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ABSTRACT:

The C terminal Ja-helix of the Avena Sativa’s Light Oxygen and Voltage (AsLOV2) protein,
unfolds on exposure to blue light. This characteristic seeks relevance in applications related to
engineering novel biological photoswitches. Using Molecular Dynamic (MD) simulations and
the Markov State Modeling (MSM) approach we provide the mechanism that explains the
stepwise unfolding of the Ja-helix. The unfolding was resolved into seven steps represented by
the structurally distinguishable states distributed over the initiation and the post initiation phases.
Wherein, the initiation phase occurs due to the collapse of the interaction cascade FMN-Q513-
N492-L480-W491-Q479-V520-A524, the onset of the post initiation phase is marked by
breaking of the hydrophobic interactions between the Ja-helix and the IB-sheet. This study
indicates that the displacement of N492 out of the FMN binding pocket, not necessarily requiring
Q513, is essential for the initiation of the Ja-helix unfolding. Rather, the structural reorientation
of Q513 activates the protein to cross the hydrophobic barrier and enter the post initiation phase.
Similarly, the structural deviations in N482, rather than its integral role in unfolding, could
enhance the unfolding rates. Further, the MSM studies on the wild type and the Q513 mutant,
provide the spatio-temporal roadmap that layout the possible pathways of structural transition
between the dark and the light states of the protein. Overall, the study provides insights useful to
enhance the performance of AsLOV?2 based photoswitches.

Keywords: AsLOV2, Ja-helix, Molecular Dynamic (MD) simulations, Markov State Modeling
(MSM), Stepwise unfolding, Initiation, Hydrophobic barrier, Spatio-temporal road map

Importance and/or impact of the work: As a light-sensitive protein, AsLOV2 has been widely
demonstrated for its potential developing biological photoswitches. The mechanistic insights
obtained from this study will be important to consider while designing novel and efficient
photoswitches. Applications related to optogenetics and development of molecular tools in
photobiology shall greatly benefit from this work.



INTRODUCTION:

Blue light receptors that are responsible for phototropism in plants (mainly angiosperms) also
have a role in autophosphorylation', regulation of stomatal opening”, chloroplast relocation®*
and leaf opening’. Light-Oxygen-Voltage (LOV) domain is one of the blue light receptors that
belong to the Per-ARNT Sim (PAS) domain superfamily’. LOV domains are found in plants’®,
bacteria”’, fungi'®"® and algae'*'>. These domains are instrumental in the development of
artificial photoswitches that enable spatio-temporally precise regulation of the active and inactive
states of the target proteins'® 2. Light-Oxygen-Voltage domain of Avena sativa (AsLOV2) is
being widely used in the development of these photoswitches such as the LINuS (regulates gene
expression and entry to mitosis)>’, LEXY (control over the export proteins in cell)”’, LOV-TAP

(regulates the TrpR binding to the DNA)* and BLISS (controls protein conjugation)'’.

AsLOV2 due to its small size, soluble nature and co-expression of its chromophore (FMN)
makes this protein an ideal choice for designing photoswitches’®*’. The core structure of
AsLOV2 consists of 5 a-helices namely, an N terminal A’a (T407-R410), Ca (D432-T438), Da
(R442-E444), Ea (R451-L453) and Fa (R460-N472) and 5 B-sheets namely, AP (F415-T418),
Bp (1427-A430), Gp (V476-Y483), HB (K489-R500) and Ip (V506-G516) (PDB ID: 2VIA®®).
The protein’s core at its C terminal is followed by the Ja-helix (D522-E545) that remains folded
in dark. Whereas, in blue light (447 nm) the Ja-helix unfolds. This structural transition is a
reversible process with timescales of unfolding and folding in microseconds and seconds,
respectively”. This characteristic feature forms a basis for LOV2 to be used in photoswitching
applications'®’.

The FMN in the dark state remains noncovalently stabilized in the protein core through the set of
H bonds between the FMN’s (02, N3, O4, O4) and the core’s N482 (ND2), N482 (OD1), N492
(ND2) and Q513 (NE2), respectively. On exposure to light, photocycle initiates wherein, the
singlet excited state of FMN undergoes intersystem crossing to the triplet excited state and
subsequently leads to the formation of a covalent bond between FMN(C4A) and C450(SG)
(Figure 1). This causes the protonation at the FMN(N5)™ that flips the Q513 side chain that
induces a formation of a H bond between FMN(N5) and Q513(OE1). While, other H bonds
between the FMN and the atoms of N482 and N492 remain unaltered in the light crystal state
(PDB ID: 2V1B***!).
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Figure 1: Blue light induced covalent bond (pink) between the thiol of C450 (yellow) and C4A
carbon of FMN (black) flips Q513 side chain (rectangular black box)

Literature suggests that the residues from the AsLOV?2 core regions, especially from the IB-sheet
and A’a-helix play a crucial role in the light induced opening of the Jo-helix****. The study using
a set of data collected from 5 independent dark and light induced Molecular Dynamic (MD)
simulations of 200ns each suggested - the dynamics of IB-sheet and its conserved Q513 residue
correlates with that of the Jo-helix®*. Whereas a separate study based on MD simulations and
other approaches like Markov state modeling, and machine learning, has suggested A’a-helix
regulatory role in Jo-helix unfolding®®. Furthermore, the MD study by Iuliano J N and team has
demonstrated the complete unfolding of the AsLOV2 Ja-helix within 7 ps under the light
conditions and provided a mechanistic insight suggesting that Q513 lever arm motion is essential
for the Ja-helix unfolding®®. Q513, for a long time, has been considered necessary for the
stabilization of the light induced protonation at the N5 position of the FMN. And, its presence is
pivotal for the development of the light induced cascade of structural changes that ultimately
leads to unfolding® ™. In contrast, a recent study by Dietler et al., 2022, demonstrated that LOV
photoreceptors remain functionally active irrespective of the presence of Q513" In this work,
the authors have reported successful, although sometimes attenuated, kinase activity for all the
possible Q513 variants of the engineered AsLOV?2 fused histidine kinase YF1, under the light
conditions. Therefore, it's intriguing to understand the impact of Q513 on the molecular
pathways that lead to light induced allostery in the Jo-helix.

Studying molecular pathways at atomic level, using experimental approaches have always been
challenging. Alternatively, atomistic MD simulations have allowed to explore the allosteric
changes in the biomolecules. In this study, we have captured the light-induced stepwise
unfolding of the AsLOV2 Jo-helix and have identified its correlation with the secondary
structural dynamics of the protein core. We explored the evolution of the structural attributes of
the key residues involved in unfolding and their impact on the interaction linkage necessary for
the stability of the Ja-helix. Using the data collected from various MD trajectories the Markov
State Models (MSMs) were generated and the spatio-temporal pathways that lead to complete
Jo-helix unfolding were analyzed. Lastly we explored the impact of Q513 on unfolding, by
conducting studies on Q513 mutant.



RESULTS:

AsLOV2 Ja-helix unfolds in a stepwise manner
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Figure 2: Overall secondary structural changes observed within the 10us of FMN-CYS adduct
formation. A) Structural comparison between the light structure with unfolded Ja-helix and the
dark crystal structure (2V1A). The arrows indicate the changes from dark crystal structure to
light structure. After 10us Ja-helix (red) unfolds and moves away from the core (yellow) of the
protein. While the core remains relatively stable, it’s N-terminal Aa-helix (cyan) conformation
changes to 3-10 helix and the IB-sheet (blue) shortens and bends away from the dark state
position. B) DSSP map showing an evolution of the secondary structure over 10us. C) Root
Mean Square Deviation (RMSD) of the Ca atoms of the whole AsLOV2 (yellow), Aa-helix
(cyan), IB-sheet (blue) and Ja-helix (red). Also, shown are the representative structures captured
at different unfolding steps (dotted line) of the Ja-helix. D) Residue wise Root Mean Square
Fluctuation (RMSF) of the Ca atoms of the AsLOV2. Regions with the high fluctuations are
marked with in the vertical dotted lines.

The most prominent secondary structural change observed from the 10 ps MD simulation was
the unfolding of AsLOV2’s Ja-helix (Figure 2A). The residue-wise secondary structural
projections of the Define Secondary Structure of Proteins (DSSP*®) map (Figure 2B) showed that
Jo-helix unfolding happens in a stepwise manner that synchronizes with the time dependent
changes in the protein rmsd (Figure 2C). The first step after the light induction occurs at 0.7us
(Step 1). Until this point the Ja-helix unfolds between D522-G528. At 2.8 us (Step2) the Ja-helix
enters the second stage of unfolding, where residues G528-I532 begin to undergo a series of



transient conversions between the folded and the unfolded states. These interconversions lasts till
5.2us (Step 3), beyond which the Ja-helix completely unfolds till 1532 and the left over partition
remains stably folded up to 7.0 ps (Step 4). Thereafter this partition switches into two helical
structures between E537-D540 and A543-E545, in series. At 8.5us (Step 5), these helical
structures disappear and a single helical turn appears between 1539-A543 which then vanishes by
9.3us (Step 6). Finally, after an appearance of a short lived B-sheet between M529-1532, the Ja-
helix unfolds completely to a loop at 10 ps (Step 7).

Localized dynamics in AsLOV2 core coordinates unfolding of the different segments of the
Ja-helix
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Figure 3: A) Dynamic cross correlation map (DCCM) of time-correlated backbone atom
motions highlighting (colored boxes) correlated regions of the AsSLOV?2 Ja-helix with the core
part of the protein. Highlighted regions are segregated into two sectors. B) Correlated regions
corresponding to Sector 1 and Sector 2 are shown.
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Shortening of IB-sheet and the transient conversion of A’a helix into the 3;¢-helix and the loop
were the next most pronounced influences observed, that light had on AsLOV2 (Figure 2A and
2B). The raised root mean square fluctuations seen in different regions of the core (Figure 2D)
indicate, the light based conformational effects are not only limited to the A’a-helix and the If-
sheet. We investigated, using inter-residue dynamical cross-correlation matrix (DCCM) analysis,
if these localized structural changes in the core coordinate with the stepwise Ja-helix unfolding?
Overall, the dynamics between the residues of the Ja-helix and the core is prominently anti-
correlated. Interesting to notice are the strongly (|r] > 0.5, where r is the correlation cutoff) cross-
correlated regions (Figure 3A, colored boxes), distributed between two halves of the Ja-helix, the
Jon (the N-terminal half (D522-1532), Figure 3B Sectorl) and the Joc (the C-terminal half (T535-



L546), Figure 3B Sector2), separated by the un-correlated region AJo containing K533 and
K534.

Jay 1s negatively correlated to the three core regions, namely the Fa-helix to GB-sheet region
(T458-N482, orange), the HB-sheet region (W491-P498, lime), and the IB-sheet along with its
adjacent loop region (residue I510-E518, black). Noticeably, the respective regions contain the
residues, N482, N492 and Q513, that mediate hydrogen bond linkages between the protein core
and the FMN™. These residues are therefore the possible gateways to initiate the signaling for
the Ja-helix unfolding. The significantly higher correlation estimates (-0.75) for the core region
containing Q513 (black, Figure 3B) suggests, Q513 is a preferable gateway. It also seems
favorable due to the dynamical correlation between the small loop region (K413-F415, green),
located between the A’a-helix and the AB-sheet (Sector 1, Figure 3B), and the helical turn
(A524-R526) in Jay. This loop region contains N414, which is essential for linking the Q513
dynamics to the Ja-helix unfolding®®. The strong positive correlation (red star, Figure 3A)
observed between Q513 containing IB-sheet (Figure 3B, black)and N414’s loop (green) also
emphasizes the strength of this linkage.

On the other hand, the Jac houses four overlapping regions with the set of residues (1539, A542,
A543, E545 and L546), (T535, A536, N538-L546), (A536, 1539, D540, A543) and (1539-L546)
which show strong correlation dynamics with the core regions, AB-sheet (V416-D419, blue),
1427-F434 (purple), residues R442 and L446 (red), and the part of HP and the IB-sheet regions
(499, 500, 507-509, pink), respectively.

These results indicate that the light induced structural changes in the specific core regions in the
Sector 1 and Sector 2 (Figure 3B), could allosterically coordinate the unfolding of the Jon and
Joc portions, respectively

Disruption of the interaction cascade linking the FMN and the Jo-helix N terminal is
essential for the unfolding initiation

Q513, N492, N482 and N414 could regulate the initiation events of the Ja-helix unfolding. The
time resolved structural analysis of these residues reveal how the Ja-helix unfolding initiates. It
is observed that the FMN-CY'S adduct lead protonation at the FMN(NYS) triggers the movement
of Q513 within 0.6pus (Figure 4). Wherein, N492 breaks its H bond contact with the FMN and
forms a contact with Q513 (Figure 4 & Supp Figure 1d). At 0.7us, Q513’s backbone shifts
downwards by 1.2 A with respect to its dark state position and its side chain rotates by 116° out
of the FMN binding pocket. This lever-like motion of Q513 pulls with it the N492, and disturbs
N492’s H bond interaction with N482 (Figure 4 & Supp Figure 1c). Simultaneously, L480 gets
reoriented, which causes disruption in the series of vanderwaal interactions 1.480-W491-Q479
(Figure 5). This further triggers the breaking of H bond interaction between Q479 and V520.
Q479 has been predicted to be important for Ja-helix stability’ . The disruption cascade further
breaks the H bond linkage between V520 and A524 (Ja-helix residue). V520-A524 linkage, in
the dark state, is essential for the stability of the first helical turn of the Ja-helix®®. Thus,
disruption in the interaction linkage FMN-Q513-N492-L480-W491-Q479-V520-A524 is
essential to initiate the Ja-helix unfolding.
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Figure 4: Residue wise conformational changes at the time intervals 0.6us, 0.7us, 3.1us, 3.9us,
4.9us, 7.0us, 8.5us, 9.42us and 10.14us after the FMN-CYS bond formation. FMN, N482,
N492, Q513 and N414 are shown as elements in green, cyan, orange and grey, respectively. H
bonds are shown as black dotted lines. Residue wise structural orientations after 10.14pus
compared with that of the light crystal state (2V1B).

N492’s transient displacement, irrespective of Q513 suffice the initiation of the Ja-helix
unfolding

A recent study by Dietler et al., 2022% suggested that unfolding of the Ja-helix is possible in the
absence of Q513. To understand if the absence of Q513 impacts the interaction cascade leading
to the initiation of the Ja-helix unfolding, we analyzed light based structural changes in AsSLOV2
where Q513 was mutated to alanine (AsLOV2 Q513A) and to leucine (AsLOV2 Q513L).
Although the complete unfolding was not observed in these mutants, they undergo the unfolding
initiation (Figure 5D and 5F, Supp Figure 2). The initiation was marked by the similar secondary
structural changes as in the case of the wild type protein. During initiation, both the mutants
show transient movements of N492 out of the FMN binding pocket by breaking its H-bond
interactions with FMN and N482 (Figure 5D, SE, Supp Figure 3, 4). Like the wild type, mutants
show disruption in the interaction cascade (FMN-N492-L480-W491-Q479-V520-A524)
responsible for the onset of initiation. Further,we observed that in wild type soon after the
N492’s movement out of the FMN binding pocket N492 begins to set transient interactions with
Q513 until 7pus (Figure 4). Thereafter, N492 returns to its conformations as in the dark and light
state crystal structures. On the contrary, the study by Iuliano JN et al reported that N492 after
leaving the FMN binding pocket, bridges a link between N482 and Q513 till 6.81us and
thereafter N492 losses all these interactions®®. However, our observation suggests that for the Ja-
helix unfolding to get initiated, even a transient displacement of N492 out of the FMN binding
pocket is sufficient and can happen irrespective of the presence of Q513.
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Figure 5: A), C) and E) Shown are the dark state structures of the wild type, AsSLOV2 Q2A
and AsLOV2 Q2L respectively and B), D) and F) Shown are the structures displaying
unfolding initiation after 0.7, 0.54 and 2.7 ps and their corresponding interaction cascade
between the FMN and the A524.

N482 dynamics could indirectly influence the rate of unfolding

Noticeably, N482 is not the part of the interaction cascade responsible for unfolding initiation. In
contrast to the previous study’’, in our trajectories N482 never deviates from its dark state
conformation (Figure 4 and Supp Figure 1 a, b). Also, the Ja-helix unfolding took 3us longer to
unfold (Figure 2B and 2C). These observations along with the fact that N482 shares the G} with

9



two of the interaction cascade residues L480 and Q479, any structural deviations in N482, could
influence the rate at which Ja-helix unfolds.

Q513 reorientation promotes Ja-helix unfolding post initiation

We observed 0.7us after the light induction Q513 moves out of the FMN binding pocket and
thereafter does not form any interactions with FMN until 3.9us. After which, Q513(NE2)
possesses transient interactions with FMN(O4) until 4.9us. Strikingly, this (4.9us) time point just
precedes Step 3, till which the Ja-helix transiently unfolds uptill 1532 (Figure 2B and 2C). Also,
at this time step, the Ip-sheet further shortens until Q513 and drops further down by an angle of
11.2° in comparison to its position at 3.9us. This angular deviation corresponds to the 2A shift in
Q513 and its side chain reorients itself by 128.2° (Figure 4). Similar positional changes around
this time point have been observed previously’®. Additionally, at 4.9us we observed that Q513
loses its H bond contacts with N414 (Supp Figure 1I). These structural changes promote
unfolding of the Ja-helix beyond [532. Further after 7.0us Q513 side chain begins to flip by
180°, which in concurrence with the complete unfolding the Jo-helix stabilizes in the orientation
as found in the light state crystal structure. Maintaining its dynamical correlation with Q513,
N414 also occupies the orientation as in the light crystal structure.

Spatio-temporal road map of AsLOV?2 structural transition between its light induced states

Transition of AsSLOV2 between its light induced states was studied through the Markov State Modelling
(MSM)* approach on the cumulative 20 us MD simulation data. Five metastable states were derived,
where each state is a set of 10 markov models demonstrating the intra state structural variability (Figure
6). Occurrence probability of each state (represented by the size of the grey spheres) and the mean
transition time between them (displayed on the connecting arrows) provided the spatio-temporal road map
of transition from the fully folded (S2, blue) to the fully unfolded (S4, green) state of its Ja-helix. The
transition happens via the set of intermediate states S3 (dark green), S1 (purple) and S5 (yellow).

Metastable states explain stepwise unfolding of the Ja-helix

Metastable State 2 (S2, blue): This is the second most occurring state (21.57%) with rmsd
between the Co atoms of the representative microstates 2.53+0.20 A. Microstates in S2
correspond to the structural changes that happen within 0.7 us (Figure 2C, Stepl) of the light
induction and are maximally occupied (80%) by the structure with the completely folded Ja-
helix. S2 is stabilized due to the interactions as listed in Figure 6C, S2 box. Clearly, these
interactions accommodate the initiation cascade FMN-Q513-N492-L480-W491-Q479-V520-
AS524 (Figure 6, S2 box, written in green). S2 is also occupied by a few microstates in which the
Jo-helix remains partially folded until G528 and therefore resembles the structures on the verge
of transition from completely folded Ja to unfolding initiation.
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Figure 6: A) PCCA++ metastable states of wild type AsLOV2, along with mean first passage
times (MFPTs) between them and their free energy. The size of the circles represents the
occurrence probability of the particular state. B) Unfolding steps enveloped in the metastable
states. C) Evolution of interactions in the metastable states. Represented are the persisting
interactions (green), disturbed interactions (yellow) and lost interactions (red).

Metastable State 3 (S3, teal green): The probability of occurrence of this state is 15.05% with
rmsd of 2.48+1.19A. S3 is composed of the microstates with the Ja-helix unfolded up to G528
and accommodate structural changes between Step 1 and Step 2 (Figure 2C). This state possesses
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the secondary structural changes that are considered as the signature of unfolding initiation.
These structural changes seen in most of the microstates are (i) appearance of a small helical turn
in the hinge region between the IB-sheet and the J a-helix®, (i1) appearance of the A’a-helix as
310-helix in 70% of the microstates, whereas 30% of these posses the A’a-helix region as a loop
and (ii1) the IB-sheet in S3 is found to be shorter by two residues and slightly bended towards Ja-
helix. In S3, we observed that FMN-Q513-N492-1480 stretch of the interaction cascade gets
disturbed (Figure 6, S3 box, written in yellow), whereas the linkage beyond L480, up till G528
gets completely shattered (Figure 6, S3 box, written in red).

Metastable State 1 (S1, magenta): This is the state with least occupancy (10.67%) with rmsd of
3.58+0.40A. S1 comprises the microstates with the structural stages that lie between Step 2 (2.8
ps) and Step 3 (5.2 ps) of the simulation timeline (Figure 2C). Here, the A’a-helix remains
completely unfolded and the majority of this metastable state possesses a shortened IB-sheet till
L514. And, the structures contained in this state show the Ja-helix unfolding between G528 and
[532. It is seen that the unfolding halts beyond 1532, due to the hydrophobic interactions (L514-
L531 and L514-1532) between the IB-sheet and the Ja-helix (Figure 6, S1 box).

Metastable State 5 (S5, yellow): S5 is the state with highest occupancy (32%) and has rmsd of
3.78+0.38A. This metastable state comprises the structural stages of the Jo-helix between Step 3
(5.2 ps) and Step 4 (7.0 ps) (Figure 2C). In more than 70% of S5’s microstate, I3-sheet further
bends and shortens till Q513, which moves out of the FMN binding pocket and reorients by 180°.
This triggers L514, a residue adjacent to Q513, to lose its hydrophobic interactions (L514-L531
and L514-1532) with the Jo-helix (Figure 6, S5 box, written in red). As a result, the Jo-helix
crosses this hydrophobic barrier and begins to unfold further beyond I532. Thereafter, due to the
major H bond interactions that persist between the Ja’s D540 and L546 with HB’s Q497 and its
adjacent loop residue Y508, respectively (Figure 6, S5 box, written in green), this state retains
the unfolding of the Ja-helix only till I539.

Metastable State 4 (S4, green): S4 is majorly unfolded state that possesses 20% of the
occupancy and highest structural deviation of 8.75£1.29A. This state accommodates in it the
markov state models that correspond to structures between Step 4 (7us) to Step 7 (10.1us)
(Figure 2C). Here, 30% of the microstates retain a small helical turn between E541 and K544
residues of the unfolded Ja-helix. This feature sees an overlap with the structures found between
Step 4 (7us) and Step 6 (9.3 us). The corresponding time window witnesses the breaking of the
H bond between D540 and Q497. While, the loss of the last interaction (Y508-L546) appears in
the remaining 70% of the metastable state and possesses markov models that correspond to the
structures that appear after Step 6. In these microstates, the two-third population appears to
contain a small stretch of a  sheet (in the Ja-helix) that corresponds to Step 6 to Step 7 (Figure
2C). Appearance of this B sheet is due to the H bond between T477 and M530. Whereas, in the
remaining population, without this H bond, the Ja-helix remains completely unfolded as in the
structures beyond Step7 (Figure 2C).
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Q513 is pivotal for crossing the hydrophobic checkpoint
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Figure 7: A) PCCA++ metastable states of mutated AsLOV2 Q513A, along with mean first
passage times (MFPTs) between them and their free energy. The size of the circles represents the
occurrence probability of the particular state. B) Residual network analysis of the 4 metatstable
states representing the persisting interactions (green), disturbed interactions (yellow) and lost
interactions (red).
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The stepwise rupture of the Ja helix H bond interactions, necessary for its unfolding, halts at the
site of hydrophobic interactions between the I sheet and the Ja helix. Q513A and Q513L do not
bypass this halt to resume the Ja-helix unfolding, at least 12 ps after the light induced state was
created (Supp Figure 2). To understand the stringency of this hydrophobic checkpoint, we
determined the markov state models of the Q513A mutant using the cumulative data of 24 us
MD simulations. Four metastable states S1, S2, S3 and S4 (Figure 7 and Supp Figure 6C) were
obtained, of which the S1 holds microstates with the Ja-helix in a completely folded structural
form. The representative models of the microstates in S1 ( Figure 7, S1 box), shows that soon
after the light induction in the Q513A mutant, the FMN loses its H-bond interactions with its
active site residues. Thus, S1 is the least occupied (0.33%) state, and the mutant remains rather
stable in the other states as their occurrences are 83%, 15% and 1%, in S4, S3 and S2
respectively. As presumed, due to the absence of Q513 all the metastable states possess intact
hydrophobic bonds (L514-L531 and L514-1532) between the IB-sheet and the Ja-helix. Hence,
the Ja-helix unfolding, in all the microstates, was found to be limited due to the hydrophobic
checkpoint. S4 possessed unfolding between the E525 and E527, whereas in S3 and S2,
unfolding could maximally extend until E527 and V529, respectively.

DISCUSSION:

Blue light absorption by AsLOV2 leads to Ja-helix unfolding®'. Studies so far suggest, this
allosteric characteristic is primed by the coordinated structural deviations such as unfolding of
the A’a-helix, appearance of a helical turn between IB-sheet and Ja-helix, and loss of IB-sheet’s
N terminal stretch and its bending towards the Jo-helix*>***>*°. Wherein, these deviations occur
due to the changes in the structural attributes of the residues like Q513, N492, N482 and
N414°%% Specifically, Iuliano, J. N. et al proposed that Q513, through its structural
reorientation and an interactive interplay with N414, establishes a signal transduction pathway
between FMN and the Jo-helix to regulate unfolding™.

In this study, using MD simulation and MSM approaches we have provided a detailed spatio-
temporal journey of the light induced Jo-helix unfolding in AsLOV2. We explored the
mechanistic contributions of the secondary structures and the residues that promote the Ja-helix
unfolding at different stages. Starting from the N - terminal end the Ja-helix unfolds in seven
time steps (Figure 2B & 2C). Further on the basis of the correlation dynamics between the Ja-
helix and the AsLOV2 core these steps were segregated into two sectors, Sector 1 and Sector 2
(Figure 3). Sector 1 is composed (shown in orange, lime, black and green in Figure 3) of the core
regions that correlates with the Jo, dynamics (D522 - 1532) and corresponds with the unfolding
time zone until Step 3 (5.2 us). Sector 2 is the set of core regions (shown in red, purple, blue and
pink in Figure 3) that correlates with the Ja. (T535 - L546) dynamics and corresponds to the time
zone beyond Step 4 (7.0 us). Interestingly, the region between Jo.and Jo., (AJa, K533 & K534)
shows no dynamical correlation with the AsLOV2 core. And, the stable rmsd of the Ja-helix
between Step 3 and Step 4 indicates its correspondence with the AJa.

The complete Ja-helix unfolding requires that the protein successfully unfolds through the two
major stages, (i) entry point of the Jo, segment (initiation phase) and (ii) the AJa barrier. The Ja-
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helix folded state is maintained via the interaction cascade (L480-W491-Q479-V520-A524) that
links the FMN and the Ja. segment. Thus for unfolding initiation, it's essential to disrupt this
cascade. Link between FMN and this cascade is mediated via Q513 and N492. But it was
observed that even a momentary displacement of N492, out of the FMN binding pocket,
irrespective of the presence of Q513, could cause the disruption in cascade (Figure 5).
Additionally N482, like Q513 and N492, also forms the FMN binding pocket. But it does not
show any direct linkage in the initiation cascade, although N482’s structural dynamics could
influence the rate of unfolding.

Secondly, to unfold through the AJa barrier, it is essential that the protein bypass a hydrophobic
check point (L514-L531 and L514-1532) between the Ip sheet and the Ja helix. It was observed,
just beyond Step 3, Q513 reorients and triggers L514 which leads to breaking of its hydrophobic
interactions before Step 4. Simultaneously, the A’a-helix (T407-R410) completely unfolds,
which was otherwise undergoing the series of structural conversions between 3,-helix and loop
(Figure 2B). Until this point of time the A’a-helix shows minimal variations in its rmsd (Figure
2C). Thereafter, these variations enhance and their coordination with the changes in the Ja-helix
rmsd become more pronounced. Previous studies have suggested that light induction in AsLOV2
causes deviations in the residues in the vicinity of the A'a helix”®*’. Of these residues, N414 is of
special importance due to its contribution in stabilizing the contacts between the A'a and the Jo-
helix*. N414 is also critical due to its contribution in Jo-helix unfolding via the rearrangements
in its interaction linkages with Q513°°. Altogether these structural coordinations are suggestive
of providing the necessary trigger required to push the Jo-helix into the unfolding state, cross the
Ala barrier after a stint of stability between Step 3 and Step 4. To test this hypothesis, we
analyzed light induced changes in AsLOV2 mutants which cease to attain Ja-helix unfolded state
similar to that in the wild type at Step 4 (Figure 2). Unlike wild type, the complete unfolding of
the A’a-helix (Supp Figure 2A and 2C) and the crossing of the hydrophobic checkpoint was not
observed in Q513 mutants. Noticeably, the photosensors having these mutations are found to be
functionally active, although with compromised efficiency”’. Therefore, we suggest that in the
absence of Q513, AsLOV2 could bypass the AlJa barrier, but with delay. A recent finding
supports this idea that Q513 mutants delays and not ceases, the ASLOV2 photocycle®.

We found, in spite of the different spatio-temporal paths of Ja-helix unfolding, the structural
attributes, that are specifically important to leap the protein through various unfolding stages,
remain the same. These attributes are encompassed within the set of five metastable states (S1 to
S5) estimated using the MSM approach. Overall, it was observed that the state with completely
folded Ja-helix (Figure 6, S2) stabilizes the initiation cascade. With the loss of interactions in the
initiation cascade, protein enters the initiation phase (Figure 6, S3). Then, the hydrophobic
checkpoint halts the unfolding at the 1532 residue of the Ja-helix (Figure 6, S1). Thereafter, due
to the structural reorientation in Q513 the protein crosses the checkpoint (Figure 6, S5) and
resumes complete unfolding (Figure 6, S4). Further on, the MSM studies on Q513A mutant
suggested that, in spite of the coordinated layoff of the initiation cascade, inability of the mutant
to bypass the hydrophobic checkpoint, in any of its metastable states, withheld the protein from
complete unfolding.
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Overall, the study provides the spatio-temporal roadmap for the light induced Ja-helix unfolding
of AsLOV?2. The structural insights discussed here are imperative and useful due to the central
role of LOV2 in development of efficient photoswitches and it’s applications like
optogenetic' 2, photobiology'*'*, photosynthesis” etc.

MATERIALS AND METHODS:
MD simulations:

MD simulations were performed as per the earlier study on AsSLOV2*® using Amber version
20",

Simulations conducted included a set of independent runs of 10 ps on AsLOV2, a set of two runs
of 12 ps each of AsLOV2 Q513A and a set of one run of 12 ps on AsLOV2 QS513L. Starting
structures used in all the cases was the modified dark crystal structure of AsLOV2 (PDB ID:
2V1A) in which the covalent bond was created between the C450-SH and FMN-C4A. Analysis
was performed using Amber cpptraj”, Bio3D* tool integrated into R (version 4.1.3*") and
Pymol (version 2.3.0*).

Markov state modeling

pyEMMA (version 2.5.7*’) was used to construct and analyze MSM. Detailed procedure used to
conduct MSM study on 20 pus AsLOV2 and 24 ps AsLOV2 Q513A cumulative MD data is
provided in the supplementary material section.
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