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ABSTRACT

The Light-Oxygen-Voltage 2 (LOV2) domain of Avena Sativa phototropin 1 (AsLOV2) protein is one of the
most studied domains in the field of designing photoswitches. This is due to the several unique features
in the AsLOV2, such as the monomeric structure of the protein in both light and dark states and the rel-
atively short transition time between the two states. Despite that, not many studies focus on the effect of
the secondary structures on the drastic conformational change between the light and dark states. In this
study, we focus on the role of A’a helix as a key player in the transition between both states using various
computational tools as: 1.5 us molecular dynamics simulations for each configuration, Markov state
model, different machine learning techniques, and community analysis. The impact of the A’a helix
was studied on the atomistic level by introducing two groups of mutations, helicity enhancing mutations
(T406A and T407A) and helicity disrupting mutations (L408D and R410P), as well as on the overall sec-
ondary structure by using the community analysis. Maintaining the N-terminal hydrogen bond network
was found to be essential for the transition between the two states. Via in-depth hydrogen bonding and
contact analysis we were able to identify key residues (Thr407 and Arg410) involved in the functional
conformational switch and their impact on the overall protein dynamics. Moreover, the community anal-
ysis highlighted the significant role of the p sheets in the overall protein allosteric process.

© 2021 The Author(s). Published by Elsevier B.V. on behalf of Research Network of Computational and

Structural Biotechnology. This is an open access article under the CC BY-NC-ND license (http://creative-

commons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The Per-Arnt-Sim (PAS) superfamily is widely present in ani-
mals, plants, and prokaryotes as the sensors of developmental sig-
nals to facilitate the response and the adaptation to different
environmental stimulus [1].

The Light-Oxygen-Voltage 2 domain of Avena Sativa pho-
totropin 1 (AsLOV2) exhibits monomeric structure in both light
and dark states [2,3]. This structural simplicity, especially when
compared to other oligomeric PAS-containing proteins, makes
AsLOV2 the model protein for studying the PAS superfamily [4-7].

AsLOV2 undergoes an allosteric activation upon exposure to
blue light. This activation is initiated by the formation of a covalent
bond between the flavin mononucleotide (FMN) ring involving a
carbon atom, C(4a), and cysteine C450, resulting in the formation
of cysteinyl-flavin adduct [8]. This covalent bond triggers a drastic
conformational change in the overall protein structure. On the
other hand, the regeneration of the dark state correlates with the
breaking of the metastable photo-induced covalent bond, which
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is strongly influenced by the local environment [9]. The transitions
from the dark state to the light state are rather fast with response
time around 10 us. The breaking of the photo-induced covalent
bond is spontaneous, but the transitions from the light state to
the dark state are much slower with half-lives ranging from sec-
onds to minutes [10]. Due to the possibility to reliably induce
specific conformational changes in ASLOV2 using light, AsSLOV2 is
one of the most studied and utilized proteins in the field of design-
ing optogenetic switches [11-15].

Specifically, past studies have identified the most characteristic
conformational changes in AsLOV2 to be localized in the termini. In
fact, it has been experimentally and computationally observed that
the Jo helix (located at the C-terminal of the protein) undocks from
the LOV core of the protein upon light absorption by the flavin
[16,4,7,2]. The light-induced flexibility of the ASLOV2 C-terminal
plays a main role in the correlation between light-state and protein
functional conformational changes [2].

In addition to the carboxyl terminal, the amino terminal (A'x
helix) was found to be another key player for this conformational
change. Unfolding of the A’z helix is followed by the undocking
and the unfolding of the Jo helix which is 15 A apart from the
photo-induced covalent bond [16]. A’a helix conformational
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change is independent in the presence of the Jo helix, as the
removal of the Jo helix does not affect the response of the A’ helix
to light [16,17]. On the other hand, the Ja helix did not undergo any
conformational change when A’a helix was removed [16,17]. The
signaling propagation from the A’ helix to the J'a helix takes place
through the p-sheets separating the PAS core from the Jo helix [18-
21]. Therefore, it is important to study the role of the secondary
structures found in the AsLOV2 that might assist the functional
conformational changes of Jo helix.

An extensive mutational analysis of ASLOV2 protein, including
100 mutations, was carried out by Zayner et al. to study the rela-
tion between the sequence of the protein and its function [4].
The helicity of the A’a helix affected the overall response of the
AsLOV?2 to light (Fig. 1). Four mutations were found to affect the
helicity of the A’ helix as well as its function in different ways.
Mutations T406A and T407A stabilized the helical structure of
the A’ helix by substituting the two solvent-exposed residues
with alanine. R410P destabilized the helical structure by the intro-
duced proline residue. L408D also destabilized the helical structure
of A’x helix, resulting in its unfolding, due to the burial of charged
acidic residue that substituted the inward-facing core residue
[16,4].

In addition to the changes in helicity associated with the muta-
tions, the photocycle time was found to be affected in three of
these four mutations. T406A and T407A mutations resulted in fas-
ter photo cycle. R410P mutation resulted in slower photo cycle.
The changes in the helicity and the photocycle time associated
with the mutations were attributed to the changes in hydrogen
bonding patterns [4]. However, the mechanistic reason behind this
remains unclear [4]. Therefore, these mutants represent valuable
systems of investigation to gain insights into the mechanics of
the allosteric conformational switch of this protein.

Molecular dynamics (MD) simulations represent the primary
tool to investigate the conformational changes and the propagation
of the allosteric signal through the allosteric network within the
protein. In recent years, various studies in which MD simulations
data were analyzed using advanced computational techniques,
such as Machine Learning and Markov State Modeling, successfully
described allosteric mechanisms of other PAS-containing proteins
at atomistic level [22,23].
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Studying the functional role of the A’a helix at the atomistic
level is essential to delineate the allosteric mechanism of AsLOV2.
In this study, we addressed this problem using an ensemble of
computational tools.

MD simulations were employed to investigate the allosteric
mechanisms of ASLOV2 native states and mutants. The effect on
the overall protein conformation and dynamics was investigated
with the focus on the overall helicity of the A’« helix. The native
states include the both light and dark native states obtained from
the crystal structures. Because the crystal structures are mostly
limited to proteins in their equilibrium states, little information
could be obtained related to the transitions between dark and light
states of AsSLOV2. Taking advantages of computational studies, pro-
teins in certain functionally important but unstable states could be
simulated to gain insight into transition processes related to pro-
tein functions.

Following previous studies using this strategy [24,25], two tran-
sient states were constructed and subjected to simulations as the
following to explore AsLOV2 conformational space and dynamical
properties coupled with the transitions between its dark and light
states. To mimic AsLOV2 in the moment when its dark state is
excited by the blue light with photo-induced covalent bond and
before conformational transition to its light state structure, the
transient light state could be constructed by forming the photo-
induced covalent bond in the AsLOV2 dark state structure
(Fig. 2a). Similarly, to mimic AsSLOV2 in the moment when its light
state loses photo-induced covalent bond and before conforma-
tional transition to its dark state structure, the transient dark state
could be constructed by breaking the photo-induced covalent bond
in the AsLOV2 light state structure (Fig. 2b). In addition to the wild
type, transient light and transient dark states were also con-
structed for four AsLOV2 mutants (T406A, T407A, L408D and
R410P) and subjected to simulations in this study.

A structural investigation via hydrogen-bond analysis of the A’
helix and contact map between different secondary structures
illustrated the critical hydrogen bonds responsible for the struc-
tural integrity and the docking of the A’a helix. This information,
together with an analysis of the conformational space, protein
kinetics, and residues’ importance enables us to comprehensively
delineate the role of A’a to the allosteric photo-switch of ASLOV2.

(b)

A'a

Aa

Fig. 1. Structural representation of AsSLOV2. a) Overall AsLOV2 structure. The secondary structures are colored progressively from blue to red starting the N-terminal A'o
helix. The chromophore is illustrated in ball and sticks; b) Folded state of A’« helix in the dark state; c) Unfolded state of A’x helix in the light state. Renderings generated

using 3D Protein Imaging [47].
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Fig. 2. Schematic representation of signal propagation upon light absorption in ASLOV2. a) Formation of transient light state from dark state crystal structure. In the dark
state, the A’a helix is docked to the LOV core and the Jo helix is fully folded. Upon light absorption, FMN forms a covalent bond with the proximal Cys450. At this stage, the
folding of the protein remains intact, but local hydrogen bond interactions in the vicinity of FMN (A’« and Jo helices) change. This is called transient state. With more time, the
light perturbation causes the undocking of A'x helix and the unfolding of Jo helix. The latter is the light state. b) Formation of transient dark state from light activated crystal
structure. To build the transient dark state, the covalent bond between the flavin and the proximal cystein is broken. The allosteric responses from protein are highlighted in
orange boxes. The states subjected to the investigation in the present study are framed in the green rectangles.

2. Materials and methods
2.1. Molecular dynamics simulations

The crystal structures from Protein Data Bank (PDB) [26] of
both the native light state (PDB ID: 2V1B) and the native dark
state (PDB ID: 2V1A) of AsLOV2 were obtained. The covalent bond
between C(4a) of Flavin Mononucleotide (FMN) ring and cysteine
C450 of AsLOV2 is formed in the light state but absent in the dark
state.

Because Jo helix remains folded, the crystal structure (2V1B) of
the light state of AsLOV2 lacks the associated conformational
changes in Jo helix upon the formation of the photo-induced cova-
lent bond. As the focus of this study is the mechanism of the signal
propagation from the photo-induced covalent bond through A’a
helix [16], the observation of fully unfolded Jx helix in the simula-
tion is not mandated.

In order to explore more conformational space and to investi-
gate the impact on the protein with regard to the covalent bond,
two new protein configurations were constructed. The transient
light state (ts-light state) was created by forming the photo-
activated covalent bond between C(4a) of FMN ring and cysteine
C450 of AsLOV2 in the dark state conformation. The transient dark
state (ts-dark state) was created by removing this photo-activated
covalent bond in the light state conformation.
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The force field parameters of the molecular dynamics simula-
tions for the FMN were obtained from a previous work [27]. Four
mutations, including T406A, T407A, L408D and R410P (numbering
of the residues started by residue 403 not residue 1), were intro-
duced into the transient states [16,4]. Thus, total of 12 simulation
systems were constructed.

The simulation systems were prepared using CHARMM package
version 41b1 [28] along with OpenMM to run the molecular
dynamics simulation on GPU [29]. The preparation of the system
started with adding hydrogen atoms followed by solvating the sys-
tem using TIP3P water model [30]. Then, the constructed system
was neutralizated by adding sodium cations and chloride anions.
The subsequent step was the minimization of the overall structure
using the steepest-descent method. The entire system was heated
to raise the temperature from 0 K to 300 K. Consequently, three
independent 10 ns of isothermal-isobaric ensemble (NPT) simula-
tions were applied to the system followed by 0.5 us of canonical
ensemble simulation (NVT) for each simulation at 300 K. There
are total of 1.5 us simulation for each state and 18 ps simulations
for all the states. SHAKE constraint for hydrogen covalent bond was
employed. Particle mesh Ewald (PME) method was used to account
for the electrostatic interactions [31].

MDTraj [32] was used to calculate root-mean-square-deviation
(RMSD) and root-mean-square-fluctuations (RMSF). RMSD
indicates the conformational change of the protein during the
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MD simulations with regard to the first frame of each trajectory.
RMSF indicates the fluctuations of the atoms during the MD simu-
lations with regard to an averaged structure. RMSD analysis was
performed to assess the stability of the simulations.

lZf’zl (Uri - rl.”"f)z

RMSD = N

(1)
where N is the number of atoms, r; is the position of atom i,r{ef is
the coordinate of atom i in the reference structure, and U is the
best-fit rotational matrix to align a given structure onto the refer-
ence structure. The RMSF was calculated as

RMSF = 12{21 (re —

T

where T is the number of frames.

T’ ()

2.2. Time-structure independent component analysis (tICA)

tICA method implemented in MSMBuilder [33] was used as the
dimensionality reduction method for the generated molecular
dynamics trajectories. tICA focuses on finding the slowest-
relaxing degree of freedom. The tICA is performed by solving a gen-
eralized eigenvalue problem as

CF = CFK 3)

C is the covariance matrix,

€ = {(x(t) = (ON (D) = xO)") (4)
C is the time-lagged covariance matrix with a certain lag time
At = to,

C = {(x(t) - KON (x(t +to) — (O (5)

where(...) denote the time average [34,35]. K and F are eigenvalue
and eigenvector matrices, respectively.

Featurization step based on the Co distances was employed to
transform the Cartesian coordinates into the corresponding bio-
physical features. This implies that the Co distances were used to
construct appropriate collective variables to describe the micro-
states followed by tICA [36].

2.3. Markov state model analysis

Markov state model analysis was carried out using MSMBuilder
[33]. Markov state models are a framework to analyze dynamical
systems. Its application consists of dividing the molecular confor-
mational space into individual states and building a transition
probability matrix for these states. The transition probability
matrix is calculated by counting the number of transitions
between different pair of states summed over the entirety of the
simulations. From the MSM transition probability matrix, Perron-
cluster cluster analysis [37] was used to cluster the microstates
(groups of conformational states used to build the MSM) into
macrostates. This is achieved by taking into consideration that
the transitions among microstates belonging to the same macro-
state should be faster than the transitions among macrostates
[38-40].

2.4. Machine learning model and community analysis

One-vs-One (OvO) random forest method implemented in
scikit-learn python package [41] was employed to build classifica-
tion models based on macrostates in Markov State Model. Random
forests are ensemble learning methods for classification and other
tasks that operate by constructing a multitude of decision trees.
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Random forest methods overcome the over fitting problem often
suffered by decision tree models. OvO random forest is based on
multi-classification, where different classifiers are used to differen-
tiate different pairs of target data set.

The OvO random forest classification model was subjected to
machine learning based community analysis, which was developed
to divide residues into different groups by minimizing the total of
the feature importance for pair-wised Co distances within each
group while maximizing the total of the feature importance for
pair-wised Co distances across different groups [23]. The feature
weights calculated using OvO random forest were used to distin-
guish between the distribution of the different states where lower
feature weight indicates lower distinguishability [23]. Kernighan-
Lin algorithm [42] was used to search for the local minimum value.

2.5. Distance distribution, hydrogen bonding and definition of the
secondary structure of protein analysis

Distance distribution analysis was applied using MDTraj [32]
where the distances between the desired pair of atoms are calcu-
lated in each frame of the MD simulations. Moreover, MDTraj
was used to calculate the hydrogen bonding based on Baker-
Hubbard method [43]. Baker-Hubbard methods is used to identify
hydrogen bonds based on cutoffs in distance (2.5 A) and angle
(120°) between the hydrogen bond acceptors (N and O) and hydro-
gen bond donor [43]. In addition, identification of the secondary
structure of the protein based on the definition of Define Secondary
Structure of Proteins (DSSP) was carried out using MDTraj [32],
where a secondary structure is assigned to each residue in each
frame of the MD simulations.

3. Results
3.1. Molecular dynamics simulations

As the mutations introduced to the A’o helix showed the same
trend with regard to the RMSD values (Figure S1a, S1b), the atomic
fluctuations were assessed using RMSF to gain a better insight into
the impact of the mutations at the atomistic level. Similar to the
RMSD calculations, RMSF was calculated over the time course of
500 ns, where the first frame of the simulation of each configura-
tion was the reference structure.

The N-terminal, the C-terminal, the Hp strand (residues 487 to
507) and the Ig strand (residues 509 to 517) displayed significant
conformational changes as shown by the high fluctuations. The tra-
jectories of the light state configurations (maximum RMSF value of
4 A) (Fig. 3a) displayed higher atomic mobility in the Hp strand
region than in the dark state configurations (maximum RMSF value
of 2 A) (Fig. 3b). This agrees with the experimental data using
temperature-dependent Fourier transform infrared (FTIR) tech-
nique [16]. This implies that the HB-strand undergoes a more dras-
tic conformational change in the light state than in the dark state.
This is due to the essential role of the g-sheets in the allosteric
mechanism of AsSLOV2, where the undocking of the J« helix is pre-
ceded by a conformational change signal transmitted from the A'x
helix via the g-sheets [16]. Although only the undocking of the C-
terminal Jo helix was observed in the MD simulations but not its
unfolding, this observation indicates that the structural rearrange-
ments of the Hp are likely required for the conversion of the dark
state into the light state.

In addition, the configurations of the helicity-enhancing muta-
tions, especially the mutant T406A in the transient light state con-
figuration, were associated with higher fluctuations (Fig. 3b) than
the configurations of the helicity-disrupting mutations. The higher
fluctuations in the Hp strand in the configurations of the helicity-
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Fig. 3. RMSF of the simulation for each configuration. Only one of the three independent simulations for each configuration is shown for clarity. a) RMSF for the wild type
light state, transient dark states of both wild type and four mutants; b) RMSF for the wild type dark state, transient light states of both wild type and four mutants.

enhancing mutations could be explained with the faster photocy-
cle accompanied with these mutations. The faster photocycle indi-
cates that the allosteric signal could be propagated faster and more
effectively through the p-sheets indicated by the higher fluctua-
tions [16,4].

As the allosteric mechanism of AsLOV2 depends on the confor-
mational change of the entire structure; the sum of the RMSF val-
ues was calculated for each state. The dark state configuration was
found to be the least flexible compared to the other states, while
the light state configuration was found to be the most flexible (Fig-
ure S2). This agrees with the fact that the allosteric activation of
AsLOV2 upon exposure to blue light would ultimately result in
undocking and unfolding of both termini. A more flexible light
state compared to the dark state suggests that we are capturing
the initial stage of the undocking process indicated by the
enhanced dynamics of the termini [16,4,20]. This is also consistent
with the higher RMSD values of the light state configurations com-
pared to that of the dark states (Figure S1a,S1b). The difference of
the RMSF of each residue between each structure and the dark
state as the least flexible state was calculated (Figure S3). All states
show high fluctuations in the A’o helix, except for the tsdark state
(Figure S3d). The structures of R410P mutation in both transient
states have less fluctuations in A’a helix compared to the other
structures. However, the structures of L408D mutation in both
transient states showed similar fluctuations to the helicity-
enhancing mutations (T406A and T407A) and to the light state.
The difference in the fluctuation between the two helicity-
disrupting mutations (L408D and R410P) could be one of the rea-
sons behind the difference in the length of the photocycle associ-
ated with both mutants [16,4].

3.2. Structural insights into the role of A’a. helix in the AsSLOV2 allostery

In this section we investigate the structural changes correlated
with different light states and mutations. Because unfolding of A’o
helix is a key change of protein structure upon light excitation, we
applied definition of secondary structure of protein analysis (DSSP
analysis [44]) to determine the secondary structural changes
caused by the mutations.

3.2.1. The effect of mutations on the helicity of the A« helix
investigated using Definition of Secondary Structure of Protein (DSSP)
The structure of A’ helix in both the light and transient dark
state configurations was found to exhibit less helical structure
compared to the dark and transient light state (Fig. 4a). This agrees
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with the allosteric mechanism suggested by Zayner et al. [16] that
the A’a helix undergoes undocking and unfolding in the light state.
T406A and T407A mutations maintained the helical structure of
the A’a helix in both transient light and transient dark states con-
figurations (Fig. 4b). On the other hand, A’x helix loses its helicity
in both transient light and dark state configurations of L408D and
R410P mutations (Fig. 4c). This agrees with the far-UV circular
dichroism (CD) amplitude change observed for the light state of
these mutants [16,4]: the mutations T406A and T407A enhanced
the helicity of the termini; the L408D and R410P mutations
resulted in the decrease of the helicity of the termini. [16,4].

3.2.2. Changes in the patterns of the hydrogen bonds. The reason
behind the changes in the helicity of the A’a helix

As hydrogen bonds are the main intramolecular force to form
the helical structure, we focus on the hydrogen bonds of the A'x
helix as the next step of our structural investigation. Baker-
Hubbard hydrogen bonding analysis [16,43] was employed to
investigate the difference in the hydrogen bonding related to the
change of the helicity of the A’ helix. Networks of hydrogen bonds
associated with the residues of the A’ helix to maintain the helical
structure were identified and listed in Table S2.

The analysis showed that the hydrogen bonding network differs
significantly between the native dark and the native light states.

In the native dark state, residue Thr407 in the A’o helix forms
hydrogen bonds with residue Glu545 in the J« helix (Fig. 5). Resi-
dues Ala405 and Arg410 form a local hydrogen bond within the
A’o helix (Figure S5a). In the simulation of the native light state,
the conformational change leads to the formation of hydrogen
bonds between residues Arg410 and Glu545 (Fig. 5) and between
residues Thr407 and Ala542 (Figure S5b).

In the simulations, both transient dark (tsdark) and transient
light (tslight) states display hydrogen bond networks somewhat
different from both the native light and the native dark states
(Table S2). The tsdark state has hydrogen bonds between residues
Arg410 and Glu545 and between residues Thr407 and Ala542 (Fig-
ures S5c), which are both seen in the native light state. In the
tslight state (Figure S5d), residue Arg410 forms a hydrogen bond
with Glu545, similar to the native light state (Fig. 5). The tslight
state has a hydrogen bond between residues Thr407 and Phe403,
also seen in the native light state. These comparisons demonstrate
that the tsdark and tslight states do provide information about the
actual transition processes between native dark and light states.

In the transient dark state of the T406A mutant (T406A
tsdark), hydrogen bonds between A’c. and Ja helices are lost.
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Fig. 4. Helicity of the A’o helix in ASLOV2 over the course of simulations of all the configurations. The secondary structure assignment is based on Define Secondary Structure
of Proteins (DSSP) model [44]. a) Native and transient states; b) Helicity-enhancing mutants; c) Helicity-disrupting mutants.

Dark State

(b)

Fig. 5. N-terminal (A’x helix) and C-terminal (Jo helix) hydrogen bonds. Both Arg410 (A« helix) in the light state and Thr407 (A’ helix) in the dark state form a hydrogen
bond with Glu545 (residue in the Jo helix). a) Hydrogen bond between Arg410 and Glu545 in the light state; b) Hydrogen bond between Thr407 and Glu545 in the dark state

configuration. Renderings generated using 3D protein imaging [47].

But the local hydrogen bonds within A’a remain (Table S2 and
Figure S5e). In the transient light state of the T406A mutant
(T406A tslight), a hydrogen bond forms between Thr407 and
Glu545 (Figure S5f), which is also seen in the native dark state
(Figure S5a). The transient dark and light states of the T407A
mutant (T407A tsdark and T407A tslight) display similar hydro-
gen bond patterns to each other, with formed hydrogen bond
between residue Arg410 in A’oc helix and Glu545 in Jo helix
(Figure S5g and S5h). These similarity or lack of changes
between tsdark and tslight states are in the agreement with
the fact that the T406A and T407A are helicity enhancing
mutations.

On the contrary, both transient dark and transient light states of
L408D mutant (L408D tsdark and L408D tslight) lost significant
portion of the hydrogen bond network found in the native struc-
tures, leading to the loss of the A’« helicity (Table S2 and Figures
S6a and S6b). The mutant R410P display the most significant loss
of hydrogen bond network associated with the A’a and Jo helices
and consequently the complete loss of A’ helicity (Table S2 and
Figures S6¢ and S6d).

3.2.3. Cross correlation analysis to study secondary structures

To further investigate the role played by the folded Jo helix in
the light states of AsLOV2, cross-correlation analyses for the resi-
dues were carried out based on the simulations in this study
(Fig. 6). A’'oc and Ja helices show strong negative correlation to each
other, but less correlation to other parts of the protein in the dark
state (Fig. 6a). On the contrary, A’a and Jo helices show strong neg-
ative correlation to other parts of the protein, including Ag, BB, Hp
strands and Co helix, but much less correlation between them in
the light state (Fig. 6b).
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Interestingly, the Jo helix also displays significant negative cor-
relation with the bulk of the protein but only weak negative corre-
lation with the A'c helix in the transient dark (tsdark) state
(Fig. 6¢). In the same state, A'a helix does not show correlation
with the bulk of the protein. In the transient light (tslight) state,
A’a helix displays strong negative correlation with the bulk of
the protein, especially AB, Bf strands and Co helix (Fig. 6d). On
the other hand, the Jo helix only shows slight negative correlation
with the bulk of the protein, including the A’ helix.

For the helicity enhancing mutants T406A and T407A, their
tsdark states display much less correlations among secondary
structures (Figures S7a and S7c), and their tslight states display
similar or even enhanced (in T407A) correlation among secondary
structures (Figures S7b and S7d). The helicity disrupting mutant
L408D tsdark state does also show negative correlation, although
relatively weak, between A’'x helix and Ap, Bp strands as well as
Co, Jo helices (Figures S7e). L408D mutant tslight state shows
enhanced correlation among key secondary structures, including
Ap and Bp strands, and A’«, Ce, and Jo helices (Figures S7f). Oppo-
site to L408D mutant, the other helicity disrupting mutant R410P
displays wider range, although reduced correlations among key
secondary structures in its tsdark state (Figures S7g), and much
reduced correlations within protein structure in its tslight state
(Figures S7h).

3.3. Time-structure independent component analysis and Markov state
model analysis

3.3.1. Time-structure independent component analysis (tICA)
tICA for all the trajectories was carried out using the pairwise
alpha carbon (Ca) distances of the backbone to investigate the
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Fig. 6. Cross-correlation among the residues of ASLOV2 using Bio3D package [48]. a) Dark state; b) Light state; c) tsdark state; d.) tslight state.

conformational space explored by the different configurations. tICA
was carried out in two different ways to elicit the effect of the
helicity on the overall protein allostery. The first tICA model
includes the trajectories of only the native states and their tran-
sient structures and is referred to as native states model. The sec-
ond tICA model includes all the trajectories of the native states and
their transient states, and the transient states of all mutants, and is
referred to as all states model. Because the dark and light states of
mutants display similar behavior to the dark and light native
states, they are not included in the all state model to simplify the
analysis.

The distribution of the simulation of each state is projected onto
a two-dimensional surface defined by the first two components
generated from the native state tICA model (Fig. 7a). The native
light state explored more conformational space than the native
dark state (Fig. 7a). This reflects that the light state configuration
is more flexible and likely less stable than the native dark state
configuration, which was also supported by the higher RMSD val-
ues of the light state. The transient configurations explore more
conformational space than the native configurations (Fig. 7a).
Because the full interconversion between the dark and light states
was not observed in the simulations of either the transient dark
state or the transient light state, the simulations of these two tran-
sient states do not share similar conformational status as they
sampled different conformational space and provide insight into
different stages of AsLOV2 allosteric mechanism.

In the all states tICA model, the distributions of both transient
dark and transient light states deviate from the distributions of
native dark and native light states (Fig. 7b). The distributions of
transient dark and transient light states are also significantly
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different from each other, indicating wide conformational spaces
accessible by AsLOV2 during the transition processes between its
dark and light states.

3.3.2. Markov state model analysis

After applying the tICA, 200 microstates were generated using
k-means clustering analysis for both tICA models. In each model,
the microstates were used to build Markov state model (MSM).
The transition probabilities were calculated among the microstates
using different lag times. The appropriate lag time was selected
based on the convergence of the estimated relaxation timescale.
As seen in Fig. 8, the plots are converging with lag time longer than
40 ns, which was chosen to build MSM for the native states model
(Fig. 8a). Similarly, a timescale of 60 ns was chosen for the all states
model (Fig. 8b).

A total of 7 macrostates were identified in the native states
model (Fig. 8a) macrostates were identified in the all states model.
The helicity-enhancing mutations and helicity-disrupting muta-
tions resulted in additional three macrostates compared to the
native states and their transient states (Fig. 8b).

It should be noted that each macrostate does not correspond to
specific configurations for the simulation, such as native dark and
light states or transient states. The macrostates represent the
underlying distribution of the simulations used for the MSM. All
the simulations used for the MSM have various contributions to
each macrostate as demonstrated in Fig. 10. Macrostates were
not chosen from the microstates. To build MSM, microstates,
among which the system could transition from one state to
another within the chosen lag time, are considered belonging to
the same macrostate.
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Stacked bar chart distribution, illustrating the configurations
composing each macrostate, was plotted to gain better insight into
the impact of the mutations. Light state and transient dark state
were found to occupy most of the macrostates (State 1, 4 and 7)
in the native states model (Fig. 9a). On the other hand, State 5
was composed of the dark state configuration. States 2, 3 and 6
were found to be a combination of the native and transient states
configurations.

When the trajectories of all the states were included in the MSM
analysis, the configurations of the mutant L408D in both transient
states were found to be occupying most of the macrostates (states
1, 2, 3, 4 and 5) (Fig. 9b). This reflects that replacing Leu with Asp
resulted in drastic conformational changes in the structure of the
AsLOV2. This could be due to the significant change in the N-
terminal hydrogen bond network observed in the both states of
the L408D mutant (Table S2). This suggests that the mutant adopts
a different allosteric route. State 6 and State 8 were mostly occu-
pied by the configurations of T406A mutant in the transient dark
state. State 7 was made entirely of the transient light state config-
uration. State 9 was found to be a combination of the different con-
figurations. State 10 was formed mainly of the mutant R410P in the
transient light state (Fig. 9b).

Investigating the states population and their conformational
space could provide insights into the free-energy landscapes that
determines the allosteric profile of AsSLOV2. For the MSM of native
state model, states 2, 3 and 6 (combination of the different config-
urations) were the most abundant states with 57.3% (Fig. 10b).
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States 1, 4 and 7 (populated by structures containing the photo-
excited flavin) were found to be the second most abundant with
32.4%. This implies that the light and transient dark state compos-
ing these states were more abundant configurations compared to
the dark and transient light state configurations (Fig. 9a). Also,
these states occupy most of the conformational space (Fig. 10c).
This agrees with the results of the tICA analysis where the light
state is more flexible than the dark state and explores more confor-
mational space (Fig. 7a). These results indicate that the dark state
is characterized by high free-energy barrier, and is proposed to be
linked to the hydrogen bond network of the A’a helix, responsible
for keeping the folding of the C-terminal and the anchoring of J«
helix. The photoactivation of the flavin is thus the trigger necessary
for the interconversion from the states 1, 4, and 7 to metastable
state 5, accompanied by the enhance in AsLOV2 structural dynam-
ics, and loss of terminal folding.

When all the trajectories were included in the MSM analysis,
state 9 composed of all the configurations (Fig. 9b) is the most
abundant with 71.2% (Fig. 10e). Furthermore, this state explores
most of the conformational space, except for that occupied by
states 1, 2, 3,4 and 5 (Fig. 10f). Based on the states population anal-
ysis (Fig. 10), the latter states were exclusively populated by L408D
mutant, while state 9 was populated by the remaining structures.
This supports the hypothesis that L408D mutant carries an alterna-
tive allosteric mechanism, in which losing the helical structure of
the A’o helix was likely due to changing the hydrogen bond net-
work in the termini, especially the N-terminal.
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Fig. 9. Stacked bar chart distribution of the generated macrostates from MSM analysis. a) The 7 macrostates produced from the native states model; b) The 10 macrostates

produced from the all states model.

States 6 and 8 were composed mainly of the T406A mutant in
the transient dark state (Fig. 9b). The conformational space
explored by these two states significantly overlaps with state 9,
which suggested a similarity in the allosteric mechanism (transi-
tion from light to dark states) (Fig. 10f). This implies that enhanc-
ing the helicity of the A’x helix associated with this mutation
(Fig. 4b) resulted in an alternative N-terminal hydrogen bond net-
work. In addition, hydrogen bonds with Glu545 located in the Jo
helix are maintained as key interactions in the native and transient
light states (Table S2). State 10 was mainly composed of the config-
uration of R410P mutant in the transient light state (Fig. 9b). This
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mutation disrupts the helicity of the A’o helix (Fig. 4c), results in an
alternative N-terminal hydrogen bond network (Table S2), and
explores different conformational space (Fig. 10f).

3.4. Machine learning model and community analysis

3.4.1. One-vs-one (OvO) random forest

OvO random forest method was employed to build the classifi-
cation models against macrostates from MSM. The pairwise dis-
tances between the Ca of amino acids are the features used to
build the machine learning models. With 144 residues, there are
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a total of 10,296 pairwise distances. During the MD simulations,
frames were saved every 0.5 ns. 1.5us simulation leads to 3000
frames being saved. Therefore, for the overall 18 us simulations
of all sample configurations, 36,000 frames were saved and used
to construct the machine learning models. Each frame is labelled
by the macrostate it belongs to.

The accuracy of the best OvO random forest model (depth = 12)
when the trajectories of the native and transient states were
involved in building the model was associated with accuracy of
99.9% in the training set and 93.0% in the test set (Fig. 11a). The
accuracy of OvO random forest model when all the trajectories
were included (depth = 14) was 98.9% in the training set, and
98.5% in the test set (Fig. 11b).

OvO random forest model serves as an effective tool to account
for the structural differences. For the native states model, 853 fea-
tures out of 10,296 pairwise Co distances account for the 90% dis-
tinguishablity (Fig. 11c¢). For the all states model, 1,419 features out
of 10,296 pairwise Co distances account for 90% distinguishablity
(represented by the gray horizontal line) (Fig. 11d).

3.4.2. Community analysis investigating the importance of entire
secondary structures

Machine learning based community analysis was carried out
based on the OvO random forest classification models. In commu-
nity analysis, the residues are divided into different groups by
maximizing the feature importance of the pair-wised Co distances

Native and Transient States
1.00 e =

—— Test set
0.98 1 —— Training set
0.96 1

0.94

Accuracy
o
o
N
N

0.90

0.88 A

0.86

0.84

10.0 125

Depth

(a)

Native and Transient States

T
2.5 5.0 7.5 15.0 17.5

100 A

80

60

40 -

20 A

Accumulative Importance (%)

T T T T
4000 6000 8000 10000

Number of Features

(c)

T
0 2000

Computational and Structural Biotechnology Journal 20 (2022) 50-64

across different communities while minimizing the feature impor-
tance of the pair-wised Ca within each group [23].

For native state model, six communities were constructed and
associated with 98.9% total feature importance among communi-
ties (Fig. 12a). Similarly for the all states model, six communities
were constructed and associated with 97.8% total feature impor-
tance among communities (Fig. 12b).

For the native states model (Fig. 13a), Community A consists of
Ap strand, loop between Ap and Bj strands, and Bg strand. Commu-
nity B consists of Ca helix and Da helix. Community C consists of Fo
helix. Community D includes G and Hp strands. Community E
consists of the N-terminal including A’z helix. Community F con-
sists of Jo helix.

For the all states model (Fig. 13b), Community A consists of the
N-terminal and the A’z helix. Community B consists of Ag, loop
between Ap and B strands, and Bp strand. Community C consists
of For helix. Community D consists of G and Hp strands. Commu-
nity E consists of I strand. Community F consists of the Jx helix.

When community analysis was applied on both native states
model and all states model, Ap and Bp strands were among the
identified essential secondary structures. This suggests their
importance in both models, despite the different configurations
involved in the analysis in both cases. This could be attributed to
the role of the Ap and Bp strands in controlling the movement of
the A’a helix [2]. Moreover, the N-terminal, A’o and Jo helices were
among the identified essential communities in both cases. This

All Trajectories
1.00

=——Jest-set
0.98 1 —— Training set
0.96
0.94 4

0.92

Accuracy

0.90

0.88 A

0.86

0.84

T T
10.0 125 15.0 17.5 20.0

Depth

(b)

All Trajectories

2.5 5.0 75

100 1

80

60 1

40

20 1

Accumulative Importance (%)

T T T T
4000 6000 8000 10000

Number of Features

(d)

Fig. 11. One-vs-One (OvO) Random Forest (RF) models using the 10,296 pairwise Co distances. a) Classification accuracy of OvO RF models with different depths for the
native states model. OvO RF with depth equals 12 was selected for the natives states model; b) Classification accuracy of OvO RF models using different depths for the all
states model. OvO RF with depth 14 was selected for the all states model; ¢) Cumulative importance for the native states model; d) Cumulative importance for the all states

model.
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Fig. 12. Community analysis of AsSLOV2 based on one-vs-one random forest model. a) Community analysis based on the native states model; b) Community analysis based on

the all states model.
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Fig. 13. Illustration of communities generated by community analysis of ASLOV2 based on one-vs-one random forest model. The communities consisting the same secondary
structures in both cases have the same color for comparison. a) Six communities constructed based on the native states model; b) Six communities constructed based on the

all states model.

reflects their importance in the photo-activation of ASLOV2 [16,4].
For helix and Gp strand were also identified as important commu-
nities in both cases.

The cumulative importance between the different communities
were calculated as measurement of the correlation between them.
This provides a better insight into the allosteric mechanism and
the role of the A’a helix as a secondary structure not as individual
residues.

For the native states model, the correlation between Commu-
nity E (N-terminal A’« helix) (Fig. 13a) and the rest of the protein
accounted for 59.39% of the total feature importance. Specifically,

this Community E displays the significantly high correlation with
Communities A, F, C, and D which are ordered based on their total
feature importance with Community E (Table 1).

3.4.3. Cumulative importance between the different communities
obtained from community analysis

For the all states model, the correlation between the N-terminal
A’q helix (Community A) and the rest of the protein accounts for
61.93% of overall feature importance. The highest cumulative
feature importance occurs between Communities A and D
(AB, HB, and Gp strands) as 24% (Table 2). Considering that Hp in

Table 1
Cumulative feature importance between each machine learning community pair based on the native states model.

Features Commu.A Commu. B Commu. C Commu. D Commu. E Commu. F
Commu. A 0.387% 4.467% 3.886% 2.64% 17.524% 2.71%
Commu. B 1.416% 5.958% 4.996% 5.945% 5.294%
Commu. C 0.982% 2.183% 11.167% 2.71%
Commu. D 1.077% 10.867% 2971%
Commu. E 1.262% 13.889%
Commu. F 0.46%
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Table 2
Cumulative feature importance between each machine learning community pair based on the all states model.

Features Commu.A Commu. B Commu. C Commu. D Commu. E Commu. F
Commu. A 1.467% 12.867% 9.685% 24.023% 5.126% 10.232%
Commu. B 0.57% 5.144% 2.848% 3.053% 4.348%
Commu. C 0.547% 3.985% 3.407% 4.123%
Commu. D 0.656% 3.708% 2.286%
Commu. E 0.665% 2.934%
Commu. F 0.559%

Community D has high RMSF, this clearly reflects the role of the
sheets in the protein dynamics and supports the hypothesis that
the undocking of the Jo helix is preceded by a conformational
change in the p sheets [16].

Moreover, the significant cumulative feature importance
between Communities A and B (13%) indicates that the movement
of the A’a helix was not only controlled by Ag and Bp strands as
indicated by Zayner et al. ([16,4]) but also by the loops connecting
the three secondary structures with each other.

In both models, C-terminal forms Community F and displays
high cumulative feature importance with N-terminal (Table 1, 2)
and implies the role of the both termini as key players in the allos-
teric mechanism of the AsLOV2 [16,17,8].

4. Discussion

A’o helix has an essential role in the allosteric activation of the
AsLOV2 upon exposure to blue light. It mediates the propagation of
the allosteric signal from the amino terminal to the carboxy termi-
nal (Ja helix), which becomes undocked and loses its secondary
structure [16,17,8]. However, the underlying mechanism for the
functional role of the A’a helix has not been fully revealed. Thus,
we studied the role of A’x helix at the atomistic level by introduc-
ing two classes of mutations: helicity-enhancing mutations and
helicity-disrupting mutations. In addition, the importance of the
overall secondary structure was investigated using community
analysis to investigate the importance of the A’x helix as a whole.
The different analyses helped to gain insight into the role of the A’«
helix in the conformational and dynamical changes associated with
the interconversion between the light and the dark states.

Light state and transient dark state were found to be more flex-
ible than the dark state as indicated by their higher RMSF and by
occupying more conformational space as seen in the tICA analysis.
This is because the light states undergo a conformational change
upon photo-activation and involve the unfolding of both termini.
Moreover, these two states were found to occupy most of the
macrostates (States 1, 2 and 4) when the trajectories of the native
and the transient states were involved in the MSM analysis (the
natives states model), confirming the flexible nature induced by
light absorption. It is worth to note again that the true light state
of AsLOV2 does not have well-defined structures of unfold C termi-
nal (as Jo helix in the dark state) and unfold N terminal (as A’
helix in the dark state). Therefore, the light state of AsSLOV2 could
not be represented by a single structure. Although the available
crystal structure of AsSLOV2 (PDB ID: 2V1B) could not be considered
as an accurate representation of the true light state of AsSLOV2, it is
the direct experimental observation of AsLOV2 under constant
exposure to the blue light.

It was found that replacing threonine with alanine in T406A and
T407A mutants is associated with stabilization the helix (A’a
helix). In L408D mutant, on the contrary, the inward facing leucine
was replaced with carboxylic acid decreasing the stability of the
helix [16] and affecting the overall hydrogen bond network in

61

the A’o. helix. This was supported by the data obtained from DSSP
analysis and Baker-Hubbard hydrogen bonding analysis (Fig. 4).

The N-terminal hydrogen bond network is different between
the light and the dark states, as well as between the helicity-
enhancing mutants and helicity-disrupting mutants. This
difference highlights the importance of Thr407 and Arg410 in the
allosteric mechanism of the AsLOV2. The undocking and the
unfolding of the A’a helix was mainly correlated to the changes
in the hydrogen bonds formed by these two residues. Based on this,
it is proposed that the initial steps in the photo-activation of the
AsLOV2 are involved with breaking the hydrogen bonds between
Ala405 and Arg410 and between Thr407 and Glu545, followed by
formation of a hydrogen bond between Phe403 and Thr407. These
changes in the N-terminal hydrogen bond network within the A’a
helix are followed by changes in the hydrogen bond between the
A’a helix and the Jo helix, where Arg410 forms a hydrogen bond
with Glu545 in the Jo helix (Fig. 14). These newly formed hydrogen
bonds with the Jo helix could be the reason behind its undocking
and unfolding of the latter. This proposed mechanism was
supported by the fact that R410P mutant lacks all these hydrogen
bonds.

The importance of maintaining the hydrogen bond network in
the A’a helix can be related to maintaining the helicity of the over-
all secondary structure. The simulation confirms that helicity
enhancing mutations (T406A and T407A) reserve the N-terminal
hydrogen bond network of the A’ helix while the helicity disrupt-
ing mutations (L408D and R410P) lead to the opposite effect. Inter-
estingly, the role of A’a helix is conserved in other LOV domains
such as Vivid, where the N-terminal helix is essential in the con-
version of the dark state into the light state [5].

Moreover, it was suggested that the allosteric mechanism of
LOV2 domains depends mainly on the changes in the hydrogen
bond network [16]. Recent study found the formation of transient
bond between N414 and Q513 was essential for the propagation of
the signal from the N-terminal to the C-terminal upon photo-
activation of AsLOV2 [24]. As comparison, our study suggests that
two related hydrogen bonds, between N414 and Q513, and
between N414 and D515 may play a role in the signaling process
(Figure S8). In the dark state, a hydrogen bond forms between
N414 and Q513 (Figure S9a). This hydrogen bond also exists in
the light state, but is relatively weaker with higher distribution
in longer distance range (Figure S9b). No hydrogen bond forms
between residues N414 and D515 in the dark state (Figure S9c).
However, such hydrogen bond between N414 and D515 is
observed in the light state (Figure S9d). As comparison, distribu-
tions of hydrogen bond between N414 and Q513 in the tslight
states are different from the dark state and more similar to the
light state (Figure S9a). But the hydrogen bond between N414
and Q513 in the tsdark states are similar to the light state (Fig-
ure S9b). The similar trend is also observed for the hydrogen bond
between N414 and D515. This shows that these two hydrogen
bonds are susceptible to the structural perturbations. Therefore,
their interplay could play a role in the allosteric signaling of
AsLOV2 by bridging the light perturbation from the chromophore
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Fig. 14. Hydrogen bonds critical to the unfolding of the A’x helix in the AsSLOV2. a) The hydrogen bond between Ala405 and Arg410 in the dark state; b) The hydrogen bond
between Thr407 and Glu545 in the dark state; ¢) The hydrogen bond between Phe403 and Thr407 in the transient light states; d) The hydrogen bond between Arg410 and

Glu545 in the native light, the transient light, and the transient dark states.

core (Q513) to the p-sheets proximal to the helical termini (N414
and D515).

The essential role of the N-terminal, A’«x helix and Jo helix in the
allosteric mechanism of AsLOV2 was further demonstrated at the
level of the secondary structure using community analysis.
Through the community analysis, it was shown that N-terminal
including the A’a helix has majority of correlation importance per-
centage (61.93%) with the other communities. This verifies that the
importance of the A’a helix lies in its interaction with the other
secondary structures or communities. This also supports the role
of the A’ helix as mediators for propagating the input signal to sig-
naling outputs [21,45,46].

Other key secondary structures including BB strand, Fo helix,
and the loop between ApB and Bp strands were identified as impor-
tant secondary structures for allostery in community analysis.

Based on the better understanding of the difference in the
hydrogen bonding patterns in A'a helix in the natives, transient,
and the mutated states, better optogenetic switches could be
developed. For example, the residual activity of ASLOV2 in the dark
state was one of the issues with employing the protein in the
design of the optogenetic switches. This residual activity was the
result of the partial unfolding of the Ju helix in the dark state. As
Zayner et al. found that T406A and T407A mutations led to decreas-
ing the dynamics and enhancing the helicity of the Jo helix [16,4],
these two mutants with their helicity enhancing effect could be
used to decrease the residual effect in the dark state. Based on
our study, it is suggested that these two helicity-enhancing muta-
tions strengthen the helical structure of the A’a helix, attenuating
the conformational changes in the Jo helix by the formation of salt
bridge between Arg410 and Glu545.

Overall, through a comprehensive computational protocol, we
aimed to reveal the crucial role of the A’o helix in the allosteric pro-
cess of AsLOV2, and provided not only a detailed mechanistic
explanation of its biologically relevant interactions but also its

62

effects on the overall protein conformational landscape, as well
as its interaction with other secondary structures.

5. Conclusion

In AsLOV2, the A’a helix plays a pivotal role in propagating the
allosteric perturbation from the LOV core to the functional Jo helix,
which undergoes an unfolding process. Extensive molecular
dynamics simulations were carried out to examine the effect of
four mutations (T406A, T407A, L408D, and R410P) introduced into
the A’o helix compared to the native light and dark states as well as
the transient structures.

The N-terminal hydrogen bonds in the helicity-enhancing
mutations (T406A and T407A) are different compared to the
helicity-disrupting mutations (L408D and R410P). The change in
the hydrogen bonding pattern was correlated with the overall con-
formational space of protein revealed through the tICA and MSM
analyses. It is revealed that Thr407 and Arg410 are key residues
for the transitions between the light and dark states due to their
hydrogen bonds with Glu545.

The machine learning based community analysis sheds light on
the importance of the N-terminal including the A’x helix, Jo helix,
and p-sheets and reveals their central role in the allosteric mecha-
nism of AsLOV2. Specifically, the initial mechanism of Jo helix
undocking and unfolding is involved with breaking the hydrogen
bond between Ala405 and Arg410 and between Thr407 and
Glu545, followed by formation of a hydrogen bond between
Phe403 and Thr407.

In conclusion, the change in the N-terminal hydrogen bond net-
work facilitates the unfolding of the A’z helix, which mediates the
subsequent conformational changes in the allosteric activation of
AsLOV2.
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