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A deazariboflavin chromophore 
kinetically stabilizes reduced 
FAD state in a bifunctional 
cryptochrome
Yuhei Hosokawa , Hiroyoshi Morita , Mai Nakamura  & Junpei Yamamoto *

An animal-like cryptochrome derived from Chlamydomonas reinhardtii (CraCRY) is a bifunctional 
flavoenzyme harboring flavin adenine dinucleotide (FAD) as a photoreceptive/catalytic center and 
functions both in the regulation of gene transcription and the repair of UV-induced DNA lesions in 
a light-dependent manner, using different FAD redox states. To address how CraCRY stabilizes the 
physiologically relevant redox state of FAD, we investigated the thermodynamic and kinetic stability 
of the two-electron reduced anionic FAD state  (FADH−) in CraCRY and related (6–4) photolyases. The 
thermodynamic stability of  FADH− remained almost the same compared to that of all tested proteins. 
However, the kinetic stability of  FADH− varied remarkably depending on the local structure of the 
secondary pocket, where an auxiliary chromophore, 8-hydroxy-7,8-didemethyl-5-deazariboflavin 
(8-HDF), can be accommodated. The observed effect of 8-HDF uptake on the enhancement of the 
kinetic stability of  FADH− suggests an essential role of 8-HDF in the bifunctionality of CraCRY.

While sunlight is indispensable for the evolution of life on Earth, solar energy in the UV-B and -C ranges 
(100–315 nm) exerts a harmful effect on DNA by altering the chemical structures of adjacent pyrimidine bases 
into lesions represented by cyclobutene pyrimidine dimers (CPDs) and/or pyrimidine(6–4)pyrimidone photo-
products ((6–4)PPs), which potentially cause mutagenesis and  carcinogenesis1,2. To maintain genetic integrity, 
many organisms possess photolyases (PLs), flavoproteins able to repair the DNA lesions to their original struc-
tures using blue  light3. Despite classification of PLs into CPD PLs and (6–4) PLs based on their substrates, bond 
rearrangement via photoinduced electron transfer from a flavin adenine dinucleotide (FAD) cofactor to the 
substrates is a common key reaction mediated by  PLs4,5. While FAD in PLs can be observed in three redox states, 
namely, oxidized  (FADox), one-electron reduced neutral  (FADH·), or two-electron reduced anionic  (FADH−) 
forms, only the  FADH− state can be used for the repair reaction. Because of the prerequisite of the  FADH− state 
for their activity, PLs developed a unique process in which FAD is reduced in a light-dependent manner, called 
 photoreduction6. In addition to the FAD cofactor, an auxiliary chromophore can be found in some PLs and 
is known to absorb photon energy, transfer it to FAD through the Förster resonance energy transfer (FRET) 
 mechanism7, and assist with the photoexcitation of  FADH− for the photorepair  reaction8. So far, 8-hydroxy-
7,8-didemethyl-5-deazariboflavin (8-HDF) has been identified as an antenna chromophore in some (6–4)  PLs9–12.

Cryptochromes (CRYs) are phylogenetically relevant to PLs with similar structural architectures but are 
involved in various biological events apart from DNA repair, such as circadian rhythm  regulation13. Therefore, 
PLs and CRYs form a flavoprotein family called the Photolyase/Cryptochrome Superfamily (PCSf). Several 
types of CRYs from plants and animals have been identified as photoreceptive CRYs bearing FAD. For example, 
plant CRYs are representative photoreceptors that transmit light signals to the blue light signaling pathways, 
which regulate photomorphogenic  behaviors14–16 and circadian rhythm  entrainment17. In addition to plant CRYs 
that have evolved from CPD PLs, Drosophila-type CRYs (dCRYs), which are evolutionarily derived from (6–4) 
PLs, have also been characterized as photoreceptors that primarily function in synchronization of the circadian 
rhythm with  sunlight18. Unlike PLs functioning in the  FADH− state, these photoreceptive CRYs appear to inter-
act with other partner proteins in not  FADH− but the one-electron reduced form  (FADH· for plant  CRYs19 or a 
one-electron reduced anionic state  (FAD·−) for  dCRYs20). Hence, understanding the mechanism by which PCSf 
proteins with similar frameworks differently stabilize the FAD redox states required for their biological actions 
provides a fundamental clue for the origin of their functional diversity.
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In previous  studies21–25, the residue next to the N5 atom of isoalloxazine in FAD was found to be related to 
the functional redox states of FAD in PCSf proteins. An Asp residue in plant CRYs enables rapid generation of 
its active  FADH· state by protonating  FAD·−22. In contrast, Cys residues in dCRYs reportedly inhibit protona-
tion, yielding an active  FAD·−  state23. In both CPD and (6–4) PLs, an Asn residue is exclusively conserved at the 
 position6. In particular, the Asn residue in CPD PLs stabilizes the  FADH· state in both kinetic and thermodynamic 
manner for the repair reaction performed with the  FADH·/FADH– redox  pair24. A time-resolved crystallographic 
study of FAD photoreduction in a PCSf protein captured the transient motion of the Asn residue to stabilize 
the  FADH· state, thereby acting as a redox sensor triad together with the proximal Arg–Asp salt  bridge25. These 
examples indicate that the N5-proximal Asp, Asn, and Cys residues exclusively govern the functional FAD state 
in PCSf proteins. However, the recent discovery of animal-like CRY from Chlamydomonas reinhardtii (CraCRY) 
challenges the paradigm. CraCRY is found to exhibit not only photoreceptive CRY functions regulating the 
transcription of  genes26 but also the ability to repair (6–4)PPs using  FADH−27. Interestingly, CraCRY has an Asn 
residue proximal to the N5 atom of isoalloxazine of FAD and adopts  FADox,  FADH·, and  FADH−  states28 as well 
as (6–4) PLs do. Therefore, it is challenging to determine how CraCRY sharing a similar architecture and redox 
chemistry of FAD with those of (6–4) PLs executes additional CRY functions.

In this study, we shed light on the molecular origin of the unique functionality of CraCRY by determining 
the thermodynamic stability of the  FADH− state and its kinetic stability against the reoxidation reaction in 
CraCRY and its evolutionarily related (6–4) PLs. Consistent with the conservation of residues around FAD, the 
thermodynamic stability did not show a significant difference between them. However, the kinetic stability of 
 FADH− in the tested proteins varied remarkably depending on the local structure of the secondary pocket, where 
natural antenna chromophores, such as 8-HDF, can be accommodated. Based on these results, we propose that 
the bifunctionality of CraCRY is likely regulated by the presence or absence of 8-HDF.

Results
Evaluation of thermodynamic stability of  FADH−  in (6–4) PLs
We first evaluated the thermodynamic stability of  FADH− in (6–4) PLs from Arabidopsis thaliana and Xenopus 
laevis (At64 and Xl64) and CraCRY using a spectroscopic electrochemical analysis called the xanthine/xan-
thine oxidase (X/XO)  method29. In the well-established technique to evaluate the midpoint potentials of flavin 
derivatives in flavoproteins, electrons released from the oxidation of X by XO simultaneously reduced FAD and 
a reference dye in the presence of the redox mediator methylviologen (Fig. 1a). After testing various reference 
dyes, we found that Safranin T dye was reduced simultaneously with FAD in At64, Xl64, and CraCRY. During 

Figure 1.  Evaluation of thermodynamic stabilities of  FADH− in (6–4)PP-repairing proteins by the xanthine/
xanthine oxidase (X/XO) method. (a) The oxidation of X to uric acid by XO supplies electrons to FAD and 
a reference dye Safranin T via a redox mediator methylviologen. The structural model was taken from the 
reported crystal structure of At64 (PDB: 3FY4)32. (b) The X/XO reaction reduced fully oxidized  FADox to two-
electron reduced anionic  FADH− without accumulating one-electron reduced  FADH·. (c) Midpoint potentials 
of the  FADox/FADH− redox pair in (6–4)PP-repairing proteins were ~  − 290 mV vs. SHE. The value was 
considerably lower than those reported for CPD PL derived from Synechococcus elongatus (SePhrA), formerly 
called Anacystis nidulans CPD  PL11,24 and for the solution FAD (aq)  state33. Error bars for our samples reflect the 
standard deviation for n = 3.



3

Vol.:(0123456789)

Scientific Reports |        (2023) 13:16682  | https://doi.org/10.1038/s41598-023-43930-0

www.nature.com/scientificreports/

the reduction by X/XO, no accumulation of the one-electron reduced  FADH· state was observed, as confirmed by 
probing the absorption unique to  FADH· at wavelengths from 500 to 700 nm (Supplementary Fig. 1). The findings 
indicated that the two-electron reduction of  FADox into  FADH− occurred in the system (Fig. 1b). Accordingly, 
the synchronous decreases in the absorption characteristic to the oxidized states of FAD and Safranin T  (A450 
for  FADox,  A510 for Safranin T in Supplementary Figs. 2–4) were analyzed using Eq. 1, as described in Methods.

In Eq. 1, the concentration ratios between the oxidized and two-electron reduced states of FAD and Safranin 
T  ([FADox]t and  [FADH−]t for FAD,  [Dox]t and  [Dred]t for the dye, where t indicates the time at which the absorb-
ance is measured) are related to the midpoint potentials of FAD and Safranin T (Em,FAD and Em,D, respectively; 
Em,D =  − 289 mV vs. SHE (Standard Hydrogen Electrode) for Safranin T). The plots of the data (12.8 ln  ([FADox]t/
[FADH−]t) vs. 12.8 ln  ([Dox]t/[Dred]t)) were reproducibly fitted to the equation, yielding a linear correlation 
with a slope of ~ 1 (Supplementary Figs. 2–4). Based on the fitting of the data with the equation, we concluded 
that the Em,FAD values of the tested proteins (Xl64, At64, and CraCRY) were identical, to be − 290 mV vs. SHE 
(Fig. 1c). Surprisingly, the value was considerably lower than that for CPD PLs (− 182 mV vs. SHE) reported by 
Damiani et al.24, indicating that the  FADH− state in (6–4) PLs was thermodynamically destabilized compared to 
that in CPD PLs even though both (6–4) PLs and CPD PLs commonly utilize  FADH− as the active redox form 
for the DNA repair. This finding is consistent with previous reports on the  FADH− stability of Escherichia coli 
CPD PL and Xl64 in bacterial  cells30,31. The difference in the thermodynamic stability of the  FADH− state could 
be attributed to the structural variations around FAD between (6–4) PLs and CPD PLs (Supplementary Fig. 5).

Evaluation of kinetic stability of  FADH− in (6–4) PLs
While our midpoint potential measurements showed no differences in the Em,FAD values among (6–4)PP-repairing 
proteins derived from different organisms, a previous study reported that  FADH− produced by photoreduction 
was reoxidized to  FADox much faster in Xl64 than in At6431. This implies that (6–4) PLs would exhibit a variety 
of kinetic stabilities of  FADH− in response to molecular oxygen depending on the species, whereas the kinetic 
parameters of the reoxidation in (6–4) PLs have not been reported. To evaluate the kinetics, we first photore-
duced FAD to  FADH− in a protein under anaerobic conditions and then exposed the sample to ambient air to 
induce reoxidation of  FADH− to  FADox and/or  FADH·. The UV/vis absorption spectrum was recorded at 15 °C 
every 10 min for 2 h to follow the reoxidation (Fig. 2). In all cases, the recovery of  FADox (absorption band of 
400–500 nm) and some accumulation of  FADH· (broad absorption band of 550–700 nm) were observed, but 
their timescales were completely varied. For Xl64, the spectral feature of  FADox was mostly recovered in the first 
10 min of reoxidation (Fig. 2b). Although the reoxidation in Xl64 was too fast to be analyzed using our experi-
mental setup, the reoxidation in At64 and CraCRY occurred over a measurement time of 2 h (Fig. 2a and c).

The reoxidation of  FADH− in PCSf proteins involves two  pathways24,34 (Supplementary Scheme S1): (1) a 
sequential one-electron transfer pathway, which consists of two steps, namely, the oxidation to  FADH· with a rate 
constant k1 and the oxidation of  FADH· to  FADox with a rate constant k2 and (2) a direct two-electron oxidation 
pathway to  FADox with a rate constant k3. According to the scheme, changes in the concentration of  FADH· upon 
reoxidation (Δ[FADH·]) should be simulated using Eq. 2.

However, Δ[FADH·] in the tested proteins was fitted with single-component exponential functions rather than 
two-component exponential functions (Supplementary Fig. 6). One possible explanation for this result is that the 
k2 value is much smaller than k1 and/or k3 (k2 <  < k1 + k3). In this case, Δ[FADH·] can be simulated using Eq. 3.

When Eq. 3 holds, the oxidation of  FADH· to  FADox would no longer occur during our measurement time. 
Indeed, the slowly increasing absorption in the wavelength range of 550–700 nm in the spectra ensured that the 
amount of  FADH· produced by reoxidation was limited so that the contribution of the reoxidation of  FADH· to 
 FADox would be negligible. Therefore, we analyzed the rate constants k1 and k3 that control the reoxidation of 
 FADH− to  FADH· and  FADox, respectively, based on the k2 <  < k1 + k3 approximation (Table 1).

In agreement with the differences in time-dependent spectral changes between At64 and CraCRY (Fig. 2a and 
c), the rate constants calculated for At64 differed from those for CraCRY. According to the k1 + k3 value, which 
reflects the total reoxidation kinetics of  FADH− to  FADH· and  FADox, reoxidation of  FADH− was 5.9-fold faster 
in CraCRY than in At64. Based on the obtained spectra and rate constants, we simulated the time-dependent 
changes in the concentration of FAD in each redox state for At64 and CraCRY (Supplementary Fig. 6a and c) 
and found that the stability of  FADH− in At64 was much higher than that in CraCRY.

To quantify the contribution of the one- and two-electron transfer pathways to  FADH– reoxidation, fractions 
of k1 and k3 in the total reoxidation k1 + k3 value (Freox1 and Freox2, respectively) were introduced. Comparison of 
these values show a different profile between At64 and CraCRY (Table 1), where Freox2 for At64 was 25% while 
that for CraCRY was 94%. This observation clearly suggests that CraCRY is more subjected to the two-electron 
oxidation of  FADH− than At64. A previous study on plant CRY suggested that two-electron reoxidation involves 
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two successive oxidation  steps34: oxidation of  FADH− to  FADH· by the reduction of  O2 to the  O2
·− anion radical, 

and subsequent oxidation of  FADH· by the  HO2
· hydroperoxyl radical, the protonated form of  O2

·−. Considering 
that molecular oxygen must be present in close proximity to FAD during the FAD reoxidation process, the sur-
roundings of FAD in CraCRY may be optimized for immediate protonation of  O2

·−, enhancing direct reoxidation 
of  FADH− to  FADox. Our kinetic analyses not only showed that (6–4)PP-repairing proteins exhibited a variety of 
kinetic stabilities of  FADH− against molecular oxygen but also suggested a diversity of mechanisms that regulate 
the reoxidation of  FADH−.

Figure 2.  Spectral changes associated with oxidation of the photoreduced (a) At64, (b) Xl64, and (c) CraCRY 
samples. The spectrum was recorded every 10 min after starting the oxidation. Insets for (a) and (c) show the 
difference spectra in which each spectrum was subtracted by the spectrum at 0 min recorded at wavelengths 
from 400 to 700 nm. In panel (b), light scattering due to protein aggregation can be seen particularly in the 
wavelength range of 300–400 nm. This effect may be attributed to Xl64 being dissolved in a buffer optimized 
for At64 and CraCRY, to maintain consistent buffer conditions across all samples. In our previous experiment 
using a buffer optimized for Xl64, a similar kinetic behavior to that presented here was observed without the 
 scattering31. This suggests that the fast kinetics of Xl64 does not result from unstable protein folding. An inset for 
(b) shows the difference spectra in which each spectrum was subtracted by the spectrum of the reduced state, 
indicating that the considerable amount of  FADH− was already reoxidized to  FADox immediately after triggering 
the reaction. The difference spectra, which exhibit a typical change upon reoxidation, also support that the 
protein quality is sufficient for characterizing the kinetic property of Xl64.
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The kinetic stability of  FADH− in (6–4) PLs regulated by the secondary pocket
To investigate the origin of the observed differences in the kinetic stability of  FADH− among the (6–4)PP-
repairing proteins, we compared their three-dimensional structures. As inferred from the shared redox potential 
of FAD, most of the residues within 5 Å of FAD were conserved (90.6% amino acid sequence identity between 
At64 and CraCRY; 81.3% amino acid sequence identity between At64 and Xl64; Supplementary Fig. 7). Apart 
from the conserved FAD binding site, we focused on the secondary pocket, which potentially accommodates 
a secondary chromophore in many PCSf proteins. Because the pocket is known to be a mutational hotspot 
co-evolving with protein functions in animal  CRYs35, the structural diversity in the secondary pocket among 
(6–4)PP-repairing proteins may be related to the kinetic variations of the reoxidation process. Regarding (6–4)
PP-repairing proteins, Xl64 and CraCRY can harbor 8-hydroxy-7,8-didemethyl-5-deazariboflavin (8-HDF) as 
the antenna chromophore, transferring its absorbed energy to  FAD10,27. However, a previous  study12 suggested 
that At64 would completely lose its ability to bind 8-HDF, presumably because of the exclusive presence of an 
extended loop near the secondary pocket (Fig. 3a). As the presence of the extended loop in At64 would also 
inhibit  O2 coming proximal to the FAD chromophore, we evaluated the effect of the extended loop on the ther-
modynamic and kinetic stability of  FADH− in At64.

The mutant lacking the extended loop (At64-ΔExLoop) exhibited a spectral feature shared with the wild type 
At64, indicating that the whole structure remained essentially unchanged. As the deletion of the extended loop 
did not affect the FAD binding site, the Em,FAD value of At64-ΔExLoop remained unchanged (− 288 mV vs. SHE) 
(Fig. 1c and Supplementary Fig. 8). However, the spectral development upon reoxidation in At64-ΔExLoop was 
significantly different from that in At64 (Fig. 2a vs. Fig. 3b). The whole decay kinetics of  FADH− (k1 + k3) in At64-
ΔExLoop was 2.3-fold accelerated by the deletion (Table 1), indicating that the kinetic stability of  FADH− was 
significantly lowered by the deletion of the extended loop (Supplementary Fig. 6). Because At64-ΔExLoop has 
a similar k1 value to that of At64 but a 6.3-fold larger k3 value than that of At64, truncation of the extended loop 
would enhance the two-electron oxidation of  FADH−. Indeed, Freox2 for At64 and At64-ΔExLoop were 25% and 
67%, respectively. This phenomenon may correspond to the observation that CraCRY, which does not have an 
extended loop, favors two-electron oxidation over one-electron oxidation.

Table 1.  Reoxidation kinetics of  FADH− in (6–4)PP-repairing proteins. a For Xl64, the reoxidation of  FADH− 
was too fast to estimate the rate constants with our experimental set-up.

k1 (×  10−3  min−1) k3 (×  10−3  min−1) k1 + k3 (×  10−3  min−1) Freox1 = k1/(k1 + k3) Freox2 = k3/(k1 + k3)

At64 1.27 0.422 1.69 ± 0.04 0.75 0.25

At64-ΔExLoop 1.29 2.67 3.96 ± 0.06 0.33 0.67

Xl64a N.D N.D N.D N.D N.D

Xl64-HDF 2.79 1.85 4.64 ± 1.28 0.60 0.40

CraCRY 0.559 9.33 9.89 ± 0.75 0.057 0.94

CraCRY-HDF 1.42 0.936 2.35 ± 0.20 0.60 0.40

Figure 3.  Effects of a plant-specific extended loop on the kinetic stability of  FADH−. (a) Structural comparison 
of At64 (PDB:  3FY432, in green) and CraCRY in complex with 8-HDF (PDB:  6FN227, in magenta) shows 
the presence of the extended loop around the secondary pocket in At64. (b) Spectral changes associated 
with oxidation of the photoreduced At64-ΔExLoop sample were recorded every 10 min. An inset shows the 
difference spectra in which each spectrum was subtracted by the spectrum at 0 min recorded at wavelengths 
from 400 to 700 nm.
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Effects of 8-HDF on the kinetic stability of  FADH− in Xl64 and CraCRY 
Considering that the extended loop near the secondary pocket affects the reoxidation kinetics of  FADH− in At64, 
we evaluated the effects of 8-HDF binding on the kinetic stability of  FADH− in Xl64 and CraCRY. Chemically 
synthesized 8-HDF was bound to Xl64 and CraCRY as previously  described12. Xl64 and CraCRY complexed with 
8-HDF (Xl64-HDF and CraCRY-HDF) exhibited absorption maxima at 441 and 448 nm, respectively. The extent 
of the red-shift as compared to the absorption maximum of 8-HDF in solution (422 nm at pH 7) was coincident 
with those reported in previous  studies12,36.

Contrary to the very fast reoxidation process for Xl64, the reoxidation of  FADH− in Xl64-HDF occurred in a 
measurable time window of over 2 h (Fig. 4a). This clearly suggests that the occupation of the secondary pocket 
by 8-HDF decelerated the reoxidation of  FADH− and kinetically stabilized  FADH− against molecular oxygen in 
Xl64. Compared with the typical difference spectra observed for the apo-proteins (Figs. 2 and 3), the difference 
spectra for Xl64-HDF upon reoxidation showed a valley at 455 nm. This suggests that some spectral characteris-
tics of 8-HDF would change upon reoxidation. The previous  study12 reported that the 8-hydroxy group in 8-HDF 
exhibits a pKa value of 6.1 and that Coulombic interactions between the phenoxide group in 8-HDF and positively 
charged residues in Xl64 are required for 8-HDF uptake by Xl64. Therefore, the spectral changes associated 
with 8-HDF upon the reoxidation of  FADH− are assumed to be attributed to the structural perturbation of the 
protein matrix around 8-HDF, not to changes in the protonation state of 8-HDF. The rate constants k1 and k3 for 
Xl64-HDF were calculated in the same manner as for the proteins without the antenna chromophore (Table 1). 
To verify whether the valley interferes with the kinetic analysis, we globally fitted the absorption changes in the 
wavelength range of 420–500 nm, which can be sensitive to reoxidation, using exponential functions with the 
obtained k1 + k3 rate constant. The absorption changes in that range were successfully fitted with a coefficient of 
determination of 0.998 (Supplementary Fig. 9a). Furthermore, the amplitude spectra, which correspond to the 
spectral component involved in reoxidation, were superimposable to the difference spectra upon reoxidation 
(Supplementary Fig. 9b). These results indicate that the valley observed in the difference spectra does not have a 
significant impact on our analysis. The obtained rate constants accurately simulated the time development of the 
concentrations of each redox state of FAD (Supplementary Fig. 6c). The results also showed that approximately 
half of  FADH− was not subjected to reoxidation within 2 h in Xl64-HDF, whereas the majority of  FADH− in Xl64 
was immediately converted to  FADox.

The difference spectra for CraCRY-HDF upon reoxidation exhibited a trend similar to that for Xl64-HDF, 
with a deeper valley at 461 nm (Fig. 4b) than that observed for Xl64-HDF at 455 nm. After calculating the kinetic 
parameters for CraCRY-HDF, we validated our analysis of the kinetic parameters for CraCRY-HDF, as well as 
the analysis for Xl64-HDF (Supplementary Fig. 9c and d). Although  FADH− in CraCRY was almost completely 
reoxidized to  FADox after 2 h, the spectrum of CraCRY-HDF after 2 h of reoxidation was far from that of the initial 
oxidized state (Fig. 2c vs. Fig.  4b). In agreement with this observation, the total reoxidation kinetic parameter 
k1 + k3 for CraCRY-HDF was 4.2-fold lower than that for CraCRY, indicating that the reoxidation of  FADH− in 
CraCRY-HDF was much slower than that in CraCRY (Table 1, Supplementary Fig. 6e). Interestingly, Freox1 was 
going up from 5.7 to 60% upon the accommodation of 8-HDF in CraCRY, and the preference for the reoxidation 
process was completely inverted, suggesting that the presence of 8-HDF would increase the population of  FADH·. 
A similar preference for one-electron oxidation for CraCRY-HDF was also observed for Xl64-HDF, as shown by 
a similar Freox1 value of ~ 0.60 (Table 1). Given the observation that (i) two-electron oxidation was inhibited in 
CraCRY by the occupation of the secondary pocket by 8-HDF and (ii) two-electron oxidation was accelerated in 
At64 by the removal of the extended loop near the pocket, the accessibility of molecular oxygen to the secondary 
pocket is considerably related to the reoxidation pathways of  FADH− in (6–4)PP-repairing proteins. Hence, we 
conclude that the structure around the secondary pocket, including the presence and absence of 8-HDF, remark-
ably affects not only the lifetime of  FADH− against reoxidation but also the reoxidation mechanism.

Figure 4.  Spectral changes associated with oxidation of the photoreduced (a) Xl64-HDF and (b) CraCRY-HDF 
samples. The spectrum was recorded every 10 min after starting the oxidation. Insets represent the difference 
spectra in which each spectrum was subtracted by the spectrum at 0 min recorded at wavelengths from 400 to 
700 nm.
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Discussion
We investigated the thermodynamic and kinetic stabilities of the  FADH− state in (6–4)PP-repairing proteins to 
gain new insights into how (6–4) PLs and CraCRY regulate the redox chemistry of FAD for their activity. The 
thermodynamic stability of  FADH− was found to be commonly lower in the proteins than in the solution state 
(Em,FAD of ~  − 290 mV vs. SHE for the proteins; Em,FAD of ~  − 209 mV vs. SHE for the solution  state33). In contrast 
to their shared thermodynamic stability, they showed a variety of kinetic stabilities of  FADH− against molecular 
oxygen. Mutational experiments for At64 and experiments in the presence and absence of 8-HDF for Xl64 and 
CraCRY showed that the local structure of the secondary pocket critically affected the kinetic stability of  FADH−. 
Contrary to the well-known function of 8-HDF as an energy-transferring antenna chromophore, our observation 
that 8-HDF enhanced the tolerance of the active  FADH− state against reoxidation implies an undefined role for 
8-HDF in maintaining the readiness of photolyases for their repair reaction. Although no antenna chromophore 
has been reported for At64, our study also suggested that the extended loop around the secondary pocket in 
At64 would be evolutionarily acquired to increase the kinetic stability of  FADH− and compensate for the lack 
of the antenna chromophore.

In addition to its ability to repair (6–4)PPs, CraCRY has garnered significant interest because of its CRY 
function to transduce light signals into other proteins using blue light. In addition, CraCRY is reportedly able to 
regulate the transcription of various genes under red  light26. Indeed, some studies have suggested that CraCRY 
adopts the red-light-absorbing  FADH· state as its resting  state26,36,37. However, a recent study showed that the 
conversion of  FADox into  FADH· turned on the interaction between CraCRY and a partner protein, ROC15 
(Rhythm of Chloroplast 15), to synchronize the circadian clock with  light38. Considering these paradoxical 
results, the resting and signaling states of FAD required for CraCRY to perform CRY function remain unclear. 
Our study provides beneficial clues to solve this problem. In the redox potential measurements of FAD, the X/
XO reaction gradually lowered the redox potential of the system but did not demonstrate accumulation of the 
 FADH· state to detectable levels, indicating that the midpoint potential of the  FADox/FADH· redox couple should 
be significantly lower than that of the  FADH·/FADH− couple. Even if a low-potential environment is provided in 
Chlamydomonas reinhardtii,  FADH· would not be concentrated but would be immediately reduced to  FADH−. 
Therefore, this discussion excludes the possibility that the  FADH· state is thermodynamically stabilized in Chla-
mydomonas reinhardtii.

Assuming that the  FADox state is the resting state in CraCRY from the above viewpoint of thermodynamics, 
 FADox needs to be photoreduced to  FADH· and/or  FADH− to express its functions as a photoreceptive CRY and 
a (6–4)PP-repairing protein. Because the dark reversion to  FADox, which is conducted by the reoxidation by 
molecular oxygen, turns off the CRY function, the reoxidation kinetics of the potential signaling states  (FADH· 
and/or  FADH−) are essential for the photoreceptive function. Our kinetic studies showed that the binding of 
8-HDF to CraCRY extended the half-life of the  FADH− state from 1.3 to 5.6 h at 15 °C. Furthermore, a previous 
study reported that 8-HDF increases the kinetic stability of  FADH· against molecular oxygen (by ~ 3.5-fold)36. 
These studies may suggest that the presence of 8-HDF unnecessarily prolongs the life of the signaling states 
and decelerates the dark recovery of the resting state. Therefore, the binding of 8-HDF to CraCRY could be 
disadvantageous for sensing light/dark conditions, although our study cannot exclude the possibility that the 
kinetically stabilized  FADH· state produced by photoreduction could act as a transient resting state to be fur-
ther photoreduced to  FADH− for the photoreceptive functions with 8-HDF. On the other hand, the prolonged 
lifetime of  FADH− is clearly beneficial for executing DNA repair, as the  FADH− state is exclusively required for 
the enzymatic reaction. Therefore, our kinetic study suggests a role of 8-HDF in shifting the function of CraCRY 
from the light-dependent signaling to the (6–4)PP-repair.

In conclusion, our study suggests that the biological functions of CraCRY could be switched by the presence 
or absence of 8-HDF, that is, CRY functions could be mediated by the photoreduction of  FADox to  FADH· in the 
absence of 8-HDF and the PL function with 8-HDF. To perform the CRY and PL functions properly, CraCRY 
in reduced FAD states may adopt different overall structures in the presence and absence of 8-HDF. To support 
this hypothesis presented by this study, we will investigate the structural effects of 8-HDF on CraCRY in various 
redox states in the near future.

Methods
Plasmid construction
In this study, we produced recombinant At64, At64-ΔExLoop, Xl64, and CraCRY using the pET28a(+) plasmid 
system. At64- and Xl64-expressing plasmids were constructed, as shown in the previous  study39. The plasmid 
producing the CraCRY protein, which lacks the C-terminal tail (497–595)27 was kindly provided by Prof. Lars-
Oliver Essen.

For the construction of the plasmid encoding At64-ΔExLoop, we separately amplified two fragments, exclud-
ing the extended loop (from Ser46 to Pro53) using the following sets of PCR primers: d(CCG CGC GGC AGC CAT 
ATG GCT ACT GGA TCC GGT) and d(GGC GCG AGA CGA ACC CTC CAT ATA ATG CGG GTCGA) for 5’ upstream 
of the deletion site; d(CCG CAT TAT ATG GAG GGT TCG TCT CGC GCC ) and d(GTG GTG GTG CTC GAG CTA 
TTT GAG TTT TGG TCG TTG ) for 3’ downstream of the deletion site. The two fragments were integrated into 
the pET28a(+) vector linearized by NdeI and XhoI using an In-fusion HD Cloning Kit (Takara).

All plasmids were sequenced prior to the protein production.

Protein purification
To prepare At64 and Xl64, E. coli C41 (DE3)/pLysS (Lucigen) cells were transformed with the pET-28a(+) plasmid 
encoding At64 or Xl64 gene, and protein production and purification were performed as previously  described31,39. 
Preparation of At64-ΔExLoop was performed using the same procedure as that used for At64.
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For CraCRY preparation, we followed a previously reported  protocol26 except for some modifications. E. coli 
BL21 (DE3) cells were transformed with the pET-28a(+) plasmid expressing CraCRY and grown in a 2 L of Ter-
rific Broth medium containing kanamycin (20 µg  mL−1) in a 5 L flask with baffles at 37 °C. When  OD600 reached 
0.2, the culture was cooled and further grown at 18 °C. At an  OD600 of 0.5, the protein production was induced 
using isopropyl-β-D-thiogalactopyranoside (10 µM final concentration), and the cells were further incubated 
at 18 °C for 24 h. After harvesting the cells, the pellets were frozen in liquid nitrogen and thawed on ice. The 
cells were resuspended in 30 mL of a loading buffer (50 mM phosphate, 100 mM NaCl, 20% glycerol, pH 7.8) 
containing 65 mg of lysozyme and lysed by sonication. After centrifugation of the lysate, the supernatant was 
loaded onto an open column filled with TALON Metal Affinity Resin (Takara) equilibrated with the loading 
buffer. After washing out the non-specifically bound proteins with five-column volumes of the loading buffer 
followed by five-column volumes of a wash buffer (50 mM phosphate, 100 mM NaCl, 25 mM imidazole, 20% 
glycerol, pH 7.8), the His-tagged protein was eluted with an elution buffer (50 mM phosphate, 100 mM NaCl, 
250 mM imidazole, 20% glycerol, pH 7.8). The green eluate was further purified using a HiTrap Heparin HP 
column (Cytiva) with a linear gradient of 100–500 mM NaCl in a buffer containing 50 mM phosphate (pH 7.8) 
and 20% glycerol.

All purified proteins were analyzed by 10% SDS-PAGE, and their concentrations were determined based on 
the absorbance at 450 nm using the molar extinction coefficient of FAD in a (6–4) PL as 11 200 L  mol−1  cm−1.

Midpoint potential measurements by xanthine/xanthine oxidase method
The midpoint potentials of  FADox/FADH− (Em,FAD) in (6–4) PLs and CraCRY were measured using a method 
based on slow electron supply from the oxidation of xanthine by xanthine  oxidase29. Briefly, the buffer in the 
protein solution was exchanged to a redox buffer (20 mM phosphate, 500 mM NaCl, 10% glycerol, pH 7.0) with 
a Micro Bio-Spin 6 column (BIO-RAD) and mixed with Safranin T solution. The volume of the protein and 
Safranin T was determined to ensure an absorbance of > 0.2 at 450 nm and 510 nm (typically, the final concentra-
tions of the protein and Safranin T were approximately 30 and 10 µM, respectively). The sample was transferred 
into a 10 × 2 × 8 mm (length × width × height) inner volume quartz cuvette (Starna, 16.160-F/4/Q/10 GL 14/2/
Z15) and degassed through the cap with rubber septa. In an anaerobic glove box (< 1 ppm of  O2 level), the redox 
mediator methylviologen (30 µM final conc.), xanthine (300 µM final conc.), glucose (10 mM final conc.), 25 
µg glucose oxidase (0.78 µM final conc.), and 50 µg catalase (1 µM final conc.) were added to the cuvette. After 
incubation for 15 min to decompose the remaining oxygen using glucose, glucose oxidase, and catalase, xanthine 
oxidase (94 nM final conc.) was added to initiate electron supply to the system. The absorption changes at two 
selected wavelengths (two of 450 nm, 510 nm, and 635 mm) were recorded every 10 s for 1 h or 3 h using a V-730 
spectrometer (JASCO). To check the structural integrity and reaction progress, UV/vis spectra were recorded 
before and after the measurement using a Lambda 35 UV–vis spectrometer (PerkinElmer). The obtained data 
were analyzed using Eq. 1. Three independent experiments were conducted for each sample.

Monitoring the reoxidation kinetics by UV/vis absorption spectroscopy
To monitor reoxidation kinetics, FAD in a protein was photoreduced under anaerobic conditions as previously 
 described39. An anaerobic sample containing ~ 5 µM protein and 5 mM L-cysteine in a reaction buffer (20 mM 
phosphate, 500 mM NaCl, 10% glycerol, pH 7.5), which was prepared in the cuvette used for the midpoint 
potential measurement, was illuminated with continuous light (430–800 nm) from a MAX-150 xenon lamp 
(Asahi Spectra) through a 10 × 8 mm window of the cuvette on ice. After confirming the reduction by UV/vis 
absorption measurements, the reduced sample was exposed to air by removing the lid of the cuvette for the 
reoxidation of FAD. The sample was placed in the V-750 spectrometer (JASCO), and the temperature of the 
sample holder was maintained at 15 °C. The progress of the reoxidation was monitored every 10 min for 2 h by 
measuring the UV/vis spectra.

To prepare 8-HDF-binding proteins, 20 µM protein was incubated with 100 µM 8-HDF in 70 µL buffer 
(50 mM Tris–HCl, 5% glycerol, 500 mM NaCl) for 30 min on ice. After the sample was applied to a Micro Bio-
Spin 6 column (Bio-Rad) equilibrated with the reaction buffer, the eluate was used for sample preparation, as 
mentioned above.

Data availability
The datasets generated during and/or analyzed during the current study are available from the corresponding 
author on reasonable request.
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