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Abstract

Phototropins are one of several classes of photoreceptors used by plants and algae to respond to

light. These proteins contain flavin-binding LOV (Light-Oxygen-Voltage) domains that form

covalent cysteine-flavin adducts upon exposure to blue light, leading to the enhancement of

phototropin kinase activity. Several lines of evidence suggest that adduct formation in the

phototropin LOV2 domains leads to the dissociation of an alpha helix (Jα) from these domains as

part of the light-induced activation process. However, crystal structures of LOV domains both in

the presence and absence of the Jα helix show very few differences between dark and illuminated

states, and thus the precise mechanism through which adduct formation triggers helical

dissociation remains poorly understood. Using Avena sativa phototropin 1 LOV2 as a model

system, we have studied the interactions of the LOV domain core with the Jα helix through a

series of equilibrium molecular dynamics simulations. Here we show that conformational

transitions of a conserved glutamine residue in the flavin binding pocket are coupled to altered

dynamics of the Jα helix both through a shift in dynamics of the main β-sheet of the LOV domain

core and through a secondary pathway involving the N-terminal A′α helix.

Introduction

The ability to sense and respond to light is critical to plants, as it allows them to make

optimal use of available light and avoid potentially harmful conditions such as drying or

overexposure. Phototropism, chloroplast movement, and stomatal opening in plants are all

regulated in part by blue light photoreceptors known as phototropins 3,5,6,8,9,29,32,34,49.

These proteins each contain two LOV (Light-Oxygen-Voltage) domains, LOV1 and LOV2,

and a kinase domain that is activated in response to blue light 4,10. The LOV domains, in

turn, are members of the Per-ARNT-Sim family 57,60 which noncovalently bind flavin

chromophores, either flavin mononucleotide (FMN) or flavin adenine dinucleotide (FAD) 8.
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The two phototropin LOV domains are known to undergo broadly similar photoreactions

upon exposure to blue light: the isoalloxazine ring of the chromophore becomes covalently

bound to a conserved cysteine residue in the protein 14,50,51,56, giving rise to a signaling

state which recovers spontaneously on a time scale of seconds to minutes 51. The LOV

domains differ, however, both in the quantum yield of their photoreaction 53 and in their

importance to phototropin activation. LOV2 is known to be both necessary and sufficient for

phototropin signaling 11; the function of LOV1 remains less clear, but it is implicated in

phototropin dimerization 52.

While the precise structural mechanism linking the LOV2 photoreaction with kinase

activation remains open, biophysical and biochemical studies have identified several

residues which appear to be important at various points along this pathway 36. Early crystal

structures of a phototropin LOV1 domain from C. reinhardtii 17 and a phytochrome LOV2

domain from A. capillus-veneris 13,14 in both dark and light states confirmed the chemical

change occurring in the LOV domain photoreaction and hinted at rearrangements of the

FMN binding site associated with the light state. More recently, crystal structures of the

LOV2 domain from A. sativa phototropin 1 (Phot1) 23 and the related Vivid LOV domain 63

demonstrated small light-induced changes both at the chromophore binding site and relayed

across the adjacent beta sheet to affect protein-specific elements involved in signaling. An

overview of the structure of the LOV2 domain is shown in Fig. 1.

Several lines of biophysical data suggest a major loss of α-helical character upon LOV2

photoactivation 12,26. These data include those from a series of solution NMR and

biochemical experiments on A. sativa Phot1 LOV2 (AsPhot1-LOV2) by Gardner and

colleagues that correlate phototropin kinase activation with the light-induced unfolding of a

helix (named the Jα helix) which is normally located on the β-sheet surface of the LOV

domain core in the dark state 24,25,26. More recently, time-resolved measurements of the

diffusion coefficient of Arabidopsis Phot1-LOV2 have indicated the presence of a two-stage

dissociation pathway. It was proposed that after illumination, Jα dissociates from the LOV2

core to form a “precursor state” with a time constant of 300 µs; subsequently, the Jα helix of

this precursor unfolds to yield the signaling state with a time constant of 1 ms 40. Time-

resolved optical rotary dispersion spectroscopy measurements of the same process using A.

sativa Phot1-LOV2 indicated the presence of an intermediate with a partially unfolded Jα
helix which appears after photoactivation with a time constant of 90 µs 7. More recently, a

combination of NMR and circular dichroism measurements on a variety of AsPhot1-LOV2

domain mutants implicated a short N-terminal A′α helix in the light-activated dissociation of

the C-terminal Jα, providing further insight into the structural transition occuring during

LOV domain activation 62.

Despite extensive characterization of the LOV domain photocycle itself 1,16,33,42, as well as

the presence of crystal structures of LOV2 in both dark and light states 13,14,23 and high-

resolution solution NMR data from both states 24,25,26,61, the precise mechanism through

which the photoreaction leads to Jα dissociation and unfolding is still unclear. Due to the

involvement of a strong allosteric change which links chemical bond formation at a

chromophore binding site to a distant secondary structure rearrangement, the mechanism of
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LOV domain photoactivation is of interest both for understanding phototropin signaling and

as a general representative for conformational changes in signaling proteins.

Molecular dynamics (MD) simulations are an ideal tool for the study of allosteric

interactions such as those occuring in the LOV domain, as they provide atomic-resolution

trajectories of structural transitions while at the same time allowing easy manipulation of the

system (e.g., switching between the dark and photoadduct states in the LOV domain). While

MD simulations cannot directly reach the relevant timescales for Jα dissociation, thorough

analysis of shorter simulations can nevertheless provide significant insight into such

(relatively) slow events. Several recent MD studies on LOV domains have highlighted the

role of rotamerization of a highly conserved glutamine residue (Q513 in AsPhot1-LOV2). In

a series of simulations on LOV domains from various organisms, Baeurle and coworkers

have highlighted the importance of a light-induced hydrogen bond between Q513 and N492

(using AsPhot1-LOV2 numbering) in AsPhot1-LOV2 44,46 and N. crassa Vivid 45 (but not

in a LOV1 domain from C. reindardtii 47. In the specific case of AsPhot1-LOV2, they

concluded that disruption of the Jα-LOV2 interface was triggered by stress due to the

increased coupling of the Hβ and Iβ strands 44,46, and subsequent breakage of Q497-D540

and Q479-E518 hydrogen bonds 44. An alternative proposal is that Jα dissociation is caused

by changes in the conformation and motility of inter-strand loops in the LOV domain

core 19. These prior studies suffered, however, from the relatively short duration of the

simulations used (20 ns or less in all cases but Peter et al.46, which used a kinetic Monte

Carlo approach and thus is difficult to pinpoint an effective duration for) and, in one case,

absence of the Jα helix due to the unavailability of a structure at the time 19. In addition, the

specific suggestion that breakage of the Q497-D540 and Q479-E518 hydrogen bonds plays a

role in Jα dissociation is inconsistent with recent experimental data on AsPhot1-LOV2

mutants removing one partner from each of these interactions 62.

To better understand the atomic-scale mechanisms of the allosteric switch in LOV2, we

performed a series of long-timescale molecular dynamics (MD) simulations on A. sativa

LOV2 domain. We find evidence for a link between conformational switching of Q513 (a

conserved glutamine residue near the FMN binding site) and Jα dissociation, mediated both

through conformational changes in the Iβ strand and through a dynamical coupling of A′α,

Aβ, and Bβ with the Jα helix. Our results are consistent with a variety of biophysical and

biochemical data 30,41,62, while at the same time they provide previously unavailable

atomistic-level insight into the mechanisms of LOV2 allostery.

Methods

The initial structures for all simulations were taken from the room-temperature dark state

(PDB code 2V1A) and light state (PDB code 2V1B) crystal structures of Halavaty and

Moffat 23. The N- and C- terminii were blocked with N-acetyl and N-methylamide groups,

respectively. All crystallographic water and cofactors (with the exception of FMN) were

discarded and the structures were initially solvated using SOLVATE1.2 22 with default

settings to add water to a distance of 15 Å from the protein. A solvent cube was then

completed with the solvate plugin of VMD 1.8.6 27 and a minimal neutralizing set of six

sodium ions placed randomly with the autoionize plugin of VMD.
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All molecular dynamics simulations were performed using NAMD 2.748 with CHARMM27

parameters 38 and CMAP corrections 39; the TIP3P water model 31 was employed for water

in the system. Newly derived parameters were used for the FMN and FMN-cysteinyl adduct

(see Supplementary Material for details). Where simulations were carried out in a constant

temperature ensemble (see below), the temperature was maintained at 298 K using Langevin

dynamics, with a damping constant of 5.0 ps−1 during equilibration and 1.0 ps−1 during

production runs. During equilibration, NPT ensemble simulations were employed, with a

pressure of 1 atm maintained using a Nosé-Hoover Langevin piston 48. The simulations used

multiple timestepping, with a base timestep of 2 fs, short-range interactions calculated every

step, and long-range electrostatics every 2 steps. All hydrogen bond lengths were

constrained using RATTLE or SETTLE as appropriate. Short range interactions were cut off

at 10 Å, with switching starting at 9 Å. Full electrostatics were performed using PME 48

with a grid density of 1.0 Å-3. All MD trajectories were saved once per two ps.

The dark and light state structures were equilibrated in multiple steps. Initially, all protein

backbone atoms were constrained to their initial coordinates, and all other protein and FMN

atoms were restrained to their initial positions using a harmonic potential with a spring

constant of 10.0 kcal / (mol Å2). The system was subjected to 3000 steps of conjugate

gradient minimization, equilibrated for 200 ps, and then the spring constants on the

harmonic restraints were reduced to zero in 10 steps over an additional 200 ps of simulation.

The constraints on the protein backbone were then converted to harmonic restraints and the

system equilibrated for 200 ps, followed by an additional 200 ps removal of the restraints as

before. The unrestrained system was then equilibrated for an additional 100 ps. For each

state, we subsequently ran five independent 200 ns simulations in the NVT ensemble,

beginning from different random velocities and pseudorandom number generator seeds.

With this simulation length, one can expect to observe events corresponding to short-

timescale relaxation following the photoreaction, and perhaps early events leading up to Jα
dissociation, but this duration is not sufficient to observe the complete dissociation event.

Network analysis

Dynamic network analysis was performed using the networkview plugin of VMD 1.9.1

and the accompanying gncommunities and subopt tools, using CARMA 1.1 21 as a

backend for correlation calculations. For each of the dark and light states, a network was

constructed with a node at the alpha carbon of each amino acid residue and four

representative nodes at the FMN chromophore. The correlations Cij between motions of

each pair of nodes i and j were calculated using the last 120 ns of each trajectory, and edges

between connected nodes were assigned weights equal to - log(Cij), as in Sethi et al. 54,

using trajectories aligned by the core β sheet.

For any path connecting a non-adjacent pair of nodes i and j, a distance was assigned to that

path equal to the sum of weights of all edges along the path. The shortest distance between

each pair of nodes was identified using the Floyd-Warshall algorithm18, and then each edge

assigned a “betweenness” equal to the number of shortest paths passing through it. Each

network was then partitioned into communities using the Girvan-Newman algorithm20 to

maximize the difference in betweenness between inter- and intra-community edges.
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Results

For both the dark and light states of the LOV domain, five separate 200 ns equilibrium MD

trajectories were run to analyze differences in structure and dynamics between the two

states. A summary of all simulations performed is presented in Table 1.

The most obvious feature of all 10 trajectories is that the A′α helix shifts from its initial

crystallographic conformation to a position where it interacts more closely with Jα,

frequently leading to formation of a salt bridge between residues R410 and E545. In all

cases, repositioning of A′α occurs less than 80 ns into the trajectory, and thus unless

otherwise noted the analysis below is restricted to the last 120 ns of each trajectory. In no

case did we observe the A′α helix to substantially repopulate the crystallographic

conformation once it had undergone the shift.

The Cα root mean square fluctuations (RMSFs) of all residues in the LOV domain for all ten

equilibrium simulations are plotted in Fig. 2. The relatively low RMSFs of all residues in the

core, particularly those involved in secondary structure elements, indicate that the domain

core (residues 414-516, found among all LOV and PAS domains) is stable in all of these

trajectories. On the other hand, significant fluctuations occur in all trajectories in the

terminal regions, Jα helix, and Hβ-Iβ loop. Systematic differences are apparent between light

and dark state simulations in the Iβ-Jα loop and Jα helix, where the linker region and top two

turns of the helix are clearly more flexible in the light state than in the dark state. Substantial

inter-trajectory variability is present in both cases; in the dark state, only one trajectory

(DEQ-2) shows a particularly high RMSF in the Iβ-Jα loop and Jα helix, whereas in the light

state trajectories LEQ-2, LEQ-3, and LEQ-5 all show higher mobility than in the dark state

simulations.

To further characterize the motion of the LOV domain during equilibrium MD, clustering

analysis was performed on the dark and light state trajectories (excluding the first 80 ns of

each run), taking frames once per 20 ps, with the LOV domain core aligned in both cases

and then RMSDs for clustering calculated using all non-symmetry related heavy atoms

except those in the N-terminal tail (prior to residue 414). Clusters were assigned using the

Gromos clustering method 15 of GROMACS 3.3 58 with a cutoff of 0.16 nm; these RMSDs

correspond to the first local minimum in the pairwise RMSD distribution for the light state,

and the mode for the dark state (which showed only a single peak). Applying the clustering

method to the complete dark and light state trajectories yields 17 and 23 clusters,

respectively. The clusters are sorted in descending order of occupancy; we focus on the top

six clusters for each case, which comprise 99.3% and 97.7% of timesteps for the dark and

light states, respectively. The average conformations for each of the top six clusters from the

dark and light states are compared to the dark state crystal structure in Fig. 3. The major

clusters observed in the dark state simulations are all similar to each other and to the

equilibrated structure, differing primarily in the positioning of the last two turns of Jα;

however, the majority of contacts between Jα and the core remain intact; other structural

elements do not undergo systematic changes (the largest change that does occur is in cluster

two, where the Jα helix rotates slightly in the plane of the main β sheet). The light state, in

contrast, shows several highly occupied clusters in which Iβ is bent away from the core,
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partly displacing Jα (clusters 2, 3, 4, and 6), and in which the Hβ-Iβ loop is rotated to bring it

closer to Jα (clusters 2, 3, and 6). Equivalent bending of the Iβ strand occurs in the dark state

only in trajectory DEQ-4, where the bent conformation (cluster 4) interchanges repeatedly

with the dominant crystal-like conformation.

Correlated motion of the LOV domain

In order to better characterize the structural changes noted based on clustering analysis,

correlated motions in the equilibrium trajectories of the LOV domain were analyzed using

both conventional Pearson coefficients 28 and Lange and Grubmüller’s mutual information

based general correlation method 35. The combination of these methods is particularly

useful: Pearson coefficients provide a signed measure of the collinear component of

correlation between two atoms, and thus their sign can be directly interpreted in terms of

whether atoms tend to move in lockstep (positive) or show opposed motion (negative) while

the magnitude indicates the strength of the correlation; this method will not detect

correlations that are not collinear or occur out of phase with each other. The mutual

information-based correlation matrix provides a more sensitive method for detecting any

type of dependence in the motion of two atoms, regardless of (for example) the direction of

motion, but cannot itself provide information on the direction or nature of the correlation;

the unsigned value provided by this method is simply a normalized measure of how much

information on one atom’s position is provided by that of another atom.

The two types of correlation matrices were calculated for the combined trajectories of

simulations DEQ-1-5 and LEQ-1-5, and are shown in Fig. 4. Both the dark and light states

show a fairly typical pattern of correlations corresponding to secondary structure elements,

with lines perpendicular to the main diagonal indicating interacting β-strands and a

thickened region of relatively high correlation along the diagonal indicating α-helices. Other

off-diagonal correlations such as that between the Gβ-Hβ loop and the Eα helix generally

correspond to strong interactions between neighboring regions of the structure, such as (in

this case) the E444-K485 salt bridge.

Two particularly significant differences between the correlated motions of the dark and light

state are readily apparent. While in both the dark and light states the motion of the A′α helix

is correlated with the C-terminal portion of Jα, in the light state the A′α helix and adjacent

loops are also strongly coupled to the C-terminal portion of Iβ and the Iβ-Jα linker. At the N-

terminal end of the Iβ strand, in the dark state the Hβ-Iβ loop shows little correlation with

other regions of the protein, and the linker region and Jα helix show strong internal

correlations, but only weaker correlation with each other; in the light state the motion of the

linker and entire Jα helix are strongly correlated with both each other and the Hβ-Iβ loop.

The sign of the Pearson correlation for these regions indicates that at least the collinear

component of the motion of the linker is anticorrelated with that of the Jα helix; the Hβ-Iβ
loop shows opposed patterns for the N- and C-terminal halves of the loop, consistent with

the structures observed in clustering analysis in which the loop twists relative to the crystal

structure such that its C-terminal end and the beginning of Iβ approach Jα.
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Formation of the C450-FMN photoadduct triggers coupled motions in the A′α helix and Jα
helix

The analysis of the information flow in a coarse-grained network with connectivities

determined based on the correlations between motions of different residues has recently

proven to be a powerful tool in identifying the pathways mediating allosteric interactions in

tRNA synthetases 2,54. In order to identify the paths of information flow altering the

behavior of the Jα helix in AsPhot1-LOV2, we generated such a network separately for the

dark and light state equilibrium trajectories described above. In this network, each amino

acid residue is represented as a single node, FMN is divided into 4 nodes (see Fig. 5a), and

edges are determined based on the proximity and correlated motion of the nodes (see

Methods for details). We then partitioned the nodes into strongly connected communities

using the Girvan-Newman algorithm, and examined community membership (Fig. 5a–b)

and the strength of coupling between communities (Fig. 5c).

Two differences between the community interactions in the dark and light states are

particularly striking. First, whereas in the dark state motion of the A′α helix is sufficiently

coupled to the C-terminus of Jα such that these secondary structure elements form a

community (community 2), in the light state, only one A′α residue (T407) interacts strongly

enough with Jα to be included in the same community. Second, whereas in the dark state the

Hβ-Iβ loop acts more or less independently from the β sheet core, in the light state changes in

the dynamics of the Hβ and Iβ strands occur that couple the motions of the Hβ-Iβ loop, Hβ
and Iβ strands with the Jα helix (compare community 8 of the dark state with community 4

of the light state). It is also notable that the two light state trajectories that show partly

dissociated states (LEQ-2 and LEQ-4) also show very little interaction between A′α and Jα
when network analysis is run independently on the individual trajectories, whereas the other

three light state simulations show a community assignment pattern more similar to the dark

state (data not shown); LEQ-2 is also the only trajectory showing substantial interaction

between the community containing the Hβ-Iβ loop and Jα.

The results of the network analysis, combined with the correlation analysis shown in Fig. 4,

point toward two changes in allosteric coupling between the FMN binding site and the Jα
helix. Formation of the FMN photoadduct causes the formation of a rigid region of the LOV

domain core consisting of the Hβ-Iβ loop and proximal portions of the Hβ and Iβ strands

(communities 6 and 8 in the dark state; community 4 the light state), which disrupts the

native contacts with Jα due to tilting of the Iβ strand toward Jα. At the same time, the A′α
helix loses interactions with Jα and shifts away from it (compare community 2 of the dark

state with 2 and 3 in the light state; see also Fig. 4). The combination of these structural

changes causes the partial Jα dissociation observed in some of our light state trajectories,

and presumably leads to complete dissociation over longer timescales (which could not be

consistently captured by our 200 ns simulations).

A recent comparison of methods for network analysis showed that at least in the case of

imidazole glycerol phosphate synthase, better correspondence with experimental results was

obtained by using the center of mass of each residue in the needed calculations, rather than

each residue’s alpha carbon position 59. We thus repeated the above network analysis using

this residue-level method; the results are shown in Supplementary Figure SI2. The results
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from the residue-level analysis are almost completely equivalent to the Cα-based analysis

presented above; most notably, the strong coupling in the light state between the Hβ-Iβ loop,

Jα, and the Aβ and Bβ strands in the light state is still apparent. The only notable difference

is that the residue-level network suggests somewhat stronger interaction between A′α and

the C-terminal portion of Jα in the light state than the Cα-based analysis. This likely reflects

the side chain-side chain interactions between these portions of the protein present in some

light state trajectories; their significance for Jα dissociation is unclear given that these very

contacts are generally least stable in the light state trajectories showing the most

dissociation.

The FMN binding site

Given the differences in behavior of the Hβ-Iβ loop, Iβ strand, and Jα helix in the dark vs.

light state trajectories noted above, the question arises how the small chemical change

associated with the LOV domain photoreaction gives rise to the large scale structural

rearrangements needed for switching the domain between resting and signaling states. As in

previous simulations 19, no major qualitative changes were apparent in the interactions

between the LOV domain and the ribose moiety of FMN or the hydrophobic half of the

isoalloxazine ring; however, we observed substantial changes in the network of hydrogen

bonds between the protein and the polar half of the ring (see Fig. 6). The occupancy

frequencies of these hydrogen bonds throughout the trajectories in the present study are

shown in Fig. 7. The most substantial differences between trajectories occur in the behavior

of Q513, which shows higher inter-trajectory variation than other contacts, and which has a

substantially lower occupancy of the O4-Q513 hydrogen bond in the light state trajectories

relative to the dark state. The N492-O4 hydrogen bond also shows a smaller, but still

significant, drop in occupancy in the light state trajectories (p=0.017, Welch’s t-test, treating

the occupancy of each trajectory as a single data point).

As discussed below, a number of previous experimental 24,30,37,43, structural 13,14,17,23,63,

and computational studies 16,19 implicated the residue at the position of Q513 in the

activation of LOV domains from phototropins of several organisms, as well as N. crassa

Vivid 63. In contrast with the usual inference from structural studies that formation of the

photoadduct leads to reorientation of Q513 to form a hydrogen bond with the (newly

protonated) N5 atom of FMN (e.g., ref. 23), hydrogen bonding with N5 was nearly

nonexistent in the trajectories shown here. The lowered occupancy of the Q513-O4

hydrogen bond in our trajectories thus cannot result from competition with hydrogen

bonding to N5.

Instead, investigation of the behavior of Q513 throughout our simulations reveals the

presence of several heavily occupied conformations of the Q513 side chain, with differing

occupancies between the dark and light states. The dominant conformers are shown in Fig.

8; conformation i is the most occupied one in both the dark and light states, and forms a

hydrogen bond between Q513 and the O4 atom of FMN similar to that observed in the dark

state crystal structure. However, whereas in the dark state only one other (unlabeled)

conformation with a similar hydrogen bond but different orientation of Q513 shows any

substantial occupancy, in the light state three other major conformations occur. In
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conformation ii, the interactions between Q513 and FMN are disrupted by a bound water

interacting with the protonated FMN N5 atom, and Q513 instead interacts with the water

molecule. Conformation iii is similar to ii in the presence of a site-bound water molecule,

but differs in the degree to which Q513 is rotated away from the FMN ring system. In

conformation iv, even indirect contact with FMN is lost, and Q513 is instead rotated toward

N414 and D515. As noted previously 55, in cases where Q513 is no longer hydrogen bonded

to the N5 atom of FMN, we frequently observe the presence of a site-bound water hydrogen

bonded to N5, O4, and the Q513 amide nitrogen.

Even in conformation i, minor variations exist in both the dark and light state, in that we

observe an equilibrium between two conformations differing at the Q513 χ2 dihedral

(compare conformation i in Fig. 8 with the crystallographic conformation shown in Fig. 6).

The alternate Q513 rotamer, which occurs in approximately 80% of dark state timesteps and

84% of light state timesteps, allows Q513 to maintain interaction with the FMN O4 while at

the same time hydrogen bonding with N414 or the antechamber site water (see Song et

al.55). We did not, however, observe any correlation between the χ2 rotamerization state and

larger-scale changes in LOV domain structure except in cases where the Q513-O4

interaction was lost as described above.

The overall importance of the conformation of Q513, located in the Iβ strand, becomes

readily apparent when its behavior is compared to overall structural deformations in the

LOV domain. As noted above, clustering analysis of the dark state trajectories showed few

differences between major conformations, whereas in the light state several clusters (2, 3, 4,

and 6) showed tilting of Iβ to disrupt the interaction surface with Jα, and rearrangement of

the Hβ-Iβ loop and nearby regions of Hβ/Iβ to interact more strongly with Jα. The status of

the Q513-FMN O4 hydrogen bond for timesteps corresponding to different clusters in each

set of trajectories is shown in Fig. 9. Crucially, whereas little correlation is observed

between cluster occupancies and the status of the Q513-FMN interaction in the dark state,

our corresponding light state simulations show disruption of the core-Jα interaction (clusters

2, 3, 4, and 6) only when the Q513 interaction is broken, with or without replacement by a

site-bound water.

The fact that the Iβ strand interacts directly with the Aβ strand, and that these strands are

strongly coupled in both the dark and light states, provides a ready explanation for the

change in behavior of A′α/Aβ/Bβ in the light state: tilting of Iβ induced by conformational

changes in Q513 also triggers a change in the conformation of this N-terminal portion of the

protein through their direct interaction in the β sheet, giving rise to the very different

behavior of A′α observed in the light state. When rotated away from FMN, Q513 also

frequently hydrogen bonds with N414. This presents an intriguing alternative possibility for

propagation of information from the FMN photoreaction to A′α, Aβ, and Bβ: hydrogen

bonding between N414 and Q513 in the rotated conformation of Q513 could alter the

dynamics of the A′α-Aβ-Bβ region and allowing it to interact more strongly with Jα rather

than the LOV domain core. This possibility is supported by the fact that Sosnick and

colleagues found an N414V mutation to yield a protein with somewhat deficient Jα
dissociation that was also aggregation prone 62.
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Discussion

Despite the fact that the equilibrium MD simulations performed here were significantly

shorter than the expected times for Jα dissociation (on the order of hundreds of µs 7,40,61),

putative pre-dissociation states were observed in several of the light-state trajectories; these

states likely represent an intermediate conformation on the complete dissociation pathway.

The pre-dissociation states show characteristic structural changes to the Iβ strand and Hβ-Iβ
loop, leading to tilting of the Iβ strand (such that it forces a corresponding movement of Jα
and disrupts the native interface between the secondary structure elements) and

rearrangement of the Hβ-Iβ loop to interact more closely with Jα. In addition, network

analysis of correlated motions in the equilibrium trajectories shows that both this shift in the

Hβ-Iβ loop and a structural change in the A′α helix, Aβ, and Bβ strands are strongly

correlated with the motion of Jα in the light state, suggesting that both changes are involved

in Jα dissociation.

In seeking a trigger for the observed conformational change, closer inspection of the FMN

binding site in the light state simulations indicates that only one residue, Q513, shows

qualitative changes in its conformation and interactions with FMN between the light and

dark states. This residue exhibited four major conformations, differing both in their

interactions with FMN and the surrounding portions of the protein. While in the dark state

mainly the initial structure was populated, in the light state all four Q513 conformations

arose. Q513 has been noted as a possible mediator of activation in numerous previous

studies 13,14,16,17,19,23,24,30,37,43,44,63; in the present simulations it is also clearly linked to a

structural transition in the light state.

In one particularly pertinent experimental study, Nash et al. found that a Q513L mutation

locked the LOV domain into a pseudo-dark state with only a minor structural response to

illumination, whereas a Q513N mutation put the protein into a pseudo-lit state even without

illumination 41. The effect of the Q513N mutation is readily rationalized in light of our

findings on conformational transitions of Q513 in the wild type protein: the Q513N mutation

likely forces this glutamine to assume a light-like conformation in the dark due to its

shortened side chain. The fact that any light-induced conformational change occurs in the

Q513L mutant, however, deserves further exploration. We obtained two 160 ns trajectories

of the Q513L mutation in each of the light and dark state (using methods identical to those

for the wild type trajectories, with the Q513L substitution imposed using the VMD psfgen

plugin). Neither dark state trajectory showed any notable change in the relative positions of

secondary structure elements compared with the wild type protein, but in both light state

trajectories, the C-terminal end of the Iβ sheet bent slightly toward Jα, similar to the behavior

observed in the wild type light state simulations. Unlike the wild type trajectories, however,

no larger scale effects (Jα dissociation or Hβ-Iβ bending) occurred in either trajectory. These

results suggest that in the Q513L mutant, the LOV domain photoreaction causes a local

conformational change that is superficially similar to that occurring in the wild type protein,

but due to the inability of the leucine to participate in the alternate hydrogen bonding

patterns of Q513 (with N414, N492, O4, and site bound waters), this local structural change

does not propagate to the rest of the protein. The shift in L513 that does occur in this mutant

appears to be the result of conformational frustration in the FMN binding site: as shown in
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Supplementary Figure SI3, in the dark state of the Q513L mutant, both F434 and L513 are

much more constrained in their motion than in the wild type protein. Formation of the FMN

photoadduct causes both of these residues to shift further toward the main beta sheet,

causing a slight bend in Iβ. It is also notable that, unlike in the wild type light state

simulations, we did not observe site bound water interacting with N5 in our Q513L light

state trajectories, presumably due to the absence of Q513 as a hydrogen bonding partner.

This absence may contribute to the lack of larger-scale structural changes in the Q513L

mutant, and also likely accounts for the extremely slow recovery kinetics of the Q513L

mutant (more than tenfold slower than the wild type 41), given our previous findings that

solvent at this site contributes to the recovery reaction 55.

The role of Q513 in overall structural changes of the LOV domain should not be surprising,

particularly given the nature of the changes identified in our simulations; Q513 resides on

the Iβ strand, and thus changes to its conformation can easily translate both to tilting of Iβ
and rearrangement of the Hβ-Iβ loop. Based on our simulations it is apparent that the

formation of a LOV domain-FMN photoadduct simultaneously changes the conformation of

Q513 to break the Q513-FMN O4 hydrogen bond present in the dark state, and generates a

partially occupied water binding site adjacent to the newly protonated N5 atom of FMN (this

water occupancy also appears to play a key role in the reversion of the photoadduct to the

dark state 55). The reconfiguration of Q513, in turn, propagates to cause changes in Iβ and

the Hβ-Iβ loop which alter the overall interaction with Jα. The shifting conformation of Iβ
also triggers a rearrangement in the dynamics of A′α and the Aβ and Bβ strands, coupling

them to Jα. These two changes in information flow are apparent both from correlation

analysis, which reveals substantial changes in correlations between A′α, Hβ-Iβ, and Jα; from

the network analysis shown in Fig. 5, which illustrates that the dynamics of Aβ,Bβ, Hβ, Iβ,

and the Hβ-Iβ loop become coupled in the light state; and from the finding that the partially

dissociated states observed in our light state simulations almost uniformly show substantial

tilting of Iβ (which, as noted above, is strongly correlated with several other secondary

structure elements).

Our analysis has thus revealed two paths through which the LOV domain photoreaction is

coupled to Jα dissociation, which apparently act in parallel: formation of the photoadduct

causes a shift in Iβ through rotamerization of Q513, altering the dynamics of Jα both through

coupling with the A′α helix, and a shift of the Hβ-Iβ loop and nearby portions of the

connected β strands toward Jα. The A′α helix was recently found to play a key role in Jα
dissociation of AsPhot1-LOV2 based on extensive mutagenesis, circular dichroism, and

NMR data 62. The Hβ-Iβ loop was also predicted to play a role in Jα dissociation based on

previous computational results on a truncated phototropin LOV domain 19, but to our

knowledge its role has not yet been directly tested experimentally. The present set of

trajectories do not show substantial interactions between the Hβ-Iβ loop itself and Jα; instead,

it appears likely that the shift of this loop is symptomatic of the tilting of Iβ that destabilizes

the LOV-Jα interface. We must also caution that although both the data presented here and

recent experimental results suggest roles for changing interactions between A′α-Jα and Iβ-Jα
in causing Jα dissociation, as the identity and order of intermediate states have not yet been

established, it would be premature to denote any one interaction as a primary or initial

“driver” of dissociation, and it appears likely that both interactions contribute substantially
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to the thermodynamics of the dissociated state. As noted above, the duration of the present

simulations was still insufficient to observe complete Jα dissociation, and thus it remains

unclear how the altered dynamics of the A′α-Aβ-Bβ region stabilize conformations in which

Jα is dissociated from the LOV domain core (this may be as simple as the loss of

interactions between A′α and Jα stabilizing dissociated conformations in the light state).

Future computational results in which dissociation has been induced using applied forces

may provide additional insight into this facet of AsPhot1-LOV2 activation and reveal the

most common structural paths followed during dissociation.

In revealing these paths of information flow from the FMN binding site to Jα dissociation,

our results provide an atomic-level interpretation for a variety of experimental data, most

recently the results of an extensive series on LOV domain mutants from the Sosnick

group 62. We have identified the specific residues coupling the LOV domain photoreaction

to Jα, which involves both interactions through the A′α helix, and through the core β sheet of

the LOV domain. Analysis of the most substantially dissociated states observed in our

trajectories (particularly those from LEQ-2) permits us to propose several follow-up

experiments to test specific aspects of our mechanistic hypothesis. Our finding that

activation requires rotation of Q513 away from FMN O4 and toward N414 suggests that

mutation of Q513 to a glutamic acid residue would push the LOV domain toward the light

state (by destabilizing the interaction with FMN); the effect would be expected to be

stronger if complemented with mutation of N414 to a basic residue. The peculiar

conformation of the Hβ-Iβ loop observed in our partially dissociated states allows formation

of a salt bridge between D501 and K544 that is not otherwise heavily occupied in the dark or

light states. Mutation of D501 to a basic residue should thus delay or weaken the light-

induced Jα dissociation, as this conformation of the Hβ-Iβ loop accompanies the Iβ tilting that

triggers dissociation. Our proposal that Iβ tilting ultimately plays a major role in Jα
dissociation has already been tested to some extent by Zayner and colleagues 62, who

designed mutations at this interface based on a brief description of the mechanism in our

previous work 55 and observed substantial effects on light-induced structural changes. We

may add to this set of mutations two additional proposals: first, in the partially dissociated

states, a salt bridge forms between E518 and R521, which is not otherwise strongly

occupied; removal of this salt bridge should reduce the strength of light-induced structural

changes. Second, we observe that dissociation begins with breakage of Jα at G528 (in

agreement with simulations from the Baeurle group suggesting that dissociation begins in

the N-terminal portion of Jα 46); replacement of G528 with a helix-stabilizing residue such

as alanine should hinder light-induced Jα dissociation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Overview of the AsPhot1-LOV2 structure 23. The backbone of the homology model is

shown in cartoon representation, with the FMN and photoreactive cysteine (C450) shown in

vdW representation, and all secondary structure elements labeled. Coloring of the protein

backbone runs blue to red from N terminus to C terminus.
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Figure 2.
RMSF of all Cα atoms for each of the equilibrium MD runs in this study. The top panel

shows the dark state simulations, and the bottom panel the light state simulations; in both

cases traces are shown for each trajectory as dashed lines, and an average shown as a solid

line.
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Figure 3.
Conformations of the first six clusters from clustering analysis on the dark (top) and light

state equilibrium MD trajectories, with population in order of descending population. The

dark state crystal structure of the appropriate state is shown in a grey transparent

representation for reference. Inset numbers indicate the percentage of timesteps belonging to

that cluster. To the right of the structures, the occupancy density of each cluster throughout

each trajectory is shown (averaged over 2 ns windows). Results for the five trajectories for

each state are concatenated for simplicity of display. Due to culling of the first 80 ns of each

trajectory, the 600 ns time period shown corresponds to 5 × 120 ns since each trajectory

contributes only 120 ns to the plot.
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Figure 4.
Covariance (left) and correlation (right) matrices for the equilibrium MD simulations in this

study. In each case, the combined results for the five dark state trajectories are shown in the

lower triangle and results for the light state trajectories are shown in the upper triangle.

Regions showing particularly strong differences in correlation structure, the A′α/Jα and Hβ-

Iβ/Jα interactions, are highlighted with purple boxes.
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Figure 5.
Network analysis of correlated motions in the LOV domain. (a) Partition of residues from

the dark (left) and light (right) states into communities; the communities are colored in

numerical order: blue, red, gray, orange, yellow, tan, purple, green, white. (b) Community

identity of each residue in the dark (left) and light states. (c) Interactions of communities in

the dark (left) and light states; the width of each edge is proportional to the number of

shortest paths passing through the interface of those communities (see Sethi et al. 54).
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Membership of nodes from the chromophore is indicated by letters within the circle for each

node, based on the division shown in an inset.
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Figure 6.
Key residues and FMN ring atoms involved in polar contacts at the FMN binding site.
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Figure 7.
Occupancies of major FMN-LOV hydrogen bonds over the last 120 ns of the equilibrium

trajectories in this study. Hydrogen bonds are defined by a donor-acceptor distance of less

than 3.5 Å. Dark state data are shown in blue and light state in orange; the occupancies of

the individual trajectories are shown as small squares, and the average over the 5 trajectories

as a large circle.
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Figure 8.
Common conformations of Q513 observed during equilibrium trajectories. Along the top of

the figure, representative structures from the four most common Q513 orientations are

shown; the chromophore and Q513 are colored cyan. Below, density plots of the occupancy

throughout all dark (left) or light (right) state trajectories for different values of the Q513

Nε-FMN O4 distance and the dihedral formed by the N, Cα, Cγ, and Cδ atoms of Q513

(Q513 dihedral); the color scale shows the number of snapshots in each bin, with snapshots

taken at 2 ps intervals over the complete trajectories. The regions corresponding to the four

snapshots are shown in the light state density plot.
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Figure 9.
Histograms showing the occupancy of different Q513 Nε-FMN O4 heavy atom distances for

the dark (left) and light (right) simulations, divided by the cluster assigned at each timestep

(see above). As with the clustering itself, only one frame is considered per 20 ps.

Freddolino et al. Page 25

Photochem Photobiol Sci. Author manuscript; available in PMC 2014 July 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript

Freddolino et al. Page 26

T
ab

le
 1

Su
m

m
ar

y 
of

 s
im

ul
at

io
ns

 p
er

fo
rm

ed
. R

M
SD

s 
co

m
pa

re
 a

 M
D

 tr
aj

ec
to

ry
 a

nd
 th

e 
ap

pr
op

ri
at

e 
ro

om
-t

em
pe

ra
tu

re
 c

ry
st

al
 s

tr
uc

tu
re

 23
; c

or
e 

R
M

SD
s 

in
cl

ud
e

on
ly

 r
es

id
ue

s 
41

4-
51

6,
 o

m
itt

in
g 

th
e 

A
′ α

 a
nd

 J
α

 h
el

ic
es

.

N
am

e
T

yp
e

St
ru

ct
ur

e
D

ur
at

io
n

R
M

SD
R

M
SD

(c
or

e)

D
E

Q
-1

N
V

T
D

ar
k

20
0.

0 
ns

2.
00

0.
88

D
E

Q
-2

N
V

T
D

ar
k

20
0.

0 
ns

3.
04

0.
85

D
E

Q
-3

N
V

T
D

ar
k

20
0.

0 
ns

1.
90

0.
96

D
E

Q
-4

N
V

T
D

ar
k

20
0.

0 
ns

2.
14

0.
95

D
E

Q
-5

N
V

T
D

ar
k

20
0.

0 
ns

3.
55

0.
86

L
E

Q
-1

N
V

T
L

ig
ht

20
0.

0 
ns

2.
45

1.
16

L
E

Q
-2

N
V

T
L

ig
ht

20
0.

0 
ns

3.
04

1.
17

L
E

Q
-3

N
V

T
L

ig
ht

20
0.

0 
ns

2.
30

1.
05

L
E

Q
-4

N
V

T
L

ig
ht

20
0.

0 
ns

2.
36

1.
13

L
E

Q
-5

N
V

T
L

ig
ht

20
0.

0 
ns

2.
53

0.
99

Photochem Photobiol Sci. Author manuscript; available in PMC 2014 July 01.


