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Abstract 22 

Light-activated protein domains provide a convenient, modular, and genetically encodable sensor 23 

for optogenetics and optobiology. Although these domains have now been deployed in numerous 24 

systems, the precise mechanism of photoactivation and the accompanying structural dynamics that 25 

modulate output domain activity remain to be fully elucidated.  In the C-terminal light, oxygen, 26 

voltage (LOV) domain of plant phototropins (LOV2), blue light activation leads to formation of 27 

an adduct between a conserved Cys residue and the embedded FMN chromophore, rotation of a 28 

conserved Gln (Q513), and unfolding of a helix (JŬ-helix) which is coupled to the output domain.  29 

In the present work, we focus on the allosteric pathways leading to JŬ helix unfolding in Avena 30 

sativa LOV2 (AsLOV2) using an interdisciplinary approach involving molecular dynamics 31 

simulations extending to 7 ɛs, time-resolved infrared spectroscopy, solution NMR spectroscopy, 32 

and in-cell optogenetic experiments.  In the dark state, the side chain of N414 is hydrogen bonded 33 

to the backbone N-H of Q513. The simulations predict a lever-like motion of Q513 after Cys 34 

adduct formation resulting in loss of the interaction between the side chain of N414 and the 35 

backbone C=O of Q513, and formation of a transient hydrogen bond between the Q513 and N414 36 

side chains.  The central role of N414 in signal transduction was evaluated by site-directed 37 

mutagenesis supporting a direct link between JŬ helix unfolding dynamics and the cellular function 38 

of the Zdk2-AsLOV2 optogenetic construct. Through this multifaceted approach, we show that 39 

Q513 and N414 are critical mediators of protein structural dynamics, linking the ultrafast (sub-ps) 40 

excitation of the FMN chromophore to the microsecond conformational changes that result in 41 

photoreceptor activation and biological function.  42 

  43 
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Introduction  44 

The C-terminal light, oxygen, voltage (LOV) domain from plant phototropins are versatile 45 

protein domains that have been adapted for protein engineering and molecular imaging.1,2  LOV 46 

photoreceptors are members of the Per-ARNT-Sim (PAS) domain superfamily and use a non-47 

covalently bound flavin mononucleotide (FMN) cofactor to sense 450 nm (blue) light (Figure 48 

1A).3  Light excitation initiates a photocycle in which a singlet excited state undergoes intersystem 49 

crossing to a triplet excited state which subsequently forms a covalent Cys-FMN-C4a adduct on 50 

the ɛs timescale that absorbs at 390 nm (A390).4 Formation of the A390 Cys adduct and 51 

accompanying protonation of the adjacent N5 position5 are thought to be the driving force behind 52 

the structural changes that accompany effector activation in the LOV domain family including 53 

alterations in the structure and conformation of the C-terminal JŬ helix.6  54 
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   55 

Figure 1: The AsLOV 2 domain. (A) The isoalloxazine ring of the FMN cofactor. (B) The FMN 56 

cofactor (yellow) makes hydrogen bonding interactions with Q513, N492 and N482.  Q513 in turn 57 

is hydrogen bonded to N414. The JŬ helix is shown in cyan and the AôŬ helix is shown in slate. 58 

(C) The hydrogen bonding network around FMN is shown for both the dark (D447) and light 59 

(A390, adduct) states. The flipped conformation of Q513 is shown for the light state structure. The 60 

figure was made using PyMOL Molecular Graphics Software7 using the crystal structures of 61 

AsLOV2 (PDB 2V1A (dark), 2V1B (light)).8 62 

 63 

 64 
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The LOV2 domain from Avena sativa phot1 (AsLOV2) is a model system for LOV 65 

photoreceptor activation (Figure 1B).  The isoalloxazine ring of the FMN cofactor is surrounded 66 

by a hydrogen-bonding network that senses and responds to excitation on the ultrafast timescale 67 

leading to activation of a Ser/Thr kinase that regulates phototropism in plants.9  Photoexcitation 68 

results in formation of an adduct between C450 and FMN and protonation of FMN-N5 which 69 

results in rotation of a conserved Gln (Q513) and unfolding of a conserved C-terminal Ŭ helix (JŬ 70 

helix).9  Structural changes are also observed in the LOV domain ɓ-sheet,10,11 and an N-terminal 71 

helix (AôŬ) is thought to act as a regulatory element which unfolds concurrently with changes in 72 

the JŬ helix.12,13  73 

Optogenetics and optobiology are emerging fields in which a range of biological functions can 74 

now be controlled by light.  Early LOV-effector fusions were constructed to afford light control to 75 

the enzyme dihydrofolate reductase14, transcription repressors15, and histidine kinases.16 Fusion 76 

proteins utilizing AsLOV2 followed, with the development of the photo-activatable LOV-Rac1 77 

sensor (PA-Rac1) in which the JŬ helix was used as a reversible photocage controlling the activity 78 

of the GTPase Rac1.17,18  Further protein engineering led to the development of iLID, which added 79 

light inducible dimerization capabilities and a recognition peptide embedded within the sequence 80 

of the JŬ helix such that unfolding of the JŬ helix enabled recruitment of signaling proteins in-81 

cell,19 and LEXY, which included a nuclear export sequence in the JŬ helix so that nuclear export 82 

could be controlled by blue light.20  Despite these advances, some LOV-based optogenetic tools 83 

still possess a significant level of activity in the dark state, resulting in sub-optimal dynamic range 84 

and limiting their broad deployment.  A complete molecular understanding of the mechanism of 85 

LOV domain function is thus required for the rational optimization of LOV-based optogenetic 86 

photoreceptors.21,22 87 
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Molecular dynamics (MD) simulations have previously guided hypotheses into the mechanism 88 

of formation,23 and breakdown,24 of the Cys-FMN adduct, and the accompanying structural 89 

dynamics,13,25 in native LOV domains and mutants lacking the Cys residue.26  Initial studies by 90 

Peter et al. focused on the role of the Iɓ and Hɓ strands in signal propagation,25 resulting in the 91 

proposal that stress on Iɓ leads to rearrangement of the hydrogen bonding contacts between Hɓ 92 

and the JŬ helix and helix unfolding.  It was also proposed that the FMN binding pocket undergoes 93 

dramatic changes in which N482 and N492 move out of the pocket to maintain contacts between 94 

Q513 and FMN.  Freddolino et al. extended this work by increasing the simulation timescale to 1 95 

µs,13 leading to the identification of a potential salt bridge between the AôŬ and JŬ helices, and 96 

supporting previous studies of an interaction between the two helices.  The simulations also 97 

suggested that the N414 side chain N-H forms a H-bond with the Q513 side chain C=O during 98 

light state formation.  The role of N414 in photoactivation has been tested experimentally in which 99 

the N414A, N414V and N414Q mutations modulate the cycling time of AsLOV2 with time 100 

constants of 1427 s,  >720 s, and 280 s, respectively compared to 80 s for wild-type.27  In the case 101 

of N414V, a slightly unfolded JŬ helix was observed in the dark state.12  102 

LOV structural dynamics have been studied extensively using infrared spectroscopy and more 103 

recently time-resolved infrared spectroscopy (TRIR). A  marker band for unfolding of the JŬ helix 104 

was identified in the amide I region, ~1620-1640 cm-1 using difference FTIR.28ï30 TRIR 105 

experiments revealed that helix unfolding was multi-step,31 and that structural changes resulting 106 

from adduct formation follow dispersive kinetics commonly associated with sampling of multiple 107 

protein conformations prior to reaching a metastable state, which is the signaling state in LOV 108 

domain proteins.32  TRIR spectroscopy of multiple LOV domain proteins revealed variations in 109 

the dynamics of the ɓ-sheet and the JŬ helix, which link the LOV domain to the relevant effector 110 
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domains.33  Despite the information obtained from time-resolved spectroscopy, the mechanisms 111 

of signal propagation from FMN to the effector domain are still largely unknown.  112 

Using a combination of theoretical and experimental approaches, we have now directly probed 113 

the evolution of the structural dynamics in AsLOV2 that couple flavin photoexcitation with 114 

structural changes at sites that are remote from the chromophore.  In particular, we have 115 

determined that the rotation of Q513 out of the flavin binding pocket and the formation of a 116 

transient hydrogen bond with N414 is a key step in the mechanism of JŬ helix unfolding.  Site 117 

directed mutagenesis combined with time-resolved infrared spectroscopy and NMR spectroscopy 118 

was used to interrogate this mechanism and we found that the JŬ helix was partially unfolded in 119 

the dark state and unfolding kinetics were accelerated in the N414A mutant and delayed in N414Q 120 

AsLOV2.  To correlate photoreceptor dynamics and function, the impact of the mutants was 121 

assessed at the cellular level in the Zdk2-AsLOV2 dimerization (LOVTRAP) system where it was 122 

found that the N414A mutant showed a 4-fold reduction in activity and dynamic range when 123 

exposed to blue light.   124 

  125 
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Results 126 

The objective of this work was to characterize the structural dynamics that lead to JŬ helix 127 

unfolding in AsLOV2.  To accomplish this goal we used MD simulations to analyze the structural 128 

changes that accompany light state formation by inserting the Cys-FMN light state adduct into the 129 

dark state structure of AsLOV2 and then allowing the MD simulations to órelaxô the protein 130 

structure to adjust to the presence of the Cys-FMN adduct.  The MD simulations were used to 131 

identify key residues implicated in the pathway leading to JŬ helix unfolding.  Site-directed 132 

mutagenesis was then used to probe the role of these residues in light state formation and AsLOV2 133 

dynamics using a combination of MD simulations, static and time-resolved infrared spectroscopy, 134 

15N/1H-HSQC NMR spectroscopy, and cell-based optogenetic experiments.  Based on this analysis 135 

we propose a mechanism for photoactivation in which a hydrogen bonding interaction between the 136 

NH side chain of N414 and backbone C=O of Q513 is broken and a transient hydrogen bond is 137 

formed between the NH and C=O side chain groups of N414 and Q513, respectively.  Q513 is thus 138 

shown to act as a lever which forces the JŬ helix away from the LOV domain thereby initiating 139 

helix unfolding and activation of the downstream effector module. 140 

 141 

Molecular dynamics (MD) simulations of AsLOV2 142 

 To identify allosteric pathways leading to unfolding of the Ja helix in AsLOV2, we used 143 

MD simulations to predict structural changes in response to Cys-FMN formation.  The Cys-FMN 144 

adduct was taken from the light state crystal structure (PDB 2V1B),8 and parameterized prior to 145 

insertion into the dark state crystal structure (PDB 2V1A). The dark state crystal structure 146 

containing the light state Cys-FMN adduct was equilibrated prior to the MD simulations which 147 
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were then performed in 4 fs steps for >7 ɛs to simulate the response of the protein to Cys-FMN 148 

adduct formation.  149 

The data from the simulations are presented as a heat map in Figure 2A with time on the 150 

x-axis, residue number on the y-axis, and a color bar to show increasing root mean squared 151 

deviation (RMSD, log scale) from the initial dark state structure.  The simulation reveals that 152 

residues in a loop immediately preceding the JŬ helix become perturbed by adduct formation early 153 

in the simulation and propagate through the N-terminal end of the JŬ helix with the most dramatic 154 

changes in the helix occurring at ~5 ɛs with complete loss of helical character. The simulation was 155 

run with the same forcefield on the dark state (cysteine adduct not formed) where it was predicted 156 

that the JŬ helix is stable for the 9.25 ɛs of simulation time (Figure S3).  157 

 158 
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 159 

 160 

Figure 2: Molecular dynamics simulations reveal hydrogen bonding pathways leading to JŬ 161 

helix unfolding. (A) RMSD as a function of time post-adduct formation for each residue in 162 

AsLOV2 is shown as a heat map with increasing simulation time on the x-axis and residue number 163 

on the y-axis.  A color bar shows increasing RMSD in Å from the initial dark state structure.  (B) 164 

Average RMSD ± SEM for select structural components of the LOV domain: AôŬ helix (slate), 165 

Aɓ (cyan), Iɓ (green), and JŬ (pink). (C) The evolution in secondary structure is shown together 166 

with changes in hydrogen bonding interactions between the flavin and residues N482, N492, Q513 167 

and N414 for post-adduct formation simulation times of 0 (dark state AsLOV2, 2V1A), 1.15 ɛs, 168 



11 
 

4.53 ɛs, and 6.81 ɛs (Light state, MD).  Hydrogen bonds are shown as black dotted lines. The 169 

figure was made using PyMOL Molecular Graphics Software7 using predicted structures from MD 170 

simulations performed in Amber.8,40 171 

 172 

 173 

Averaged RMSD traces as a function of time are shown for several key regions of AsLOV2 174 

with maximum RMSD shown as a scale bar (black line, Figure 2B).  The standard error of the 175 

mean (SEM) is shown as shaded color around the black line.  The AôŬ helix (residues 404-410, 176 

slate) shows the most variability very early in the simulation with both high average RMSD and 177 

SEM, consistent with previous experimental work.12 The RMSD increases again at 5 ɛs, on the 178 

timescale of unfolding of the JŬ helix.  RMSD for the ɓ-sheet (Aɓ (residues 414-418, cyan) and Iɓ 179 

(residues 506-516, green)) are also shown and predict significant perturbations after 5 µs. The JŬ-180 

helix (residues 522-544, pink) shows the most changes in RMSD over time, as expected for the 181 

helical to disordered transition that has been shown to occur upon light state formation by Gardner 182 

and others.9,50  The unfolding of the JŬ helix appears to occur in four phases with increases in 183 

RMSD at 0.5 ɛs, 2.75 ɛs, 5.25 ɛs, and 6.60 ɛs.  The 0.5 ɛs phase involves the initial undocking of 184 

the JŬ-helix from the ɓ-sheet (Figure 2C, S1) and the formation of a helical structure in the loop 185 

adjacent to the JŬ helix (1.15 ɛs snapshot). These events appear to be initiated by the rotation of 186 

Q513.  The 5.25 ɛs phase is assigned to more significant disordering of the JŬ helix which results 187 

in complete unfolding of the helix by ~6.60 ɛs.  188 

 The changes in secondary structure are accompanied by specific changes in the residues 189 

that surround the FMN chromophore and are presented as snapshots from the MD trajectories 190 

(Figure 2C). These snapshots were chosen to represent sections of the trajectory where increase 191 
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in the RMSD are observed (vertical dashed lines). In the dark state N414 is hydrogen bonded to 192 

the backbone amide of Q513.  By the 0.38 ɛs time point of the simulation Q513 is predicted to 193 

move 2.4 Å and 5.7 Å from its initial backbone and side chain positions, respectively, and rotate 194 

62° out of the binding pocket.  This motion of Q513 pulls the ɓ-sheet such that the side-chains of 195 

N482 and N492 lose their hydrogen bonding interactions with C2=O, C4=O, and N3-H of FMN.  196 

In the 4.53 µs structure, N482 appears to undergo a 3.1 Å slide out of the pocket while N492 197 

rotates outward by 31° resulting in a side chain motion of 3.7 Å.  These residues appear to form a 198 

chain that includes N414, Q513, N492, and N482 in which N482 remains hydrogen bonded to the 199 

flavin C4=O (Figure 2C, 1.15 ɛs and 4.53 ɛs structures), consistent with simulations by Freddolino 200 

et al.13  N482 appears to move back toward C2=O over time while N492 undergoes a rotation 201 

along the protein backbone and remains rotated out and exposed to solvent (between 1.15 ɛs to 202 

6.81 ɛs).  In the 6.81 ɛs structure, N482 has returned to its initial dark state position while N492 203 

is predicted to remain rotated out of the pocket, 4.4 Å from its initial position.  Q513 is shown to 204 

be hydrogen bonded to C4=O, though in a slightly different orientation compared to that observed 205 

in the X-ray structure of the light state (Fig S2). The differences can be explained by the method 206 

of generating light state crystals in which the protein crystals of the dark state were illuminated 207 

prior to data collection and may not reflect the flexibility of the protein observed in solution 208 

measurements. Simultaneously, N414 is pulled away from Q513 due to its proximity to the AôŬ 209 

helix which becomes disordered prior to unfolding of the JŬ helix.  We propose that the transient 210 

hydrogen bond between N414 and Q513 links AôŬ to FMN C4=O via a 15 Å signal transduction 211 

wire in which N482 and N492 maintain a connection between Q513 and FMN. This in turn results 212 

in unfolding of the AôŬ helix concomitant with distortion of the ɓ-sheet such that the JŬ helix is 213 

pushed far enough away from the LOV core to induce its unfolding.   214 
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 215 

A transient hydrogen bond between Q513 and N414 modulates helix unfolding.   216 

 The MD results were used to inform fs-ms TRIR measurements, suggesting transient 217 

studies of N414A and N414Q-AsLOV2 mutants could provide valuable insight into JŬ helix 218 

unfolding dynamics. The N414A mutation was chosen to remove potential hydrogen bond 219 

interactions with the N414 side chain and the N414Q mutation was chosen to retain an amide side 220 

chain potentially capable of forming a hydrogen bond with Q513.  221 

We first measured the TRIR spectra of wild-type AsLOV2 using time resolved multiple 222 

probe spectroscopy (TRMPS, Figure 3A).  The band assignments and time constants of 2.3 ns, 223 

8.8 ɛs, and 14 ɛs corresponding to the excited state decay, triplet state decay, and A390 formation 224 

are consistent with the global analysis of our previous data from Gil et. al. (Figure 3B).32  A fourth, 225 

313 ɛs time constant (EAS5) has been added to the global fitting model for wild-type AsLOV2 226 

which describes the formation of the final signaling state as observed in light minus dark (L-D) 227 

steady state FTIR measurements (Figure 3B; Figure S5 shows the comparison between EAS5 228 

and L-D FTIR).  This additional EAS5 is termed ñSigò and corresponds to full disordering of the 229 

helix and light state formation.  The bleach at 1626 cm-1, which corresponds to disorder of the JŬ 230 

helix, reaches a maximum of -0.35 mOD on this timescale and does not recover within the time 231 

resolution of the experiment (Figure 4A).  The transient at 1636 cm-1 shows a rise and decay on 232 

the µs timescale assigned to an intermediate state between adduct formation and JŬ helix 233 

unfolding, and consistent with the presence of a transient hydrogen bond from the MD simulations.  234 

Therefore, the full activation pathway of AsLOV2 can be probed using the TRMPS method. 235 
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 236 

Figure 3: TRIR spectra of wild -type and mutant AsLOV2 proteins shows reduced helix 237 

unfolding in N414A-AsLOV2. TRIR spectra for (A) wild-type, (C) N414A, and (E) N414Q-238 

AsLOV2 are shown at time delays of 2 ps, 50 ns, 100 ɛs, 300 ɛs, and 900 ɛs.  The EAS from a 239 


