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ABSTRACT:  The light oxygen voltage-sensing (LOV) domain 
plays a crucial role in blue light (BL) sensing in plants and micro-
organisms. LOV domains are usually associated with the effector 
domains, and regulate the activities of effector domains in a BL-
dependent manner. Photozipper (PZ) is monomeric in the dark 
state. BL induces reversible dimerization of PZ and subsequently 
increases its affinity for the target DNA sequence. In this study, 
we report the analyses of PZ by pulsed electron-electron double 
resonance (PELDOR). The neutral flavin radical was formed by 
BL illumination in the presence of dithiothreitol in both the LOV-
C254S (without the bZIP domain) and the PZ-C254S mutants, 
where the cysteine residue responsible for adduct formation was 
replaced with serine. The magnetic dipole interactions of 3 MHz 
between the neutral radicals were detected in both LOV-C254S 
and PZ-C254S, indicating that these mutants underwent dimeriza-
tion in the radical state. The PELDOR simulation showed that the 
distance between the radical pair is close to that estimated from 
the dimeric crystal structure in the ‘light state’ [Heintz, U.; 
Schlichting, I., Elife 2016, 5, e11860.], suggesting that in the radi-
cal state, LOV domains in PZ-C254S form a dimer similar to that 
of LOV-C254S, which lacks the bZIP domain. The BL-induced 
conformational change of PZ probably causes the dimerization of 
the LOV domain and the coiled-coil formation of the bZIP do-
main, which contribute to its increased affinity for the target DNA 
sequence. 

    As photomorphogenesis is inevitable to optimize the efficiency 
of photosynthesis, plants have developed light sensor proteins, 
like the phototropins and phytochromes. Light oxygen voltage-
sensing (LOV) domains play crucial roles for the blue light (BL) 
sensing function of phototropins, and regulate the activity of the 
kinase domains (effector domains) in a BL-dependent manner. 
Aureochrome-1 (AUREO1) is composed of a basic leucine zipper 
(bZIP) domain and a LOV domain, and is suggested to be respon-
sible for the branching response of a stramenopile alga, Vaucheria 
frigida1, 2. The bZIP domain is an α-helical DNA-binding motif 
found in a family of eukaryotic transcription factors that recogniz-
es sequences of 4-10 base pairs in the target DNA3-7. AUREO1 
recognizes the target DNA sequence of TGACGT2.  
    In the initial reactions in the LOV domain, the flavin mononu-
cleotide (FMN) molecule is photo-excited by BL illumination to 
form a triplet state. The FMN triplet forms an adduct with a high-
ly conserved, nearby cysteine residue, which prompts simultane-
ous proton transfers from the cysteine to FMN8-10. These reactions 
are also found in aureochromes. In AUREO1, this series of reac-
tions induces the dimerization of the LOV domain, to enhance the 
affinity for DNA11-17. Therefore, dimerization would be the key 
reaction for aureochromes11-14.  

Although the structure of the aureochrome complex in solu-
tion is still unknown, crystal structures of the LOV domains of 

aureochromes have been reported15, 18, 19. Development of the 
LOV domain of Vaucheria frigida AUREO1 in the dark state 
resulted in three dimers in crystal, and the three dimers with crys-
tal in the light state was obtained by illumination of the crystal. 
Alternatively, the LOV domain of Phaeodactylum tricornutum 
AUREO1a has been reported to be either one dimer15 or two di-
mers18 in the dark state, and to be dimeric in the crystal grown 
under light15. These structures are inconsistent with each other, 
which might be due to the flexibility of the protein.    

Photozipper (PZ) is a functional protein designed from 
AUREO1, in which contains two parts: the LOV domain and the 
bZIP domain11. Therefore, PZ is not only a good tool for under-
standing the function of AUREO1, but also a good candidate for 
optogenetic module. In this work, we report the radical state of PZ 
in the active state determined by electron paramagnetic resonance 
(EPR). Our data suggest that the protonation of FMN induces the 
dimerization of PZ.  

Wild-type expression vectors of PZ and LOV (without the 
bZIP domain) were mutated with a PrimeSTAR mutagenesis kit 
(Takara Bio), using PZ-C254S_F 
(CGTAACTCCCGCTTCCTGCAAGGTCC) and PZ-C254S_R 
(GAAGCGGGAGTTACGGCCCAGGATCT) primers, and intro-
duced into BL21(DE3) cells (Invitrogen)11. Recombinant PZ and 
LOV mutants (Fig.S1), in which Cys254 was replaced with Ser 
(C254S), were prepared as described previously12, 13. The final 
concentrations of the samples were 40 µM for continuous wave 
(CW) EPR and 150-260 µM for pulsed EPR.  Samples were sus-
pended in a buffer containing 400 mM NaCl and 20 mM Tris/HCl 
(pH 7.0). Dithiothreitol (DTT) was added for the radical for-
mation with the 1mM final concentration.   For DNA binding, 100 
µM double-stranded oligonucleotide (taken form 250 µM stock 
solution in 100mM NACl, Apo: 5’111-
1GCTGTCTGACGTCAGACAGC-3, was added to PZ13.   Final 
concentration for DNA binding was 150 µM for PZ and 100 µM 
for DNA, respectively, in 253 mM NaCl and 11 mM Tris/HCl 
(pH 7.0) 

CW-EPR measurements were carried out with X-band (9.64 
GHz) using a Bruker ESP-300E EPR spectrometer (Bruker DE) 
with a dielectric resonator (ER4117DHQH, Bruker DE). The 
sample was inserted into a quartz flat cell. Pulsed EPR and pulsed 
electron-electron double resonance (PELDOR) were carried out 
with Q-band (34 GHz) using a Bruker E680 with a dielectric res-
onator (EN 5107D2, Bruker DE) and an Oxford Instruments liq-
uid helium cryostat (CF935P, Oxford UK). The π/2-τ-π sequence 
was used to measure the ESE field-swept spectra. The pulse 
lengths were 28 ns for π/2 and 48 ns for π. The time interval τ 
between the microwave pulses was set to 200 ns.  

The π/2-τ1-π-τ1-τ2-π sequence with a time interval τ1 of 200 
ns steps was used for four-pulse ELDOR 20, 21 with pumping fre-
quency of 34.01 GHz. 

Samples were illuminated with a 408 nm Diode Laser 
(NDHV220APA, NICHIA; ITC 510, THORLABS) through a 10-
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mm diameter glass fiber. The power was set to 40 mW. Absorp-
tion spectra were measured using a Hitachi U-3300. The spin 
density distribution of FMN was calculated using Gaussian09 
with the upbepbe/6-311g(d) basis set 22.  

Figure 1 shows the absorption spectra of LOV-C254S in the 
presence of DTT, (a) before and (b) after illumination. The re-
placement of Cys254 with Ser in the LOV domain prevents for-
mation of the adduct with FMN. The light-induced signal around 
500-600 nm shows the formation of the flavin neutral radical 
FMNH●. Figure 2 shows the EPR spectra of LOV-C254S in the 
presence of  DTT. An EPR signal with about 22 G width at g = 
2.005 was detected in the presence of DTT. Despite a small 
amount of accumulation of the free radical, the FMNH● signal did 
not accumulate in the absence of DTT. Therefore, DTT works as 
an electron acceptor and proton donor to FMN.  A flavin neutral 
radical is well-characterized as g = 2.0035 with 20 G width23. 
Slight difference might be due to overlapping of the free radical 
with large modulation depth. 

 
Figure 1: Absorption spectra of LOV-C254S in the presence of 
dithiothreitol (DTT) (a) before and (b) after illumination for 6 min. 
The sample concentration was 40 µM.  

 
 Figure 2. CW EPR spectra of the LOV-C254S domain in the (a) 
presence and (b) absence of DTT. The samples were measured 
under BL illumination at room temperature. Spectra of the dark 
states were subtracted. The sample concentration was 40 µM. 
Experimental conditions: microwave frequency, 9.64 GHz; mi-
crowave power, 1 mW; modulation frequency, 100 kHz; modula-
tion amplitude, 10 G.  
  

Figure 3 shows the (a) PELDOR signal of the FMNH● radical 
in LOV-C254S in the presence of DTT and (b-f) simulations. The 
sample was illuminated for 10 min, and subsequently frozen in 
liquid nitrogen.   An oscillation pattern of about 3 MHz was ob-

served. Using the simple point dipole approximation, the distance 
between the two radicals was estimated as 25.1 Å, which was 
close to the distance between the two FMN molecules in the crys-
tal structure of the LOV dimer18. The results suggest that LOV-
C254S is dimeric in the observed condition.  

PELDOR is the powerful tool to determine distances between 
unpaired electrons.   The interaction between flavin radicals have 
been also previously detected24.  The PELDOR signals for the two 
flavin radicals on both LOV-C254S and PZ-C254S were observed 
with a distance of about 25 Å, assuming the point dipole approx-
imation. As the electron spin is actually distributed on the mole-
cule, the spin distribution on the molecules should be considered. 
Table T1 summarizes the spin density distribution on flavin mole-
cule, where the numbering of the atoms is based on Figure S3. 
The PELDOR signal amplitude X (τ') as a function of the time 
interval τ' between the 1st and 2nd pulses was taken as20, 21:  

 
𝑋𝑋(𝜏𝜏′) ∝ 1 − 𝑝𝑝[1 − cos(2π𝐷𝐷𝜏𝜏′)]  (1) 

 
with 
 

𝐷𝐷 = ∑ 𝜌𝜌i𝜌𝜌ji,j
g2β2

h𝑅𝑅𝑖𝑖𝑖𝑖3
(1 − 3cos2𝛩𝛩𝑖𝑖𝑖𝑖)                           (2) 

 

 
 

Figure 3: PELDOR signals of LOV-C254S for (a) experiments 
and (b-f) simulations. Trace a was divided by the background 
signal as a linear function. Traces c-f were calculated from the 
spin distribution on flavin and coordinates from the crystal 
structures of (b) PDB 5dkl, (c) PDB 3ue6, (d) PDB 3ulf and (e) 
5a8b 15, 18, 19.  The crystal conditions: (b, d) the light states; (c, e, 
f) the dark states. The sample concentration was 220 µM. Ex-
perimental conditions: microwave frequency, 33.97 GHz for 
observation and 34.01 GHz for pumping; duration of the mi-
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crowave pulses, 24 for π/2 and 48 ns for π; repetition rate, 0.1 
kHz; temperature, 40 K.  
 

 
Figure 4: PELDOR signals of (a) LOV-C254S and (b) PZ-C254S 
without DNA and (c) with DNA. The signals were divided by the 
background signal as a linear function. The sample concentra-
tions: (a) 220 μM, (b) 260 μM and (c) 150 µM. Experimental 
conditions were the same as for Figure 3. 
 
where, ρi and ρj are the spin density at the i-th (i = 1-16) car-
bon/nitrogen/oxygen atom of the radicals 1 and 2, respectively. Rij 
is the length between the i-th and j-th carbon/nitrogen/oxygen 
atom of radicals 1 and 2. Θij is the angle between the external 
magnetic field H and the distance vector Rij. The g-factors for the 
radicals were assumed to be 2. The signal amplitude I(τ′) is given 
by the surface integration:  
 

𝐼𝐼(𝜏𝜏′) = ∬𝑋𝑋(𝜏𝜏′) sin𝜃𝜃d𝜃𝜃d𝜑𝜑   (3) 
 
We simulated PELDOR signals using the spin density distribution 
of flavin and the coordinates in the crystal structures. 
 
Figure 3 shows the comparison with the different crystal struc-
tures15, 18, 19. Traces b-f (Figure 3) are the calculations from the 
spin distribution on flavin and coordinates from the crystal 
structures of (b) PDB 5dkl, (c) PDB 3ue6, (d) PDB 3ulf and (e) 
5a8b 15, 18, 19. The ‘light state’ of the crystal structure in P. tricor-
nutum15 (trace b) shows in good agreement with the experimental 
signal (trace a), which is consistent with the point that aureo-
chrome functions as a dimeric structure in the light state. There-
fore, we concluded that our observed state is close to the ‘light 
state’ having the dimeric crystal structure in P. tricornutum15.   
Conversely, the other structures do not fit to the experimental 
result.     
 The slight difference between traces a and b is evaluated to be 0.5 
Å in the point dipole approximation, which could be ascribed to 
the following: (1) the difference between the structures in the 
crystal form and in solution, (2) a small modification due to the 
cysteine to serine mutation, (3) differences of the species, and (4) 
the accuracy of the DFT calculation. As for DFT calculation, we 
did not consider the protein environment for simplification. We-
ber at al. have showed DFT calculation of flavin molecule includ-
ing with local environment of protein for the study of DNA pho-
tolyase 25.  For the more precise fitting, DFT calculation including 
protein environment would be required.   Conversely, the ‘dark 
state’ structure does not fit to the experimental result. Figure 3(b-

e) shows the comparison with the different crystal structures15, 18, 

19. The crystal structures in the dimer in the two dimers and in the 
3 dimers did not fit to the PELDOR results, which is consistent 
with the point that aureochrome functions as a dimeric structure in 
the light state. Therefore, we concluded that our observed state is 
close to the ‘light state’ having the dimeric crystal structure in P. 
tricornutum15.      Figure 4 shows the PELDOR signals (a) of 
LOV-C254S, and PZ-C254S (b) without DNA and (c) with DNA. 
All the PELDOR signals have the same oscillation pattern and 
frequency, indicating that there is no change observed so that the 
structure is identical. 

The structural change between the ‘dark state’ and ‘light state’ 
is ascribed to the formation of the adduct between FMN and 
Cys254, which induces the flipping of Gln317 26-28. Our data sug-
gest that LOV-C254S forms a dimer without the formation of a 
cysteinyl adduct in the radical state. It is consistent with a recent 
report that showed that the replacement of cysteine with alanine in 
Vivid-LOV still permitted the protein to dimerize and to conduct 
signals. Therefore, signal transfer is not dependent upon adduct 
formation but instead upon protonation of FMN in Vivid-LOV29. 
In addition, the similarity of the PELDOR signals between LOV-
C254S and PZ-C254S with and without DNA, suggested that the 
LOV domains in PZ form a dimer with a similar conformation to 
that of the LOV dimer in the light state.  
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