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Abstract: Alzheimer’s Disease (AD) is a neurodegenerative disorder with severe
consequences and lethal outcome. One of the pathological hallmarks of the disease
is the formation of insoluble intercellular beta-Amyloid (Ap) plaques. The enzyme
ACetylcholinEsterase (AChE) promotes and accelerates the aggregation of toxic Ap
protofibrils progressively converted into plaques. The Peripheral Anionic Site (PAS),
part of the binding gorge of AChE, is one of the nucleation centers implicated in the
AP aggregation. In this study, the A peptide was docked into the PAS and the
stability of the formed complex was investigated by molecular dynamics simulation
for 1 us (1000 ns). The complex was stable during the simulation. Apart from PAS,
the AP peptide makes several additional contacts with AChE. The main residence
area of AP on the surface of AChE is the region 344-361. This region is next to PAS
but far enough to be sterically hindered by dual-site binding AChE inhibitors.
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1. Introduction

Amyloidogenic proteins are group of proteins that undergo conformational changes
leading to amyloid fibril formation and causing diseases [1]. Such known proteins
are transthyretin in senile systemic amyloidosis and in familial amyloid
polyneuropathy I, prion in spongyform encephalopathies, islet amyloid polypeptide
in type II diabetes, B-Amyloid (AP) peptide in Alzheimer’s Disease (AD) [1]. A
common feature of many neurodegenerative disorders is amyloidosis, abnormal
protein aggregation forming insoluble extracellular fibrils [2]. The most widespread
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and affecting tens of millions of elderly people dementia is AD, a progressive and
irreversible disorder [3]. It is characterized with gradual memory loss and cognitive
dysfunction. Both forms of AD — a familial, caused by mutations in some certain
genes, and non-familial, the vast majority of cases, with unknown aetiology and
occurring sporadically [4] — share common neuropathological features. These are the
extracellular Senile Plaques (SPs) formed by deposition of beta-amyloid peptides and
other proteins and the intracellular neurofibrillary tangles of abnormally
phosphorylated tau protein in the brain [5]. The major protein of SPs is AP peptide
which is generated intracellularly via sequential proteolysis by B- and y-secretase
within the Amyloid Precursor Protein (APP) [6-8]. Multiple AP alloforms of different
lengths are derived due to variations in the performance of y-secretase [9, 10]. Among
them, peptides with length 1-39, 1-40, 1-41, 1-42 and 1-43 have been identified as
the major components of the amyloid deposits [11]. The amyloidogenic process is
associated with active structural changes at the secondary structure of A peptide at
which non-pathogenic a-helical soluble conformation transits to B-strand structure
capable to assemble into insoluble amyloid fibrils [11-14]. These conformational
states are maintained by the peptide monomer itself, the density of oligomer and the
sequence of events leading to amyloidosis [15]. Currently, it is considered that
fibrillization is a nucleation-dependent process, resembling in some extend
crystallization, that can be altered by different physicochemical factors and promoted
by the presence of “a seed” [11, 12]. Among the several macromolecules reported to
be associated with senile plaques like apolipoprotein E, ai-antichymotrypsin, oo-
macroglobulin, heptaglobin, laminin, complement factors, clusterin, perlecan and
ACetylcholinEsterase (AChE) [16-22], apolipoprotein E, a;-antichymotrypsin and
AChE are identified as “Ap pathological chaperons” as they have ability to promote
amyloidosis [17, 19, 23, 24].

AChE (EC 3.1.1.7) has received much attention according to its dual
functionality — the classic catalytic or cholinergic and non-cholinergic manifested in
the central and peripheral nervous system [25-27]. The catalytic function is related to
rapid hydrolysis of the neurotransmitter ACetylcholine (ACh), breaking it into
choline and acetate and thus the cholinergic transmission is terminated [28].
Currently, the symptomatic treatment of AD is based on the cholinergic activity of
the enzyme. It consists of controlled inhibition of AChE, which enhances the
acetylcholine levels that are usually depleted in AD patients. Thus, the transmission
of cholinergic synapses is ameliorated which results in improved cognitive function.
Much research interest is focused on the non-cholinergic manifestations of the
enzyme associated with a possible role of development of AD [18, 29]. AChE has
been discovered in preamyloid diffuse deposits, mature SPs and cerebral blood
vessels [12, 30]. As it was mentioned above, AChE serves as a “chaperone” in
amyloid formation promoting the assembly of AP and enhancing the A association,
deposition and fibril formation [23, 24, 31, and 32]. Furthermore it has been found
that complexes of AChE-AP are more toxic than those APs aggregated alone [33].
The Peripheral Anionic Site (PAS), consisted of aromatic amino acids and located at
the entrance of the binding gorge of AChE, has been recognized as a structural motif
that binds the amyloid beta peptide [32]. This finding prompted to the development

141



of many dual-site binding AChE inhibitors — ligands that bind simultaneously to the
enzyme active site and to PAS [34]. A molecular docking study of AP and AChE
revealed several potential binding regions of the enzyme including the PAS [35].
Another N-terminal AChE7_50 motif was discovered to implicate in AP aggregation
and deposition [36, 37]. Recently, the state-of-the-art accelerated Molecular
Dynamics (MD) simulation was performed on a system of human AChE and 10 AB
peptides for 200 ns in order to investigate the whole surface of the enzyme and the
mechanism of aggregation [38]. It was confirmed that AChE attracts and forms stable
complexes with A. Fifteen contact sites on the AChE surface have been identified,
including the previously described N-terminal region and PAS.

In the present study we investigate the stability of a complex between a single
AP peptide docked at the PAS of AChE via a classical atomistic MD simulation for
1 us (1000 ns) and identify the main residence areas of AP on the surface of AChE.

2. Methods

2.1. Molecular docking

Crystallographic structure of human recombinant AChE (rhAChE, pdb id: 4ey6,
R=2.40 A) [39] and NMR structure of AP peptide (pdb ID: 1aml) [40] were used as
input structures for molecular docking study. Galanthamine molecule was removed
from the binding site of AChE as well as all water molecules. Molecular docking was
performed on RosettaDock online server [41]. The AP peptide was randomly
positioned near the PAS of AChE.

2.2. System preparation

The best scored complex between AChE and AP resulted from the docking was
subject to MD simulation. The protein chain was capped at each end and at the ends
of broken parts (residues 259, 262, 492 and 495). The system was protonated and
solvated in a truncated octahedral box with TIP3P water [42]. Physiological salt
concentration was provided adding NaCl to ensure neutrality of the system. The final
system consists of over 76 000 atoms.

2.3. Molecular dynamics

Initially the solvated system was energy minimized for 2000 steps with harmonic
restraints of 3 kcal/molA? on protein and peptide heavy atoms. Next, the system was
heated from 0 to 300 K over 1 ns with identical restrains, followed by 1 ns of constant
pressure density equilibration with restraints. Then, the system was equilibrated for
1 ns without any restrains. The equilibrated system was subject to 1000 ns of
production dynamics under constant temperature (300 K) and pressure
(1 bar), provided with the Langevin thermostat [43] and Berendsen barostat [44],
respectively. The ff14SB force field [45] was used for the system simulation as
periodic boundary conditions were applied. A 12.0 A cutoff was used for both van
der Waals and electrostatic interactions; long-range electrostatics beyond the real-
space cutoff were evaluated with the Particle-Mesh Ewald (PME) scheme [46].
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During heating, density equilibration, preproduction, and production dynamics,
covalent bonds to hydrogen were constrained using the SHAKE Algorithm [47],
allowing for a 2 fs time step; only during energy minimization bonds to hydrogen
were not constrained. During production dynamics, frames were saved every 0.2 ns
for a total of 5000 per trajectory, to be used in subsequent analysis. The trajectory
analyses were performed by cpptraj V4.14.0 [48]. The Gromacs rdf tool was used for
generation the Radial Distribution Functions (RDFs) around the peptide.

3. Results and discussion

The best scored pose of the by AChE-AB complex predicted by RosettaDock is
shown in Fig. 1A, Appendix. The peptide is located at the rim of AChE binding gorge
and its N-terminal is bound in the PAS by n-m stacking between Phe4 of AB and
Trp286 of PAS. This model was used as a starting structure for 1000 ns molecular
dynamics simulations applying the protocol described in Methods. The n-n stacking
between Phe4 and Trp286 was lost during the preproduction phase but the C-terminal
of AP remains bound to PAS for the first 100 ns. In the given snapshot in 88.6 ns four
hydrogen bonds are formed between the two molecules (Fig. 1B, Appendix). They
are between Aspl and Tyr341, Asp23 and Ser355, Gly25 and Arg364 and Ser26 and
Arg364. A n-m stacking occurs between Phe4 and His287. A hydrophobic interaction
is formed between Val39 and Ala357. Next, the C-terminal escapes from PAS
(Fig. 1C, Appendix). In the given snapshot at 418.8 ns, the peptide forms five
hydrogen bonds between Aspl and Glu351, Aspl and Leu353, Glu3 and Asn350,
Glu22 and Ser355 and Ser26 and Arg364. One hydrophobic interaction occurs
between Phe4 and Val365. The peptide occupies this area on the surface of AChE for
around 350 ns and then moves again close to PAS (Fig. 1D, Appendix). In the given
complex at 525.8 ns, six hydrogen bonds are formed: between Aspl and Glu351,
Glu3 and Asn350, His14 and Phe346, Glul5 and Ser347, Glul5 and Asp349, and
Gly9 and Gly345. There is also one hydrophobic contact between His14 and Gly345.
The peptide occupies this area till the end of the simulation as frequently shifts to
PAS and between 702 ns and 963 ns occupies the PAS (Fig. 1E, Appendix). In the
presented snapshot at 711.4 ns, seven hydrogen bonds are formed between AP and
AChE. They are between Aspl and Glu351, Aspl and Leu353, Ala2 and Glu358,
Glu3 and Asn350, His14 and Phe346, GInl5 and Ser347, and GInl5 and Asp349.
One hydrophobic contact occurs between Phe4 and Ala361.

3.1. Complex stability

The mean values of backbone C-atoms (bb) RMSDs (root mean square deviation)
over time for the complex and for the two single molecules are given in Fig. 1.
Initially, the complex undergoes two transformations (at 100 ns and 300 ns) and after
~550 ns it stabilizes. The first transformation happens at around 100 ns with small
changes in bb RMSDs (~1 A) (Fig. 1A). The second transformation starts at around
400 ns and undergoes with bigger changes in bb RMSDs (~2.5 A).
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Fig. 1. Backbone C-atoms RMSDs (left graphs) and RMSFs (right graphs)
for AChE and A (A and B), for AChE (C and D) and for Af (E and F)

The structure of the AChE is stable during the MD simulation. The averaged bb
RMSDs vary below 2 A (Fig. 1C). Not surprisingly, the small peptide molecule
makes the greatest changes in bb RMSDs while it moves to fit best on the AChE
surface (Fig. 1E).

The backbone root mean square fluctuations (bb RMSFs) of AChE show that
the enzyme is quite stable most of the time (Fig. 1). The most fluctuating residues
belong to the unstructured region between 373 and 384 positions, around the capped
chain breaks at 255 and 486 positions, and to the C-terminal (Fig. 1B and D). In
contrast, all residues of AP are highly fluctuating with RMSF values in the range
4-14 A (Fig. 1F). Among them, the N-terminal is the most rigid — with RMSF up to
6 A.
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The Radial Distribution Function (RDF) of AP around AChE is given in
Fig. 2A. RDF estimates the probability of a given molecule or a group to be found at
a given distance from another molecule rather to be found in the bulk solvent, where
its value equals 1. Values above 1 shows that the given molecule is more likely to be
found around another molecule at a given distance than in the solvent. The RDF of
AP around AChE shows that AP is more likely to be found around AChE within 3 A
distance rather than in the solvent. Furthermore, in order to prove the reliability of
this result we separate the production dynamics trajectories into four equal parts and
estimates RDF for each of them (Fig. 2B). The four RDF curves have the same shape
— AP exists within 3 A distance around AChE.

(A) (B)
Fig. 2. Radial distribution function (RDF) of AP around the AChE for the entire MD simulation (A)
and for four equal time intervals (B).

3.2. SASA and secondary structure

The Solvent-Accessible-Surface-Area (SASA) of the AB-AChE complex was
calculated for every 10 frames in total of 5000 using the LCPO Algorithm (Linear
Combinations of Pairwise Overlaps Algorithm) of Weise, Shenkin and Still
[49]. The averaged values of every 100 ns and the convergence of SASA are
presented on Fig. 3. For the first 300 ns SASA fluctuates, then it decreases trendily.
The decrease in SASA corresponds to more compact complex at the end of MD
simulation.

Fig. 3. The averaged (A) and convergence of SASA (B) as function of time

The progression of the secondary structure propensities in A peptide indicates
that for the first 50 ns the PB-turn is the most common structure, then the helix
propensity (including 3-10 helix) dominates till 750 ns, and at the end, helices and
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B-turns become equal (Fig. 4). The bend propensity is almost constant during the first
half of the simulation, between 500 and 700 ns tends to decrease and during the last
300 ns slightly increases.

Fig. 4. Propensities of helix, B-turn and bend of AP peptide summarized for every 50 ns for 1 ps
production dynamics

3.3. Non-native contacts and hydrogen bonds between AChE and Ap

Native contacts in Amber are defined as those that can be find in a given reference
structure or in the first snapshot of the trajectory [50]. All other contacts between pair
of atoms within a distance of 7 A are defined as non-native. The number of contacts
of AP residues with AChE averaged over 5000 frames is presented in Fig. SA. There
are several AP residues acting as anchors. These are the first four residues of the
N-terminal (Aspl, Ala2, Glu3 and Phe4) and the pair His14/GIn15 making around
and more than 100 contacts each with the enzyme.

The AP residues form the highest number of contacts with AChE are Asp1 (133
contacts) and Phe4 (130 contacts), followed by Glu3, Hisl4, GInl5 (above 100
contacts). Ala2 and Glull form 93 and 74 contacts with AChE, respectively. The
residues Ser26, Arg5, Glu22, Lys28, Vall8, Gly9, Asn27, Gly25, Tyrl0, Asp23,
Phel9, Asp7 and His6 form between 50 and 10 contacts. The remaining A residues
form a few or no contact with the enzyme. The number of the intramolecular contacts
within the AP molecule formed during the production phase is impressive (Fig. 5B).
These interactions stabilize the secondary structure of the peptide. The most frequent
non-native contacts between AP and AChE and within AP are presented in Table 1,
Appendix. As most frequent contacts are defined those that are formed more than 10
times during the 1000 ns production dynamics. The first four peptide residues — Asp1,
Ala2, Glu3 and Phe4 — form contacts with the AChE residues from 344 to 361, while
Hisl4 and GInl5 prefer to bind to Leu76, Trp77 and the residues 344-349
(Fig. 1, Appendix). Most of the AChE contact residues correspond to the reported
data as they belong to one of the sites on the enzyme surface where AP binds [38].
Moreover, new contact residues were found as Pro344, Asp349, Leu353, 1le534,
Leu360, Ala361, and Asp372 supplementing the known contacts (Table 1,
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Appendix). Additionally, one new contact area of AChE interacting with AP peptide
was found consisting of Leu76 and Trp77. Within the A molecule, the most reactive
is His6 forming contacts with 10 A residues followed by Ile31, Phe5 and Met35.

A) B)

Fig. 5. Number of the non-native contacts between AP and AChE (A) and within Ap (B) summarized
over 1000 ns production dynamics.

The total number of the hydrogen bonds formed between AP and AChE during
the production phase is 164, while those within Ap are 57 383. This great difference
(350 times) is due to the stable secondary structure of AP based on multiple hydrogen
bonds.

3.4. Water-mediated bridging interactions

A bridging water molecule is one that simultaneously is bound to the Ap and AChE
in at least one of the 5000 frames of production dynamics. We assume that each
bridge is a single, continuous interaction and that a given water molecule can form
multiple bridging interactions [51]. The number of bridging water molecules and the
number of formed bridging interactions for each AP residue during the 1 us MD
simulation are presented in Fig. 6. The hydrogen bond cutoffs for distance was 3 A
and for the angle — 135°. As is evident, the number of bridges is greater than the
number of bridging molecules. The trajectory processing revealed that thousands
water molecules participate in at least one bridging interaction. The most involved
AP residues in bridging interactions are Glull, Glu3, Ala2, Aspl, Glu22, Ser26,
Lys28, Arg5, GInl5 and His14 with more than 500 interactions (Table 2, Appendix).
The vast majority of bridging interactions are short-lasting with duration up to 0.2 ns.
The longest-lasting interactions are formed with Gly25 for 2.2, 2.4 and 4.2 ns and
they are 41% of the total bridging interactions for this residue, followed by Phel9
with 33%, His14 with 27% and Glu3 with 22%.
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Fig. 6. Number of bridges and bridging water molecules formed between Ap and AChE during 1000
ns production dynamics

4. Conclusion

The MD simulations of the AB-AChE complex performed in the present study
revealed that the complex remains stable for 1 ps simulated time with several
different modes of binding between the two molecules. The A moves around the
PAS and occupies three different areas on the AChE surface. The binding is achieved
by hydrogen bonds, n-n stacking and hydrophobic interactions. Most of the hydrogen
bonds are mediated by bridging water molecules. The main residence area of A} on
the surface of AChE is the region 344-361. This region is next to the PAS but far
enough to be sterically hindered by dual-site binding AChE inhibitors. The stability
of the AB-AChE complex is in a good agreement with the experimentally detected
AChE molecules in the preamyloid deposits and mature senile plaques. To the best
of our knowledge, the present study describes and analyses the longest ever MD
simulation of the AB-AChE complex.
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Appendix

Fig. 1. The AChE-A complex best scored by RosettaDock (A); the AChE-AB complex at 88.6 ns of
simulation (B); at 418.8 ns (C); at 525.8 ns (D); at 711.4 ns (E). The n-r stacking is shown by red line.
The hydrogen bonds are presented by yellow dashes and the hydrophobic contacts — by green lines.
The AChHE residues are coloured in red, the A residues — in green
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Table 1. The most frequent non-native contacts (over 10 contacts) between A

and AChE and within AP
AP res AChE contact residues AR contact residues
D1 N350, E351, S352, 1353, 1354, E358 E22
A2 F346, 1353, 1354, E358 -
E3 P344, G345, F346, N350, E351 V18
F4 P344, G345, F346, E358, A361 -
R5 E358 H14, E22
H6 i H14, A21, E22, G25, S26, N27,
K28, A30, 131, 132
D7 - K28, 131
S8 - H14,L17, V18, 131
G9 P344 E3
Y10 P344 M35
Ell E292, P344 -
H13 - 131, L34, M35
H14 L76, P344, G345, F346, S347 R5, H6, S8
Q15 L76, W77, S347, D349 y
K16 - V39
L17 - S8, 131, L34, M35
V18 D349, N350 E3, S8
F20 - S26, 131, L34, M35, V39
A21 - RS, H6, 131
E22 - D1, RS, H6
V24 - A30
G25 - H6
S26 L360 H6, F20
N27 - H6
K28 R364, D372 H6, D7
A30 - H6, V24
131 - H6, D7, S8, H13, L17, F20, A21
L34 - H13, F20
M35 - W10, H13, K16, L17, F20
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Table 2. Life-times of the bridging interactions for each AP residue

AP residue | Short-lasting (< 0.2 ns) | Long-lasting (> 0.2 ns) | % long-lasting
D1 863 77 8.19
A2 936 203 17.82
E3 1046 303 22.46
F3 115 8 6.50
R5 550 90 14.06
H6 240 45 15.79
D7 279 70 20.06
S8 2 0 0
G9 26 0 0

Y10 63 0 0
Ell 1294 88 6.37
V12 4 0 0
H14 320 121 27.44
Q15 465 16 3.33
K16 54 1 1.82
V18 136 3 2.16
F19 2 1 33.33
A21 6 6 50
E22 624 94 13.09
D23 279 40 12.54
V24 2 0 0
G25 155 107 40.84
S26 769 144 15.77
N27 335 4 1.18
K28 564 26 4.41
G29 4 0 0
G38 1 0 0
V39 44 5 10.20




