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Structure of a LOV protein in 
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construction of LOV-based optical 
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LOV from Pseudomonas putida

reveals conformational rearrangements in the secondary structure elements lining the chromophore 

pocket including elongation of the Fα helix, shortening of the Eα-Fα loop and partial unfolding of the 

Eα

wavelengths for in vitro studies.

Light-oxygen-voltage (LOV) �avoproteins belong to the Per-ARNT-Sim (PAS) domain superfamily sharing the 
canonical PAS protein fold1,2. Widely distributed in multiple kingdoms of life3–5, LOV proteins control a num-
ber of cellular responses like phototropism, chloroplast movement, stomatal opening, regulation of circadian 
rhythms, photo-induced growth patterns and pigment synthesis6–8. �ey function speci�cally as photosensory 
modules, typically binding a blue light absorbing �avin chromophore (FMN, �avin mononucleotide; FAD, �avin 
adenine dinucleotide or RF, ribo�avin)9–11. �e photocycle of LOV proteins is reversible. Light absorption results 
in the formation of a metastable covalent bond between the C4a atom of the �avin ring and the sulfur of the 
neighboring cysteine residue12–15. �e resulting FMN-cysteinyl adduct decays spontaneously in a time period that 
varies from seconds to several hours in di�erent LOV proteins7,16–20.

Structures of LOV domains reported in the literature so far contain one �avin chromophore per protein mol-
ecule, which forms an FMN-cysteinyl adduct in the light state and is noncovalently bound in the dark state. In 
most cases, structural data on the light state is obtained from crystals grown in dark that were subsequently 
exposed to light (here termed photoexcited state), which allows FMN-cysteinyl adduct formation in the crys-
tal, thus providing important information on the light-dependent conformational changes in the vicinity of the 
chromophore7,20–23. Due to the crystal packing constraints, however, this approach limits large conformational 
changes in tertiary and quaternary structure such as reported for the fully-adapted light state crystal structures 
of VVD from Neurospora crassa and Aureochrome 1a (PtAu1a) from Phaeodactylum tricornutum where the 
crystals were grown under continuous light24,25. Both of these proteins show light-dependent dimerization. In 
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contrast, structures derived from dark-grown crystals do not explain clearly how chromophore-mediated light 
absorption leads to allosteric changes in protein conformation that activates the signaling processes26. For the 
rational design and implementation of LOV proteins as optical tools, characterization of all relevant structural 
states as well as detailed knowledge of events leading to allosteric signaling between sensor and e�ector domains 
is required27–29. We recently reported crystal structures of both dark and fully light-adapted states of the FMN 
containing PpSB1-LOV protein, illustrating light-induced conformational changes that support a rotary switch 
signaling mechanism16,26.

Both PpSB1-LOV and the W619_1-LOV protein reported herein belong to the family of short LOV pro-
teins from Pseudomonadaceae19, which share 89% sequence identity (Fig. 1a) and similar structural organization, 
consisting of a LOV core domain and two non-canonical structural elements, an N-terminal helix A′ α  and a 
C-terminal helix Jα . �e adduct state lifetimes (τ rec) of the two proteins PpSB1-LOV and W619_1-LOV at 20 °C 
are 40 h30 and 7.7 hcurrent study, respectively. Molecular determinants of the dark recovery kinetics in LOV proteins 
are poorly understood; we thus reasoned that a comparative structural analysis of W619_1-LOV and the previ-
ously reported PpSB1-LOV structures will provide insights about the di�erences in dark recovery rates amongst 
this set of homologous proteins originating from a common ancestor. Surprisingly, the W619_1-LOV protein 
crystallized in the apo-state. In the current study, we report the �rst apo-state crystal structure of the short LOV 
protein W619_1 from Pseudomonas putida. High sequence identity with previously reported short LOV proteins 
such as PpSB1-LOV allows a direct comparison of the individual amino acids lining the chromophore binding 
pocket in both proteins. �e structural integrity of apo-W619_1-LOV in the crystal encouraged us to investigate 
its binding properties to di�erent �avin chromophores in solution. We demonstrate that the W619_1-LOV apo-
protein binds both natural (FMN, FAD, RF) and structurally modi�ed (8-Cl-RF, 7-methyl-8-chloro-ribo�avin; 
7-Br-RF, 7-bromo-8-methyl-ribo�avin; LC, lumichrome) �avin chromophores. �e remarkably di�erent photo-
physical and photochemical properties of W619_1-LOV when bound to 8-Cl-RF or LC o�er a new perspective 
for the design of tailored optical tools.

Among the wider PAS superfamily to which LOV proteins belong, several proteins are reported to possess 
a promiscuous ligand binding site accepting a variety of di�erent naturally occurring and arti�cial ligands31,32. 
Hereby, the bona �de PAS domain of the hypoxia inducible HIF2α  transcription factor (HIF2α  PAS-B) was crys-
tallized in the apo-state33. Similarities and di�erences of the apo-state LOV domain structure presented here and 
the apo structure of HIF2α  PAS-B provide additional insights into ligand binding in the PAS superfamily.

Results
W619_1-LOV was overex-

pressed in E. coli BL21 (DE3) and puri�ed as described previously19. �e chromophore loading of the puri�ed 
protein was determined to be ~10%, which could be improved up to ~50% in vitro by incubating the puri�ed 
protein solution with ten-fold excess of FMN (see Methods). HPLC analysis reveals that the recombinant protein 
contains 96% FMN and 4% RF (Fig. S1). Crystallization setups were performed with both 10% and 50% FMN-
loaded protein, where both protein preparations yielded tetragonal crystals within a week that were colorless, 
indicating absence of chromophore. �e �nal structure contains two molecules forming a dimer per asymmet-
ric unit (Fig. 1b, Table S1). In the corresponding electron density maps, no density could be assigned to the 
�avin chromophores FMN or RF. �e absence of chromophore in the crystal was also veri�ed by single crystal 
microspectrometry measurements on W619_1-LOV crystals, which showed no characteristic absorption in the 
wavelength range between 300 and 500 nm (Fig. 1c). In contrast, typical dark and light state spectra were obtained 
for the protein in solution irrespective of chromophore loading.

�e crystal structure of W619_1-LOV revealed an overall fold similar to the previously published homolog 
PpSB1-LOV in the dark state (Fig. 1d)26. Electron density is well-de�ned for the residues 1–134 (1–137 in Chain 
B) with additional residues of the puri�cation tag at the N-terminus in Chain B, which are numbered − 9 to 
0 for consistency in numbering of LOV domain residues in published data. Each monomer comprises a LOV 
core domain (aa 17–118) that shows a typical α /β  PAS fold, and two helical elements at the N- (aa 1–13) and the 
C-terminus (aa 120–133 in chain A/120–136 in chain B) (Fig. 1b). Interestingly, the W619_1-LOV dimer inter-
face is similar to that observed in the dark state structure of PpSB1-LOV (Fig. 1d). Based on PISA analysis34, the 
buried surface area of 3272 Å2 in W619_1-LOV is comparable to 3096 Å2 in the dimer of PpSB1-LOV.

The apo-state W619_1-LOV structure displays significant conformational differences compared to its 
FMN-containing homolog PpSB1-LOV around the chromophore pocket as illustrated by the superposition of 
the two structures (Fig. 1d). Most signi�cant changes are seen in the Eα  helix, and the Eα -Fα  loop region (resi-
dues 52–65), with root-mean-square distance (rmsd) values of 2.65 Å for the Cα  atoms of the respective Eα -Fα  
loops. Notably, the Eα  helix (53–55) contains the conserved photoactive cysteine C53, that is highly relevant for 
adduct formation (Fig. 1d). �is 310 helix is partially unfolded in the W619_1-LOV structure, shortening it by 
two residues (aa 53–55 compared to aa 53–57 in PpSB1-LOV). �e photoactive C53 shows a di�erent rotamer 
conformation, with the Sγ  atom facing away from the chromophore pocket (Fig. 2a). �e succeeding Fα  helix is 
extended by two residues starting at position 62 compared to 65 in PpSB1-LOV according to DSSP secondary 
structure assignment35, resulting in shortening of the Eα -Fα  loop (Fig. 1d). Conformational changes are illus-
trated in the Supplementary Movie morphing between the apo-state from the current study, and the FMN-bound 
conformation based on the PpSB1-LOV structure (Supplementary Movie M1).

A comparison of residues lining the chromophore binding pocket in crystal structures of W619_1-LOV and 
PpSB1-LOV is shown in Fig. 2a. In the W619_1-LOV apo-state, the residues involved in hydrogen bond inter-
actions with the chromophore in PpSB1-LOV point away from the pocket or form intramolecular interactions, 
as seen for the key residues Q116, N95 and N85. Likewise, the residues L56, Q57 and R61 located on the Eα -Fα  
loop, which usually interact with the ribityl chain and the phosphate group in FMN containing LOV proteins 
point away from the pocket. In contrast, positions of hydrophobic residues (V19, A21, I69, L97, I99, F112, I113 
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Figure 1. Apo-state crystal structure of W619_1-LOV. (a) Sequence and secondary structure alignment 
of W619_1-LOV and PpSB1-LOV. Secondary structural elements (W619_1-LOV) and residue numbers are 
indicated above the sequence, where the beta strands from Aβ  to Iβ  are shown as arrows, and the helices from 
A’α  to Jα  are shown as cylinders. �e asterisks at the bottom line of the alignment indicate identical residues 
at a given sequence position, while single and double dots refer to highly and moderately conserved residues, 
respectively. Residues lining the chromophore pocket at cut-o� distances < 4 Å and ≥ 4 Å from FMN in the 
PpSB1 crystal structure (PDB ID 5J3W) are highlighted in yellow and green, respectively. In the Fα  helix, 
residues showing di�erences in sequence at position 65 and 73 are indicated in bold. (b) Ribbon representation 
of the W619_1-LOV dimer present in the asymmetric unit. Chains A and B are colored in light and dark shades. 
(c) Absorbance spectra of W619_1-LOV. Single crystal microspectrometry UV/Vis spectrum of a W619_1-
LOV crystal shown as solid line in red color does not show any absorbance peaks that are typical for protein-
bound �avin chromophores. In contrast, spectra of 10% (blue) and 50% (green) loaded protein solution show 
the typical absorbance maxima of 390 nm and 447 nm in light (dashed) and dark (solid lines) state, respectively. 
Spectra are normalized at 280 nm. (d) Superposition of W619_1-LOV (green) and PpSB1-LOV dark state 
(salmon, PDB ID 5J3W) crystal structures. �e inset shows conformational di�erences in the secondary 
structure elements lining the chromophore pocket such as elongation of Fα  helix, shortening of the Eα -Fα  loop 
and partial unfolding of the Eα  helix. �e chromophore FMN bound to PpSB1-LOV is depicted as stick model 
and is colored by element: carbon, yellow; nitrogen, blue; oxygen, red; phosphorus, purple. Chains A and B are 
colored in light and dark shades.
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and G114) in the chromophore pocket remain unchanged. Additionally, other residues (Q23, D26, D27 and T28) 
of the Aβ -Bβ  loop show side chain rotamer changes, where the latter shows hydrogen bond interactions to D52 
that precedes the Eα  helix.

Notably, the FMN molecule of PpSB1-LOV when superposed onto the binding site of W619_1-LOV no longer 
�ts due to steric clashes and the above-mentioned conformational changes in the residues lining the chromophore 
binding pocket. While no �avin-speci�c electron density could be detected in W619_1-LOV, two bu�er mole-
cules - a sulfate and a chloride ion �t well in the traces of density detected in the vicinity in chain A and chain B, 
respectively (Fig. 2a). Even though di�erent in position (right panel, Fig. 2b), the ions form salt bridge interac-
tions with arginine residues R54, R66 and R70, resembling the interaction between the FMN phosphate group 
and residues of the arginine cluster seen in the FMN containing PpSB1-LOV structures16,26. In the PpSB1-LOV 
structure, four arginine residues form a unique network of hydrogen bond interactions with the FMN phosphate 
group right panel/, (Fig. 2a). �is close network of hydrogen bonds was proposed to stabilize the FMN molecule 
bound in the chromophore pocket, a�ecting the dark recovery kinetics indirectly16. �e authors conclusion was 
based on the mutagenesis experiments where two of these arginines (R61 and R66) when mutated in PpSB1-LOV 
resulted in acceleration of the dark recovery by a factor of 280. �e four arginine residues are conserved in the 
PpSB1 and W619_1 LOV sequences (Fig. 1a). With the exception of R61 located in the Eα -Fα  loop, which is sig-
ni�cantly di�erent in conformation, the Cα  atoms of the other three arginine residues are well-superimposable 
in the two crystal structures. It is intriguing that the two proteins show signi�cant di�erences in chromophore 
loading (~10% in W619_1-LOV and >  80% in PpSB1-LOV), indicating that additional factors other than the 
arginine cluster play a critical role in determining the binding properties of the chromophore in the two proteins.

We next determined the solvent accessible area for W619_1-LOV and PpSB1-LOV by probing the bind-
ing pocket with a standard 1.4 Å radius36 as described in the methods section. �e obtained three-dimensional 
envelope resembles the van der Waals shape of an FMN isoalloxazine ring system and most of its ribityl chain 

Figure 2. Comparison of the chromophore binding pocket of W619_1-LOV and PpSB1-LOV. (a) Ribbon 
representations of W619_1-LOV (le� panel, transparent green) and PpSB1-LOV (right panel, transparent 
salmon). �e FMN-interacting protein residues lining the chromophore pocket within 4 Å cut-o� distance are 
shown as stick models and > 4 Å cut-o� distance are shown as dark colored ribbon segments in PpSB1-LOV 
and for comparison, in the apo-state of W619_1-LOV. �e sulfate ion in W619_1-LOV is shown as a stick 
model colored by element - oxygen, red; sulfate, orange. FMN bound to PpSB1-LOV is shown as stick model 
colored by element as in Fig. 1d. (b) Solvent accessible cavities created with 1.4 Å probe radius represented as 
transparent surface in W619_1-LOV (le� panel, green) and PpSB1-LOV (middle panel, salmon). Sulfate ion 
and FMN molecule were not included for cavities calculations but are shown to indicate their positions in the 
respective structures. Superposition of W619_1-LOV and PpSB1-LOV (right panel) showing alignment of the 
two cavities, which di�er in the two structures: extending towards the Aβ -Bβ  loop and C-terminal end of the Fα  
helix in PpSB1-LOV, and towards the Eα -Fα  loop and the N-terminus of the Fα  helix in W619_1-LOV.
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(Fig. 2b). In PpSB1-LOV, the pocket extends towards theAβ -Bβ  loop and the C-terminal end of the Fα  helix. In 
contrast, in W619_1-LOV it extends towards the Eα -Fα  loop and the N-terminus of Fα  helix. �ese di�erences 
are likely related to the conformational changes seen in the apo-state. First, the position of the FMN phosphate 
group (as in PpSB1-LOV) is taken up by protein residues R54 and R70 in W619_1-LOV, which causes closure of 
the pocket. Second, the aforementioned elongation of the Fα  helix at the N-terminal end and shi� in the Eα -Fα  
loop create more cavity space in the vicinity (top right in the right panel of Fig. 2b).

Crystallization of the apo-state in the presented work is favored by the crystallization bu�er conditions. It 
is conceivable that the conformational changes seen in Eα , Fα  helices, and the Eα -Fα  loop are a consequence 
of the absence of chromophore. �e sequence alignment of W619_1-LOV and PpSB1-LOV shows di�erences 
beyond position 132 in the C-terminus of the Jα  helix, and a small set of changes (eight aa residues in total) in 
the LOV core domain (Fig. 1a). �e C-terminal residues are likely unstructured as they could not be traced in the 
electron density maps of both crystal structurescurrent study26. Additionally, spatial separation of the Jα  helix resi-
dues from the chromophore binding site in the core domain indicates that the C-terminal residues are unlikely 
to play a decisive role in chromophore binding. For the LOV core domain, no structural changes were observed 
in the crystal structures that could be correlated to the di�erences in aa sequences, with the exception of A65 
and L73 on the Fα  helix (G65 and M73 in PpSB1-LOV). Both positions are highly divergent in LOV proteins. 
In the apo-state, L73 is well superimposable on its equivalent M73 in PpSB1-LOV, where the latter is involved in 
hydrophobic interactions with the FMN molecule (Fig. 2a). Located in the N-terminal half of the Fα  helix, A65 
forms an additional H-bond with D62 (A65-N… O− 62D, 2.97 Å), causing elongation and stabilization of the Fα  
helix at its N-terminal end. �is could trigger conformational changes seen in the preceding Eα -Fα  loop and Eα  
helix. Alanine has been previously shown to stabilize the helix structure relative to glycine by 0.4 to 2 kcal mol−1 37. 
Site-directed mutagenesis experiments combined with structural and spectroscopic characterization of the 
respective mutants are, however, required to verify the role of individual residues in stabilization of the apo-state, 
as seen in W619_1-LOV protein crystals.

In the last decade, LOV 
proteins have been used extensively for the design of optogenetic tools and LOV-based �uorescent report-
ers27–29,38–40. One of the desirable properties for the construction of LOV-based optical tools is the tuning of pho-
tophysical properties such as absorption and �uorescence emission maximum in LOV-based �uorescent proteins. 
�e apo-state crystal structure presented in the current study reveals that the missing chromophore does not 
a�ect the structural integrity of the W619_1-LOV protein. We therefore developed a protocol for the production 
of chromophore-free W619_1-LOV. �e total chromophore release was based on denaturation using guanidin-
ium chloride as described in the methods section. Refolded protein was loaded with the desired �avin chromo-
phore, and the resulting chromophore-bound proteins were characterized for their absorption, �uorescence and 
photocycle properties. �e chromophores tested in the current study were FMN, RF, FAD, 8-Cl-RF, 7-Br-RF 
and LC. While FMN, FAD and RF are typically bound in LOV proteins as natural chromophores, 8-Cl-RF and 
7-Br-RF are the arti�cial �avin derivatives, and LC exists as a photodegradation product of ribo�avin (Fig. S2). 
As shown in Table 1 and Fig. 3, all chromophores bind to the W619_1-LOV apo protein. W619_1-LOV bound 
to FMN, RF, FAD and 7-Br-RF possessed a functional photocycle exempli�ed by a dark state absorption maxi-
mum around 450 nm (Fig. 3), bleaching upon illumination, and fully reversible dark recovery. �ese results are 
consistent with previously reported reconstitution studies performed using the YtvA LOV protein with some 
of the �avin chromophores (FMN, RF, FAD) common in both studies41. In contrast, absorption spectra of the 
W619_1-LOV bound to 8-Cl-RF and LC showed a shi� of ~10 nm and ≥  25 nm compared to the free chromo-
phores, respectively (Fig. 3a, b). Excitation at 450 nm yielded �uorescence emission spectra with emission max-
ima at ~495 nm, which is typical for LOV proteins. While we do not observe adduct formation for W619_1-LOV 
loaded with LC and 8-Cl-RF, we clearly detect �avin speci�c �uorescence under steady state conditions (Table 1 
and Fig. 3c). Moreover, the �uorescence quantum yield of the protein-bound �avin was in all cases as high as 
that of the respective free chromophore (Table 1). �is suggests that the 8-Cl-RF and LC loaded proteins do not 

Chromophore Binding Photocycle
Dark recoverya τ 

(min) at 20 °C

Absorbance λmax(nm)
Fluorescenceb λmax 

(nm) Quantum yieldb ΦF

bound free bound free bound free

FMN yes yes 460 ±  10 447 445 496 524 0.28 0.27

RF yes yes 1.5 ±  0.1 445 445 500 524 0.29 0.27

FAD yes yes 54.0 ±  0.5 447 450 499 523 0.25 0.03

7-Br-RF yes yes 28.5 ±  0.5 449 444 502 520 0.03 0.04

8-Cl-RF yes no — 456, 474 442 510 518 0.10 0.02

LC yes no — 337, 421 352, 387c 496 511 0.40 (n.d.)d

Table 1.  Photophysical and photochemical properties of W619_1-LOV bound to �avin chromophores. 
aDark recovery was calculated by �tting data with exponential decay function = × +

−
τA a e a0

( )
1

t

, where  
t – time, A – absorbance at 474 nm and a0, a1 – scaling coe�cients. bFluorescence spectra and quantum yield 
measurements were done by excitation at a wavelength of 450 nm for all samples, except for LC where it was 
420 nm. Φ F - relative quantum yield was calculated with RF as a reference (Φ F =  0.27) according to formula 

Φ = ΦF F
ref I

A

A

I

ref

ref
, where A – absorbance at excitation wavelength, and I – integrated total �uorescence intensity. 

cLC shows two peak maxima. dNot determined as ribo�avin is not a valid reference anymore.
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show a canonical LOV photocycle but instead directly decay upon excitation from the excited singlet (S1) state 
to the ground state, which is accompanied by the emission of light in form of �uorescence. Although unlikely, we 
presently cannot rule out that adduct formation and adduct decay occur on a fast ns or µ s time scale for 8-Cl-RF 
and LC. While most �avin-derivatives bound to W619_1-LOV showed a Stokes shi� of ~50 nm, LC bound to 
W619_1-LOV showed a ~75 nm di�erence (λ ex ≈  420 nm) between excitation and emission maximum values 
(Table 1). Changes in the spectral properties such as these are remarkable and could provide several advantages 
in the application of LOV proteins as novel optical tools.

Discussion
For the rational design of optical tools, a detailed knowledge of the protein structure as well as investigations of 
photochemical and photophysical properties are required. High-resolution structure information on several LOV 
proteins is available where one �avin chromophore is present per protein molecule. To the best of our knowledge, 
the apo-state crystal structure of W619_1-LOV reported here is the �rst apo-state structure of a LOV protein. 
Although the molecular details of the �avin-protein interactions in various LOV proteins have previously been 
reported in di�erent structural states such as dark, light, photoexcited, and fully-light adapted, the apo-state 
structure presented here provides new insights into the nature of �avin recognition. In general, two strategies 
have been applied for alteration of the optical properties of LOV domains for their application as �uorescence 
reporters: site-directed mutagenesis, and replacement of the native chromophore with structurally modi�ed �a-
vins. �e W619_1-LOV apoprotein binds both natural (FMN, FAD, RF) and modi�ed (8-Cl-RF, 7-Br-RF, LC) 
�avin chromophores, with remarkably di�erent photophysical and photochemical properties when bound to 
8-Cl-RF or LC. In this context, the results presented here o�er a new perspective for the design of tailored optical 
tools. Previously, FMN-bound LOV proteins have been employed as �uorescent reporters where the photoactive 
cysteine is usually replaced with either an alanine or a glycine, thus abolishing the canonical LOV photocy-
cle38–40. Because no adduct formation can take place in the corresponding LOV variants, de-excitation preferen-
tially proceeds by relaxation from the excited singlet S1 state to the ground state of FMN, which is accompanied 

Figure 3. Absorption and �uorescence spectra of the W619_1-LOV protein reconstituted with �avin 
chromophores. (a) Absorption spectra of W619_1-LOV bound to natural (FMN, RF, FAD) and structurally 
modi�ed �avin chromophores (8-Cl-RF, 7-Br-RF, LC) (b) Absorption spectra of free chromophores used in 
panel a. (c) Fluorescence emission spectra of W619_1-LOV bound to natural (FMN, RF, FAD) and structurally 
modi�ed �avin analogs (8-Cl-RF, 7-Br-RF, LC). (d) Fluorescence emission spectra of free chromophores used in 
panel c. Fluorescence emission measurements were done by excitation at a wavelength of 450 nm for all samples, 
except for LC where it was 420 nm.
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by the emission of light in form of �uorescence. While the photoactive cysteine (C53 in Pseudomonas putida 
W619_1 and PpSB1; C62 in Bacillus subtilis Ytva, C108 in Neurospora crassa VVD) is indispensable for adduct 
formation and has long been assumed essential for the LOV domain signaling response, recent work of Yee 
and coworkers showed that LOV photoreceptors devoid of the photoactive cysteine can still elicit a functional 
response both in vitro and in vivo42. �e authors demonstrated that �avin photoreduction, which results in the 
formation of the neutral semiquinone radical and hence protonation of the �avin N5 atom, is su�cient to trigger 
a LOV domain signaling response, albeit with reduced magnitude compared to wildtype cysteine-containing 
LOV photoreceptors. �ese recent observations stress the need for variants of the LOV domain that are inacti-
vated by means other than substitution of the photoactive cysteine, such as by using LOV proteins containing 
structurally-modi�ed �avins that apparently do not undergo adduct formation (for example, 8-Cl-RF and LC), 
or by introducing substitutions that impair chromophore binding while maintaining the overall LOV domain 
structural integrity. However, toxicological properties of these compounds remain unexplored and will need to 
be investigated for their compatibility with in vivo experiments.

Another advantage of the ‘inactive’ variants W619_1-LOV… 8-Cl-RF, and W619_1-LOV… LC is that they 
o�er a broader choice of absorbance wavelength that has so far been limited to the absorbance maximum of 
naturally occurring flavoproteins (~450 nm). Combination of a set of different LOV protein-chromophore 
complexes could hereby provide opportunities for multicolor �uorescence applications or could enable more 
complicated ‘in vitro’ experiments using. e.g., Förster resonance energy transfer (FRET)-based optical tools. In 
addition, the W619_1-LOV protein bound to LC shows a �uorescence quantum yield value (Φ F) of 0.4 (Table 1), 
which is signi�cantly high amongst LOV-based FMN-binding �uorescent proteins (FbFPs) with the highest 
reported values of 0.44 and 0.51 for iLOV and CreiLOV proteins, respectively27,38,40,43. Still, these values are lower 
than the reported Φ F of ~0.6 for green �uorescent protein (GFP). Despite the LOV-speci�c advantages over 
GFP-derived �uorescence proteins, further improvements are required regarding their photophysical proper-
ties such as absorption and �uorescence emission maxima, �uorescence quantum yield, photosensitization, and 
photostability.

LOV domains are a subset of the PAS domain superfamily2,44. �e canonical structure of the LOV core domain 
consists of ~110 amino acids forming a typical α /β  PAS fold composed of a central �ve stranded antiparallel 
β -sheet and several α -helices, �anking the sheet. In nature, PAS domains are known to bind a variety of small 
molecule ligands such as heme, �avins (FMN and FAD), 4-hydroxycinnamic acid (4-HCA), divalent metal cat-
ions, C3-C4 carboxylic acids (malonate, malate, succinate), C6 carboxylic acids (citrate)31. Hereby, the bound 
ligand determines the signaling response of the respective sensory domain ranging from sensing metabolites 
(carboxylic acids), oxygen (heme), redox potential (FAD) and physical signals such as light (FMN, FAD and 
4-HCA)31. In addition, members of PAS family such as the PAS domain of the aryl hydrocarbon receptor (AhR) 
possess a promiscuous ligand binding site accepting a variety of di�erent naturally occurring and arti�cial lig-
ands32. �e C-terminal PAS-B domain of the hypoxia inducible HIF2α  transcription factor has been crystal-
lized in an apo form without a bound ligand33. While the solution NMR structure of the same protein in the 
apo-state revealed a well-de�ned PAS core structure, portions of the Fα  helix and the subsequent Fα -Gβ  loop 
were poorly de�ned in the NMR structure ensemble45. Moreover, NMR relaxation experiments suggested that 
the Fα  helix, Fα -Gβ  loop, and Hβ  strand are inherently �exible as evidenced by high R2 and low 15N (1H) NOE 
values45. While the natural ligand remains elusive, screening approaches identi�ed a number of arti�cial ligands 
that can bind to the HIF2α  PAS-B domain33, suggesting that the ligand binding site is promiscuous accepting a 
variety of ligands. In HIF2α  PAS-B this site is comprised of Eα  and Fα  helices and the Gβ , Hβ , and Iβ  strands of 
the central PAS β  sca�old forming a 290 Å3 cavity which contains eight ordered water molecules stabilized by a 
hydrogen-bonding network with buried polar residues of the protein. In contrast, in the W619_1-LOV apo struc-
ture no ordered water molecules are observed, the hydrophobic side chains (on Hβ  and Iβ ) that interact with the 
dimethyl benzene part of the �avin isoalloxazine ring in PpSB1-LOV largely retain their conformation whereas 
the polar side chains are reoriented, thereby stabilizing the cavity that might be �lled by unordered water mole-
cules not observed in the crystal structure. In particular, C53 (Eα ), Q116 (Iβ ), Q57 (Eα -Fα  loop in W619_1-LOV, 
at the end of Eα  in PpSB1-LOV) and R66 (Fα ) occupy a di�erent position in the W619_1-LOV apo structure 
compared to the recently published dark state PpSB1-LOV structure (Fig. 2a). �e structural rearrangement is 
most pronounced for Q57, which in PpSB1-LOV is in hydrogen bonding distance to the FMN-O2 atom and 
the FMN-ribityl O4 atom. In the apo-state, Q57 of W619_1-LOV �ips completely out of the pocket (Fig. 2a). In 
conclusion, similar structural regions involving residues on Eα , Fα , Hβ  and Iβ  are involved in ligand recognition, 
which is not surprising given the structural conservation within the PAS family of proteins. �e results presented 
in this study provide a basis for improvement in designing LOV-based optogenetic tools, which considering the 
similarities and structural conservation between LOV and PAS domains, might be extendable to the members of 
PAS superfamily.

Methods
Protein expression and purification. Expression of a W619_1-LOV coding cDNA (Swiss Prot: 
B1J385) was conducted as described previously7,19. Brie�y, the N-terminally His-tagged gene (tag sequence: 
MGSSHHHHHHSSGLVPRGSH) was expressed in Escherichia coli BL21(DE3) in autoinduction media prepared 
with Terri�c-Broth-Medium (X972, Carl-Roth, Karlsruhe, Germany) supplemented with 50 µ g/ml kanamycin. 
For induction, 0.5 g/L glucose and 2 g/L lactose were added. Typically, overexpression was carried out in 250 mL 
cultures for 72 h at 15 °C with constant agitation (110 rpm). For higher chromophore loading, the media was 
supplemented with 50 µ M ribo�avin (A6279, AppliChem GmbH, Darmstadt, Germany) and the temperature 
was increased to 37 °C for 3 h, a�er which the cultures were shi�ed to 30 °C for 21 h. Protein puri�cation was 
performed as described previously7. Pure fractions in storage bu�er (10 mM Tris-HCl pH 8.0, 10 mM NaCl) 
were pooled, supplied with 3 mM Tris(2-carboxyethyl)phosphin (TCEP) and concentrated using Vivaspin 



www.nature.com/scientificreports/

8SCIENTIFIC REPORTS

concentrator units (molecular mass cuto�: 10 kDa) (Sigma-Aldrich, St. Louis, MO, USA). In order to achieve 
higher chromophore loading in vitro, 1 mM of protein sample was mixed with FMN (F6750, Sigma-Aldrich, St. 
Louis, Missouri, USA) to a �nal concentration of 10 mM and the mixture was incubated overnight in the dark 
at 4 °C. Unbound chromophore was removed by size-exclusion chromatography (SEC) using a HiLoad 26/600 
Superdex 200 pg column (GE Healthcare, Buckinghamshire, UK) on an ÄKTA pure FPLC system at room tem-
perature. Eluted fractions were pooled, supplemented with 3 mM TCEP and concentrated to the desired protein 
concentration as mentioned above.

Protein crystallization. Concentrated protein (~32 mg/ml) was used for the crystallization setups using 
the vapor-di�usion method. Crystals were grown in dark conditions in 1.8 µ l sitting drops (0.9 µ l puri�ed pro-
tein +  0.9 µ l reservoir solution) against 70 µ L of 100 mM MES pH 6.0–6.3 and 1 M ammonium sulfate. Typically, 
colorless protein crystals appeared within a week at 14 °C.

Data collection and structure determination. Single crystals were cryoprotected by stepwise addition 
of 35% (v/v) glycerol, mounted in a loop under dim red light and �ash cooled with gaseous nitrogen at 100 K. 
X-ray di�raction data at 100 K was recorded at the beamline ID29 (ESRF, Grenoble, France46) tuned to a wave-
length of 0.9763 Å on a PILATUS 6 M detector (Dectris Ltd., Baden, Switzerland). Even though both 10% and 
50% FMN-loaded protein resulted in well-di�racting crystals, the crystal selected for data collection was from 
10% FMN-loaded protein as it di�racted to a higher resolution. Data collection strategy was based on calculations 
using the program BEST which accounts for radiation damage and symmetry47. Data processing was conducted 
using the program XDS48. �e space group of W619_1-LOV crystals was determined to be I41 with POINTLESS 
(part of CCP4 package49). Analysis of the Matthews coe�cient suggested two molecules per asymmetric unit, 
with a Matthews coe�cient of 3.76 Å3/Da and a solvent content of 67%. �e initial phases were obtained by 
molecular replacement using MOLREP (part of CCP4 package), where the search model was created from the 
dark state crystal structure of PpSB1-LOV (PDB ID: 5J3W) by replacing amino acid side chains. �e model was 
further improved with several cycles of re�nement using the PHENIX package50 and manual rebuilding with 
the program COOT51. Protein geometry analysis revealed no Ramachandran outliers, with 100% residues in 
favored regions. �e overall MolProbity score was 1.76 (within the 100th percentile for overall geometric quality 
among protein crystal structures of comparable resolution)52. Data collection and re�nement statistics are listed 
in Table S1.

Single crystal microspectrometry. W619_1-LOV crystals grown in the dark were mounted in a loop 
under dim red light and �ash cooled with gaseous nitrogen at 100 K. An absorbance spectrum in the wavelength 
range 250–650 nm was recorded using an UV/Vis microspectrometer at ID29S (ESRF, Grenoble, France53).

Apo protein production. In order to obtain the apo form, dark adapted W619_1-LOV protein sample was 
denatured by dilution in 6 M guanidine hydrochloride, 20 mM NaH2PO4/Na2HPO4 pH 6.5 and washed a few times 
by subsequent dilution and concentration steps in Vivaspin concentrator units (molecular mass cuto�: 3 kDa) 
to remove the chromophores thoroughly. Refolding was done by rapid dilution with the storage bu�er in two 
steps - �rst to ~1 M guanidine hydrochloride with 5 min incubation at room temperature, followed by dilution to 
~0.1 M guanidine hydrochloride. �e refolded protein was concentrated and the bu�er was exchanged to 10 mM 
NaH2PO4/Na2HPO4 pH 8.0, 10 mM NaCl for spectroscopic studies. Reconstitution of FMN and all other chromo-
phores used in this study was performed as described above in the section ‘Protein expression and puri�cation’. 
Chromophores LC, 8-Cl-RF, 7-Br-RF and FAD were purchased from Sigma-Aldrich, St. Louis, Missouri, USA.

Determination of chromophore loading. Chromophore loading was measured as described previ-
ously54, with the exception of the presence of 6 M guanidine hydrochloride (in bu�er 20 mM NaH2PO4/Na2HPO4 
pH 6.5) that was mixed with protein in a ratio of 5:1. Due to denaturation of the protein with simultaneous 
release of the chromophore, we could do the following calculations. First, the concentration of the chromophore 
was derived from the absorption value at 447 nm and the FMN molar attenuation coe�cient ε FMN447nm of 11 
825 M−1 cm−1 (determined by authors). Second, the absorption contribution of the chromophore at 280 nm was 
subtracted from the total value by using the FMN molar attenuation coe�cient ε FMN280 nm of 20 670 M−1 cm−1 
(determined by authors). By using the corrected absorption at 280 nm, the molar concentration of the protein 
was determined using the molar attenuation coe�cients for amino acids in 6 M guanidine hydrochloride, 20 mM 
NaH2PO4/Na2HPO4 pH 6.5 (Trp =  5 690 M−1 cm−1, Tyr =  1 280 M−1 cm−1, Cys =  120 M−1 cm−1)55. Chromophore 
loading was expressed as ratio between protein and chromophore concentrations in percent.

Spectroscopic techniques. Spectroscopic measurements were carried out with a Shimadzu UV-1800 
UV-Vis spectrometer (Shimadzu, Kyoto, Japan). For generation of the light state, the protein (in bu�er 10 mM 
NaH2PO4/Na2HPO4, 10 mM NaCl pH 8.0) was illuminated for at least 30 s using a 450 nm blue-light LED with a 
radiant power of 50 mW (Luxeon Lumileds, Phillips, Aachen, Germany). Dark recovery kinetics was measured 
from the illuminated sample by recording the absorption recovery at 475 nm, as described previously30.

Measurement of solvent-accessible cavities. Cavities were extracted as void volume from two protein 
surfaces where “external surface” is created by a rolling sphere of 10 Å radius, whereas a probe radius of 1.4 Å was 
used for the “internal surface” using the 3 V web server36. All ligand/ion molecules were removed from the struc-
ture before performing the calculations.



www.nature.com/scientificreports/

9SCIENTIFIC REPORTS

Graphical representation. Unless otherwise stated, �gures and morphing movie were generated with 
UCSF Chimera54 using secondary structure assignments given by the DSSP program35. UV-Vis and �uorescence 
spectra were plotted with Gnuplot56.

References
1. Möglich, A., Yang, X., Ayers, R. A. & Mo�at, K. Structure and function of plant photoreceptors. Annu Rev Plant Biol 61, 21–47 

(2010).
2. Ponting, C. P. & Aravind, L. PAS: a multifunctional domain family comes to light. Current biology: CB 7, R674–677 (1997).
3. Losi, A. & Gärtner, W. �e evolution of �avin-binding photoreceptors: an ancient chromophore serving trendy blue-light sensors. 

Annu Rev Plant Biol 63, 49–72, doi: 10.1146/annurev-arplant-042811-105538 (2012).
4. Glantz, S. T. et al. Functional and topological diversity of LOV domain photoreceptors. Proc Natl Acad Sci USA 113, E1442–E1451, 

doi: 10.1073/pnas.1509428113 (2016).
5. Krauss, U. et al. Distribution and phylogeny of light-oxygen-voltage-blue-light-signaling proteins in the three kingdoms of life.  

J Bacteriol 191, 7234–7242 (2009).
6. Demarsy, E. & Fankhauser, C. Higher plants use LOV to perceive blue light. Current opinion in plant biology 12, 69–74, doi: 

10.1016/j.pbi.2008.09.002 (2009).
7. Endres, S. et al. Structure and function of a short LOV protein from the marine phototrophic bacterium Dinoroseobacter shibae. 

Bmc Microbiol 15, doi: 10.1186/s12866-015-0365-0 (2015).
8. Herrou, J. & Crosson, S. Function, structure and mechanism of bacterial photosensory LOV proteins. Nat Rev Microbiol 9, 713–723 

(2011).
9. Christie, J. M., Salomon, M., Nozue, K., Wada, M. & Briggs, W. R. LOV (light, oxygen, or voltage) domains of the blue-light 

photoreceptor phototropin (nph1): binding sites for the chromophore �avin mononucleotide. Proceedings of the National Academy 
of Sciences of the United States of America 96, 8779–8783 (1999).

10. Salomon, M., Christie, J. M., Knieb, E., Lempert, U. & Briggs, W. R. Photochemical and mutational analysis of the FMN-binding 
domains of the plant blue light receptor, phototropin. Biochemistry 39, 9401–9410 (2000).

11. Crosson, S. & Mo�at, K. Structure of a �avin-binding plant photoreceptor domain: insights into light-mediated signal transduction. 
Proceedings of the National Academy of Sciences of the United States of America 98, 2995–3000 (2001).

12. Kennis, J. T. M. et al. Primary reactions of the LOV2 domain of phototropin, a plant blue-light photoreceptor. Biochemistry 42, 
3385–3392, doi: 10.1021/bi034022k (2003).

13. Neiss, C. & Saalfrank, P. Ab initio quantum chemical investigation of the �rst steps of the photocycle of phototropin: a model study. 
Photochem Photobiol 77, 101–109 (2003).

14. Kottke, T., Heberle, J., Hehn, D., Dick, B. & Hegemann, P. Phot-LOV1: photocycle of a blue-light receptor domain from the green 
alga Chlamydomonas reinhardtii. Biophysical journal 84, 1192–1201, doi: 10.1016/S0006-3495(03)74933-9 (2003).

15. Swartz, T. E. et al. �e photocycle of a �avin-binding domain of the blue light photoreceptor phototropin. �e Journal of biological 
chemistry 276, 36493–36500 (2001).

16. Circolone, F. et al. Structural basis for the slow dark recovery of a full-length LOV protein from Pseudomonas putida. J Mol Biol 417, 
362–374 (2012).

17. Kasahara, M. et al. Photochemical properties of the �avin mononucleotide-binding domains of the phototropins from Arabidopsis, 
rice, and Chlamydomonas reinhardtii. Plant physiology 129, 762–773, doi: 10.1104/pp.002410 (2002).

18. Losi, A., Quest, B. & Gärtner, W. Listening to the blue: the time-resolved thermodynamics of the bacterial blue-light receptor YtvA 
and its isolated LOV domain. Photochem Photobiol Sci 2, 759–766 (2003).

19. Rani, R. et al. Conservation of dark recovery kinetic parameters and structural features in the pseudomonadaceae “short” light, 
oxygen, voltage (LOV) protein family: implications for the design of LOV-based optogenetic tools. Biochemistry 52, 4460–4473, doi: 
10.1021/bi400311r (2013).

20. Zoltowski, B. D. et al. Conformational switching in the fungal light sensor Vivid. Science 316, 1054–1057 (2007).
21. Conrad, K. S., Bilwes, A. M. & Crane, B. R. Light-induced subunit dissociation by a light-oxygen-voltage domain photoreceptor 

from Rhodobacter sphaeroides. Biochemistry 52, 378–391 (2013).
22. Möglich, A. & Mo�at, K. Structural basis for light-dependent signaling in the dimeric LOV domain of the photosensor YtvA. J Mol 

Biol 373, 112–126 (2007).
23. Mitra, D., Yang, X. & Mo�at, K. Crystal structures of Aureochrome1 LOV suggest new design strategies for optogenetics. Structure 

20, 698–706, doi: 10.1016/j.str.2012.02.016 (2012).
24. Vaidya, A. T., Chen, C. H., Dunlap, J. C., Loros, J. J. & Crane, B. R. Structure of a light-activated LOV protein dimer that regulates 

transcription. Sci Signal 4, ra50 (2011).
25. Heintz, U. & Schlichting, I. Blue light-induced LOV domain dimerization enhances the a�nity of Aureochrome 1a for its target 

DNA sequence. eLife 5, e11860, doi: 10.7554/eLife.11860 (2016).
26. Röllen, K. et al. Signaling States of a Short Blue-Light Photoreceptor Protein PpSB1-LOV Revealed from Crystal Structures and 

Solution NMR Spectroscopy. J Mol Biol 428, 3721–3736, doi: 10.1016/j.jmb.2016.05.027 (2016).
27. Buckley, A. M., Petersen, J., Roe, A. J., Douce, G. R. & Christie, J. M. LOV-based reporters for �uorescence imaging. Current opinion 

in chemical biology 27, 39–45, doi: 10.1016/j.cbpa.2015.05.011 (2015).
28. Shcherbakova, D. M., Shemetov, A. A., Kaberniuk, A. A. & Verkhusha, V. V. Natural photoreceptors as a source of �uorescent 

proteins, biosensors, and optogenetic tools. Annual review of biochemistry 84, 519–550, doi: 10.1146/annurev-
biochem-060614-034411 (2015).

29. Pudasaini, A., El-Arab, K. K. & Zoltowski, B. D. LOV-based optogenetic devices: light-driven modules to impart photoregulated 
control of cellular signaling. Frontiers in molecular biosciences 2, 18, doi: 10.3389/fmolb.2015.00018 (2015).

30. Jentzsch, K. et al. Mutual exchange of kinetic properties by extended mutagenesis in two short LOV domain proteins from 
Pseudomonas putida. Biochemistry 48, 10321–10333 (2009).

31. Henry, J. T. & Crosson, S. Ligand-binding PAS domains in a genomic, cellular, and structural context. Annual review of microbiology 
65, 261–286, doi: 10.1146/annurev-micro-121809-151631 (2011).

32. Denison, M. S. & Nagy, S. R. Activation of the aryl hydrocarbon receptor by structurally diverse exogenous and endogenous 
chemicals. Annual review of pharmacology and toxicology 43, 309–334, doi: 10.1146/annurev.pharmtox.43.100901.135828 (2003).

33. Scheuermann, T. H. et al. Arti�cial ligand binding within the HIF2alpha PAS-B domain of the HIF2 transcription factor. Proceedings 
of the National Academy of Sciences of the United States of America 106, 450–455, doi: 10.1073/pnas.0808092106 (2009).

34. Krissinel, E. & Henrick, K. Inference of macromolecular assemblies from crystalline state. J Mol Biol 372, 774–797, doi: 10.1016/j.
jmb.2007.05.022 (2007).

35. Kabsch, W. & Sander, C. Dictionary of Protein Secondary Structure - Pattern-Recognition of Hydrogen-Bonded and Geometrical 
Features. Biopolymers 22, 2577–2637, doi: DOI 10.1002/bip.360221211 (1983).

36. Voss, N. R. & Gerstein, M. 3V: cavity, channel and cle� volume calculator and extractor. Nucleic Acids Res 38, W555–562, doi: 
10.1093/nar/gkq395 (2010).

37. Serrano, L., Neira, J. L., Sancho, J. & Fersht, A. R. E�ect of alanine versus glycine in alpha-helices on protein stability. Nature 356, 
453–455, doi: 10.1038/356453a0 (1992).



www.nature.com/scientificreports/

1 0SCIENTIFIC REPORTS

38. Wingen, M. et al. �e photophysics of LOV-based �uorescent proteins–new tools for cell biology. Photochem Photobiol Sci 13, 
875–883, doi: 10.1039/c3pp50414j (2014).

39. Drepper, T. et al. Reporter proteins for in vivo �uorescence without oxygen. Nature biotechnology 25, 443–445, doi: 10.1038/nbt1293 
(2007).

40. Chapman, S. et al. �e photoreversible �uorescent protein iLOV outperforms GFP as a reporter of plant virus infection. Proceedings 
of the National Academy of Sciences of the United States of America 105, 20038–20043, doi: 10.1073/pnas.0807551105 (2008).

41. Mansurova, M., Scheercousse, P., Simon, J., Kluth, M. & Gärtner, W. Chromophore exchange in the blue light-sensitive photoreceptor 
YtvA from Bacillus subtilis. Chembiochem: a European journal of chemical biology 12, 641–646, doi: 10.1002/cbic.201000515 (2011).

42. Yee, E. F. et al. Signal transduction in light-oxygen-voltage receptors lacking the adduct-forming cysteine residue. Nature 
communications 6 (2015).

43. Mukherjee, A. et al. Engineering and characterization of new LOV-based �uorescent proteins from Chlamydomonas reinhardtii and 
Vaucheria frigida. ACS synthetic biology 4, 371–377, doi: 10.1021/sb500237x (2015).

44. Möglich, A., Ayers, R. A. & Mo�at, K. Addition at the molecular level: signal integration in designed Per-ARNT-Sim receptor 
proteins. J Mol Biol 400, 477–486 (2010).

45. Amezcua, C. A., Harper, S. M., Rutter, J. & Gardner, K. H. Structure and interactions of PAS kinase N-terminal PAS domain: model 
for intramolecular kinase regulation. Structure 10, 1349–1361 (2002).

46. de Sanctis, D. et al. ID29: a high-intensity highly automated ESRF beamline for macromolecular crystallography experiments 
exploiting anomalous scattering. Journal of synchrotron radiation 19, 455–461, doi: 10.1107/S0909049512009715 (2012).

47. Bourenkov, G. P. & Popov, A. N. Optimization of data collection taking radiation damage into account. Acta Crystallogr D Biol 
Crystallogr 66, 409–419, doi: 10.1107/S0907444909054961 (2010).

48. Kabsch, W. Xds. Acta Crystallogr D Biol Crystallogr 66, 125–132, doi: 10.1107/S0907444909047337 (2010).
49. Winn, M. D. et al. Overview of the CCP4 suite and current developments. Acta Crystallogr D Biol Crystallogr 67, 235–242, doi: 

10.1107/S0907444910045749 (2011).
50. Adams, P. D. et al. PHENIX: a comprehensive Python-based system for macromolecular structure solution. Acta Crystallogr D Biol 

Crystallogr 66, 213–221, doi: 10.1107/S0907444909052925 (2010).
51. Emsley, P. & Cowtan, K. Coot: model-building tools for molecular graphics. Acta Crystallogr D Biol Crystallogr 60, 2126–2132, doi: 

10.1107/S0907444904019158 (2004).
52. Chen, V. B. et al. MolProbity: all-atom structure validation for macromolecular crystallography. Acta Crystallogr D Biol Crystallogr 

66, 12–21, doi: 10.1107/S0907444909042073 (2010).
53. von Stetten, D. et al. In crystallo optical spectroscopy (icOS) as a complementary tool on the macromolecular crystallography 

beamlines of the ESRF. Acta crystallographica. Section D, Biological crystallography 71, 15–26, doi: 10.1107/S139900471401517X 
(2015).

54. Pettersen, E. F. et al. UCSF Chimera–a visualization system for exploratory research and analysis. Journal of computational chemistry 
25, 1605–1612, doi: 10.1002/jcc.20084 (2004).

55. Gill, S. C. & von Hippel, P. H. Calculation of protein extinction coe�cients from amino acid sequence data. Analytical biochemistry 
182, 319–326 (1989).

56. Williams, T. & Kelley, C. Gnuplot 5.0: an interactive plotting program, http://gnuplot.info.

Acknowledgements
We are grateful to the beamline scientists at the European Synchrotron Radiation Facility (ESRF; Grenoble, 
France) for providing assistance with the use of beamline ID29 and Dr. David von Stetten for helping us with the 
single crystal microspectrometry measurements at beamline ID29S. We thank Anneliese Cousin for assistance 
with protein purification and Dr. Oliver Weiergräber for critical reading of the manuscript. This work was 
supported by grants from the Federal Ministry of Education and Research (Project OptoSys, FKZ 031A167B).

V.A., J.G., U.K., K.E.J. and R.B.S. conceived and designed the structural studies and chromophore binding 
experiments of W619_1-LOV protein. V.A. performed expression, puri�cation, crystallization and production 
of apo-state protein. V.A., K.R. and J.G. collected X-ray data and performed structural analysis. V.A., J.G., U.K., 
K.E.J., D.W. and R.B.S. analyzed and interpreted the data. R.B.S, U.K. and V.A. wrote the paper with contributions 
from all co-authors.

Additional Information
Accession codes: Atomic coordinates and structure factors for W619_1-LOV have been deposited in the 
Protein Data Bank (http://www.rcsb.org/pdb/) under PDB ID 5LUV.

Supplementary information accompanies this paper at http://www.nature.com/srep

Competing �nancial interests: �e authors declare no competing �nancial interests.

How to cite this article: Arinkin, V. et al. Structure of a LOV protein in apo-state and implications for 
construction of LOV-based optical tools. Sci. Rep. 7, 42971; doi: 10.1038/srep42971 (2017).

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional a�liations.

�is work is licensed under a Creative Commons Attribution 4.0 International License. �e images 
or other third party material in this article are included in the article’s Creative Commons license, 

unless indicated otherwise in the credit line; if the material is not included under the Creative Commons license, 
users will need to obtain permission from the license holder to reproduce the material. To view a copy of this 
license, visit http://creativecommons.org/licenses/by/4.0/
 
© �e Author(s) 2017


