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5 , Ji ̌rí Čer n ý 4 , Ber nhard Br utscher 3 , * , 

Gusta v o F uer t es 

1 , * 

1 Laboratory of Biomolecular Recognition, Institute of Biotechnology of the Czech Academy of Sciences, Vestec 25250, Czech Republic 
2 Faculty of Science, Charles University, Prague 11636, Czech Republic 
3 Université Grenoble Alpes, CEA, CNRS, Institut de Biologie Structurale (IBS), Grenoble Cedex 9, 38044, France 
4 Laboratory of Structural Bioinformatics of Proteins, Institute of Biotechnology of the Czech Academy of Sciences, Vestec 25250, Czech 
Republic 
5 Laboratory of Structure and Function of Biomolecules, Institute of Biotechnology of the Czech Academy of Sciences, Vestec 25250, Czech 
Republic 
6 Department of Cell and Molecular Biology, Uppsala University, Uppsala 75124, Sweden 
* To whom correspondence should be addressed. Email: Gustavo.fuertes@ibt.cas.cz 
Correspondence may also be addressed to Bernhard Brutscher. Email: bernhard.brutscher@ibs.fr 
† Joint First Authors. 

Abstract 

The activity of the light-oxygen-voltage / helix-turn-helix (LO V –HTH) photoreceptor EL222 is regulated through protein–protein and protein–DNA 

interactions, both triggered b y photo-e x citation of its flavin mononucleotide (FMN) cofactor. To gain molecular-le v el insight into the photocycle 
of EL222, we applied complementary methods: macromolecular X-ray crystallography (MX), nuclear magnetic resonance (NMR) spectroscopy, 
optical spectroscopies (infrared and UV–visible), molecular dynamics / metadynamics (MD / metaD) simulations, and protein engineering using 
noncanonical amino acids. Kinetic experiments provided evidence for two distinct EL222 conformations (lit1 and lit2) that become sequentially 
populated under illumination. These two lit states were assigned to co v alently bound N 5 protonated, and nonco v alently bound h y droquinone 
forms of FMN, respectively. Only subtle str uct ural differences w ere observ ed betw een the monomeric f orms of all three EL222 species (dark, 
lit1, and lit2). While the dark state is largely monomeric, both lit states undergo monomer–dimer e x change. Furthermore, molecular modeling 
re v ealed differential dynamics and interdomain separation times arising from the three FMN states (o xidiz ed, adduct, and reduced). Unexpectedly, 
all three EL222 species can associate with DNA, but only upon blue-light irradiation, a high population of stable comple x es is obtained. Overall, 
we propose a model of EL222 activation where photoinduced changes in the FMN moiety shift the population equilibrium to w ard an open 
conformation that favors self-association and DNA-binding. 
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Introduction 

Photoreceptors containing the light-oxygen-voltage (LOV)
domain regulate multiple functions including phototropism in
plants, the circadian clock in fungi, and stress response in bac-
teria [ 1–5 ]. Bacterial LOV proteins generally feature a simple
organization where the LOV sensor domain is connected to
an effector / output domain via a linker sequence [ 3 ]. This is
the case of EL222, a transcription factor from the bacterium
Erythrobacter litoralis , which contains an N-terminal sensory
LOV domain and a C-terminal helix-turn-helix (HTH) DNA-
binding domain [ 6 ]. EL222 is transcriptionally inactive in the
dark but avidly binds to DNA and switches on gene expres-
sion upon illumination [ 6 , 7 ]. Because of this property, EL222
has found widespread use in optogenetic applications that re-
quire rapid and reversible control of transcriptional activity
[ 8–14 ]. The LOV core domain has a classical Per-Arnt-Sim
(PAS) fold, consisting of a five-stranded antiparallel β-sheet
and four helical elements, one of which holds a conserved
cysteine residue (Cys78 in EL222). LOV signaling is depen-
dent on a flavin chromophore, typically flavin mononucleotide
(FMN), noncovalently bound in the dark state i.e. in the ab-
sence of light stimulation. A crystal structure of dark-state
EL222 shows a canonical LOV fold tightly packed against the
HTH domain (“closed” conformation) and a structurally het-
erogeneous linker that is partially invisible, most likely disor-
dered, and partially α-helical (J α element) [ 6 ]. High-resolution
structure(s) of light-activated EL222 have so far been
missing. 

The hallmark of LOV domain photochemistry is the for-
mation of a FMN–cysteinyl adduct, which features both a
conserved cysteine residue covalently bound to the C4a atom
of the FMN moiety (responsible for a shift in the absorp-
tion maximum from 450 to ∼390 nm), and protonation of
the N 5 atom of FMN [ 4 , 5 ]. Fold-switching has been pro-
posed for EL222 with the lit state being more disordered than
the dark state [ 15 ]. Moreover, EL222 is mostly monomeric
in the absence of illumination, while upon illumination it
forms transient dimers that may be stabilized in the presence
of DNA [ 16–18 ]. After ceasing illumination, EL222 returns
spontaneously (thermally) to the dark-state configuration in a
timescale of seconds [ 15 , 19 ]. 

In summary, according to the current model of EL222
photocycle, dark-state “closed” (LOV–HTH interactions)
monomers switch to an “open” (absence of LOV–HTH inter-
actions) monomeric adduct state that is primed for dimeriza-
tion through LO V–LO V and / or HTH–HTH interactions [ 6 ,
15 ]. Given the complex interplay between secondary, tertiary
and quaternary structural changes in EL222 and the limited
information gathered so far, the current model is, most likely,
oversimplified. 

In order to gain more insight into the structural and dynam-
ical changes of EL222 upon illumination, both with respect to
the protein chain and the FMN chromophore, we undertook
an integrative approach combining macromolecular crystal-
lography (MX), solution nuclear magnetic resonance (NMR)
spectroscopy , UV –visible and infrared (IR) spectroscopy, and
molecular dynamics (MD) simulations. Importantly, all these
techniques can be applied not only in the absence but
also in the presence of continuous illumination, hence en-
abling access to photostationary conditions and minimiz-
ing sparsely populated transient species arising from pulsed
illumination. 
Materials and methods 

Protein and DNA preparation 

Five versions of EL222 were prepared (see Supplementary 
Table S1 ). Most studies employed the EL222 (17–225) vari- 
ant (following UniprotKB Q2NB98) numbering, which differs 
from PDB numbering by an interval of -3. This is a quasi- 
full-length variant, referred to as EL222–WT, lacking part of 
the disordered N-terminus known to promote protein insta- 
bility [ 6 ]. We also prepared a mutant lacking the conserved 

cysteine (EL222–C78A) [ 20 ], a slow recovery quadruple mu- 
tant (EL222–AQTRIP) [ 18 ], and a variant with a noncanon- 
ical 4-cyano-L-phenylalanine (pCNF) residue at position 31 

(EL222–W31pCNF) by genetic code expansion [ 15 ]. We also 

prepared a shorter version, EL222–LOV containing only the 
LOV domain, i.e. lacking the linker and HTH domains. The 
purification tags were removed as previously described for 
EL222(17–225) [ 15 ]. The final proteins contain only native 
residues except for the C-terminal alanine “scar” and the GEF 

sequence at the N-terminus of EL222-LOV. All protein han- 
dling steps were done under dim light. Proteins were flashed- 
frozen in liquid nitrogen and stored at −80 

◦C until used. 
Forward and reverse DNA oligonucleotides 

( Supplementary Table S1 ) were purchased separately (Sigma),
dissolved in MES 50 mM, pH 6.8, NaCl 100 mM, mixed in 

equimolar ratios and annealed by first heating up to 95 

◦C 

and then cooling down to room temperature (1 

◦C / min). The 
resulting double-stranded DNA was kept at 4 

◦C and used 

within one week. 

Mass spectrometry 

All proteins were analyzed by mass spectrometry to determine 
the molecular weight. Proteins were diluted with 100 μl of 
5% acetic acid in water and loaded onto Opti-trap C4 car- 
tridge (Optimize Technologies), washed 4 × with 250 μl of 5% 

acetic acid in water, and eluted with 100 μl of 80% acetonitrile 
and 5% acetic acid. Proteins were analyzed by direct infusion 

using syringe pump at a flow rate 2 μl / min connected with 

an electrospray ion source of 15 T solariX XR FT-ICR mass 
spectrometer (Bruker Daltonics). The mass spectrometer was 
externally calibrated using 1% (w / w) sodium trifluoracetate.
Proteins were measured in positive mode with 2 M data ac- 
quisition. The data were processed using SNAP algorithm, a 
part of DataAnalysis 4.4 software (Bruker Daltonics). 

To determine post-translational modifications in the 
EL222-WT batch used crystallization, the protein was di- 
gested using trypsin and further analyzed by LC-MS / MS using 
a timeToF Pro mass spectrometer (Bruker, Germany). 

NMR spectroscopy 

All NMR experiments were performed at 25 

◦C on Bruker 
Avance III HD spectrometers (700, 850, or 950 MHz 
1 H frequency) equipped with helium-cooled triple-resonance 
probes (HCN TCI 5 mm) and pulsed z-field gradient.
EL222 samples were prepared as 300 μl of protein solu- 
tions at 200 μM concentration (unless otherwise stated) 
dissolved in 25 mM MES buffer, pH 6.8, 50 mM NaCl 
(plus the addition of 5% deuterium oxide). To increase 
sample stability over long time periods, 3 μl of a cOm- 
plete protease inhibitor cocktail (Roche Applied Science) 
was added. Samples were placed in NMR Shigemi tubes of 
2 cm length and 5 mm diameter. 1 H–15 N correlation spec- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
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ra and 3D NMR experiments for backbone assignments
HNCO , HNCACO , HNCA, and HNCOCA) were obtained
sing Band-selective Excitation Short-Transient Transverse
elaxation-Optimized Spectroscopy (BEST-TR OS Y) [ 21 ] cor-

elation experiments, as implemented in the NMRlib se-
uence library package [ 22 ], which can be freely downloaded
rom the IBS website ( http:// www.ibs.fr/ research/ scientific- 
utput/ software/ pulse- sequence- tools ). Customized H(N)C,
(NCO)N, and H(N)CO experiments were used for NMR

esonance assignments of the FMN moiety in the different
hotostationary states. Translational diffusion of the protein
nd protein:DNA complexes in solution were measured by
D 

1 H Diffusion Ordered Spectroscopy (DOSY) experiments
 23 ]. Focusing on the amide or methyl 1 H spectral regions,
 series of 1D spectra were recorded with varying gradient
trength and a total acquisition time of ∼20 min. 15 N T 2 trans-
erse relaxation experiments were performed on uniformly
5 N–13 C-labeled protein samples using standard NMR pulse
equences [ 24 ]. The NMR signal decay was sampled for 10 re-
axation time points varying between 0 and 128 ms. The rota-
ional diffusion constants of proteins and protein / DNA com-
lexes, related to their particle size, has been determined by
RACT experiments [ 25 ], which measures the relaxation rate
ifference of the two doublet components of a 1 H-coupled
5 N (amide group) in a series of 1D 

1 H experiments. 
The recorded NMR data were processed and analyzed us-

ng Bruker Topspin 3.5 and CCPNMR V2 software (Col-
aborative Computing Project for NMR; https://ccpn.ac.uk/
oftware/ version-2/ version-2-downloads/ ). 

In situ NMR sample illumination has been achieved as de-
cribed previously [ 26 ]. A laser source of a typical power of
0 mW, emitting maximally at 488 nm, was used to photocon-
ert the samples. This corresponds approximately to a power
ensity of 260 mW / cm 

2 at the top of the NMR sample tube.

R spectroscopy 

teady-state infrared spectra of EL222 variants were mea-
ured with a Bruker Vertex 70v FTIR (Fourier-transform
nfrared) spectrometer equipped with a globar source, KBr
eamsplitter, and a liquid nitrogen cooled mercury cadmium
elluride (MCT) detector. The protein samples in MES 50 mM,
aCl 100 mM, pH 6.8 were centrifuged at 18 000 g for
5 min to remove any precipitants before measurements. For
easurements in the Amide I band (EL222–WT and EL222–
78A samples), D 2 O was employed, while for measurements

n the “transparent window” (sulfhydryl band of EL222–WT
nd EL222–C78A, and nitrile band of EL222–W31pCNF),
 2 O buffer was utilized instead. D 2 O buffer exchange was

one by a centrifugal concentration method using 10 kDa cut-
ff filters. The aperture value was set in order to get maximum
ignal without saturating the detector. Approximately 25 μl of
ample was loaded into a temperature controllable demount-
ble liquid cell with CaF 2 windows and a 50- μm Teflon spacer.
ighteen spectra were recorded at 20 

◦C and 15-min intervals.
he initial 14 spectra were recorded while the protein was

lluminated to induce the lit state, achieved using two LEDs
mitting a power of 100 mW / cm 

2 onto the sample through-
ut the measurement. The final four measurements were taken
ith the lights turned off. All difference spectra were recorded
gainst the initial spectra in the absence of illumination (dark
tate). The double difference spectra of Fig. 6 C were calculated
s (lit x -dark) DNA minus (lit x -dark) free , where the subindex x 
can be 1 or 2, and DNA / free denotes the presence or absence
of DNA, respectively. Protein samples had concentrations be-
tween 0.5 and 1 mM. In the case of protein–DNA mixtures
equimolar ratios were employed. A water vapor spectrum was
measured with the same parameters and utilized to remove
any water vapor contamination present in the obtained pro-
tein spectra. The spectra underwent baseline correction using
OriginPro (OriginLab). The analysis of the kinetic traces is
reported in the Supplementary Information. 

UV–visible spectroscopy 

The UV–visible absorbance spectra of the EL222 protein
within the 320–550 nm range were obtained using a Specord
50 Plus spectrometer (Analytik Jena). Measurements were
conducted at 20 

◦C in a quartz cuvette (Hellma Analytics) with
a 10-mm path length for quantification purposes and a 1-mm
path length for lit state induced measurements, with sample
volumes of 70 and 600 μl, respectively. To ensure an airtight
environment for lit state measurements, the cuvette opening
was sealed with a PTFE lid and parafilm. Prior to dark state
sample measurements, MES buffer served as the background
measurement. The protein’s lit state was induced by 3 h of con-
tinuous illumination using three 455-nm LED with a power
of 1 mW / mm 

2 , covering the entire cuvette. Subsequently, the
LEDs were deactivated, and spectra were recorded. 

X-ray crystallography 

EL222–WT was crystallized at 18 

◦C and a concentration of
10 mg / ml using the sitting drop vapor diffusion setup with a
reservoir solution containing 0.11 M MES, pH 6.5, 0.22 M
MgCl 2 , and 21% (w / v) PEG 8000. Crystals of EL222dark
and EL222light were retrieved from the same drop, mounted
on the diffractometer under a stream of air of 96% rela-
tive humidity at room temperature, conditioned for 30 min,
and then vitrified in a cold nitrogen gas stream (100 K).
All manipulation of the EL222dark crystal was done under
low ambient light. The EL222light crystal was illuminated,
using a 470 nm LED light source, during conditioning and
data collection. X-ray diffraction data were collected at 100
K using a D8 Venture diffractometer. Phases were obtained
by molecular replacement using PDB ID 3P7N as a tem-
plate, and the structures were manually built / modified and
refined. FMN in the lit1 state in EL222light was modeled
covalently bound to Cys78 with 30% occupancy. Statistics
for data collection, processing, and refinement are reported in
Supplementary Table S2 . A detailed description of all experi-
mental procedures is reported in the Supporting Information.

Molecular modeling simulations 

Classical MD simulations were employed to study conforma-
tional changes and dynamic behaviors of the FMN–EL222
complex in both dark ( oxi MD ) and lit1 / lit2 ( cov MD / red 

MD )
states. Initial models were derived from X-ray structures (PDB
codes: 8A5R and 8A5S) using a periodic dodecahedron sim-
ulation box extending the solute size by 1 nm in all direc-
tions filled with the TIP3P water. The sodium and chloride
ions were added reaching a charge-neutral system with 100
mM salt concentration. The MD force field parameters for
covalently and noncovalently bound FMNs were generated
using the standard RESP fitting procedure [ 27 , 28 ]. The sim-
ulations consisted of a minimization step using the steepest
descent algorithm. The minimization was performed within

http://www.ibs.fr/research/scientific-output/software/pulse-sequence-tools
https://ccpn.ac.uk/software/version-2/version-2-downloads/
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
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up to 50 000 steps with a maximum step size of 0.01 nm
and convergence limit of 500 kJ / mol / nm. Following the min-
imization step, a short equilibration was conducted under the
NVT conditions (constant particle number, volume, and tem-
perature) using a V-rescale modified Berendsen thermostat at
300 K, which consisted of 50 000 steps with a time step of 2
fs. The equilibration then continued at 300 K and 1 bar under
the NPT ensemble conditions with a Parrinello-Rahman baro-
stat. The pressure equilibration phase involved 50 000 steps
with a time step of 2 fs, and both short-range Coulomb and
van der Waals (vdW) cutoffs set to 1 nm, while the long-range
electrostatics was treated by Particle Mesh Ewald (PME) [ 29 ,
30 ]. The production simulations for the oxi MD , cov MD , and
red 

MD states included three independent MD replicas under
the same NPT conditions, each lasting 1 ms, collecting 3 ms
of cumulative MD data for each simulated system. Since light-
oxygen-voltage / helix-turn-helix (LOV–HTH) domain separa-
tion has not been observed within the time scale of these classi-
cal MD simulations, metadynamics simulations (metaD) were
employed as an alternative approach to explore the relative
behavior of oxi metaD , cov metaD , and red 

metaD states in terms of
LOV–HTH domain separation. The MD and metaD simula-
tions were performed using the GROMACS package version
2023.2 [ 31 , 32 ] extended by the PLUMED version 2.10.0_dev
[ 33 , 34 ]. Details of the MD and metaD simulation param-
eters reported in this study are provided in the Supporting
Information. 

Results 

EL222 crystal structures support adduct formation 

We first determined the crystal structures of EL222 in the
dark (PDB ID: 8A5R) and lit (PDB ID: 8A5S, under 470 nm
illumination) states, both at 1.85 Å resolution, from crys-
tals retrieved from the same crystallization hanging drop
( Supplementary Table S2 ). The overall fold closely resem-
bles the structure determined previously (PDB ID: 3P7N [ 6 ];
Supplementary Table S3 ) showing the N-terminal LOV and C-
terminal HTH domains connected by the long J α helix (Fig.
1 A). Both the dark and the lit structures are supported by
continuous electron density for residues T21–A226. In addi-
tion, an N-terminal segment (residues 21–27), the C-terminal
non-native residue A226, and a segment comprising residues
145–152, all absent in the previously published structure (PDB
ID: 3P7N[6]) could be modeled in our electron density maps.
Residues 145–149 precede the J α helix and presumably serve
as a hinge enabling relative movements of the LOV and HTH
domains as part of the signaling cycle. The HTH domain fixes
the position of the J α helix in an extended conformation, hin-
dering J α to dock onto the LOV domain β-sheet as observed
in the structures lacking the HTH domain [ 5 ]. Both structures
contain oxidized histidine (2-oxo-histidine) at position 101,
presumably because of oxidative stress. This modification,
confirmed by mass spectrometry ( Supplementary Fig. S1 ) was
present in EL222 prior to crystallization, likely being caused
by inadvertent light or redox activation of the protein during
expression and purification. 

In both states, FMN binding to the LOV domain of EL222
is similar to previous reports [ 5 , 6 ] orienting the isoallox-
azine C4a atom close to the Cys78S γ . In the dark, the C4a-
S γ distance refines to 3.4 Å. Under illumination, electron
density around FMN indicates the presence of two popula-
tions; one is very similar to our dark state model (C4a-S γ dis- 
tance 3.3 Å, Fig. 1 C). In the second population, the distance 
is shortened to 1.8 Å, suggesting the presence of a covalent 
bond (Fig. 1 B). As a result, the C4a atom is sp3 hybridized,
which in turn results in puckering of FMN around the C4a 
atom (Fig. 1 B). The occupancies of the noncovalent / covalent 
(adduct) states of FMN in the illuminated crystals are esti- 
mated to be 70% / 30%, respectively. Thus, we consider that,
under our illumination conditions, 70% of the molecules in 

the crystal remained in the dark state and 30% were pho- 
toconverted. The arrangement of domains is very similar in 

the dark and lit models (Fig. 1 A). A close inspection reveals 
a small, but distinguishable, shift of the HTH domain with 

the largest changes observed in the loop between the 1 α and 

2 α helices, most of the 3 α helix and at the beginning of helix 

4 α ( Supplementary Fig. S2 A and Supplementary Table S3 ).
Changes in the positions of atoms in the vicinity of Gln141 

(Leu138–Ser140) propagate further along the LOV–HTH in- 
terface ultimately changing the mutual orientation of contacts 
between LOV and HTH domains ( Supplementary Fig. S2 B). 

The structural changes observed upon illumination of the 
crystals clearly indicate the progression of short-range atomic 
shifts following the formation of the FMN–Cys covalent 
bond. Such shifts may be the precursor to long-range confor- 
mational changes (domain separation and oligomerization).
However, the latter may not occur in the whole crystal given 

the restrictions imposed by the crystal lattice. Thus, we next 
probed the light-induced structural and dynamical changes of 
EL222 by solution spectroscopy techniques. 

EL222 photocycle in solution is characterized by 

three conformational states 

First, we applied solution NMR spectroscopy on uniformly 
13 C–15 N-labeled EL222 samples. Upon illumination with blue 
light (488 nm), we observed significant changes in the amide 
1 H–15 N correlation spectra (Fig. 2 A). Notably, in addition 

to the dark-state species (colored black in Fig. 2 A), two lit- 
state populations, characterized by a distinct set of resonances,
were observed and named lit1 (colored red in Fig. 2 A) and 

lit2 (colored green in Fig. 2 A). The NMR spectral signa- 
ture characteristic of lit1 is detected after < 1 min of blue- 
light illumination, while lit1 then slowly photoconverts into 

lit2 on a timescale of hours ( Supplementary Fig. S3 A) un- 
der continuous illumination. The kinetic rate of the lit1-to- 
lit2 conversion increased linearly with the applied light power 
( Supplementary Fig. S3 C and Supplementary Table S4 ) indica- 
tive of a single-photon photochemical process. The kinetics 
were also faster in the presence of ascorbate ( Supplementary 
Fig. S3 D) indicative of a photoinduced electron transfer re- 
action. In the absence of light, the lit1 state reverted quickly 
back to the dark-state conformation, in agreement with the 
reported dark recovery lifetime of FMN in EL222 ( ∼40 s at 
pH 6.8 and 20 

◦C) [ 15 ]. When turning off the light, after hav- 
ing photoconverted EL222 to the lit2 state, samples remained 

largely transparent and the characteristic yellow color of ox- 
idized FMN was not restored ( vide infra ). In addition, the 
NMR spectral signature did not change over time, indicat- 
ing that lit2 is not spontaneously back-converting, neither to 

the lit1 nor to the dark state in our experimental conditions.
Restoring the dark state required opening the NMR (Shigemi) 
tube ( Supplementary Video S1 ). We rationalize these observa- 
tions by the requirement of molecular oxygen for the conver- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data


Light-dependent conformation and DNA-binding activity of EL222 5 

Figure 1. X-ray crystallography studies of EL222 show evidence for adduct formation upon illumination. Superposition of EL222 str uct ures crystallized 
and measured in the dark (PDB ID: 8A5R or “dark” str uct ure, one species) or with continuous blue light illumination (PDB ID: 8A5S or “lit” str uct ure, 
cont aining t wo species). ( A ) Cartoon represent ation of complete EL222. ( B and C ) Det ails of FMN c hromophore binding in stic k representation, shown 
as alignment of (B) FMN from “dark” str uct ure with FMN from “lit” str uct ure in co v alently bound state (30% partial occupancy), and ( C ) FMN from 

“dark” str uct ure with FMN from “lit” str uct ure nonco v alently bound (70% partial occupancy). R esidues C78 and Q141 are also sho wn as sticks. 
Hydrogen bonds of Gln141N ε 2 to FMN-N 5 in the dark and dark-like str uct ures are shown as dashed lines. The hydrogen bond between Gln141O ε 1 and 
FMN-N 5 in the adduct state is also shown as a dashed line. All distances are given in Å. The rectangular inset represents the domain str uct ure of EL222. 
Molecular graphics were created using PyMOL (Schrödinger, LLC). 
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ion from lit2 to the dark state of EL222. In the NMR tube,
he water-dissolved oxygen may become depleted during the
hotoconversion from lit1 to lit2 states due to photoinduced
lectron transfer, leaving no oxidant for the back conversion
o the dark state. 

The observed 

1 H–15 N chemical shift changes between the
ark and the lit1 or lit2 states are mainly localized to the
OV domain ( Supplementary Fig. S4 ), suggesting that light-

nduced chemical and structural changes are sensed primar-
ly by nuclei in the vicinity of the FMN cofactor. We there-
ore investigated the role of the additional HTH domain in
his photocycle by repeating the NMR photoconversion ex-
eriment on the isolated LOV domain embedding the FMN
ofactor. The same three photo-states (dark, lit1, and lit2)
ere observed for this construct ( Supplementary Fig. S5 A),

lthough with a 10-fold increase of the lit1-to-lit2 conversion
ate ( Supplementary Fig. S3 B). This suggests that the lit2 state
ay be a general property of LOV domains, while the effector

DNA binding) domain significantly slows down the confor-
ational transition from lit1 to lit2. Previous NMR studies of
 slightly different variant of EL222 assigned the 1 H, 13 C, and
5 N chemical shifts in the dark state (BMRB 17640) but iden-
ified only one species upon illumination [ 6 ]. By comparing the
atterns in chemical shift differences ( Supplementary Fig. S4 A
nd B), we conclude that our EL222 lit1 state corresponds to
he previous lit state. 

To understand the nature of these two states (lit1 and
it2), we examined the redox state of the FMN moiety. Iso-
ated FMN can undergo two successive electron reductions
eventually accompanied by proton transfer) to form either a
emiquinone radical or a hydroquinone form ( Supplementary 
ig. S6 ). While the flavin N 3 is protonated in all three
pecies, N 1 only becomes protonated in the hydroquinone
form at low pH, and N 5 is expected to be protonated in
semiquinone and hydroquinone FMN [ 35 ]. Therefore, these
different chemical species can be distinguished by NMR ob-
servation of their characteristic 1 H–15 N spectral signatures
[ 36–38 ]. NMR data recorded on EL222 in its different photo-
states ( Supplementary Fig. S7 A) are in agreement with FMN
being oxidized in the dark, N 5 protonated in lit1, and with all
FMN nitrogens (N 1 , N 3 , and N 5 ) protonated at pH 5.5 in lit2.

To investigate whether an FMN–cysteinyl adduct is formed
in the two lit states, we combined NMR, infrared and UV–
visible spectroscopy data. The 13 C chemical shift of the FMN
C4a carbon is a sensitive reporter of this adduct formation
with a value of about 135 ppm for free FMN and 65 ppm
if FMN is forming a covalent bond between the C4a and
the sulfur atom of a nearby cysteine side-chain [ 37 ]. The 2D
H3(N3)C correlation spectrum, shown in Supplementary Fig.
S7 B, provides an indirect measure of this NMR chemical
shift with an expected H3–C4a peak doublet if no adduct
is formed, and a singlet peak in case of adduct formation.
These NMR data show that the chemical bond with C4a is
only formed in the lit1 state. The absence of adduct forma-
tion in lit2 is further confirmed from NMR data recorded for
an EL222–C78A mutant lacking the conserved cysteine that
engages in covalent bond formation with the FMN. No evi-
dence of lit1 state formation was found for this mutant, and
the dark state converted rapidly to the lit2 state upon illumi-
nation ( Supplementary Fig. S5 B). The same conclusion was
obtained from infrared difference spectra recorded on EL222
under dark and light conditions using the SH stretching band
( ∼2570 cm 

-1 ) as a “transparent window” vibrational reporter
[ 39 , 40 ]. The lit-minus-dark state spectrum after short irradi-
ation, corresponding to the lit1 state, showed a negative band
suggesting the disappearance of sulfhydryl bonds and their

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
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Figure 2. Solution spectroscopy reveals three distinct EL222 conformational states differing in the FMN redox state and adduct formation. ( A ) 
Superposition of 1 H–15 N correlation spectra of EL222 acquired in the dark, and after short and prolonged blue-light illumination. Right, small spectral 
region highlighting the observed chemical shift differences, indicative of changes in the electronic environment of a particular nuclear site. The observed 
NMR signatures (correlation peaks) correspond to pure dark, lit1, and lit2 states. ( B ) Species-associated infrared difference spectra in the sulfh y dryl 
stretching region of EL222. ( C ) UV–visible absorbance spectra of EL222 in dark, lit1, and lit2 states. ( D ) Proposed model of EL222 photocycle. In the 
absence of illumination, the dark state conformation with oxidized FMN prevails. Under constant illumination, two species are formed sequentially. The 
lit1 state (FMN–cy stein yl adduct with N 5 protonated), which forms rapidly under blue-light irradiation, slowly (hours) converts into the lit2 state featuring 
fully reduced and nonco v alently bound FMN. Contrary to the lit1 state, which swiftly (seconds’ time scale) re v erts back to the dark state conformer upon 
ceasing illumination, the lit2 state is a new species that does not relax spontaneously (thermally) in the absence of o xy gen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 isms and environments. 
replacement by thioether bonds vibrating elsewhere (Fig. 2 B).
Interestingly, the difference spectrum after prolonged irradia-
tion was nearly zero indicating that sulfhydryl groups are re-
stored, i.e. the adduct is broken, in the lit2 state (Fig. 2 C). IR
difference spectra acquired for EL222–C78A in the amide I’
band showed evidence of only one lit state with minor changes
in SH bond vibrations ( Supplementary Figs S8 and S9 ). 

Finally , we recorded UV –visible spectra, which are well-
known markers of FMN redox state and thioadduct for-
mation [ 41 ]. We also measured an EL222 mutant, named
AQTrip, that has a significantly lengthened lifetime of the lit1
state in the absence of illumination [ 18 ], thus allowing us to
record a UV–visible absorption spectrum of this metastable
state (Fig. 2 C and Supplementary Fig. S10 ). The absorption
band around 390 nm characteristic of chemical bond forma-
tion is only visible for lit1, and the decoloring of FMN is ap-
parent from the spectrum of lit2. 

Our observations in solution can be summarized in an ex-
tended photocycle of EL222 that is depicted in Fig. 2 D. In the
absence of blue-light illumination, oxidized FMN ( oxi FMN 

state), noncovalently bound to EL222, is the dominant species 
(corresponding to the crystal structure in the dark). Under illu- 
mination conditions, the lit1 state, which features FMN cova- 
lently bound to Cys78 and protonated at the N 5 position ( cov 
FMN state), fully reverts to the dark state in the absence of 
illumination. The 30% of molecules in the illuminated crys- 
tals containing an adduct most likely correspond to the lit1 

state. Prolonged illumination in the absence of oxygen or illu- 
mination of EL222 variants lacking the reactive cysteine leads 
to the irreversible formation of lit2, which is characterized by 
noncovalently bound FMN in the fully (two-electron) reduced 

state ( red FMN state). Due to the combined requirement of 
high irradiances and anaerobiosis, the lit2 state is not expected 

to be an abundant intermediate in the photocycle of many 
LOV photosensors. However, the discovery of LOV receptors 
lacking the photoactive cysteine [ 42 ] raises the possibility that 
the lit2 state may play a physiological role in certain organ- 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
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tructural and oligomerization properties of the 

hree EL222 states 

o obtain additional site-specific information about EL222
onformation and dynamics, we first performed NMR back-
one 1 H, 15 N, 13 CO, and 

13 CA chemical shift assignments
f the dark (BMRB 52621) and lit2 (BMRB 52622) states
hat remain stable for several days allowing the recording of
 series of 3D H-N-C correlation spectra. In addition, par-
ial ( ∼70%) 1 H, 15 N assignments were obtained for the tran-
iently formed lit1 state (BMRB 52620). Note that our dark
tate NMR chemical shifts closely match those reported in [ 6 ]
or a similar EL222 construct (BMRB 17640). These chemi-
al shifts report on the local electronic environment of a nu-
leus, and therefore only indirectly on the molecular struc-
ure. 1 H- 15 N chemical shift differences between the dark and
it1 or lit2 states are mainly localized in the FMN-containing
OV domain ( Supplementary Fig. S4 ). Backbone 13 C chemi-
al shifts provide sensitive reporters on secondary structural
lements along the peptide sequence [ 43 , 44 ]. Chemical-shift
ased TALOS predictions [ 45 , 46 ] of secondary structure
ropensities in EL222 are in good agreement with the struc-
ures presented here and with the previously determined crys-
al structure (3P7N) [ 6 ], and no significant changes in sec-
ndary structure are observed upon prolonged blue light il-
umination (lit2) ( Supplementary Fig. S11 ). Furthermore, 15 N
ransverse relaxation times (T 2 ) measured for individual back-
one amides along the peptide sequence in the three photo-
tationary states indicate that monomeric EL222 forms a
ompact protein structure in all states (Fig. 3 A). No indi-
ation of additional local dynamics or segmental motion of
he individual protein domains upon illumination is obtained
rom these data. The rotational tumbling correlation times ex-
racted from the measured 

15 N T 2 and additional TRACT
ata ( Supplementary Fig. S12 ) are very similar for the dark
nd lit states, and in agreement with monomeric EL222 par-
icles in solution. However, these results do not exclude the
ossibility of EL222 dynamics occurring on longer time scales.
IR difference spectra in the structure-sensitive amide I’ band

1600–1700 cm 

-1 ), mainly reporting on the C = O stretching
ibrations of the protein backbone [ 47 ], suggest that the two
ight-induced conformational states of EL222 differ in their
econdary structure content (Fig. 3 C right; Supplementary Fig.
9 and Supplementary Table S4 ). While the lit1 state shows a
oss of α-helical content with respect to the dark state (nega-
ive band at 1647 cm 

-1 ), as previously reported [ 15 ], no such
rop of α-helicity is detected for the lit2 state. Moreover, the
egative / positive bands at 1673 cm 

-1 / 1622 cm 

-1 , which may
e tentatively assigned to β-sheets, suggest that the secondary
tructure content of lit2 is different from the dark state. This
pparent discrepancy between NMR (no major secondary
tructure changes) and IR data (distinct secondary structure
n dark, lit1, and lit2 states) can be reconciled considering a
odel where monomeric EL222 is in slow exchange (rate con-

tant < 100 s -1 ) with oligomeric species. While EL222 dimers,
nd higher-order oligomers, are essentially NMR-invisible un-
er our experimental conditions, IR is sensitive to all species
resent in solution regardless of their size. Thus, photoinduced
econdary structure changes seem to occur preferentially in
ligomeric EL222 species. 
To further investigate potential differences in oligomeriza-

ion propensity between the dark and lit states of EL222,
e have performed additional NMR and IR experiments. As
oligomerization is a concentration-dependent process, we ex-
pect that more oligomers are formed at higher protein concen-
tration. With the hypothesis of a slow exchange process, we
expect the intensity of NMR signals arising from monomeric
EL222 species to be reduced at higher EL222 concentrations.
The peak intensity ratios measured in 

1 H–15 N spectra after 4-
fold protein dilution are plotted in Fig. 3 B. While in the dark
no significant change in peak intensities is observed, the rela-
tive peak intensity increases upon dilution for both the lit1 and
lit2 states, indicative of the presence of oligomeric species. For
IR spectroscopy, we employed an EL222 variant carrying the
noncanonical amino acid pCNF at position 31. This variant
was previously shown to report on the monomer–multimer
equilibrium via a red-shift (the nitrile band of oligomeric
species vibrating at lower frequency than the monomers) [ 15 ].
The IR difference spectra of EL222–W31pCNF in the C ≡N
stretching region are similar for lit1 and lit2 states (Fig. 3 C left;
Supplementary Fig. S9 and Supplementary Table S4 ) again
suggesting the presence of oligomers in both cases. The smaller
spectral amplitudes of the lit2 state may be compatible with a
lower population of oligomers relative to lit1. These observa-
tions support a model (Fig. 3 D) where, in the presence of blue
light, monomeric EL222 is in slow exchange with oligomeric
species, most likely due to interaction of EL222 molecules in
an “open” conformation, where the LOV domain is no longer
protected by the HTH domain from binding to another LOV
domain. The exact stoichiometry of the EL222 oligomers is
unknown with dimers [ 7 , 16–18 ] and higher-order oligomers
being described in the literature, the latter only in the ab-
sence of DNA [ 48 ]. This model is consistent with photoin-
duced tertiary structure changes in EL222 observed earlier by
hydrogen–deuterium exchange and proteolysis susceptibility
experiments [ 6 ]. 

Molecular modeling indicates FMN-dependent 
dynamics of EL222 

To gain deeper insights into the structural dynamics of EL222,
a series of MD simulations were conducted (see details in
Supplementary Information). All-atom molecular models of
EL222 were created featuring FMN in its oxi , cov , and red
states (Fig. 4 A), intended to reproduce the properties of the
experimentally determined dark, lit1, and lit2 states, respec-
tively . Specifically , the oxi model contains oxidized FMN non-
covalently bound to EL222; the cov model features FMN co-
valently bound to the Cys78 residue, with a hydrogen at po-
sition N 5 (N 5 H), and a 180 

◦ rotated Gln141 residue; and
the red model represents fully reduced, negatively charged
FMN (N 5 H / N 1 

- ) noncovalently bound to EL222 (Fig. 4 A and
Supplementary Table S5 ). 

Employing Root Mean Square Fluctuation (RMSF) analy-
sis, which evaluates the average displacement of atomic po-
sitions relative to their mean positions throughout the MD
simulation, we systematically investigated flexible and rigid
structural regions, including α-helices and β-strands, within
the EL222 protein. The differential RMSF ( �RMSF) profiles
of all C α atoms of EL222 protein residues in cov MD and red 

MD

simulations, relative to oxi MD , are depicted in Fig. 4 B (indi-
vidual RMSF plots can be found in Supplementary Fig. S13 ).
Most regions of EL222 have low �RMSF values, indicating
that the protein remains quite stable, regardless of the FMN
state. The N-terminal residues exhibit the most pronounced

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data


8 Chaudhari et al. 

Figure 3. The three conformational states of EL222 differ in oligomerization propensity. ( A ) Residue-specific transverse 15 N backbone relaxation times 
(T 2 ) plotted as a function of the EL222 sequence for the dark (left), lit1 (middle), and lit2 (right) states. ( B ) NMR intensity ratios of the different states 
plotted as a function of residue number upon 4-fold EL222 dilution from 120 to 30 μM. ( C ) Species-associated infrared difference spectra in the nitrile 
(C ≡N) stretching region of EL222-W31pCNF (left) and in the amide I’ (C = O) region of EL222-WT (right) support the presence of two conformational 
states under continuous illumination differing in oligomerization and secondary str uct ure content. ( D ) Model of photoinduced conformational changes of 
EL222 in the absence of DNA: Blue light promotes EL222 oligomerization, including dimers and higher-order oligomers. The fraction of molecules that 
remain monomeric show virtually no secondary structural changes with respect to the dark state. Only some residues in EL222 oligomers 
(NMR-invisible) undergo helix-to-coil transition, most likely in the connecting element between the LOV and HTH domains (so-called J α in the dark state, 
here renamed as J in the lit states); pCNF, para -cy ano-L-phen ylalanine (noncanonical amino acid). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

variations of RMSF in cov MD and red 

MD trajectories com-
pared to oxi MD . Enhanced RMSF and flexibility relative to
oxi MD are observed in the I β-J α loop and the N-terminal
part of J α-helix (residues Asp147-Arg155) of the cov MD sim-
ulations. This might indicate a conformational change or in-
creased flexibility due to covalent bond formation in the LOV
domain. We have included the B-factors derived from the ex-
perimental X-ray structures in Supplementary Fig. S13 , along-
side the RMSF profiles from MD simulations ( oxi MD , cov MD ,
and red 

MD states). This addition highlights the good agree-
ment between the experimental crystallographic and compu-
tational MD data. 

Although these results offer valuable insights into the dy-
namics of EL222, our classical MD simulations do not pro-
vide information on the key photoinduced processes, such
as the detachment / unfolding of the J α-helix region or do-
main rearrangements [ 49 ]. To explore the dissociation of LOV
and HTH domains in EL222, we employed metadynamics
(metaD) simulations [ 33 , 50 , 51 ] of the three molecular mod-
els ( oxi , cov , and red, Fig. 4 A) by applying a biased potential
along an inter-domain distance that consequently induces par-
tial disordering of J α (Fig. 4 C, see SI for more technical infor- 
mation). The time when this applied force effectively caused 

inter-domain separation was collected for oxi metaD , cov metaD ,
and red 

metaD ( Supplementary Fig. S14 A). The histograms of 
simulated LOV-HTH domain separation times for EL222 re- 
veal significant differences among the various FMN states 
( Supplementary Fig. S14 B). It should be noted here that the 
metadynamics simulations were not intended to yield abso- 
lute kinetic values (comparable to the multi-microseconds sep- 
aration times) but rather to reveal differences between the 
three EL222 states. Thus, to facilitate such comparisons, the 
inter-domain separation times have been normalized relative 
to the oxidized state ( oxi metaD ) (Fig. 4 D). The covalent state 
( cov metaD ) shows a shorter relative mode separation time of 
0.75, indicating that adduct formation and protonation at 
FMN-N 5 accelerate domain separation. The reduced N 1 

- state 
( red 

metaD ) has an intermediate relative mode time of 0.93,
falling between between oxi metaD and cov metaD . The marked 

decrease of LOV-HTH separation times in cov metaD (Fig. 4 D) 
supports the view that the covalent modification plays a key 
mechanistic role in EL222 domain separation. 

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
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In addition to inter-domain separation times, the maximum
ias values required for LOV–HTH separation were extracted
rom each metaD simulation replica of EL222 in the oxi metaD ,
ov metaD , and red 

metaD states ( Supplementary Fig. S14 C, tech-
ical details in Supplementary Information). The same mode-
ormalized approach was applied for the maximum bias val-
es relative to the oxidized state and visualized using kernel
ensity estimation ( Supplementary Fig. S14 D). These relative
aximum bias values complement our analysis of LOV–HTH
omain separation times (Fig. 4 D). The cov metaD state, which
xhibited the shortest domain separation times, also required
he least added bias (maximum bias mode relative = 0.76). In
ontrast, the oxi metaD state, which required the highest bias
alue for domain separation, showed the longest separation
imes, supporting the idea that greater energy input is needed
o achieve large-scale conformational changes in the oxidized
tate. 

In conclusion, the observed increased fluctuations, shorter
omain dissociation time, and lower bias potential values in
ov models suggest that Cys78–FMN adduct formation and
 5 protonation enable large scale conformational changes of
L222. Red forms displayed mixed features of ox i and cov
tates, showing reduced fluctuations and intermediate domain
eparation dynamics. 

NA binding of EL222 in the dark and lit states 

ifferences in DNA binding between dark and light condi-
ions are supposed to be at the center of transcriptional regula-
ion by EL222 in the cell. Therefore, as a next step, we investi-
ated in vitro DNA binding of EL222 in the dark, lit1, and lit2
tates by NMR spectroscopy. We chose a nanomolar-affinity
ouble-stranded oligonucleotide of 33 base pairs (DNA33)
ontaining the 12-bp recognition motif previously identified
y SELEX methods [ 7 ]. 

NA binding in the dark 

hen adding increasing amounts of DNA33 to a 13 C / 15 N-
abeled EL222 sample in the dark, we observed changes in
he 1 H–15 N correlation spectra revealing an interaction be-
ween DNA33 and EL222 even in the absence of light. The
rst observation is that a number of amide sites show lin-
ar peak shifts with increasing amounts of DNA added (Fig.
 A). This indicates a fast exchange process between free and
NA-bound EL222. In the following, we will refer to this

ast exchanging EL222–DNA species as the encounter com-
lex. Similar peak shifts are also observed when using dif-
erent overall concentrations in equimolar EL222:DNA mix-
ures (Fig. 5 B), as expected for an inter-molecular association.
he DNA-binding site of EL222 in this encounter complex
an be inferred from the computed 

1 H / 15 N chemical shift
hanges upon DNA binding ( Supplementary Fig. S15 A). Dis-
laying the largest shifts on the crystal structure of EL222
 Supplementary Fig. S15 B) revealed that a large part of the
TH domain as well as a helical segment of the LOV do-
ain (F α) are involved in this transient interaction with DNA.
hese DNA-induced chemical shift changes correlate with
ositive surface patches of EL222 ( Supplementary Fig. S15 C)
uggesting that EL222–DNA encounter complex formation
s electrostatically-driven. The second observation from these
MR titration data was a loss in peak intensity upon DNA
inding for almost all amide sites in EL222 ( Supplementary 
ig. S15 D). An exception is the highly flexible N-terminal
end (Asp19-Asp20-Thr21-Arg22), for which the intensity de-
creases gradually toward the structured part of the protein,
with Asp19 being almost unaffected ( Supplementary Fig. 
S16 A). These data can be rationalized by the formation of an
EL222–DNA complex that is invisible in the 1 H–15 N spectra,
except for the N-terminal residues that remain highly flexible
and thus observable by NMR ( Supplementary Fig. S16 B). The
observed intensity loss is not uniform across the structured
part of EL222. The signal loss is particularly pronounced
in spectral regions affected by encounter complex formation
(HTH domain) where, in addition to signal loss due to com-
plex formation, these amide sites are also affected by confor-
mational exchange line broadening due to chemical shift mod-
ulation on the micro- to millisecond time scale. The average
intensity decrease in the LOV domain provides an estimate of
the percentage of EL222 molecules that are involved in com-
plex formation, e.g. ∼30% for the 2:1 mixture (indicated by
bars in Supplementary Fig. S15 D). 

The fact that NMR signals of highly flexible sites in
the EL222–DNA complex, e.g. N-terminal residues, remain
NMR-observable can be exploited to obtain quantitative in-
formation on the complex stoichiometry by NMR trans-
lational diffusion measurements. We have thus performed
1 H amide and 

1 H methyl DOSY experiments for different
EL222:DNA mixtures. While both, amide and methyl-based
experiments resulted in similar results, the methyl spectra were
of better quality and thus used for further quantification. Two
distinct methyl 1 H spectral regions (R1 and R2) have been de-
fined for the quantification of translational diffusion proper-
ties (Fig. 5 C): R1 reports on the population weighted average
diffusion properties of free EL222 and the EL222–DNA com-
plex (highly flexible methyl group), while R2 is only sensing
the diffusion of monomeric EL222. As expected, the diffusion
curves extracted for the R2 region are independent of DNA
concentration, while for the R1 region diffusion slows down
with increasing amounts of added DNA (Fig. 5 D). A quanti-
tative analysis of these data is in agreement with a stoichiom-
etry of two EL222 molecules binding one DNA33 molecule,
as expected from literature data [ 6 , 7 , 16 ]. Our NMR data on
DNA binding by EL222 in the dark can be summarized by the
kinetic scheme shown in Fig. 5 E. 

DNA binding in the lit states 
Finally, we investigated the effect of light on EL222–DNA
complex formation by NMR and IR spectroscopies. In or-
der to be able to distinguish the DNA-binding capabilities
of the two lit states, we recorded 

1 H–15 N correlation spectra
of EL222–WT (Fig. 6 A) and EL222–C78A (Fig. 6 B) in a 2:1
EL222:DNA mixture under continuous low-power blue-light
illumination. Under these conditions, the EL222–WT spectra
report on lit1 state properties, while the EL222 mutant lacking
Cys78 photo-switches directly to lit2, thus providing a conve-
nient way of probing DNA binding in the lit2 state. In both
cases, the NMR signal intensity (except for the N-terminal
tail) is further reduced, indicative of a shift in the popula-
tion equilibrium toward the EL222–DNA complex. Interest-
ingly, 100% complex formation is only observed for the lit1
state. In the lit2 state, ∼25% of the EL222 molecules remain
in an exchange between monomeric EL222 and the encounter
complex. The IR double difference spectra of EL222:DNA 2:1
mixtures suggest DNA-dependent conformational changes in
secondary structure (amide I’ band reporter) and oligomer-
ization (pCNF reporter), which probably arise from the

https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
https://academic.oup.com/nar/article-lookup/doi/10.1093/nar/gkaf215#supplementary-data
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Figure 4. Molecular modelings suggest differential dynamics and “opening” propensities of the three EL222 states. ( A ) Molecular models of o xidiz ed 
( oxi ) FMN (dark), covalently bound ( cov ) FMN (lit1), and fully reduced (red) FMN (lit2) used for MD simulations, highlighting chemical differences in the 
FMN-binding pocket of EL222 due to (de)protonation, adduct formation, and glutamine rotation. R ele v ant amino acids in the LO V -binding site (Cys78 and 
Gln141) are depicted as sticks. ( B ) Differential root mean square fluctuation ( �RMSF) plot of C α atoms from 3 μs cumulative MD simulations of cov MD 

and red MD relative to oxi MD . ( C ) Representation of LO V –HTH domain separation in EL222 employing met adynamics (met aD) with a bias potential applied 
along an inter-domain distance defined as the distance between the center-of-mass of HTH-4 α residues and the center-of-mass of selected residues in 
I β, H β, and G β regions. T he link er sequences, including the I β-J α loop and the J α-helix, and the FMN chromophore are also sho wn. ( D ) Density plots 
of relative LO V –HTH separation time (normalized to oxidized state mode value) extracted from metaD simulations (160 replicas by 50 ns). Normalized 
relative domain separation times in oxi metaD , cov meta D , and red metaD are indicated for each distribution. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

NMR-invisible species (Fig. 6 C). In other words, free and
DNA-bound EL222 dimers are structurally different. 

Although the lit1 and lit2 spectra are qualitatively similar,
the observed amplitude and frequency shifts indicate DNA-
dependent structural differences between the two lit states.
Overall, we can extract two novel conclusions: (i) covalent
bond formation is not essential for DNA binding but its
presence increases the probability of the interaction between
EL222 and DNA, and (ii) FMN reduction is also not essential
for DNA binding but necessary to shift the equilibrium toward
long-lived EL222:DNA (2:1) complexes (Fig. 6 D). Therefore,
EL222 domain separation, dimerization, and DNA binding
are coupled processes that can be influenced by light, which
changes the free energy of individual states, thus shifting the
population equilibria as illustrated in Fig. 7 . 

Discussion 

By employing a combination of complementary methods in
solution (NMR, IR, and UV–visible spectroscopy), in silico
(MD and metaD simulations), and in crystallo (MX), our
study provides novel insights into the structural and dynami-
cal changes that EL222 undergoes during its photocycle. The
different redox / adduct states of FMN ( oxi , cov , and red ) give
rise to three EL222 states (dark, lit1, and lit2) that show dis-
tinct behaviors with respect to their conformational dynam-
ics (domain opening), oligomerization propensity, and DNA-
binding ability. 
Our lit1 state corresponds to the previously described states 
of LOV proteins obtained after continuous illumination for 
short times, referred to as lit [ 6 , 52 ], light [ 53 ], signaling [ 54 ],
A390 [ 55 ], or adduct [ 56 ] state. The distinctive feature of lit1 

is the presence of a covalent bond between FMN and the 
active-site cysteine which is breakable in the dark. In addi- 
tion, we could structurally and dynamically characterize a new 

photo-induced state of EL222 bearing fully reduced FMN,
named lit2 which, to the best of our knowledge, has not been 

described before. However, LOV domains containing fully re- 
duced FMN have been previously detected by UV–visible spec- 
troscopy after prolonged photoexcitation [ 37 ] or upon chemi- 
cal reduction with sodium dithionite [ 38 ]. Lit2 has mixed fea- 
tures of dark and lit1 states. On the one hand, dark and lit2 

states have no covalent bond between FMN and Cys78. On 

the other hand, both lit1 and lit2 share an enhanced oligomer- 
ization propensity and the ability to form 2:1 complexes with 

DNA. One significant difference between lit1 and lit2 is that 
only lit1 can form 100% EL222:DNA complexes after mixing 
2 moles of EL222 with 1 mole of DNA. Adduct scission in the 
lit2 state is compatible with the metastability and reversibility 
of the C-S bond [ 57 ]. 

The solution lit2 state of EL222 may have been previously 
undetected due to different irradiation conditions. Here we 
were applying continuous illumination in an airtight Shigemi 
tube, while pulsed illumination in a standard 5 mm NMR tube 
was used in previous work [ 6 ]. The combination of prolonged 

illumination and minimal oxygen exchange are key for the 
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Figure 5. EL222 interacts with DNA in the absence of light. ( A ) 1 H–15 N NMR spectral region of EL222: DNA mixtures highlighting two residues that 
show linear chemical shift changes with increasing DNA concentration. ( B ) The same 1 H–15 N NMR spectral region highlighting the effect of total 
concentration of equimolar EL222–C78A mixtures on the NMR chemical shifts. ( C ) Methyl region of 1 H–13 C spectra of EL222. The two highlighted 1 H 

spectral regions correspond to a highly flexible methyl group in the monomer and complex (R1), and a number of well-str uct ured methyl groups located 
in the h y drophobic protein core (R2). ( D ) 1D methyl 1 H DOSY NMR data. The NMR intensity, integrated o v er the spectral region (R1 or R2) is plotted as a 
function of gradient strength. ( E ) Model of EL222–DNA interactions in the dark. Monomeric EL222 is in fast exchange between DNA-free and 
DNA-bound (monomeric encounter complex) forms. This encounter complex is in slow exchange with EL222–DNA complexes of 2:1 stoichiometry. 
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hotoconversion from lit1 to lit2 states. Because of the re-
uirement of high irradiances and anaerobic conditions, we
o not believe that the lit2 state can be readily formed from
canonical” LOV photosensors, i.e. those containing the reac-
ive cysteine, under common environmental conditions. How-
ver, LOV photoreceptors carrying alternative residues at that
osition, e.g. histidine, have been described [ 42 ]. Thus, the
it2 state may be the prevalent species in these “noncanoni-
al” LOV proteins upon blue light absorption. 

We cannot exclude that the lit2 state is also impacted by
xidative damage due to prolonged light exposure [ 58 , 59 ],
potentially leading to protein aggregation [ 60 ]. Indeed, flavin-
binding fluorescent proteins derived from the LOV domain
have been engineered as genetically encoded photosensitizers
that generate toxic reactive oxygen species (ROS) [ 61 ]. We
have evidence for the oxidative modification of certain amino
acids in EL222, in particular the 2-oxo-histidine residue found
in the crystal structures. Such a modification was previously
observed in structurally similar proteins such as miniSOG
(PDB ID: 6GPV), a flavin-containing protein developed from
the LOV2 domain of Arabidopsis thaliana phototropin 2
specifically to produce singlet oxygen upon illumination [ 62 ].
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Figure 6. The two lit states interact with DNA with distinct efficiencies and lifetimes. 1 H–15 N correlation spectra of 2:1 EL222:DNA mixtures of ( A ) 
EL222–WT (100 μM) and ( B ) EL222–C78A (100 μM) recorded under weak blue-light illumination. The flexible N-terminal residues that remain visible 
upon complex formation are annotated. ( C ) Double difference species-associated infrared spectra of EL222–W31pCNF in the nitrile (C ≡N) stretching 
region (left) and EL222-WT in the amide I’ (C = O) region (right) calculated as the difference between the light-minus-dark spectra in the presence minus 
the absence of DNA. ( D ) Model of EL222–DNA interactions upon blue-light illumination. Light shifts the binding equilibrium to w ard DNA-bound EL222 
dimers. Elliptical and rectangular shapes denote the slightly different conformation of the LOV domain arising from changes in the redox / protonation 
state of FMN and presence / absence of a co v alent bond; pCNF, para -cy ano-L-phen ylalanine. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The increase in ROS production has been associated to the
release of FMN to the solvent [ 58 ], which we do not observe
in our experiments. Thus, although oxidized residues may be
found in the lit2 state, it is unlikely that they become the dom-
inant factor responsible for the conformational changes. In-
stead, we argue that the main driving force underlying the
formation of the lit2 state is the loss of the FMN–Cys cova-
lent bonding and full reduction of the embedded FMN chro-
mophore. Massive LOV aggregation, i.e. clustering, has only
been reported for two LOV proteins under certain conditions
[ 60 , 63 ]. Most LOV domains undergo reversible oligomeriza-
tion up to tetramers. For instance, RsLOV undergoes light-
induced dimer-to-monomer transitions [ 64 ], while in AtLOV1
dark-state dimers assemble into lit-state tetramers [ 65 ]. Simi-
lar to EL222, light-induced dimerization is also part of the ac-
tivation mechanism of VIVID [ 66 ] and aureochrome-1 [ 67 ].
In line with the latter studies, we also found that EL222 under-
goes reversible oligomerization from both lit1 and lit2 states,
although the exact stoichiometry remains unknown. 

The slow kinetics of lit1-to-lit2 photoconversion in EL222–
WT (time scale of hours) contrasts with the fast formation of
lit2 in EL222–C78A (less than one minute), and with the ul-
trafast primary flavin photoreactions (sub-second time scale).
Sub-millisecond LOV domain photochemistry is essentially
the same for all LOV variants with only minor differences in 

the rate constants [ 20 , 55 , 68 , 69 ]. Absorption of blue light
( ∼400–480 nm) by the embedded FMN triggers the formation 

of the singlet excited state almost instantaneously. The singlet 
decays to the triplet state in ∼2–4 ns via intersystem crossing.
Finally, the triplet decays into the adduct state on time-scales 
of 0.2–10 μs. The slow accumulation of lit2 in LOV versions 
carrying the reactive cysteine is compatible with a short-lived 

triplet state and the low quantum yield of FMN reduction to 

hydroquinone [ 70 ]. On the other hand, the rapid formation of 
lit2 state in EL222-C78A suggests that it originates from the 
long-lived triplet state ( ∼1 ms) [ 20 ], most likely preceded by a 
short-lived neutral semiquinone (NSQ) state. Interestingly, the 
isolated LOV domain of EL222 converts to the lit2 state much 

faster than the two-domain EL222 protein. This result sug- 
gests that the HTH domain stabilizes somehow the lit1 state 
relative to lit2. 

Accumulated evidence suggests that the reduction and pro- 
tonation state of FMN, rather than the presence of a cova- 
lent bond between FMN and the LOV core, is the main deter- 
minant for all subsequent conformational changes [ 42 , 54 ].
Flavoproteins in general are sensitive to the redox state of 
their bound flavin [ 71 , 72 ], and LOV proteins in particular 
may play a role in redox sensing in the cell [ 73 , 74 ]. The main
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Figure 7. EL222 free-energy landscape model of photoinduced oligomerization and DNA binding. ( A ) In the absence of DNA, the dark state is 
characteriz ed b y a nearly 100% monomeric conformation (A), while the lit1 and lit2 states feat ure a mixt ure of monomeric (A) and oligomeric (B) species. 
In the dark, EL222 transiently binds to DNA as monomer (C species), and also forms a small amount of 2:1 EL222:DNA complex (D species). In 
presence of blue light, EL222 oligomerization and DNA binding is significantly enhanced with the largest population shift observed for lit1. ( B ) Proposed 
str uct ural models of A (free monomer), B (free oligomer), C (DNA-bound monomer), and D (DNA-bound oligomer) species. Note that the exact 
conformation of A, B, C, and D species will be slightly different in the dark, lit1, and lit2 states. 
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tructural changes in LOV proteins occur concomitantly with
dduct formation [ 55 , 69 , 75 ]. Such changes depend on the
odules accompanying the LOV domain. For instance, large-

cale structural changes do not occur during activation of the
lue-light receptor YtvA [ 76 ], while unfolding of the helices
anking the core LOV domain, A’ α at the N-terminus and J α
t the C-terminus, has been reported for aureochromes [ 77 ,
8 ] and truncated versions of Avena sativa phototropin 1 [ 79–
1 ]. Photoinduced unfolding of α-helices has been observed
or EL222 but so far has not been unambiguously assigned
o a particular region [ 15 ]. Contrary to FMN, which is essen-
ial for signaling, conserved residues in the LOV domain are
ot critical unless they affect FMN binding. Cysteine-less LOV
ariants can still transduce signals, albeit with lower efficiency
nd significant production of potentially damaging ROS [ 42 ,
2 ]. A conserved glutamine residue appears to sense the pro-
onation state at N 5 via rotation of its side-chain, a movement
hat provokes long-range changes in the LOV domain [ 52 , 69 ,
0 , 83 ]. However, glutamine-less variants can still be physio-
ogically active when illuminated, suggesting that the coupling
etween FMN photochemistry and LOV holoprotein activa-
ion is more complex than previously predicted and likely pro-
eeds via multiple pathways [ 84 ]. Our results lend support to
he view that the dynamic behavior of EL222 changes signif-
cantly after illumination and this shifts the conformational
domain separation, secondary structure) and oligomerization
quilibria. 

Transcription factors can bind DNA cooperatively thereby
trengthening their affinity [ 85 , 86 ]. Here we show that the
NA-binding activity of EL222 is not an infinitely coopera-

ive process, with no DNA interaction in the dark and com-
lete association under light conditions. Rather, the different
edox / adduct states of FMN in the dark, lit1, and lit2 states,
iffer in their dimerization (or more generally, oligomeriza-
tion) properties, likely because of an altered propensity to
populate an “open” conformation. Specifically, the lit1 state
has the highest structural plasticity, i.e. tendency to change
the secondary structure and oligomerize, and this may ex-
plain the increased DNA-binding ability. In the presence of
DNA, an EL222–DNA heterocomplex, predominantly of 1:1
stoichiometry, can be assembled, even in the dark. The com-
plex assembly and disassembly kinetics, however, critically de-
pend on the redox state of the embedded FMN chromophore,
and thus on light. A stable 2:1 (protein:DNA) complex forma-
tion is most efficient in the lit1 state that is characterized by
N 5 -protonated FMN and cysteinyl adduct formation. At this
point, we can only speculate about the transcriptional activity
of the different states. We expect that the encounter complex
seen in the dark will have little ability to activate gene expres-
sion but may be important to determine the basal levels of
transcription. Regarding the lit2 state, we hypothesize that it
could probably sustain gene transcription, although less effi-
ciently than the lit1 state. Since increasing the intensity of light
is one way to achieve higher transcriptional output from op-
togenetic systems [ 8–10 , 63 ], our findings may be taken into
account to design more efficient EL222-inducible systems with
improved dynamic ranges. 

Our results highlight the complementarity between differ-
ent structural and biophysical methods. MX delivers near-
atomic-resolution structural information in the crystalline
state but it is unclear to what extent restrictions imposed by
crystal packing are affecting EL222 conformational changes
[ 87 ]. NMR is ideally suited to identify conformational sub-
populations and their exchange kinetics in solution [ 88 ]. It
also provides atomic resolution structural and dynamical in-
formation, as long as the particle sizes are small enough.
IR spectroscopy is sensitive to protein secondary structure
changes and oligomerization, also in solution, but without any
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size limitation. However, IR data are difficult to interpret in
the absence of additional information [ 47 ]. UV–visible spec-
troscopy is an excellent choice to monitor structural and elec-
tronic changes in FMN, including the formation of an FMN–
cysteine adduct but provides virtually no information beyond
the chromophore. Therefore, only the combination of these
different techniques allowed us to derive a comprehensive pic-
ture of the EL222 photocycle in the absence and presence of
DNA. 
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