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Abstract

Acetylcholinesterase (AChE) inhibitors are actively used for the effective treatment of
Alzheimer’s disease. In recent years, the neuroprotective effects of organoselenium compounds
such as Ebselen and Diselenides onto the AChE activity have been investigated as potential
therapeutic agents. In this work we have carried out systematic kinetic and intrinsic fluorescence
assays in combination with docking and molecular dynamics (MD) simulations to elucidate the
molecular mechanism of the mixed inhibition of AChE by Ebselen and Diphenyl diselenide
(DPDSe) molecules. Our MD simulations demonstrate significant heterogeneity in the binding
modes and allosteric hotspots for DPDSe on AChE due to non-specific interactions. We have
further identified that both Ebselen and DPDSe can strongly bind around the Peripheral Anionic
Site (PAS) leading to non-competitive inhibition similar to other PAS binding inhibitors. We
also illustrate the entry of DPDSe molecule into the gorge through a “side door”, which offers an
alternate entry point of AChE inhibitors as compared to the usual substrate entry point of the
gorge. Together with results from experiments, these simulations provide mechanistic insights
into the mixed type of inhibition for AChE using DPDSe as a promising inhibitor for AChE.



Introduction

Acetylcholinesterase (EC 3.1.1.7) (AChE), is a serine protease which plays a pivotal role
in memory and cognition through its ability to hydrolyse the neurotransmitter
acetylcholine to acetate and choline at cholinergic brain synapses®. Since its discovery,
AChE has been extensively studied and has been the primary targets of insecticides and
nerve agents®. Increasing evidences are found that correlate the activity of AChE to
several neurodegenerative disorders like Alzheimer’s disease (AD), Parkinson’s disease
(PD) etc®*. Moreover, the impairment of cholinergic neuronal system in brain has been
reported to be the underlying event of impairment of learning and memory in several
animal models. Thus, inhibition of the AChE activity with the anticholinergic agents has
therapeutic implications in countering diseases such as myasthenia gravis, glaucoma and
AD>,

Several experimental and theoretical studies have been devoted to investigate the
mechanism of inhibition of AChE by the repertoire of AChE inhibitors (AChEIls)®'?,
Previous structural studies have been shown to characterize the overall structure of the
enzyme into several subsites: the active site (CAS) consisting of catalytic triad, anionic
subsite (AS) and acyl binding pocket, and the peripheral anionic site (PAS) at the mouth
of the gorge leading to active site'314, Interestingly, the active site is buried at the bottom
of this narrow gorge lined with conserved aromatic residues. The AChEIs have been
found to either inhibit the enzyme through covalent modification of the active site or by
allosteric regulation through significant conformational changes in the enzyme. Several
computational studies together with X-ray crystallography have suggested existence of
multiple access pathways to the active site that are implicated in substrate entry or
product release (Fig. 1)*>'7. In addition to the main entrance/exit along the gorge,
alternative routes such as back door (involving residues W83, V129, Y446 etc based on
MACHE residue numbering; PDB ID: 1C2B*8) and side door (perpendicular to the gorge
and comprising of residues from the omega loop) have been identified through molecular
dynamics simulations and multiple copy sampling studies'®?°. Cheng and coworkers have

identified dynamic correlation between different subdomains in the protein and the



variation in the gorge radius?’. Recently, several allosteric sites have been identified in
AChE that can be helpful in the discovery of new allosteric inhibitors.
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Figure 1. Representative image of crystal structure to highlight the structural features in
AChE (PDB ID: 1C2B). The peripheral site residues, neck residues and catalytic residues
are represented as spheres coloured in violet, red and magenta respectively. Previous
studies highlight the existence of multiple routes of access to the active sites in AChE for
the ligand molecules. These paths involve entry/exit through the mouth of the gorge
(main pathway), back door that comprises residues W83, V129, Y446 and side door
through the omega loop (orange colour). The cavities are represented as tunnels in green,

blue and pink colours, respectively.



Currently approved U.S. FDA drugs such as tacrine, donepezil, rivastigmine and
galantamine for the treatment of neurogenetic disorders (dementia, AD, traumatic brain
injury and delirium) are primarily reversible competitive and non-competitive AChE
inhibitors??. However, these drugs have poor bioavailability and are associated with a
number of side effects, including gastrointestinal upsets, hepatotoxicity, increased risk of
bradycardia and syncope (fainting). A great deal of research has been focused on the
development of new therapeutics that includes derivatives, natural AChE inhibitors and
hybrids with better efficacy and lesser side effect profile?®. In this context, since more
than last two decades, an increased interest has been generated in the study of
organoselenides as anticancer lead compounds and their use in treatment of neurological
disorders owning to the higher biodisposability rate and biological activity?*2%. These
compounds are known to show antioxidant properties, along with anti-inflammatory and
neuroprotective role in vitro and in vivo experimental models?’. Ebselen (Scheme 1) was
first organoselenium compound with promising antioxidant and cognitive enhancer
properties?®?°, In fact, extensive work has been done in evaluation of pharmacological
properties of ebselen to use it as a potential anti-AD agent®. In previous studies, several
structural modifications to ebselen were made to synthesize novel molecules with
enhanced antioxidative properties which include fusion of ebselen with previously known
AChEIs (donepezil, tacrine)®3, Diphenyl diselenide (DPDSe; Scheme 1) is another
classical organoselenium compound that has proved to be a promising drug in a number
of experimental studies of oxidative stress®*. DPDSe has been shown to be even more
active as a Glutathione Peroxidase (GPx) mimic and less toxic than ebselen®®. More
importantly, experimental and clinical studies have demonstrated a positive role of
DPDSe in the cognitive performance with its involvement in the cholinergic system?-.
Previous data suggest that systemic administration or sub-chronic exposure to DPDSe
ameliorates the impairment of spatial long-term and short-term recognition memory in
mice and rat models. Recently, derivatives of DPDSe were studied to show inhibition of
AChE activity in mice models exhibiting sporadic Alzeimer’s-type dementia®®3’,

However, studies on the inhibitory effect of DPDSe on AChE are largely unexplored.



In continuation of our interests in exploring chemico-biological interactions of systems2*
263839 the present study was therefore designed to elucidate the DPDSe induced
inhibition of AChE and for identification of any novel allosteric binding sites. For this
purpose, structural and functional integrity of AChE in the presence of DPDSe was
evaluated through in vitro and in silico (molecular docking and simulation) approaches

with ebselen as a control.
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Scheme 1: Chemical structures of Ebselen and DPDSe
Materials and methods

Diphenyl diselenide (CAS number: 1666-13-3) and Ebselen (CAS number: 60940-34-3)
were purchased from Sigma Aldrich and used as such without further purification.

Acetylcholinesterase inhibition assay

For measuring Acetylcholinesterase activity in presence of organoselenide inhibitors,
modified method of Ellman et al. was used“’. Acetylthiocholineiodide (ATCI) was used
as substrate for measuring the AChE activity. Reaction mixture containing 150pL of
AChE and increasing concentration of the inhibitors (1, 10, 50 and 100uM), was made
upto 2.5mL by adding 50mM tris buffer of pH 7.0. After thorough mixing and
preincubation of the reaction mixture for 6 hrs at 25°C, the reaction was initiated by
addition of 100pL of ATCI (15mM) which was followed by addition of 500uL of DTNB
as colour indicator. Hydrolysis of ATCI to thiocholine by AChE was followed for 10

minutes by monitoring the formation of 5-thio-2-nitrobenzoate anion, as a coloured
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product due to reaction between DTNB and thiocholine, Change in the absorbance was
followed at 412nm using Cary-300 UV/Vis spectrophotometer, Agilent, USA.

Intrinsic Fluorescence

Intrinsic fluorescence measurement of AChE in the absence and presence of varying
ebselen and DPDSe concentrations (0.0, 1.0, 10, 50 and 100uM) were recorded in
triplicates over a wavelength range of 300-500 nm using Agilent Cary Eclipse
fluorescence spectrophotometer. Upon excitation of AChE at a wavelength of 280nm,
tryptophan residues of AChE showed maximum emission at 334nm. During the entire
run, scanning speed was kept as 5nm/min with excitation and emission filter width of

snm.
Molecular modelling and docking

The Glide XP (Schrodinger Suite, Version 2019.4) protocol* was used to perform the
molecular docking analysis of the compounds, ebselen and DPDSe into the catalytic site
of AChE. The crystal structure used for docking was in the ligand-unbound monomer
form (apo form, PBD ID: 1C2B)!8. The receptor grid was defined based on the key gorge
residues identified in previous studies. While the receptor was kept rigid all possible
conformers of the ligands were generated by the LigPrep utility of Schrodinger Suite. The
binding poses with best docking scores for Ebselen and DPDse were selected for further

MD simulations and binding energy calculations.
Molecular dynamics (MD) simulations

MD simulations were performed using crystal structure of acetylcholinesterase (AChE)
(PDB ID: 1C2B)*8. The starting structure of AChE for all the simulations was in the apo
monomer form (ligand unbound). The missing residues/side-chains were incorporated
using using Modeller. The protonation states of the titrable residues were assigned based
on the pKa estimated by PROPKA-3.0. One set of MD simulations were performed using
the docked complexes for ebselen and DPDSe bound states of AChE. Another set of
ligand exploratory simulations were performed where the apo form was placed at the

centre of the box and all binding simulations with the ligand were initiated by placing the

8



ligand molecules at random positions in the solvent-filled simulation box. The ligand was

allowed to diffuse freely and no bias was added for the space exploration.

All simulations were performed using GROMACS 5.1.4 software*? using two different
set of force fields to test the consistency of the observations irrespective of the choice of
force field. In one set of simulations for the AChE-DPDSe system, AmberSB99-Ildn
forcefield*® and the TIP4P-Ew water model* was used. In another set GROMOS54a7
forcefield* and SPC water model*® were used to simulate both the AChE-DPDSe and
AChE-Ebselen systems. General AMBER force field (GAFF)*’ parameters for DPDSe
were generated using the Antechamber utility of AmberTools18. Since certain parameters
for Ebselen could not be generated using GAFF, we have adopted GROMOS force field
using ATB web server® to compare both Ebselen and DPDSe in the same footing. The
systems were inserted into cubic box with a margin of at least 1.2nm in each direction
resulting in a ~10.5nm wide box for all simulations. The solvated systems were
neutralized by adding counter ions and appropriate number of Na* and CI ions were

added to maintain salt concentration of 150mM.

All systems were energy minimized using steepest descent method followed by two step
equilibration in NVT and NPT ensembles. The temperature was maintained at 300K using
velocity rescale method*® with a relaxation time of 1ps and pressure was kept constant at
latm using Parinello-Rahman barostat®. All simulations were performed using periodic
boundary conditions and the long range interactions were calculated using particle mesh
Ewald (PME) summation method®. The cut-off distance for electrostatic and van der
Waals interactions was set to 1.0nm. The bonds were constrained with LINCS®? and the
integration time step was set to 2fs. The atomistic MD simulation for the apo form was
performed for 400ns. MD simulation runs were performed for the docked structures with
ebselen and DPDSe for 200ns. In addition, we have generated 4 independent trajectories
(500ns-1ps long) each for Ebselen and DPDSe freely inserted into the simulation box in

order to explore alternative binding sites other than the gorge (identified by docking).



Binding energy calculations (MM/PBSA)

The binding energies for the compounds, Ebselen and DPDSe with AChE were calculated
using the MM/PBSA method®. The g_mmpbsa utility developed by Kumari et. al.
combining the Gromacs package and APBS software was used to calculate the different
energy contributions in the MM/PBSA binding energy including the electrostatic, polar
and non-polar solvation energy terms®. We have calculated the binding energy of the
ebselen and DPDSe molecules at the different binding sites by using snapshots at every

50ps from different segments of trajectory with respect to the ligand bound state.

Ideally the binding free energy of a protein-ligand complex should include both the entropic and
enthalpic components, namely the interaction energy between ligand and protein (AE .,
enthalpic part), the solvation energy associated with the transition of the ligand from bulk water
to the binding site (AGs,;,,), and the change in conformational entropy associated with ligand
binding (—TAS):

AGping = AEyy + AGso, — TAS 1)

Within the MM/PBSA framework, the binding energy is estimated as a difference
between the effective solvation energy of the ligand in the complex with receptor as
compared to the aqueous solution environment. The polar solvation energy is computed
using the Poisson—Boltzmann surface area (PBSA) continuum electrostatics method. In
this work, we did not consider the entropic component of the binding free energy.
Moreover, the protein dielectric constant (chosen to be 8 here) is chosen empirically,
which is known to vary depending on the local electrostatic environment in a protein.
However, MM/PBSA method has proven to a computationally efficient and powerful
method to reproduce the qualitative trends in the ligand binding affinity across multiple
ligands, and also to dissect the relative contributions of the electrostatic, Van der Waals’

and solvation terms to the binding energy.
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Results and discussion
Effect of ebselen and diphenyl diselenide (DPDSe) on the activity of AChE

To investigate the mechanism of action of ebselen (control) and DPDSe (drug), kinetic
assays of AChE were performed. Initial velocity of each progress curve observed was
calculated in the first 30 seconds of the Kinetic run. Lineweaver-Burk double reciprocal
plots, using the initial velocities obtained over a range of substrate concentrations (10-
100uM) were plotted for determination of various kinetic parameters in the absence and
presence of the inhibitor compounds (DPDSe and Ebselen). Linear regression analysis
was carried out for determination of kinetic parameters Km, Vmax, Ki and K; from the
Lineweaver-Burk and secondary plots. In case of both the inhibitors, double reciprocal
primary plots (Fig. 2) showed intersection to the left of the 1/V, axis and above the 1/So
axis and thus exhibited mixed type of inhibition. K, values, representing the inhibitor
constant for enzyme inhibitor complex, were calculated from the linear regression
analysis of 1/Vmax VS. inhibitor concentration, whereas K; was determined as the intercept
on the X-axis (Fig. S1). Additionally, slope of primary plot against the inhibitor
concentration was plotted to calculate K; as an intercept on the lo axis (Fig. S1). Analysis
of the obtained plots, revealed K; values to be 21.30 and 43.28 and K, of 65.01 and 193.92
in the presence of DPDSe and ebselen, respectively (Table 1). Both K; and K, values in
the presence of DPDSe were found to be lower than that of the ebselen (Table 1).
However, both DPDSe and ebselen decreased the activity of acetylcholinesterase by

decreasing the Vmax and increasing Km (Fig. S2).
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Figure 2. Lineweaver-Burk plots of AChE activity in presence of (a) Diselenide
(DPDSe) and (b) Ebselen at various concentrations: 0 uM (black), 1 pM (red), 10 pM
(green), 50 uM (magenta) and 100 uM (blue). Inset represents the Michaelis—Menten

plots of AChE in presence of DPDSe and Ebselen.

Table 1. Enzyme kinetic parameters for mixed inhibition.

Name of T Coneentraion [ gy [ Vi, " 3
0 2118+ 1.12 | 0.232 +0.02
1 40.70+2.81 | 0.139+0.01
DPDSe 10 47.39+4.75 | 0101+0.009 | 2330 | ©50L*
50 57.43+3.36 | 0.077 0.005
100 79.67 £6.23 | 0.060 % 0.003
1 19.18 + 151 | 0.212 +0.02
e 10 26.58 £2.02 | 0.175+0.01 s | 193928
50 36.31£2.94 | 0.153+0.01 : :
100 46.55+4.09 | 0.140 + 0.008

However, as compared to ebselen, a sharp increase in Ky with a decrease in Vmax was
observed at lower concentrations of DPDSe. As can be seen in Fig. 2 and Table 1, a sharp

decrease in enzyme activity at lower concentration of the inhibitor was observed wherein
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the slope of the decrease is more in case of DPDSe. Results do infer enhanced DPDSe
induced AChE inhibition in a concentration dependent manner with increasing Km value
from 21.18uM to 79.67uM and a decreasing Vmax from 0.23 to 0.06. The lower value of
inhibitor constants for DPDSe than that of ebselen infers stronger inhibition capability of

DPDSe and thus proves it to be more potent inhibitor for AChE.
Effect of ebselen and DPDSe on the intrinsic fluorescence of AChE

Intrinsic fluorescence measurements were carried out to monitor change in overall tertiary
structure of acetylcholinesterase in presence of the ebselen and DPDSe as inhibitor
compounds (Fig. S3). Upon excitation at 280nm, the emission was recorded between
300nm to 500nm with a maximum at 334nm. In presence of increasing concentrations of
DPDSe, enhanced fluorescence intensity was observed than that for control. As compared
to control, a large increase in fluorescence intensity with a prominent wavelength shift
was observed in presence of different concentrations of DPDSe. However, ebselen
reduced the fluorescence intensity of AChE with a marked red shift of 8nm in the
tryptophan emission. The observed decrease in the fluorescence intensity is most likely
due to the quenching of tryptophan fluorescence by the exposed hydrophobic patches.
The inhibitors binding to or near the tryptophan containing regions could be responsible
for this observed changes in the fluorescence emission. We speculate that these structural
changes could lead to decreased accessibility of substrate for the enzyme active site, or
the DPDSe could affect the active site dynamics allosterically from a distal site. In order
to gain further molecular insights into the observed structural and functional changes in
acetylcholinesterase after its interaction with DPDSe as compared to the ebselen as
control, we have carried out comprehensive in silico investigation using molecular

docking and simulations.
Molecular docking analysis

Molecular docking studies of ebselen and DPDSe were performed to explore the possible
interactions between the compounds and the active site of AChE. Two different poses for
each ligand were obtained using the Schrodinger Glide program. The compounds were
observed to bind near the catalytic active site (H444, S200 and E331) of AChE with
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negative values of docking scores (Table S1). In order to compare the binding efficacy
between ebselen and DPDSe, binding energy calculations were performed with the best
predicted binding pose (Fig. S4). While rigid docking protocol is quite useful in
identifying the putative binding poses, the accuracy of binding mode and energy strongly
depends on the flexible neighbouring residues of the binding site. Hence, we have
performed molecular dynamics (MD) simulations with the top-docking scored pose of
ebselen and DPDSe at the active site of AChE to account for conformational flexibility of
the neighbouring residues. The binding energy calculations were performed for the
trajectory segments with the ligand position stable in the gorge using MM/PBSA method.
Previous docking and simulation studies with known inhibitors and Ach reported binding
energy between -5kcal/mol and -60kcal/mol®>-%’. We have observed the binding energy
for ebselen and DPDSe from the MD snapshots as -32.17kcal/mol and -24.98kcal/mol
respectively. It is evident from the results that electrostatics and van der Waals energy
component have higher values for ebselen as compared to the DPDSe (Table S2). This is
due to the presence of polar atoms and associated specific interactions (hydrogen bonds)
of ebselen with the gorge residues. Fig. S5 exhibits the interactions between the ligands
(ebselen and DPDSe) with the neighbouring gorge residues. Interestingly, the
experimental results suggest mixed type inhibition for DPDSe and higher inhibition
capability as compared to ebselen. Therefore, we explore the possibility of allosteric

inhibition for DPDSe using molecular dynamics simulations.
Identification of possible binding sites through MD simulation

Four independent unbiased atomistic molecular dynamics simulations were performed to
explore the binding sites for both Ebselen and DPDSe to elucidate their mechanism of
inhibition for AChE. The pathways of the DPDSe molecule were tracked from the
solution to the binding sites in AChE to identify/explore the possible sites of protein-
ligand interactions. In all the simulations, DPDSe was placed at a random position in the
solution at least 2nm away from the gorge entry in random orientation. The simulation
setup contained no prior knowledge of the catalytic site and ACh binding pathway, which
results in an unbiased exploration of the AChE protein by the ligand and its binding

affinity at different interaction sites.
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Figure 3. (a) Contact analysis between the diselenide and AChE protein for the trajectory
mol-1la and existence of multiple interaction sites over the protein surface. (b) Visual
representation of the four different sites identified in the mol-1a trajectory. The residues
from PAS (peripheral anionic site) and neck are coloured in blue and magenta
respectively, in the sticks representation. The position of a ligand at a particular time is
shown as sphere. The time evolution of the position (sphere) from the beginning to the
end of the simulation is depicted using colour gradient from red to green to blue. The

spheres form clusters at four different sites representing the binding sites.

One of the principle strategies to inhibit the functional activity of enzymes is by blocking

the active site using competitive inhibitors. Several inhibitors approved as drugs, and
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promising candidates in clinical trials which have reached testing phase target AChE in a
similar manner. To examine whether DPDSe binds the active site of AChE, distance
between the ligand and the active site (binding pocket) as a function of time was
monitored (Fig. S6). Interestingly, it was observed that in one (mol-1b, red) of the two
trajectories, the DPDSe molecule after occasionally binding at the protein surface enters
the active site of AChE. In another exploratory simulation (mol-1a, black), the ligand
does not enter the cavity and forms contact with the protein surface for the entire
trajectory with the minimum interatomic distance between ligand and protein less than
0.3nm (Fig. S7). For this trajectory (mol-1a), amino acid residues that are in contact with
the DPDSe as a function of time were identified (Fig. 3a). As depicted in Fig. 3a, the
ligand interacts with AChE at four distinct sites other than the active site of the AChE at
different time intervals, i.e. site-1 (30ns-80ns), site-2 (100ns-140ns), site-3 (170-290ns)
and site-4 (350-400ns). The site-1 and site-2 stand by the gorge on the helix-bundle, site-3
underpins the gorge, and site-4 is on the top of gorge (3-helix bundle) in the opposite
direction of site-2. It is evident from Fig. S6 and 3b that these sites are distantly located
from the catalytic triad or gorge. Evidences from structural and biochemical studies
suggest ligand binding sites located at a distance from the catalytic centre can modulate
the activity of AChE in an allosteric manner®®-%°, Several therapeutic inhibitors and
allosteric activators bind to these sites and inhibit catalysis either by blocking the entry of
substrate or by allosteric alteration of the conformation of the active site. Here, we
investigate whether the identified putative ligand binding sites can play a role in allosteric

regulation of AChE activity.

We must note here that for the trajectory depicted in Fig.3, the ligand explores the
interaction sites intermittently without strongly attaching to any of them. However, other
independent simulations (Fig. S12) demonstrate that indeed some of these sites can have
significant residence time (>500ns). The variation across trajectories is due to the inherent
stochastic nature of the ligand sampling, where the ligand may need to overcome an
entropic bottleneck to find a specific cavity to open up. In Fig.4, we demonstrate the
distance profile of the ligand from the PAS residues to show that both Ebselen and

DPDSe can strongly bind to this site and participate in mw-stacking and cation-n
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interactions with the large number of aromatic side-chains that exist along the gorge as

well as arginines in some cases.
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Figure 4. Minimum distance between the Se atoms of the ligand and the PAS residues
(D71 and W283) for (a) Ebselen and (b) DPDS indicating that ligands eventually find the
PAS binding site and remains tightly bound during the observation time. The
representative binding poses with interacting amino acid residues are shown for (c)
DPDSe and (d) Ebselen. Clearly, interactions with aromatic residues including tryptophan
(W283 of PAS) and charged residue like arginine facilitate the binding.

Structural deviation and fluctuations between apo and ligand bound AChE

Earlier studies suggest that structural fluctuations play a significant role in the functional
activity of AChE. As compared to apo form, binding of inhibitors at catalytic and
peripheral site (ligand bound AChE) results in restrained or enhanced movements in
different regions of AChE. The thermal fluctuations in the gorge in the apo form are
described as breathing motions in the literature®?. To analyze the dynamical and structural
changes upon ligand binding at different sites in the trajectory mol-1a, we have performed
clustering and principal component analysis (PCA) for the apo and bound form of AChE

with DPDSe. The bound trajectory was dissected into different segments based on the
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time intervals for which the ligand was bound to AChE. Comparing them with the results
of the apo form would help us to identify correlated motions or dominant conformational

changes in different regions of AChE upon ligand binding.

The DPDSe-bound AChE conformations were clustered individually from the trajectory
segments and the middle structures with the least RMSD from the most populated clusters
were superimposed for structural comparison and analysis. AChE exhibit structural
deviations at four regions highlighted as L1-L4 in Fig. S8. Interestingly, L1 region
corresponds to the omega loop which is known to exhibit enhanced fluctuations upon
ligand interactions in AChE. Further, we observe that the binding site of DPDSe (Site-4)
overlaps with the L4 loop region. In addition to the structural deviations, the associated
fluctuations upon ligand binding were analyzed from PCA calculations. For this,
fluctuations corresponding to the first five eigen vectors in the apo and bound state were
analyzed. Fig. S9 compares the RMSF corresponding to first eigen vector between the
apo form and the trajectory segments from different binding sites. It is evident from the
results that the ligand binding at distinct sites on the protein surface enhances fluctuations
in the residues that constitute part of the gorge and at distant sites from the gorge. We
observe increase in the fluctuations of the residues (72-84) that belong to the omega loop
which are also implicated in side door exit. Previous studies based on AChE inhibition by
Fasciculin suggested enhanced fluctuations in the omega loop on ligand binding®’. These
large fluctuations of the omega loop affect the structural integrity of the main gorge as the
residues of this loop make up one side of the gorge resulting in the inactivation of the
AChE. In contrast, several allosteric inhibitors result in the rigidity of the omega loop
modulating the side door closing/opening state. In addition to the omega loop, the
residues that form the part of other loops of AChE with increased flexibility are shown as

projections in Fig. 5.
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Figure 5. (a-d) Representation of structural variations along the dominant PCA-1 mode
for all the four binding sites in mol-1a system. The projections represent regions with
high degree of fluctuations. The important residues from the gorge and active site are
represented as spheres in different colors: magenta (PAS residues), blue (neck residues)
and yellow (catalytic residues). We observe large fluctuations in the omega loop (69-96)

and residues 256-261 upon ligand binding.

Recently, a microsecond long simulation study identified sub-domains including omega
loop whose dynamics are correlated with the gorge radius and subsequent breathing
motions in AChE?!. We were able to show the binding sites identified in our simulation
mapped onto the AChE along with the sub-domains identified by Cheng and co-workers?!
(Fig. S10). It was observed that the binding sites for DPDSe in trajectory mol-la are
adjacent to the sub-domain residues that form the inner wall of the gorge. Interestingly,
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the binding site-4 constitutes residues which are part of the S2 sub-domain. The binding
site residues show enhanced rigidity due to ligand binding, however at the same time,
increase flexibility of the loop residues that form the part of peripheral anionic site (Fig.
S9d). Similarly, residues from site-1 and site-2 are adjacent to the S3 sub-domain and the
catalytic triad. It is possible that the ligand binding at outer protein surface can modify the
flexibility/rigidity of the protein in such a way that the conformation of the active
site/gorge is modulated from its normal behaviour and thus allosterically control the
activity of AChE.

Multiple possible pathways and binding sites for DPDSe entry into gorge

One of the key findings from our simulation is that the DPDSe molecule can enter the
gorge cavity and occupy the active site in trajectory mol-1b. Fig. 6 illustrates the time
evolution of the DPDSe molecule as it reaches the binding site. It was observed that
ligand binds at the outer surface (site-5) of the protein during the initial phase of the
simulation for a short time interval from 85-120ns. Interestingly, we observed that, unlike
substrate/inhibitors which enter the cavity through the main gorge, the ligand (DPDSe)
moves from the initial binding site to the interior of the gorge through the “side door”
composed of residues from the Q loop instead of the usual substrate entry point of the
gorge. Further, it was observed that the DPDSe molecule remains trapped in the gorge
during the rest of the simulation. Earlier studies highlight that in addition to the usual exit
routes i.e., main gorge and back door, several small ligand molecules (ammonium ion,
methane, thiocholine) were found to exit through the side door®. The movement of ligand
molecule through the side door will involve torsional motions and fluctuations which will
contribute to the transient conformational changes of the Q loop?°. Results obtained in our
study do infer that inhibition of AChE by DPDSe involves a distinct pathway for the entry

of the inhibitor to the active site.
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Figure 6. A representative trajectory for the ligand entry into the gorge through the side
door. The figure shows the time evolution of the ligand in the system for the trajectory
mol-1b. The position of a ligand at a particular time is shown as sphere. The time
evolution of the position (sphere) from the beginning to the end of the simulation is
depicted using color gradient from red to green to blue. Initially the ligand was present at
site-5. However, eventually it detaches from this site to finally enter the interior of the

gorge through the side door.

Previous studies highlight the role of gating residues (W83, Y121, F330, Y 334) in the exit
of the ligands (e.g. ammonium ions) through the back/side door and product release
through the main gorge!®. The gating residues Y121 and F334 forms a
constriction/bottleneck that act as gate for the entry or exit of ligand molecules along the
main gorge®!. This is complemented by a rotational displacement of W83 that regulates
the back door opening/closing. Here, we show that a similar mechanism involving gating
residues (W83, Y121, Y334), that exhibit side chain motion necessary for side door
opening and closing followed by trapping of DPDSe (ligand) inside the gorge. Fig. S11

shows the time evolution of chi angles that capture the orientation of the sidechain along
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the simulation. Based on this figure, it is evident that entry of the ligand results in the
change in the orientation of the W83, Y121 and Y334 residues. Fig. 7 exhibits the
mechanism in an illustrative form where it was observed that the change in the orientation
of W83 facilitates entry of the DPDSe ligand followed by the concerted change in the
orientation of W83, Y121 and Y334 to trap the DPDSe ligand inside the gorge.

( ( 7 ' L;ls‘-\zaa\
. \(\Zat tic site

AL-129

"Back door

Figure 7. Gating mechanism for ligand entry through side door in an illustrative form.
The omega loop is highlighted in green color. The entry of the ligand results in the
change in the orientation of the W83 which is followed by the change in the orientation

of Y334. Together these two residues capture the ligand inside the gorge.

However, we must clarify that the results depicted in Figs.6-7 present observations from a single
representative trajectory. We do not have sufficient statistics to comment on a dominant pathway
for the ligand entry. However, the multiple independent simulations as presented in Fig. S12
show that all of the interaction sites identified and presented here have significant population in
the overall cumulative trajectory set. In particular, the strong binding to PAS region for both
DPDSe and Ebselen is a statistically significant result that explains the non-competitive mode of

inhibition for these organoselenium compounds.
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Binding energies for different ligand interaction sites

The binding energy for the DPDSe ligand and its interaction at different sites in both the
trajectories (mol-la and mol-1b) was calculated by MM-PBSA method from MD
snapshots. The mol-1a trajectory segments include site-1 (40-65ns), site-2 (98-108ns),
site-3 (277-286ns) and site-4 (350-365ns). The ligand binding sites in mol-1b trajectory
are site-5 (85-115ns) and DPDSe inside the cavity/gorge (235-855ns). The binding energy
for the DPDSe molecule is shown in Table 2. It seems quite evident from binding energy
calculations that as compared to the electrostatic component, the van der Waals energy
significantly contributes to the inhibition of AChE by DPDSe. It was observed that the
binding energy of DPDSe over the protein surface at site-1 (-14.6 kcal/mol), site-2 (-
12.29 kcal/mol) and site-5 (-14.0 kcal/mol) is comparatively lower than that at site-3 (-
20.78 kcal/mol) and site-4 (-23.31 kcal/mol). Interestingly the binding energy of
diselenide (-25.8 kcal/mol) inside the gorge is quite comparable to that of the known
calculated value for ACh (-27.18 kcal/mol) from earlier study based on 100ps FEP
simulation®. However, these results come with a caveat that MM/PBSA estimate of
binding energy does not include the entropic effect which is often plays an important role
in overall binding free energy. But these estimates provide a qualitative comparison
between these two ligands and also the relative contribution of various types of
interactions namely electrostatic, Van der Waals’, polar/non-polar solvation etc. Clearly,
as observed earlier through the binding modes, both ligands prefer to interact with the
aromatic residues and arginine. Thus, the n-stacking and cation-rt interactions seem to

play an important role in the binding affinity of these inhibitors.
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Table 2. Binding energy calculation for the ligand (diselenide) using MM/PBSA approach. In

a previous study, the binding free energy for ACh was found to be -27.2 kcal/mol based on

100ps FEP simulation®. The error bars are computed from the standard deviation of the

respective energy terms over the trajectory.

System Mol-1a (All binding sites outside cavity) Mol-1b
. . . . . Inside-
Summary (kcal/mol) Site-1 Site-2 Site-3 Site-4 Site-5 gorge
-18.7 +/- | -19.4 +/- | -26.4+/- | -31.7+/- | -17.9+/- | _30.2 +/-
van der Waal energy | , 5 0.20 0.18 0.24 0.11 0.05
. -3.3 +/- -3.9 +/- -8.4 +/- -4.1 +/- -5.5 +/- 7.3 +/-
Electrostatic energy |, 0.19 0.19 0.14 0.20 0.05
Polar solvation 9.7 +/- 13.3 +/- 16.7 +/- 15.3 +/- 11.4 +/- 14.6 +/-
energy 0.40 0.19 0.14 0.14 0.14 0.04
-2.4 +/- -2.4 +/- -2.7 +I- -2.9 +/- -2.0 +/- -2.9 +/-
SASAenergy | 443 0.01 0.02 0.02 0.01 0.00
Binding energy -14.6 +/- | -12.3 +/- -20.8 +/- | -23.3+/- | -14.0+/- | 258 +/-
(kcal/mol) 0.33 0.25 0.20 0.29 0.15 0.07
Conclusions

The present study provides a detailed molecular perspective into the inhibition
mechanism for AChE by organoselenium compounds (ebselen and DPDSe). We have
comprehensively investigated the binding mechanism and mode of action of both the
inhibitors to AChE using multiple approaches including enzyme Kinetics, intrinsic
fluorescence, molecular docking and simulation studies. The results obtained by the
Kinetic studies revealed that both the inhibitors exhibit mixed type of inhibition where
DPDSe has stronger inhibition capability as compared to the ebselen compound. Intrinsic
fluorescence measurements suggest reduced enzyme activity attributed to the enhanced
conformational flexibility and altered structural conformations upon the binding of
ebselen and DPDSe due to binding to sites rich in aromatic residues including tryptophan.
Here, we present molecular insights into the enzyme-inhibitor interactions and predict
energetically stable ligand binding modes based on in silico methods of molecular

docking and simulation.
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We have performed cumulative several microseconds long simulations of the enzyme-
inhibitor system with Ebselen and DPDSe to explore the additional binding sites as a
means of allosteric regulation of AChE activity. To our surprise, the DPDSe molecule
interacts with 4-5 distinct sites over AChE protein surface with varying degree of binding
energy and elucidates the change in conformational fluctuations of the inhibitor-bound
complex. It is apparent from structural deviations and fluctuation analysis that the
motions of the omega loop and other remote regions could allosterically exert significant
influence on the gorge fluctuations and structural integrity of the gorge. Interestingly, we
observed an unusual entry point of the inhibitor (DPDSe) into the gorge through the side
door involving a ligand gated mechanism. It is concluded that the gating residues (W83,
Y121, F330, Y334) move in concert with each other to play an important/predominant
role in the entry of DPDSe molecule into the active-site gorge. Using MM/PBSA method
we obtain an approximate estimate of the binding energy at -32.2 kcal/mol (ebselen) and -
25.0 kcal/mol (DPDSe) for ligands docked at the catalytic active site inside gorge. The
binding energies were also determined for the multiple interaction sites for the DPDSe-
AChE complex.

Most importantly, we elucidate that the non-competitive mode of inhibition occurs due to
the strong propensity of these organoselenium compounds to bind to the PAS region of
AChE (near the mouth of the gorge). A combination of =-stacking and cation-nt
interactions with aromatic residues lining the gorge and arginines is responsible for the
ligand binding. This is consistent with the known PAS binding inhibitors that also exhibit
a mixed inhibition mechanism. Thus, our observations from MD simulations reveal mixed
type of inhibition for DPDSe on the activity of AChE, which are consistent with our
experimental results and contribute to the better understanding of the therapeutic potential
of DPDSe compound. In addition, our simulation trajectories reveal several distal
interaction sites suitable as drug targets. Although the dissociation kinetics of inhibitors
was fast for some of these sites, but our observations would be useful in future design of

more optimised allosteric inhibitors using these sites as possible drug targets.
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