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Abstract

Cryptochromes (Crys) and photolyases (Phrs) are flavoproteins that contain an identical cofactor 

(flavin adenine dinucleotide, FAD) within the same protein architecture, but whose physiological 

functions are entirely different. In this study, we investigated light-induced conformational 

changes of a cyanobacterium Cry/Phr-like protein (SCry-DASH) with UV–visible and Fourier 

transform infrared (FTIR) spectroscopy. We developed a system to measure light-induced 

difference spectra under the concentrated conditions. In the presence of reducing agent, SCry-

DASH showed photoreduction to the reduced form, and we identified a signal unique for an 

anionic form in the process. Difference FTIR spectra enabled us to assign characteristic FTIR 

bands to the respective redox forms of FAD. An asparagine residue, which anchors the FAD 

embedded within the protein is conserved in not only the cyanobaterial protein, but also in Phrs 

and other Crys including the mammalian clock-related Crys. By characterizing an asparagine-to-

cysteine (N392C) mutant of SCry-DASH, which mimics an insect specific Cry, we identified 

structural changes of the carbonyl group of this conserved asparagine upon light-irradiation. We 

also found that the N392C mutant is stabilized in the anionic form. We did not observe a signal 

from protonated carboxylic acid residues during the reduction process, suggesting that the 

carboxylic acid moiety would not be directly involved as a proton donor to FAD in the system. 

These results are in contrast to plant specific Crys represented by Arabidopsis thaliana Cry1 

which carry Asp at the position. We discuss potential roles for this conserved asparagine position 

and functional diversity in the Cry/Phr frame.

The cryptochrome/photolyase family of proteins are found throughout all three kingdoms of 

life, from bacteria to archaea to animals including humans (1, 2). Cryptochromes (Crys)1 
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and photolyases (Phrs) share an identical chromophore (flavin adenine dinucleotide, FAD) 

within a homologous protein architecture termed a Phr-like domain (1) (Figure 1a-d). 

Despite structural homology, their physiological functions are quite distinct. Phrs repair 

ultraviolet (UV)-induced photoproducts in DNA using near UV and blue light with the 

cofactor. In higher organisms, Phr-like gene products, termed Cry to distinguish them from 

the DNA repair Phrs, also function in a light-dependent manner, but control growth or 

regulate flowering time in plants, and maintain circadian rhythms in animals (3). For Crys, 

redox of FAD has been debated (4, 5); however, contributions of FAD to the signaling still 

remain enigmatic. Even for the better-characterized Phrs, the means by which FAD redox 

changes result in downstream protein dynamics are still poorly understood.

The Cry/Phr family is categorized into two major classes. Cryptochrome-DASH (Cry-

DASH) is a newly found cluster of proteins belonging to the class I family (6). While the 

gene clusters of animal and plant Crys homologous are literally found in the respective 

kingdoms, Cry-DASH type genes are found in all kingdoms, bacteria, plants (6) and also 

some vertebrates (7). Although specific physiological functions in individual organisms are 

still unclear, Cry-DASH proteins are likely photoreceptors, as the proteins contain two light-

harvesting cofactors, FAD and 5,10-methenyltetrahydrofolate, and the light-dependent DNA 

repair activity is negligible in vivo (6, 8), retaining repair activity for single-stranded DNA 

in vitro (9, 10). On the other hand, Phr is a photoreceptor in a way (11). Originally, genes 

belonging to the cluster were discovered in Synechocystis sp. PCC6803 and Arabidopsis 

thaliana, however, the overall structural features of the encoded proteins are in fact more 

similar to Homo sapiens and Drosophila Crys, than to prototypical plant Crys containing 

characteristic long C-termini. These Cry-DASH proteins additionally provide relatively 

good yields in recombinant bacterial expression systems, and several X-ray crystal 

structures of Cry-DASH derived from Synechocystis sp. and Arabidopsis have been reported 

(12, 13) (Figure 1a). Cry-DASH proteins are therefore a good model for studying Crys and 

Phrs using spectroscopic methods.

The photoreduction and oxidation processes of Cry-DASH have previously been 

investigated by UV–vis spectroscopy for zebrafish (14), Xenopus laevis (15), and 

Synechocystis sp. (16). EPR analyses of mutant Cry-DASH from Xenopus laevis have also 

been successful (15, 17). Phrs appear to use the reduced FADH− as a redox-active cofactor 

in the DNA repairs, whereas the oxidized (FADox) and neutral semiquinoid (FADH•) forms 

are inactive (18). For at least a few Crys, on the other hand, different FAD chemistry has 

been reported. For example, in Arabidopsis Cry1, the FADox form has been proposed as an 

unphotolyzed state (4, 5). Light-dependent reduction from FADox to FADH• and/or FADH− 

is believed to trigger the signaling. Furthermore, the anionic form (FAD•−) has been 

observed in insect Cry (19, 20). Regardless of the cofactor redox chemistry though, all 

proteins belonging to the Cry/Phr family contain the conserved “Trp triad” and exhibit light-

dependent function FAD reduction in the presence of reducing agent (Figure 1e) (15).

1Abbreviations: Cry, crptochrome; Phr, photolyase; FAD, flavin adenine dinucleotide; FADH−, reduced form of FAD; FADox, 
oxidized form of FAD; FADH•, neutral semiquinoid form; FAD•−, anionic form of FAD; FTIR, Fourier transform infrared; BLUF, 
sensor of blue light using FAD; LOV, light, oxygen and voltage; FMN, flavin mononucleotide; UV–vis, UV–visible.
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The amino acid adjacent to the N5 atom of the FAD isoalloxazine ring is considered a key 

signal transduction residue in flavoproteins. For example, in the LOV (light, oxygen and 

voltage) domain of the plant blue light photoreceptor phototropin, whose chromophore is 

FMN, a cysteine is located near the C4a position of the FMN isoalloxazine ring (21-24), and 

a neutral glutamine in the β-sheet anchors the N5 position (25). Upon light excitation, the 

cysteine residue forms a covalent bond with isoalloxazine ring at the C4a position. 

Simultaneously, the glutamine residue changes its hydrogen-bonding partner from the C4=O 

group to the N5–H group, resulting in local structural changes that transmit the light signal 

downstream of protein through a β-sheet (26) and/or so-called Jα helix (27-29). Though the 

Gln residue itself is not necessary for the normal photoreaction, it is important for the 

structural changes in the signal transduction. Similarly, the BLUF (sensor of blue-light using 

FAD) domain has a Gln nearby the FAD isoalloxazine N5 position, which has been shown 

to have a critical role in the light signal conversion (the formation of red-shifted 

intermediate) (30-32).

The amino acid adjacent to the FAD isoalloxazine N5 appears to be conserved in Cry/Phr 

proteins as well, and interestingly, most family members, including mammalian and DASH 

type Crys, have an Asn at this position (Figure 1a and b). However, plant Crys (e.g. 

Arabidopsis Cry1) have an Asp and insect specific Crys have Cys instead (Figure 1c and d, 

Table 1) (13, 19). A study comparing midpoint redox potentials among FAD redox species 

for CPD Phrs and Arabidopsis Cry1 suggested that this amino acid residue (Asn or Asp, 

respectively) plays an important role in the control of the FAD redox state (33). In addition, 

a mutant of Escherichia coli DNA Phr whose Asn was replaced to other amino acids 

displays defects in DNA repair activity (34). Our recent studies further showed that 

substitution of the Asn to Asp or Cys in mouse Crys, thus mimicking plant or insect specific 

Crys, disturbs the function as a clock protein (35). Therefore, the identity of this residue may 

contribute to cluster-, class- or species-specific funtion roles for Cry/Phr proteins.

Light-induced difference Fourier transform infrared (FTIR) spectroscopy is a useful and 

powerful method for characterizing structure-function relationships in photoreceptive 

proteins, as shown for rhodopsins (36-38). However, only a limited number of FTIR studies 

are reported for full-length photoreceptors containing flavin cofactors. FTIR was applied to 

E. coli DNA Phr and Arabidopsis Cry1, but the Cry/Phr family proteins have been not well 

assigned (39, 40), as compared to isolated LOV (25, 26, 41-47) and BLUF domains (32, 

48-50) found in other flavoproteins with distinct folds and unique photoreactions. To apply 

to the spectroscopic system, a solid paradigm with detailed coordinates is essential. In this 

report, we characterized the photoreaction of Cry-DASH derived from Synechocystis sp. 

PCC6803 (SCry-DASH) by UV–vis and FTIR spectroscopy. In addition to the wild-type 

protein, we also examined the N392C mutant of SCry-DASH, which mimics insect specific 

Crys (Table 1, Figure 1a and d) (13, 19, 20) in our studies of the photoreaction.

Solution samples are generally not suitable for FTIR analysis; however, we were able to 

construct an FTIR system using a concentrated solution to measure light-induced difference 

spectra and applied it to SCry-DASH. Using this system, we identified a signal unique to an 

anionic form (FAD•−) of the protein during the photoreduction process. Substitution to 

cysteine at the position enriches the FAD•− form. By comparing difference spectra of FAD•− 

Iwata et al. Page 3

Biochemistry. Author manuscript; available in PMC 2015 February 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



and FADox (FAD•−/FADox) with those of FADH− and FADox (FADH−/FADox), FTIR 

bands specific to FAD•− and FADH−, respectively, were assigned. We furthermore 

examined structural changes in the carbonyl group of Asn392 during the FAD•− formation 

process. In contrast to observations of Arabidopsis Cry1 (40), no significant signal 

corresponding to protonated carboxylic acid moiety was observed for SCry-DASH, 

suggesting that this contribution is negligible or minor. Thus, we also concluded that while 

Cry/Phr family proteins also conserve two Asps at the FAD binding site (Figure 1a-d, Table 

1), amino acid difference at the Asn position of SCry-DASH is important for the functional 

diversity observed in plant or insect specific Crys. We discuss potential roles of the position 

in the Cry/Phr frame.

MATERIALS AND METHODS

Sample Preparation

Synechocysitis sp. Cry-DASH (SCry-DASH) was expressed in E. coli as a fusion protein 

with glutathione-S-transferase (GST) at the N-terminus (6). After purification of SCry-

DASH by glutathione agarose resin (GE Healthcare), the GST tag was cleaved with 

thrombin. SCry-DASH (OD450nm~1.5) was dissolved in 50 mM Tris-HCl (pH 8), 300 mM 

NaCl, and 5% (w/v) glycerol and stored at −80°C until use. The N392C mutant of SCry-

DASH was constructed by PCR using the QuickChange site-directed mutagenesis method 

(Stratagene). Nucleotide substitutions were confirmed by DNA sequencing.

UV–vis Spectroscopy in Dilute Solution

UV–vis spectra of the diluted SCry-DASH solution were measured with a V-550DS 

spectrophotometer (JASCO) at 277 K. SCry-DASH (OD450nm~0.15) in 50 mM Tris-HCl 

(pH 8), 300 mM NaCl, 100 mM dithiothreitol (DTT) was transferred into an optical cuvette 

(path length, 1 cm), deoxygenated by blowing N2 gas and sealed with parafilm (Pechiney 

Plastic Packaging). To initiate the photoreaction, the sample was illuminated with white 

light using a 1 kW halogen-tungsten lump, and an ND10 filter was used to prevent rapid 

photoreaction.

UV–vis and FTIR Spectroscopy in Concentrated Solution

SCry-DASH (OD450nm~1.5) was concentrated by about 20 times using a Microcon YM-30 

unit (Millipore). After 1.8 μL of concentrated SCry-DASH and 0.2 μL of 1 M DTT were 

mixed, the solution was put on a BaF2 window (diameter, 18 mm), sandwiched with another 

BaF2 window directly and sealed with parafilm. H/D exchange was carried out by diluting 

the SCry-DASH sample with the buffer prepared in D2O and concentrating three times with 

an Amicon YM-30.

The concentrated solution in BaF2 windows was measured using UV-550DS and FTS-7000 

(Bio-Rad) spectrophotometers equipped with a cryostat (Optistat DN, Oxford) and a 

temperature controller, respectively. Temperature was set at 277 K and illumination of white 

light was carried out with a 1 kW halogen-tungsten lump. For FTIR spectra, 128 

interferograms at 2 cm−1 resolution were recorded before and after illumination, and 7 and 5 

recordings for wild-type and N392C mutant were averaged, respectively.
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RESULTS

In vitro Photoreduction of SCry-DASH

The FAD cofactor buried within the Cry/Phr protein fold (Figure 1) is subject to redox 

changes. In the presence of reducing agents, such as 2-mercaptoethanol or DTT in vitro, for 

example, the cofactor can be reduced in a light-dependent manner (14-17). In order to 

characterize the light-dependent redox changes of FAD in the SCry-DASH protein, we first 

recorded the light-induced UV–vis spectra of a dilute protein solution (Figure 2a). Under 

anaerobic conditions in the presence of DTT, white light illumination efficiently converted 

the redox state from FADox to FADH−, after only 4 min (Figure 2a, black solid line). After 

totally 9 min prolonged illumination, we observed an increase in the accumulation of the 

reduced form at 369 nm (Figure 2a, red line). Comparison of the two spectra allows us to 

estimate accumulation of the reduced form FADH−. The dotted line in Figure 2a shows a 

1.45× magnified spectrum of the shorter exposed sample with negative peaks at 448 and 471 

nm, indicative of FADox, overlaid onto the prolonged illumination spectrum. Peak intensity 

at 369 nm of the long exposure sample is significantly larger than that of the magnified 

spectrum, indicating an accumulation of the reduced form by the longer exposure. The 

difference in overall intensities may be due to a mixed sample population containing various 

redox stages of protein. Similar photoreaction could be also observed at the higher 

concentration used for the FTIR studies as well (Figure 2b). In the difference spectrum of 

the 2 min illumination, negative peaks at 349 and 383 nm were observed (black lines in 

Figure 2b).

Ideally, after a short period, various redox states of FAD should exist, while prolonged light 

exposure will result in homogenous accumulation of the FADH− form under anaerobic 

conditions. However, we did not clearly observe characteristic absorbance at 500–700 nm 

corresponding to the radical form FADH• or the anionic form FAD•− in the transition from 

the oxidized to reduced FADH− (Figure 2). In insect specific Crys, the anionic form, having 

characteristic absorbance at 400 and smaller peak at 500 nm, was detected in the 

photoreduction process (19, 20). These intermediate forms may not be stabilized under the 

conditions or may be masked by the dominant species. To extract the spectral component, 

we thus adjusted intensities with the following calculations;

where intensity ratio represents that ratio of the larger intensity to the smaller intensity at 

448 nm for the oxidized form and 369 nm for the reduced form.

As shown in Figure 3a, the obtained spectra were distinct from those of the oxidized or 

reduced form, showing a characteristic peak for the anionic form at 400 nm, though the peak 

intensity around 500 nm is smaller than those reported (19, 20). Under the present 

conditions, based on the obtained spectrum, we concluded that the short illumination gave 7 

% FAD•− over FADH− in diluted solution, and 62 % FAD•− and 38 % FADH− in 

concentrated solution (discussed further below). We could not extract FADH• spectra by 

changing parameters (not shown).
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Analysis of cysteine mutant SCry-DASH mimicking insect specific Crys

During the redox process in insect specific Crys, the anionic form of FAD is stabilized (19, 

20). Notably, the N1 and N5 atoms of the FAD isoalloxazine ring are key for the redox 

chemistry. Interestingly, insect specific Crys have Cys residues in the vicinity of the N5 

atom, such as in plant blue-light photoreceptor phototropins, while the N1 atom is exposed 

(Figure 1d). It is thereby suggested that the presence of cysteine could stabilize the anionic 

form FAD•− (19, 20). DASH type Cry proteins, as well as Phrs and mammalian Crys, have 

Asn at the position (Figure 1a and b, Table 1). So, to investigate the effect of this residue 

nearby the isoalloxazine N5 atom on the photoreaction, we measured the photoreaction of 

the N392C mutant, which mimicks insect specific Crys (Figure 1a and d). Figure 3b shows 

the light-induced UV–vis difference spectra of N392C SCry-DASH in diluted (red line) and 

concentrated (black line) solutions, respectively, using short illumination. Remarkably, we 

obtained spectra with FAD•− peak intensity well distinguished from FADox but matching 

that of insect specific Cry naturally containing Cys as the residue in question (19) (Figure 

3b). Thus, we concluded that placement of cysteine at position 392 of SCry-DASH can 

stabilize the anionic form FAD•−. Because prolonged illumination resulted in sample 

precipitation (not shown), we could not confirm whether the N392C mutant is capable of 

forming the FADH−. Similar spectra between wild-type and N392C, however, suggest that 

both SCry-DASH proteins can undergo photoreduction. (Figure 3). These data implicate that 

the position neighboring the N5 atom of isoalloxazine is critical for the diversity of Cry/Phr 

family members (Figure 1a-d).

FTIR spectroscopic analyses of SCry-DASH

We confirmed that SCry-DASH is capable of responding to light at even relatively high 

concentrations using UV–vis (Figures 2 and 3). We next analyzed the photoreduction of 

SCry-DASH in a concentrated solution sandwiched between BaF2 windows using FTIR 

spectroscopy. Figure 4a and b show the difference FTIR spectra upon 2- and 4-min 

illumination, respectively, in the 1800–1350 cm−1 region. Significant peaks for SCry-DASH 

were detected at 1714 (−), 1695 (−), 1687 (−), 1675 (+), 1663 (−), 1647 (+), 1627 (+), 1607 

(+), 1580 (−), 1545 (−), 1512 (+), 1486 (+), and 1396 (+) cm−1. Overall, the spectra look 

similar regardless of the exposure time. However, some noticeable differences were found 

upon longer illumination. When the spectra were normalized to the negative peak at 1714 

cm−1, corresponding to the C4=O stretch of FAD (51-55), peaks in the 1700–1600 cm−1 

region were sharper in the long exposure compared with the short time. The positive band at 

1486 cm−1 disappeared, whereas the positive band at 1396 cm−1 increased in intensity with 

longer exposure. Based on the analyses of the UV–vis difference spectra (Figures 2 and 3), 

the FADH− state would be predominant with longer illumination, while the short exposure 

contains more information on the FAD•− state. Ideally, the results of the FTIR experiments 

would be reveal FAD•− and FADH− at a 62:38 ratio, as seen in UV–vis analyses (Figure 2b 

and 3a). So, to determine the FAD•−/FADox and FADH−/FADox ratios from the difference 

FTIR spectra, we used reference bands, as described below.

The N392C mutant, which exhibits a stable anionic form, can be useful in comparing the 

FAD•− and FADox states of SCRY-DASH. As clearly seen in the UV–vis spectra (Figure 

3b), an FTIR spectrum of this mutant could help to distinguish FAD•− from FADox under 
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similar conditions. Figure 4d shows the light-induced difference FTIR spectrum of N392C. 

In the spectrum, there are peaks at 1714 (−), 1695 (−), 1675 (+), 1663 (−), 1646 (+), 1612 

(+), 1607 (+), 1580 (−), 1545 (−), 1513 (+), and 1486 (+) cm−1. The FTIR spectrum of the 

N392C mutant is not entirely coincident with that of the wild-type, though some peaks are 

well overlapped. Remarkably, the spectra of short exposed wild-type and mutant proteins 

both exhibit a positive band at 1486 cm−1, which was not observed in the long illumination, 

whereas the mutant showed no positive band at 1396 cm−1 (Figure 4). These results imply 

that the positive band at 1486 cm−1 is originated from the FAD•−, while the positive band at 

1396 cm−1 is characteristic of the FADH− form.

We then calculated the FAD•−/FADox difference FTIR spectrum of wild-type SCry-DASH 

so as to control for the peak at 1396 (+) cm−1 belonging to FADH− (Figure 4c). Calculation 

was carried out as follows:

Consequently, the spectrum of the wild-type protein contains 60 % FAD•−/FADox and 40 % 

FADH−/FADox upon short illumination. This estimation well matches to numbers obtained 

by UV–vis spectra (Figures 2b and 3a).

Detection of conformational changes of SCry-DASH in the vicinity of FAD

Figure 5 compares the two difference FTIR spectra of FAD•−/FADox (red line) and 

FADH−/FADox (black line) of wild-type SCry-DASH. Negative peaks at 1714, 1687, 1580, 

and 1545 cm−1 were common between the two spectra, which presumably originate from 

vibrations of the FADox form. The peaks are assigned as follows; C4=O stretch (1714 

cm−1), C2=O stretch (1687 cm−1), and C=N stretches (1580 and 1545 cm−1) (51-55). As 

described above, positive bands at 1567 and 1396 cm−1 are specific to FADH−, while a 

positive band at 1486 cm−1 is specific to FAD•−. The origins of these positive bands have 

not yet been identified.

Notably, very different spectral features were observed in the 1700–1600 cm−1 region 

(amide I region), where characteristic frequencies of the C=O stretches of peptide backbone 

are commonly observed. The FAD•−/FADox spectrum shows peaks at 1695 (−), 1687 (−), 

1663 (−), 1647 (+), and 1608 (+) cm−1, while the FADH−/FADox spectrum has peaks at 

1688 (−), 1675 (+), 1647 (+), 1627 (+), and 1601 (+) cm−1. These differences may reflect a 

secondary structural alteration between the FAD•− and FADH− states, while some of 

positive bands may simply indicate C=O stretches of FAD independent of the redox status. 

Interestingly, although FAD•− and FADH− states are both negatively charged, different 

FTIR signals strongly suggest that hydrogen-bonding network near the chromophore is 

significantly affected to induce conformational changes in the vicinity. The key difference 

between the two states would be due to protonation status of N5 atom of isoalloxazine in 

FAD (Figure 1).
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Regulation of N5 Atom of isoalloxazine ring of FAD in the Cry/Phr architecture

To characterize the contribution of the isoalloxazine N5 atom to the conformational change, 

we compared difference FTIR spectra of the SCry-DASH proteins. Figure 6 compares the 

FAD•−/FADox difference FTIR of the wild-type (red line) and N392C mutant (blue line) 

SCry-DASH. Overall, spectra of the mutant are similar to wild-type, possessing peaks at 

1714 (−), 1695 (−), 1675 (+), 1663 (−), 1647 (+), 1580 (−), 1545 (−), 1512 (+), and 1486 (+) 

cm−1. We observed significant differences in the amide I region (1700–1600 cm−1 region), 

indicating that the substitution at Asn392 also influenced the light-induced structural 

changes in the peptide backbone upon the formation of FAD•−.

The wild-type spectrum shows negative peaks at 1695 and 1687 cm−1, while the N392C 

mutant lacks the corresponding negative peak at 1687 cm−1 (Figure 6b, upper traces). The 

double-difference spectrum between wild-type and N392C revealed peaks at 1693 (+) and 

1687 (−) cm−1 (Figure 6b, bottom trace). Generally, C=O stretches of side chains of 

asparagine and glutamine appear in this region as well as peptide backbone (amide-I 

vibration). We interpret that the bands at 1693 (+)/1687 (−) cm−1 originate from the C=O 

stretch of side chain of Asn392. A shift of the stretching vibrational mode to higher 

frequency implies that hydrogen bonding strength of the C=O group is weakened upon the 

FAD•− formation. Figure 6c shows 2600–2500 cm−1 region of the spectra of wild-type and 

N392C. Normally, the S–H stretch appears in the 2575–2525 cm−1; however, no such band 

is observed for the N392C mutant (Figure 6c, blue line). In contrast to the wild-type, whose 

Asn392 weakens the hydrogen bond of its C=O side chain, the data indicates that the 

hydrogen bonding network of the mutant protein Cys392 does not change upon FAD•− 

formation. It should be noted that the C4=O stretching frequencies are identical between the 

N392C mutant and the wild-type (1714 cm−1, Figure 6a). This suggests that Asn392 does 

not interact with the N5 atom of FAD in the FADox form, because the interaction affects the 

C4=O band of FAD.

Protonated carboxylic acid residues are unnecessary in the photoreduction of SCry-DASH

For plant specific Cry, carboxylic acid deprotonation was observed in the formation process 

of FADH• (40). However, it is unclear which Asp in plant specific Cry contributes to the 

photoexcitation. Plant specific Crys have Asp, insect specific Crys have Cys, and the rest of 

the family contain Asn at the position corresponding to Asn392 of SCry-DASH, while the 

entire family additionally contains two conserved Asps (Asp386 and Asp388 in SCry-

DASH) near the FAD (Figure 1a-d, Table 1). In Drosophila, a mutation at Asp410 to Asn 

(“cry baby”) abolishes the function as a circadian photoreceptor (Figure 1d) (56). To 

investigate the contribution of aspartic acids to the photoreduction, we performed deuterium 

exchange experiments (Figure 7). Difference FTIR spectra of FADH−/FADox of SCry-

DASH in H2O (black line) and D2O (green line) buffer look similar in the 1800–1350 cm−1 

region, but with a slight shift in the amide I region, reduced intensity at 1675 (+) cm−1 and 

newly appearing band at 1669 (−) cm−1 (Figure 7a). In general, C=O stretches of peptide 

backbone are slightly affected (downshift by 2–3 cm−1) by the H/D exchange in the N–H 

groups. However, the C2=O stretch of FADox shows a downshift by >10 cm−1 from the 

deuteration of N3–H group (53-55), and the negative band at 1669 cm−1 might originate 

from a C2=O stretch. The band intensity at 1396 (+) cm−1 is slightly reduced in the D2O 
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buffer. H/D exchangeable groups in the FAD are N3–H (in the FADox and FADH−forms) 

and N5–H (in the FADH− form) groups. The positive band at 1396 cm−1 may include a N–H 

bending vibration of FAD. The negative band at 1714 cm−1 probably originates from a 

C4=O stretch of FADox form (Figure 7b). The 4 cm−1 spectral shift in the D2O buffer may 

be due to an indirect effect of the deuteration of N3–H group (53-55). For SCry-DASH, no 

significant signal was observed in the 1800–1720 cm−1 region. This implies that the FAD 

reduction process of SCry-DASH does not involve structural changes of protonated 

carboxylic acid residues by protonaton/deprotonation or hydrogen-bonding alteration. The 

difference would likely arise from the distinct residues in the vicinity of N5 atom of FAD 

(Figure 1a and c).

DISCUSSION

Adaptations to light are diverse in different organisms, and chemical reactions triggered by 

light are subtle but critical. Unlike other photoreceptors, such as rhodopsin (retinal), 

phytochrome (bilin) or photoactive yellow protein (coumaric acid), drastic cis-trans 

chemical conformational change is not expected in flavin-bound blue-light photoreceptors 

containing planer isoalloxazine rings. Light-dependent conformational assembly changes 

and dissociations have been proposed for the flavin-based photoreceptors such as Crys and 

LOV and BLUF domain proteins. To fully understand how light is captured, resulting in 

such structural rearrangement for signalling, however, detailed characterizations of the 

chromophore and its vicinity in both the ground and excited states are required. Three-

dimensional structural information on Cry/Phr family proteins has revealed a similar overall 

fold and conserved mode of chromophore binding, and light activation of FAD has been 

discussed, but signal conversion signal (i.e. FAD-driven protein dynamics) remain unclear. 

For this aim, it is essential to couple information on the FAD redox state to contributions of 

identified interaction sites. In a light- and time-dependent process (Figure 2), we extracted a 

signal for the anionic form FAD•− as one of the intermediates (Figure 3a).

Several recent studies of FAD redox states in Cry-DASHs have been reported (14-16). 

Damiani et al. showed that SCry-DASH can form FADH• (16). Biskup et al. and Damiani et 

al. also both showed that FADH• accumulation occurs not by photoreaction but by oxidation 

of the light-induced reduced form (14, 15). In contrast, here we detected FAD•−, not FADH•, 

upon light illumination. We infer that the stable redox states that arise from the processes of 

photoreduction and oxygen-induced oxidation are distinct. Our data is also in contrast to that 

of Zikihara et al. (14), in which they observed FADH• upon light illumination. Indeed, stable 

intermediates may different between Cry-DASHs of Synechocystis and zebrafish. The 

molecular mechanisms of these unique reaction pathways are intriguing and await further 

characterization.

Mutation of Asn392 to Cys, which mimics Drosophila Cry, stabilized the FAD•− form 

(Figure 3b). As represented by the structure of SCry-DASH (Figure 1a), in many Cry and 

Phr proteins, the neutral Asn (Asn392 of SCry-DASH) interacts with the N5 position of the 

FAD isoalloxazine, whereas insect and plant specific Crys have Cys and Asp, respectively 

(Figure 1b-d). Phrs and most Crys are believed to form FADH• and FADH− (2, 14-17, 33, 

40), while insect Crys form stable FAD•− (19, 20). As is suggested that Asn or Asp at the 
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position can control the redox state of FAD (33), the Cys is also positioned aptly to be 

involved in the redox state of FAD.

The Asn is highly conserved in DASH type Crys, Phrs and also mammalian clock-related 

Crys (Table 1). This key conserved Asn is crucial both for (i) DNA repair Phrs in restoring 

normal bases from UV-induced photoproducts in DNA strands and also for (ii) mammalian 

clock-related Crys in repressing transcriptional activation by the BMAL1/CLOCK complex 

through the E-box contents in DNA as part of a negative feedback (Figure 1, Table 1). 

Substitution of the Asn in mammalian Crys to Cys or Asp, mimicking insect or plant 

specific Crys, respectively, disturbs the suppression activity in the clock system, indicating 

that the residue is one of keys for the functional diversity of Cry/Phr family. Genetic 

approaches have revealed that Drosophila Cry and mammalian Crys are both involved in 

maintenance of robust daily rhythms but their essential roles in the circadian rhythms are 

quite different. The insect specific Cry has been considered as a primary photoreceptor. This 

was supported through an identified mutant named cry baby, which has a substitution at one 

of the Asps conserved among the Cry/Phr family (Figure 1d) (56).

Our FTIR spectral data illustrate that SCry-DASH can exist in several distinct FAD states 

including FADox, and FADH− (Figures 4-6). The detection of the anion form indicates that 

proton transfer to the chromophore, but not primary electron transfer, would likely take 

place in SCry-DASH. Successfully, we obtained FAD•−/FADox and FADH−/FADox FTIR 

difference spectra of SCry-DASH in the 1800–1350 cm−1 and 2600–2500 cm−1 regions, 

enabling to assign characteristic peaks. The C=O stretch of Asn392 side chain weakened the 

hydrogen-bonding strength in the FAD•− state of wild-type (Figure 6a and b). Because the 

C=O side chain of Asn392 forms hydrogen bond with Trp396 (Figure 1), the simplest 

interpretation is that the distance between Asn392 and Trp396 is further in the FAD•− state. 

Near the chromophore, the Cry/Phr family proteins contain a highly conserved Trp triad 

chain (Trp396-Trp373-Trp320 of SCry-DASH), originally identified in E. coli DNA Phr 

(Figure 1e) (15), that is considered to be an electron transfer pathway. Trp396 of the SCry-

DASH triad is closest to the FAD. The negative charge of FAD•− could affect the 

surrounding environment. On the other hand, S–H group of Cys392 in the N392C mutant 

did not change its hydrogen-bonding environment (Figure 6c). In the N392C mutant, S–H 

group may face Ala377 and Trp393 (see Figure 1). Asn392 plays an important role in the 

electron and proton transfer into FAD•− for the 2nd electron transfer process, conversion 

from FAD•− to FADH−. The hydrogen-bonding environment of Asn392 should be crucial 

for the step. The substituted Cys residue may not directly interact with FAD chromophore. 

This does not necessarily mean that there would be no interaction between the cysteine and 

FAD in insect specific Crys (Figure 1d) as seen in the N392C mutant of SCry-DASH, while 

the anion form is stabilized rather than the radical form in the insect Crys (19). Figure 8 

compares the FAD•−/FADox spectrum of N392C mutant (blue line) with FAD•−/FADox 

(black line) and FADH−/FADox (red line) spectra of wild-type SCry-DASH. The 

FAD•−/FADox spectrum of N392C is located between the FAD•−/FADox and FADH−/

FADox spectra of wild-type in the 1680–1640 cm−1 region while quite different features 

appear in the 1640–1600 cm−1 region, especially between FAD•−/FADox of N392C and 

FADH−/FADox of wild-type. It would be reasonable that the spectral shapes are different 
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between them if the C=O stretches of FAD•− or FADH− appear in the 1640–1600 cm−1 

region. Nevertheless, judging from the spectra in the 1640–1600 cm−1 region, the N392C 

mutant structure in the FAD•− state may have hybrid features between the FAD•− and 

FADH− states of wild-type SCry-DASH, though the difference must originate from the 

interaction of the amino acid residue at the position 392.

We assume that the N392C mutant cannot proceed further to the FADH− state, because the 

N392C structure in the FAD•− state may be closer to that of FADH− state of wild-type. 

Unlike the wild-type, the S–H group of the substituted Cys would not interact with the 

neighbor Trp residue in the N392C mutant. Therefore, the mutant would not change its 

hydrogen-bonding environment much upon the formation of FAD•− state (Figure 6c). 

Notably, this structure may partially mimic that of FADH− state of wild-type. If it is the 

case, the hydrogen-bonding interaction between Asn392 and Trp396 may be weaker in the 

FADH− state than in the FAD•− state. That is, protonation at N5 atom of FAD in the FADH− 

state would strengthen the interaction between the polypeptide and FAD by forming a 

hydrogen bond between Asn392 and N5 position of isoalloxazine.

Our studies of SCry-DASH indicate that FAD is not protonated from a nearby carboxylic 

acid residue upon the formation of FADH− (Figure 7b). This may seem contrast to the FTIR 

study on Arabidopsis Cry1, whose aspartic acid residue donates proton for the FADH• 

formation (40). Kottke et al. suggested that the origin of the proton is Asp396 whose 

position corresponds to Asn392 in SCry-DASH, but other possibilities cannot be excluded, 

as the Cry/Phr family proteins (including DASH type and plant specific Crys) contain two 

highly conserved Asps at the FAD binding site (Figure 1a and c; Asp386 and Asp388 in 

SCry-DASH; Asp390 and Asp392 in Arabidopsis Cry1). However, our results best support 

such a role for Asp396 of Arabidopsis Cry1, corresponding to Asn392 of SCry-DASH, 

whereas the other two Asps would function uniquely for the light response.

CONCLUSION

We examined different FAD redox states of SCry-DASH by UV–vis and FTIR 

spectroscopy. The results not only identified a key role of Asn highly conserved among 

Cry/Phr proteins including mammalian clock-related Crys, but also ruled out two conserved 

Asps at the FAD binding site as hydrogen donors, demonstrating functional diversity and a 

critical role at the site in plant- and insect specific Crys.
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Figure 1. 
Conservation and unique tuning in FAD binding domains of the photolyase and 

cryptochrome family proteins. Crystal structures of SCry-DASH (a), Arabidopsis (6-4) Phr 

(b), Arabidopsis Cry1 (c) and a homology model of Drosophila Cry (d) show conservation 

at the FAD binding sites and indicate the unique tuning. The Cry/Phr proteins have two 

Asps at the FAD binding site (Asp386 and Asp388 in SCry-DASH). One of the Asps forms 

a salt bridge with Arg across the isoalloxazine ring system. The salt bridge is invariant in all 

Cry/Phr family members. Many Crys and Phrs have a conserved asparagine at the location 

of Asn392 in SCry-DASH, the region in which the polypeptide chains anchor the cofactor at 

N5 of isoalloxazine (a and b), whereas plant and insect specific Crys have Asp and Cys, 

respectively, at the position (c and d). FAD is drawn in yellow, and critical distances are 

shown in angstroms with magenta dotted lines. Representatives of each gene cluster of the 

family, a summary of the conservation at the region and coordinates used are listed in Table 

1. The homology model of Drosophila Cry was built with SWISS-MODEL 

(swissmodel.expasy.org) based on Drosophila (6-4) Phr (PDB id: 3CVV). (e) The Trp triad 

pathway contributing to the FAD redox is also conserved in the Cry/Phr family; SCry-

DASH is shown in orange, Arabidopsis (6-4) Phr in blue, and Arabidopsis Cry1 in pink. In 

Figure 1e, molecules were rotated 60 degrees from Figure 1a–c. Figures were drawn with 

PyMOL software (57).
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Figure 2. 
Light-induced UV–vis difference spectra upon photoreduction of SCry-DASH. White light 

illumination was carried out at (a) low and (b) high protein concentrations in the presence of 

100 mM DTT. The low concentration sample was exposed for 4 or 9 minutes, while the 

higher concentration sample was exposed for 2 or 4 minutes. In the respective panels, the 

shorter exposure is shown in black, and the longer exposure is in red, respectively. The 

black dotted line indicates the magnified spectrum of the shorter exposure spectrum (black 

solid line), 1.45-times for the low exposure sample and 1.7-times for the high exposure 

Iwata et al. Page 16

Biochemistry. Author manuscript; available in PMC 2015 February 16.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



sample (see details in the text). One division of the y-axis corresponds to 0.04 (a) or 0.005 

(b) absorbance units.
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Figure 3. 
Extraction of the FAD•− form in SCry-DASH. (a) Subtraction of adjusted short illumination 

spectra, containing predominantly the oxidized form, from that of long exposure, enriched in 

the reduced form, revealed a peak characteristic for the anionic form at 400 nm. Diluted 

condition is in red, and concentrated sample in black. (b) The SCry-DASH N392C mutant 

stabilizes the anionic form. Illumination with white light was carried out in the presence of 

100 mM DTT for 2 min for the low concentration sample (red line) and 4 min for the high 

concentration sample (black line).
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Figure 4. 
Light-induced FTIR difference spectra of wild-type SCry-DASH and the N392C mutant. 

Light-induced FTIR difference spectra (1800–1350 cm−1 region) illustrate additional details 

of photoreduction. Illumination was carried out at a concentration similar to that for the UV–

vis studies for 2 min (a) and 4 min (b) in the presence of 100 mM DTT. Calculated spectrum 

of FAD•−/FADox (c) was obtained by subtraction of the magnified short exposure spectrum 

from the long exposure spectrum, while the exposed spectrum is considered sufficient to 

represent the difference spectrum of FADH−/FADox (see the text for more details). Based on 

the peak intensity at 1714 (−) cm−1, the short exposure spectrum was magnified by 1.3 times 

to normalize the height to that of the long exposure to calculate the difference spectrum of 
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FADH−/FADox. Lane d shows the difference spectrum of N392C mutant. One division of 

the y-axis corresponds to 0.006 absorbance units.
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Figure 5. 
Comparison of two difference FTIR spectra of wild-type SCry-DASH. To identify 

significant peaks, the two different spectra representing FAD•−/FADox (red line) and 

FADH−/FADox (black line), taken from Figure 4c and b, respectively, were overlaid in the 

1800–1350 cm−1 region.
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Figure 6. 
Impact of mutations on difference FTIR spectra. Difference FTIR spectra of FAD•−/FADox 

of wild-type SCry-DASH (red line) and N392C mutant (blue line) were compared in three 

ranges: (a) 1800–1350 cm−1, (b) 1720–1670 cm−1, and (c) 2600–2500 cm−1. Respective 

data for wild-type and the N392C mutant are identical to data shown in Figure 4c and d, 

respectively. Bottom black trace in panel b shows the double-difference spectrum between 

wild-type and the N392C mutant, where the N392C mutant spectrum (blue line) is 

subtracted from the wild-type spectrum (red line).
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Figure 7. 
Deuterium effects on photoreduction of SCry-DASH. Difference FTIR spectra of 

FADH−/FADox of wild-type SCry-DASH in H2O (black line) and D2O (green line) buffer 

were compared in the 1800–1350 cm−1 (a) and 1800–1710 cm−1 (b) regions.
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Figure 8. 
Overlaid difference FTIR spectra of wild-type SCry-DASH and the N392C mutant. Three 

different spectra in Figure 4 (lane b-d) were overlaid in the 1750–1550 cm−1 region. 

FAD•−/FADox and FADH−/FADox of wild-type SCry-DASH are shown by red and black 

lines, respectively, while FAD•−/FADox of N392C mutant is shown by a blue line.
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