensity, which is a measure of the concentration of photoexcited molecules. If the D-change 

completes before the time scale of the diffusion signal, the diffusion signal should not depend 

on q2. Contrary to this, the diffusion signal in a fast time scale is weak and its intensity 

dramatically increased at longer time (Fig. 1b). This time dependence of the diffusion signal 

implies that the D-change reaction of AtCRY1 took place within this observation time. 

Qualitatively, this change can be explained as follows: when the protein diffusion rate (Dq2) 

is more rapid than its rate of D-change reaction (i.e, at a large q2 condition), the diffusion 

coefficients of the reactant and product are similar and the diffusion signal should be weak, 

due to the cancellation of refractive index changes of the product and the reactant (δnP and 

δnR, respectively) of eq. (2). With decreasing q2, the diffusion signal appeared in a longer 

time region, and DP also decreases significantly. Hence, the diffusion signal intensity 
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increased with decreasing q2. A similar time dependent feature of the diffusion signal was 

observed previously for other photo-sensor proteins 24-29 and the time-dependence was 

analyzed by the following two state model 37,38. 

PIR khv   
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where R, I, P and k represent the reactant, an initial product (intermediate), the final product 

and the rate constant of the change, respectively. Furthermore, δnI and DI are the refractive 

index changes due to the creation of the I species and the diffusion coefficient of the 

intermediate, respectively. 

 The diffusion signals for AtCRY1 were analyzed by the time-dependent model above. 

We first determined DR and DP, respectively, from the diffusion signal in the smallest q2, i.e., 

in the long time scale where the D-change reaction should be almost completed. We fitted the 

slower part (> 2 s) of the diffusion signal at the smallest q2 by a bi-exponential function to 

obtain DR = 1.46 (±0.05)×10-11 m-2s-1 and DP = 0.62 (±0.03)×10-11 m-2s-1. Using these values 

and DI = DR, the observed TG signals at all q2 can be reproduced well based on eq. (3). The 

time constant (k-1) for the D-change was determined to be k-1 = 0.4 (±0.1) s.  

 Between the time scales for the thermal grating and diffusion signals, another weak 

species grating signal was observed (Fig. 1c, arrows). The precise determination of its rate 

constant was difficult, because of the interference from the thermal grating and the diffusion 

signal contributions. We analyzed this weak species grating component as follows. The total 

TG signal of AtCRY1 should be fitted by the following equation, which includes thermal 

grating contribution δnth(t), protein diffusion contribution δnP(t)-δnR(t), and weak species 

grating contributions. 
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 2)()()exp()()( tntntkatntI RPi iithTG         (4) 

 The thermal and molecular diffusion contributions are given by eq. (1) and eq. (3), 

respectively. Additional exponential terms were added to the equation to reproduce weak 

species grating contributions. We conducted single exponential and bi-exponential analyses 

for the species grating signal (eq. (4) with i=1 and i=2). Fig.2 depicts the fitting results by 

single exponential (solid curve) and bi-exponential fitting (broken curve). During the fitting 

process, we used Dthq
2 determined by the decay rate of the signal of the calorimetric 

reference sample. We also used the parameters for the protein diffusion terms, which were 

determined in the diffusion signal analysis above. Apparently, the signal was reproduced well 

in the bi-exponential analysis. We could determine the time constants of 1 ms and 7.5 ms for 

this weak species signal. According to the previous TA studies 14, absorption changes showed 

the creation of the radical form of AtCRY1 after the photoexcitation. Following radical 

formation, a 1 ms phase (lifetime of 1.4 ms) was observed and attributed to the intra-protein 

electron transfer from Trp· to Tyr. Therefore, the 1 ms dynamics observed by the TG method 

is attributed to the population grating signal reflecting the absorption change involved in this 

electron transfer reaction. This flavin radical observed by TA returned to the original ground 

state with half lifetimes of 5 ms and >100 ms (corresponding to time constants of 7.2 ms and 

>140 ms). Therefore, we attributed the 7.5 ms dynamics observed in the TG signal to this 

dark reversion process of the chromophore from the radical form to the ground state. (In the 

present study, the phase of >100 ms was not observed, probably because this component was 

masked by the strong diffusion signal.) The fact that these time constants are similar to those 

reported in previous study14 clearly indicates that the full-length AtCRY1 sample was stable 

and exhibited a proper photoreaction under our experimental conditions. Remarkably, even 

after the 7.5 ms decay, the TG signal did not disappear but showed the strong diffusion signal. 

This fact indicates that the light-induced conformational changes in the protein were retained 
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even after the recovery of the chromophore.  

 

Assignment of origin of the molecular diffusion coefficient change in AtCRY1. 

 To date, reported photo-induced decreases in molecular diffusion coefficient D of 

photosensor proteins have been classified as originating from either oligomer formation 27-29 

or conformational change 24-26. Those are referred as diffusion sensitive conformation change 

(DSCC). It seems rather straightforward to conclude that an oligomarization reaction of 

AtCRY1 might cause the D reduction upon photoreaction, because, according to the 

Stokes-Einstein relationship, D is inversely proportional to the radius of a molecule. If the 

difference in D between the reactant and product (DP/DR = 2.3) was interpreted only in terms 

of the difference in molecular radius, the molecular volume of the product would be (2.3)3 = 

12 times larger than that of the reactant. (Although D-value depends on the shape of molecule, 

the dependence is rather weak according to the theoretical equation for the molecule with a 

non-spherical shape 39.) However, D is determined not only by the molecular size, but also by 

the intermolecular interaction between the protein and solvent molecules, therefore, an 

increase in protein/solvent intermolecular interaction must be also taken into account. If 

protein conformational changes produce an increase in protein/solvent intermolecular 

interactions, then D would be reduced too. To distinguish between these two possibilities, the 

concentration dependence of the signal profile should be examined. If this D-change is 

caused by oligomer formation, the reaction rate for the D-change would be sensitive to 

protein concentration, and this should result in a concentration dependent time profile of the 

signal. Photosensor proteins, BLUF (sensors of blue light using FAD) domains of AppA, 

YcgF, and LOV2 (light oxygen voltage sensing) domains of phototropins all exhibit 

concentration-dependent TG signals 27-29. In contrast, if intramolecular protein 

conformational change is directly responsible for the D-change, this reaction rate should be 
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independent of the protein concentration, and the time profile of the TG signal should not 

depend on the concentration, except for the absolute intensity. 

 Therefore, we examined the TG signal at various sample concentrations at relatively 

large q2 condition (4.3×1011 m-2) (Fig. 3a and 3b). At this grating wavenumber, the diffusion 

signal appears in several 100 milliseconds time range, which covers the D-change (< 1 s). 

Hence, if the rate of the D-change depends on the concentration, the profile of the signal 

should be sensitive to the concentration. Fig. 3a depicts the concentration dependence of the 

TG signal. Naturally, the signal intensity decreased with decreasing concentration. However, 

the time profile normalized at the peak intensity did not depended on the concentration except 

for a small temporal shift. (This shift could be due to a viscosity change by the dilution of the 

solution.) Indeed, by fitting the present signals with the present model, we determined that DP 

and DR increased slightly with decreasing the concentration of the protein (DR = 1.46×10-11 

m-2s-1 and DP = 0.62×10-11 m-2s-1 at 80 μM, and DR = 1.59×10-11 m-2s-1 and DP = 0.68×10-11 

m-2s-1 at 39 μM), but the rate constant for the D-change reaction did not change. Since the 

rate constant is concentration-independent, the origin of D-change is due to a significant and 

large conformational change of AtCRY1 protein, rather than light-dependent aggregation or 

oligomerization. 

 Furthermore, this large D-change cannot be explained by only one or two hydrogen 

bond rearrangements between protein residues and water, because of the following reason. 

Previously, we estimated an increase of the excess friction by unfolding of α-helix to be 0.3 

×10-12 kg/s 40. (Here, the friction coefficient of species i is defined by fi=kBT/Di (i=P or R), 

where kB is the Boltzmann constant and T is the temperature. The change in the friction Δf, 

upon the transformation from the reactant to the product is calculated by Δf = fP - fR.) In the 

present AtCRY1 case, the increase of friction was calculated to be 3.75×10-10 kg/s. This value 

is very large. If Δf of PYP 40 is used and only unfolding occurs for this conformation change, 
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this increase means about 100 residues are exposed to the buffer. Although this number is just 

a rough estimation of the extent of the conformation change, the significant reduction in D 

observed here, at least, implies that a large conformational rearrangement occurs after 

photoexcitation of AtCRY1. 

 

Photoreduction-induced conformational change in AtCRY1 

 All structurally characterized members of the CRY/PHR family including AtCRY1 

conserve a common motif consisting of a chain of three Trp residues extending from the FAD 

cofactor to the protein surface 6,20,41. In E. coli PHR, this Trp chain is responsible for electron 

transfer to FAD during photoactivation (photoreduction of the oxidized form of PHR). After a 

single photo-induced electron transfer step from a nearby Trp reduces the FAD, the resulting 

radical state on the Trp is subsequently transferred to the terminal Trp (Trp306 in E. coli 

PHR). Because of the high structural conservation, a similar electron transfer mechanism has 

been assumed for CRYs 6,14,42 . TA and FTIR studies on AtCRY1 also suggested the 

involvement of an aromatic residue (Trp or Tyr) in the photoexcitation reaction 14,15. To 

decipher correlations between electron transfer and the observed conformational change, we 

made TG measurements for an AtCRY1 mutant (W324F) lacking the terminal 

surface-exposed Trp residue of the proposed electron transfer pathway (Fig. 4). The W324F 

mutant shows almost the same absorption spectrum as wild-type protein, but shows no 

light-induced absorption change, indicating the mutant has no photoreduction reactions 43. 

For the W324F mutant, we detected no diffusion signal, although the thermal grating signals 

for the mutant and the wild-type were similar. These results indicate that the D-change 

reaction is likely linked to the electron transfer event in AtCRY1. Thus, the conformational 

change observed in the full-length wild-type protein is triggered in the N-terminal PHR-like 

domain.  
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Contribution of the CCT domain to the conformational change 

 Cryptochrome proteins are generally larger than photolyases, due to C-terminal 

extension of their sequences. In particular, plant CRYs have an additional characteristic 

C-terminal domain, named the Cryptochrome C-terminal (CCT) domain. The plant CCT 

domains have been implicated in signal transduction and shown to function as a scaffold for 

other proteins 12,13. NMR studies coupled with proteolysis indirectly suggested that some 

conformational change occurs in the CCT domain upon light irradiation 11. To directly 

examine and distinguish light-induced conformational changes in the N- and C-terminal 

domains of AtCRY1, we measured TG signals of truncated AtCRY1 protein lacking the CCT 

domain (trAtCRY1) under the same experimental conditions as full-length AtCRY1 (Fig. 4). 

In contrast to the full-length protein, which shows the characteristic large diffusion signal, 

trAtCRY1 does not show this component, but only a very weak diffusion signal. These 

observations implicate that major component of the DSCC in AtCRY1 is derived from the 

CCT domain.  

 Using a binding assay coupled with proteolysis for AtCRY1, the PHR-like domain 

was shown to interact with the CCT domain in the dark, inducing stable tertiary structure in 

the C-terminal domain 11. This interaction was destabilized in the light due to some 

conformational change in the CCT domain 11. We have reproduced these proteolysis 

experiments using a slightly modified protocol using the current AtCRY1 sample and a high 

intensity blue LED to promote greater photoreduction (Fig. 5). Arrows indicate bands that are 

differentially sensitive to proteolysis in dark and light treated samples. At earlier time points, 

the upper indicated band is significantly more stable in dark as compared to light samples 

even after double the time of digestion, consistent with previous reports 11. At longer 

digestion times lower bands appear in the dark sample but not in the irradiated sample, 
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indicative of further differential cleavage in the digestion products. This differential 

resistance to proteolysis in light and dark samples indicates considerable changes in protein 

surface properties and susceptibility to cleavage as a result of irradiation, indicating that the 

light-induced structural changes are likely to be quite large. Furthermore, a proteolysis 

experiment for trAtCRY1 did not show any significant difference between dark and light 

illuminated samples (data not shown). Taken together, these results confirm the large 

conformational change directly observed by the TG method and are all consistent with the 

following interpretation; in the dark, inter-domain interactions between the PHR-like and 

CCT domains produce a relatively packed overall structure. Light excitation and reduction of 

FAD in the N-terminal PHR-like domain would affect the adjacent Trp triad and could 

propagate to the interface between the PHR-like and CCT domains, resulting in their 

dissociation. This dissociation would increase the surface area between AtCRY1 and the 

solvent, producing a D-value reduction, and simultaneously would expose interaction sites 

for other molecules, thereby activating signals in the photomorphogenesis pathways. The 

conformational changes in the CCT domain have been suggested to be important for a long 

time 12. However, there has been no information on the dynamics of the proposed 

conformational changes. Here, our time-resolved measurement revealed not only the 

existence of the conformational change in the CCT domain but also the rate of the 

conformational change for the first time. 

 Interestingly, a weak diffusion signal with a small D-change was observed in 

trAtCRY1 lacking the CCT domain (Fig. 4b (blue)). The observation is consistent with a 

small conformational change in the vicinity of the FAD binding site, as previously observed 

by vibrational spectral analysis 15. TG signals are sensitive to both spectral changes and 

conformational changes that are spectrally silent. Therefore, the relatively large DSCC 

observed here is not conflicted with the conclusions from FTIR studies 15, because the 
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diffusion coefficient monitored by TG techniques would be sensitive to dissociation of the 

PHR-like and CCT domains. We propose that PHRs undergo relatively small conformational 

changes upon light illumination, whereas CRYs have evolved their C-terminal extensions to 

increase dynamics for signaling. The schematic illustrations of the possible reactions are 

shown in Fig. 6. 

 

Conclusions 

 This work for the first time demonstrates a significant light-dependent 

conformational change in a CRY that may provide the basis for signaling. Although the 

suggestion that conformational changes in CRYs may provide a mechanism for signaling has 

been made since many years 41, direct experimental evidence for such a dynamic 

transformation has been missing. Here we report a significant conformational change in 

full-length AtCRY1 that is dependent on light activation of the N-terminal PHR-like domain 

through flavin reduction by intra-protein electron transfer involving conserved Trp residues. 

We further show that the C-terminal CCT domain is critical to this conformational change 

subsequent to the initial light activation event. We propose that electron transfer from the 

flavin chromophore triggers the dissociation between the CCT and PHR-like domain in the 

protein, which are connected to each other to form a stable tertiary structure by inter-domain 

interaction in the dark state. This dissociation leads to exposure of the previously buried 

interfaces, and the consequent increase in interaction between AtCRY1 and solvent, resulting 

in the observed large D-change. These events associated with light-induced conformational 

changes most likely represent essential processes that underlie AtCRY1 signaling in plants. 

 

Materials and methods 

Measurement 
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 The experimental setup for the TG experiment was similar to conditions reported for 

other photoreceptors in previous papers 44,45. For excitation of AtCRY1, a XeCl excimer 

laser-pumped dye laser beam (Lamda Physik Compex 102xc, Lumonics Hyper Dye 300; λ = 

465 nm) was used. The time-resolution of the instrument was ~ 20 ns. The laser beam was 

split into two by a beam splitter and crossed inside a quartz sample cell (optical path-length = 

2 mm). The spot size of the excitation beams at the sample position was ca. 1 mm diameter. 

The created refractive index modulation in the sample was probed by a diode laser (835 nm) 

as a Bragg diffracted signal (TG signal). The TG signal was detected by a photomultiplier 

tube (Hamamatsu R1477), and fed into a digital oscilloscope (Tetronix 2430A). The TG 

signals were transferred to a microcomputer and averaged 6-36 pulse to improve a signal to 

noise (S/N) ratio. After every shot of the excitation pulse, the sample solution (200 μL) was 

stirred so that the photo-product was not excited again. The grating wavenumber (q2) was 

determined with the decay rate of the thermal grating signal of a calorimetric reference 

solution; bromocresol purple (BCP) which gives rise to only the thermal grating signal due to 

the nonradiative transition within the pulse width of the excitation laser. The various grating 

numbers were adjusted by changing the crossing angle of the excitation pulses and the probe 

beam. All measurements were carried out at room temperature (12˚C).  

 In the proteolysis measurement, samples were 100 L of 10 M AtCRY1 in 50 mM 

Tris pH 7.5, 10 mM DTT, 20% glycerol and 2 µM trypsin placed in a 1 x 10mm glass cuvette. 

In the blue light condition, samples were irradiated on ice by a blue LED at 150 mmolm2sec-1 

through an IR filter to eliminate heating effects and temperature was continuously checked in 

the immediate vicinity of the cuvette throughout the whole course of the experiment. A 10 

minute pre-irradiation was carried out before the addition of trypsin (T0). Aliquots were 

removed at T0 (before addition of trypsin), 0, 5, 10, 15, 20, 30, 45 and 60 minutes after 

addition of trypsin, boiled in SDS sample buffer and resolved on 13% acrylamide SDS gels. 
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In the dark condition, samples were harvested under the identical conditions and time points 

as above but without undergoing irradiation.  

 

Sample preparation 

 AtCRY1 was isolated from a recombinant baculovirus expression system and 

purified by nickel column affinity chromatography as described previously 46. The W324F 

mutant of AtCRY1 was also prepared as reported previously 43. For the truncated proteins, 

gene coding photolyase-like domain 10 was inserted into pGEX-6P-1. The protein lacking the 

CCT domain was expressed in E. coli and purified with Glutathione Sepharose followed by 

Mono Q and Sephacryl S-300 after tag cleavage. The proteins were dissolved into the buffer 

solution containing 50 mM Tris-HCl, 500 mM NaCl, and 30 % (v/v) glycerol (pH 7.5). Dusts 

in the sample solution were removed with a centrifuge before measurement. The TG signal 

was measured mostly at a concentration of 80 μM. Dependence on the concentration was 

examined in the concentration range from 39 μM to 80 μM.  
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Figure captions 

Fig. 1. (a) TG signal of the full-length AtCRY1 after blue-light excitation at 465nm in the 

buffer solution containing 50 mM Tris, 500 mM NaCl, and 30 % Glycerol (pH 7.5) at q2 

=4,1×1011 m-2 at the excitation wavelength of 465 nm (Red line). The signal was measured at 

a concentration of 80 μM, at 12 ˚C, and at an excitation laser power of ~ 10 μJ. (inset) 

Magnification of the signal in the time region of 2 μs - 40 ms. (b). TG signals of full-length 

AtCRY1 at various q2 values; 4.1×1011 m-2 (red), 1.9×1011 m-2 (orange), 7.3 ×1010 m-2 (green), 

and 3.5×1010 m-2 (blue). Signals were normalized by thermal grating intensity. (c) 

Magnification of the Figure (b) in the time region of 100 μs-150 ms. The q2-independent 

decay components were observed in the milliseconds time range (arrows). These components 

indicate reaction kinetics (absorption changes). The black broken curves in these figures 

show the best fitted curves by eq. (4). 

 

Fig. 2. The comparison of single exponential (black solid curve) and bi-exponential (black 

dashed curve) analysis for the weak species grating components observed in the TG signal of 

full-length AtCRY1 at q2 =7.3×1010 m-2. Residual errors are also shown in the figure top by 

dark green solid curve (single exponential analysis) and green broken curve (bi-exponential 

analysis). 

 

Fig. 3. (a) TG signals for the full-length AtCRY1 at the protein concentration of 80 μM (red), 

64 μM (orange), 50 μM (green), and 39 μM (blue) at q2 = 4.3×1011 m-2. The TG signals were 

normalized by the diffusion peak. (b) AtCRY1 absorption spectra at matching concentrations. 

 

Fig. 4. TG signal of the wild-type full-length (black), the CCT domain truncated (blue), and 

W324F mutant (red) of full-length AtCry1 at q2 = 2.3×1012 m-2 under the same experimental 
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conditions. The signals were measured at protein concentrations of 50 μM, at 12 ˚C. 

 

Fig. 5. Partial proteolysis of the full-length AtCRY1 in dark (left) and light (right) conditions. 

The bands showing differential proteolysis are indicated (arrows). The topmost band is less 

stable subsequent to illumination. 

 

Fig. 6. The schematic illustrations of the proposed photoreaction of AtCRY1. In the dark, 

AtCRY1 takes a relatively compact structure by inter-domain interactions. Blue light induces 

the reduction of FAD chromophore to the radical form (FADH·) through the intra-protein 

electron transfer from the conserved tryptophan triad 14. The change in the PHR-like domain 

could propagate to the interface between the PHR-like and CCT domains, resulting in their 

dissociation. This dissociation would increase the surface area (colored in pink) between 

AtCRY1 and the solvent, producing a reduction of the molecular diffusion coefficient and the 

protein stability to the protease. This simultaneously would expose interaction sites for other 

molecules, thereby activating signals in the photomorphogenesis pathways.  
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