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Acetylcholinesterase (AChE) is an important hydrolase in cholinergic synapses and a candidate target in
the treatment of Alzheimer's disease. The lithium treatment widely used in neurological disorders can
alter the AChE activity, yet the underlying mechanism of how the ion species regulate the enzymatic
activity remains unclear. In this work, we performed combined quantum mechanics/molecular
mechanics (QM/MM) and molecular dynamics (MD) simulations and well-tempered metadynamics to
understand the modulation of human AChE (hAChE) activity using three alkali metal ions (Li*, Na*, and
K*) in different concentrations. Our simulations show that the binding affinity and catalytic activity are
affected by different ion species through allosteric ion coordination geometries on the hAChE complex
and distant electrostatic screening effect. A Li* cluster involving D330, E393, and D397 residues and
three Li* ions was found to be highly conserved and can be critical to the enzyme activity. Binding
energy calculations indicate that the electrostatic screening from allosterically bound cations can affect
the key residues at the catalytic site and active-site gorge, including E199. Furthermore, an increase in
jon concentration can lead to lower reactivity, especially for Li* ions, which exhibit more cation-hAChE
contacts than Na* and K*. The selective ion binding and their preferred modulation on hAChE are highly
related to ion species. This work provides a molecular perspective on selective modulation by different

rsc.li/pccp

1. Introduction

Acetylcholinesterase (AChE) is a serine hydrolase responsible for
the termination of nervous signaling by hydrolyzing the neuro-
transmitter acetylcholine (ACh) in cholinergic synapses.'” Its
non-hydrolytic functions are also found as morphometric pro-
cesses along the nervous system.>* The inhibition of AChE leads
to the accumulation of ACh in the synaptic space and causes the
malfunction of central and peripheral nervous systems. Many
AChE inhibitors like organophosphates are widely used as
insecticides in agriculture.” However, some organophosphates
are nerve agents, which can cause irreversible damage to the
human nervous system, even death.®” In recent years, AChE
has gained increasing interest as a target for Alzheimer’s disease
(AD) treatment due to the connection between cholinergic
activity and AD.>®*'° Several clinical drugs used for the treatment
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ion species of the enzyme catalytic processes.

of AD, like donepezil, are inhibitors of AChE."*** Modulation of
AChE using multiple factors including ions and small molecules
is gaining increasing interest to reveal its various activities in the
nervous system and clinical treatments.

The catalytic site of AChE consists of three parts: a long
gorge around 20 A from the surface to in-deep active sites, Ser—
His-Glu as the catalytic triad for hydrolysis, and the oxyanion
hole for transition stabilization. A natural allosteric site at the
entrance of the gorge was identified and called the peripheral
anionic site (PAS).">'® Modulators binding on the PAS may alter
the enzyme activity by steric effects from a narrowed gorge or by
changing the conformation of active sites. The PAS contains
three polar residues, including Y72, Y124 and D74, on the
enzyme surface and two aromatic residues, W286 and W86,
in the substrate gorge as a bottleneck for substrate diffusion.
Experiment suggests that the two residues participate in reac-
tion via a cation-m interaction between the aromatic ring and
the choline part of the substrate.’®'” A few allosteric sites were
also studied. For example, Chierrito et al. used STD-NMR
experiments and molecular modeling and showed that their
synthesized AChE inhibitor molecule binds to the allosteric site
B, which contains residues R247, Q291, and R296.'® Bondzi¢
et al. used experiments and molecular docking and found an
allosteric site for binding voluminous negatively charged
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molecules and named it B-allosteric site, which contains residues
R21, K23, and Y105.'° Two new possible inhibition allosteric sites
were identified recently by Roca which include the E81-E452-R463
group and R296-H405-W532-Q413-N533.%° In general, the AChE
exhibits high performance in hydrolyzing ACh with k../Ky =& 2 X
10® M~' S71." The diffusion of the substrate is the rate-limiting
step for the whole catalysis which is electrostatically controlled.
A large dipole along the gorge, about 505 Debye, is thought to be
the force that pulls positively-charged ACh from the enzyme
surface to the active sites.”! Indeed, some studies have suggested
that the cationic ions can modulate the catalytic efficiency of an
enzyme, especially those with a charged substrate like ACh.'”*>??
Due to the vast presence of lithium, sodium and potassium ions
in biological systems, it is of interest to elucidate the effects of
alkali metal ions on the allosteric modulation of AChE.

Lithium has received increasing attention for its industrial
applications and pollution of the environment.>* But its pro-
tective impact on neurotransmitters makes it more appealing
for clinical treatment. For example, lithium is widely used in
the therapy of bipolar disorder because it may alter the concen-
tration of ACh in the rat brain.>® Experiment shows that lithium
treatment in vivo significantly decreased the AChE activity but
made no changes in vitro.”**” Although the mechanism of
lithium action remains unclear, there is growing knowledge
that Li" may exert its physiological function by affecting the
signal transduction proteins or the post-transition process of
AChE.”® These proteins include G-protein-coupled pathways
especially the sodium and potassium channels for a competi-
tive effect.?® This raises the question of what is the difference
between the modulation mechanisms of Li* ions on physiolo-
gical activities compared to those of Na" and K ions.

Vizi et al. for the first time found a difference between the
effects of Na* and Li" ions that ACh release was unaffected at
25 mM Na' concentration but reduced the ACh output while Li*
increased to 117.9 mM.*° Tsakiris and co-workers suggested
that, at 115 mM concentration of Na* and Li*, Li* has a greater
activation impact on soluble AChE.*" A decreased activity was
found with increasing ionic strength from a concentration
range of 1-600 mM."”** A different negative effect from Li",
Na* and K* on AChE has also been studied.”” Rodrigo found
that 100 mg L' Li* increases the activity of AChE in
zebrafish.?” Irina et al. observed a decrease in the activity of
the reactivation of phosphorylated hAChE with Li" concen-
tration from 50-1000 mM.>* Thainara et al. demonstrated that
higher Li" exposure would decrease AChE activity with concen-
tration in the range of 100-750 pg L' after 28 day in Mtilus
galloprovincialis system.*® Although experiment research pro-
duced conflicting findings, there is a certain relationship
between ion concentration and enzymatic activity. How alkali
metal ions affect the enzyme structure and activity is not clear.

In this work, combined quantum mechanics/molecular
mechanics (QM/MM) and molecular dynamics (MD) simula-
tions are performed to study the modulation of three alkali
metal ions, Li', Na', and K', on AChE activity at different
concentrations. In general, Li" is mildly toxic, but its concen-
tration over 2.86 mM in blood may lead to death.?® The Li* ion
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concentration used in clinical treatment is usually in the range
of 0.6-1.2 mM in neurons; serum concentration >2 mM is
considered toxic.>>*® Fundamental understandings of the regula-
tion mechanism by environmental factors on AChE activity are
essential to the rational design of AChE inhibitors. Here, we study
systems at 15 mM and 150 mM for the normal and high concen-
trations, respectively. Large time-scale MD simulations were per-
formed to reveal the potential binding sites for ions and the
conformational changes of the enzyme. The QM/MM MD method
was applied to study the catalytic efficiency of the enzyme under
different conditions. The selective ion binding and their preferred
modulation are highly related to ion species. This work helps to
understand the ion modulation on AChE in catalytic processes.

2. Computational methods

AChE with three alkali metal ions (Li*, Na" and K") at normal
(15 mM) and high (150 mM) concentrations are studied,
totaling six systems. We first applied MM-MD to study the
conformational changes induced by different ion species and
concentrations. Next, we applied QM/MM-MD to examine the
enzyme catalysis activity changes at different ion concentra-
tions in the ACh hydrolysis process.

The initial structure of hAChE was extracted from the
Protein Data Bank (PDB ID 604W).>” This structure presents
a dimeric hAChE-donepezil complex, but only chain A was used
in this work. The three missing initial residues in the crystal
structure are ignored. The sequence of enzyme was renum-
bered with the active site as S200, E331 and H444 in this work.
Based on the well-characterized reaction mechanism (as shown
in Scheme 1) of AChE catalysis, we docked the substrate ACh to
the active site and adjusted its position to the Michaelis complex
based on early experimental and theoretical studies.***>

For all systems, the hAChE and substrate complex was
solvated with 24055 pre-equilibrated TIP3P water molecules*’
in a 85 x 107 x 105 A® periodic boundary condition** rectan-
gular box with at least 12 A from the protein to the nearest box
edge. With a system volume of around 100 x 10~ >* L, we added
9 ions to the 15 mM system and 90 ions to the 150 mM system
according to the normal saline concentration of 0.1539 mol L™,
and chloride ions were used to neutralize the system. At the pre-
equilibrium stage, the system was equilibrated for 1 ns with an
integration time step of 1 fs at a temperature of 300 K using the
Nosé-Hoover scheme,*>*® and pressure at 1 bar. For the non-
bonded interactions, a 10.0 A cut-off was used for the van
der Waals interactions and short-range electrostatics, with the
long-range electronics evaluated using the particle-Mesh Ewald
summation scheme.*”*®* The bonds involving hydrogen were
constrained with SHAKE algorithm.” At the production
stage, we employed a 4 fs time step with hydrogen mass
repartitioning (HMR) approach to accelerate MD simulations.
All MD simulations were carried out with the ff14SB force field
using the AMBER 18 package.’® Finally, we carried out five
parallel simulations for each system, 1000 ns for each indepen-
dent simulation, totaling about 5 s for all MM-MD simulations.
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Scheme 1 Proposed mechanism of ACh hydrolysis catalyzed by AChE at the active site consisting of S200, E331, and H444. Atoms involved in the

reaction coordinate (RC) are colored in red.

To study the enzyme activity with different ion species and
concentrations, the QM/MM models were built to simulate the
ACh hydrolysis reaction. In this work, a semi-empirical method,
the third-order density functional tight-binding (DFTB3) theory,>*
was employed to describe the electronic structure for the atoms in
the QM region with 30B-3-1 parameters.”>>> The atoms in the
MM region were treated with the ff14SB AMBER force field.>® After
constructing the reaction model, QM/MM-MD simulations were
performed to equilibrate the system. Each system was studied
with five parallel simulations, and each independent simulation
lasted for 1 ns. For data analysis, we only use the final 1000
structures from each simulation. The proposed mechanism
for ACh hydrolysis catalyzed by AChE is illustrated in Scheme 1.
In the active site, the S200 of AChE transfers its hydrogen to the
general base H444 and results in the formation of nucleophile O™
The O™ forms bond with the C1 atom on the substrate and leads
to bond breaking in the C1-O2. To explore the free energy surface
(FES) involving these residues, we applied well-tempered metady-
namics (WT-MetaD)>”*® with multiple walker’® using AMBER
18 interfaced with Plumed 2.6.0.°>°° The collective variables
(Cvs) for the QM/MM WT-MetaD simulation were defined as
CV1 = (Oy-C1)-(C1-02) for the distance difference between C1-
0y%2%° and C1-02 and CV2—Hy-Ng2 for the distance difference
between the Hy atom of Ser200 and the Ne of H444. CV1 involves
the nucleophilic attack and elimination on substrate. CV2 reflects
the proton transfer process during substrate hydrolysis. For each
system, a total of five walkers were applied with each simulation
lasting at least 500 ps until the FES converged. We set up with a
Gaussian height of 0.2 kcal mol %, a width of 0.2 A, and a bias
factor of 10.0. We deposit a Gaussian on the landscape in every
100 MD steps (100 fs) to improve the sampling efficiency of the
conformation space.

3. Results and discussion
3.1 Selective ion binding on the hAChE complex

We carried out five parallel 1000 ns MD simulations for each of
the six systems. Generally, with the crystal structure as refer-
ence, hAChE reached equilibrium at around 400 ns with RMSD

30310 | Phys. Chem. Chem. Phys., 2023, 25, 30308-30318

around 2.0-2.5 A in 15 mM (Fig. S1, ESI¥), little fluctuation for
the catalysis-related residues (Fig. S3, ESIT) and DSSP second-
ary structure results of hAChE fragments (Fig. S5, ESIT) with a
large fluctuation value. The RMSD in 150 mM are smaller, 1.3
1.9 A. The radius of gyrations (Ry) of hAChE in Li*, Na*, and K"
systems (Fig. S4, ESI{) shows some structural perturbation
from high salt, compared with 15 mM. Considering different
radii of Li*, Na" and K*, we chose 3.5 A, 3.7 A and 4.0 A as the
cut-off distances to count the strong ion-hAChE contacts as
displayed in Fig. 1. With the smallest ion radius, Li* forms
more contacts with hAChE than Na" and K. In the Li* system of
15 mM, strong ion-hAChE contacts are found between Li* and
D71/E289(Group-1), P165/D301/D303(Group-2), and D330/E393/
D397(Group-3). As illustrated in Fig. 2, the negatively charged
aspartic and glutamic residues bind with Li" via their carboxyl
groups, whereas the proline binds with Li" with the backbone
oxygen atom. When the concentration increased to 150 mM,
more interactions were found between Li* and the hAChE
surface. For example, binding residues consisting of E78 and
E81 were found to coordinate together with Li*, while D92 or
D131 interacts with Li" separately. Also, E289 interacts with Li"
together with E282 in the 150 mM system, while with D71 in the
15 mM system. Group 3 is the most stable coordination cluster,
accounting for 60% trajectory in 15 mM Li*, Na" and K' simula-
tions. This group is thought to be a common motif in more than
31 AChE sequences and considered to be helpful in enzyme
stabilization and activity.°" As the concentration increases in Na*
and K' systems, the binding strength decreased slightly. Overall,
no additional ion binding sites were observed as the ion concen-
tration increased over 9-fold from 15 mM to 150 mM.

We further examine the Li" binding mode in the 15 mM system
(Fig. 2). The active site of AChE lies next to the PAS at the base of
the narrow 20 A deep gorge.®*®* Group-1 is formed by D71, E289
and two Li" by electrostatic interactions (view 1 in Fig. 2). It locates
at the entrance of the active site gorge, and may hinder a
substrate’s entry. Thus, the Li" cluster with D71 and E289 plays
as a gorge lock decreasing enzyme activity. In contrast, group-2
and one Li" that locates far away from the active site entrance may
have little effect on the enzyme activity (view 2 in Fig. 2). The
group-3 and three Li" was found conserved in all Li" systems as the

This journal is © the Owner Societies 2023
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Fig. 1 Fractions of frames where the ion—hAChE contact are present during the MD simulation in Li*, Na*, and K systems of 15 mM (A), (C) and (E) and
150 mM (B), (D) and (F), respectively. Residues that coordinated with the same ion(s) are marked with the same color, except black colored residue that

interacts with ions solely by itself.

most stable Li" coordination geometry (view 3 in Fig. 2). While
group-1 and group-2 only involve residues in loop regions, group-3
contains two residues in helices and one in loop region. These
three residues exhibit small dynamic fluctuations according to
their RMSF values (Fig. S3, ESIt), and are also found to bind with a
nitrate ion in the crystal structure (PDB ID 604W) in position
overlap of the three bound Li" in our study. Moreover, the Li"
coordination residue D330 is next to E331, a key residue in enzyme
catalysis. Thus, further detailed analysis was carried out on the
allosteric effect of those Li" binding sites and hAChE activity.

3.2 Allosteric path of ion binding sites

To demonstrate the allosteric effect of Li ion binding on
enzyme active sites, we carried out the dynamics network

This journal is © the Owner Societies 2023

analysis using WISP procedure®® with VMD and plotted the
optimal path, shown in Fig. 3. The optimal pathway between
two groups is considered as the potential allosteric pathway,
and the shortest path in WISP representing the most possible
situation. Each Li" binding group generates a total of 10
optimal paths, with path colors ranging from blue to yellow
and a decrease in the radius of the path-pipe. When all three
ion binding groups are used as the starting point for analyzing,
all 10 paths are located between group-3 and active sites (S200,
E331, and H444), indicating that the group consists of D330,
E393 and D397 is the most important effect site among them.
This result is consistent with that only this group is common
for Na* and K" systems. The shortest optimal pathway in group-
3 is D330-V328-H444 with a length of 1.3; only one residue V328

Phys. Chem. Chem. Phys., 2023, 25, 30308-30318 | 30311
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Fig. 2

Identified coordination geometry of bound Li* on hAChE complex. (A) An overall view of the ion-binding sites on the hAChE's surface with (B)—(D)

displaying the strong hAChE—ion interacting sites. The ACh binding site is in cyan, while Li*-bound residues are highlighted in purple.

Fig. 3 Optimal paths from ion-binding sites (group-3) to active sites. The
green ball represents the node on the allosteric path. The shorter path
exhibits a larger pipe radius, vice versa. The optimal path of ion-binding
sites (group-1 and group-2) can be found in Fig. S7 (ESI+).

is involved indicating a stronger allosteric relationship between
D330 and H444. As for group-2, there is a much longer path
which consists of P165-G166-N167-P298-F120-A201-S200 with a
length of 2.8. Totally, five residues insert into P165 and S200.
Different from group-3, the ending point is S200 rather than
H444. For group-1, the shortest optimal path is found to be
E289-S290-V291-F335-H444, about 3.1 for this path length.
Overall, D330 and V328 play as communication hubs in those
pathways, indicating their critical roles in the activity of AChE.
Li" modulation on AChE is implemented through the allosteric
network of these Li* binding groups.

30312 | Phys. Chem. Chem. Phys., 2023, 25, 30308-30318

3.3 Ion effect on the binding affinity of the hAChE complex

Since it is suggested that the Li* clusters formed at the entrance
of the active site gorge have potential for regulating the
activity of hAChE complex, we further look into the binding
affinity of the hAChE complex in different ion environments.
The distributions of ACh-AChE distance measured by Oy(S200)
and C1(ACh) for different systems are shown in Fig. 4. In
15 mM, while the ACh-AChE distance in the Li' system is
calculated to be around 7.0 A, it exhibits multiple distance peaks
such as 6.0, 8.0, and 10-11 A in K and Na' systems. In 150 mM,
the ACh-AChE distance in the Li* system becomes more dis-
turbed with multiple distance peaks around 7.0, 10-11, and 12 A,
while the distance in K and Na' systems decreased. The popu-
lated ACh-AChE distance in the K" system of 150 mM becomes
similar (~7 A) to that of the Li" system of 15 mM. Thus, the ACh
molecule shifts its preferred binding position as the salt concen-
tration increased, particularly for the Li" system, indicating
a decrease tendency in the binding affinity in the hAChE
complex. Previous research demonstrated that the “dipole moment”
of the active-site gorge has promoted a substrate to enter the
enzyme.'”®” The electrostatic screening by high salt concentration
may disrupt the “dipole” guidance along the active-site gorge.

To quantify the binding affinity of the hAChE complex, we
employed the generalized Born and surface area continuum
solvation (MM/GBSA) method®® to compute the ACh binding
energy in different ion environments. As shown in Table 1, the
ACh binding energy decreases in 15 mM Li‘, Na', and K"
systems as —24.2, —26.6, and —29.3 kcal mol ', respectively,
which is consistent with the ACh-AChE distance distribution
tendency, shown in Fig. 4. The ACh binding energy decreases in

This journal is © the Owner Societies 2023
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Fig. 4 Distribution of nucleophilic distance between ACh and hAChE by calculating the distance between Oy (S200) and C1(ACh) in Li*, Na*, and K*

systems of 15 mM and 150 mM in MD simulations.

all ion systems as the salt concentration increases to 150 mM
with a similar tendency to those in the 15 mM systems.
However, the binding affinity in the Li" system is more sensitive
to salt concentration with a decrease of 5 kcal mol ™!, while
it is affected the least in the Na' system with a decrease of
1.4 keal mol ™.

To examine how much the salt concentration affects local
substrate-residue interactions near the active-site gorge,'”* we
carried out the per-residue free energy decomposition to iden-
tify the key ligand—-protein interactions. As presented in Table 2,
residues with significant impact on ACh binding primarily
locate at the active site (catalytic site), active-site gorge, and
ion-binding sites. For example, favorable residues near the
catalytic site include G118, G119, S122, E199, E331, H444,
and Y446. Important residues along the active-site gorge
include D71 and W83, whereas D71 also belongs to the ion-
binding site. In other studies, W83, Y121 and Y446 are found to
stabilize ACh via the n-cation interactions.”®”" The importance
of W83 and Y446 to ligand binding is also supported in our
study. Primarily, W83 is found to contribute to ligand binding
in all ion systems with more than —3.0 kecal mol ™. The E199 near
the catalytic site S200 is thought to be critical for substrate
orientation and displays a higher positive energy of 3.8 kcal mol *
in the Li" system, compared with lower positive energies in Na*
and K' systems of 15 mM. As the salt concentration increases
to 150 mM, global and local electrostatic screening causes an
increase in the variety of positive-impact (negative energies) and
negative-impact (positive energies) residues (Table 2). Overall,
different ion species lead to different influences on the binding
affinity of the hAChE complex. The hAChE complex in the Li"

system with more Li-hAChE contacts (Fig. 1) displays less
Table 1 Binding energies (kcal mol™) of the ACh—AChE complex in
different ion environments

Ion species 15 mM 150 mM

Li —24.2 + 3.6 -19.3 + 5.6

Na* —26.6 + 3.8 —25.2 + 4.8

K —29.3 £ 3.0 —26.8 £ 3.0

This journal is © the Owner Societies 2023

binding affinity compared with that in the K" system with fewer
K'-hAChE contacts.

3.4 Allosteric modulation of alkali metal ions on AChE

Our MD demonstrates that the salt environment disrupted
the catalytic triad S200-H444-Glu331, causing the substrate
molecule to lose its reactive conformation (Fig. S6, ESI{). Other
theoretical studies have revealed a nucleophilic distance of
roughly 2.2-3.0 A in the ACh hydrolysis catalyzed by
AChE.*®”*>73 In principle, a stable binding structure is essential
for studying the reaction mechanism (the RMSD of five QM/
MM-MD for all systems can be found in Fig. S2, ESIt). We have
summarized some key parameters of the ACh-AChE interac-
tions in QM/MM-MD in Table 3 (data for the 150 mM system is
shown in Table S1, ESIt). As mentioned above, the S200-H444
and S200-ACh distances are critical for ACh hydrolysis, and
these distances are shorter and more stable from the Li*, Na* to
K' systems. The Hy(S200)-Ne2(H444) is 4.3 A in the Li* system,
3.1 A in the Na* system, and 2.0 A in the K* system, respectively.
The nucleophilic distance of the S200-ACh in Li" system is
around 4.5 A, whereas in the K" system it is just 2.7 A and much
easier for a nucleophilic attack. Furthermore, as the ion radius
increases from Li* to K, the interactions between the carbonyl
oxygen and the “oxyanion-hole” would become more stable.
The W83 in the active-site gorge kept the cationic N atom on
ACh at a constant distance by the positive ion-n interaction.

Table 2 Key residues involved in ACh binding to AChE in all ion systems
Li* Na* K Li* Na* K
Residue (15 mM) (15 mM) (15 mM) (150 mM) (150 mM) (150 mM)
D71 — — — — 0.87 —
W83 —4.1 —4.1 -3.0 —3.3 —4.8 —4.8
G118 — — — -1.1 — -0.8
G119 — — — —0.4 — —
5122 — -1.3 — — — —
E199 3.8 1.5 2.1 5.3 3.7 3.2
E331 — — — 0.8 0.5 0.9
Y334 -1.0 — -1.7 —0.7 -1.9
H444 — — —-1.0 — — —
Y446 -1.2 — —2.5 — -1.0 -1.2
E447 — — — 0.9 0.5 0.9
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Table 3 The average key distances of the ACh-AChE complex (ES
complex) obtained in DFTB/MM-MD simulations

Distance (A) 15 mM Li* 15 mM Na" 15 mM K*
Hy(S200)-Ne2(H444) 43+ 1.0 3.1 409 2.0 + 0.2
0Y(S200)-C1(ACh) 45+ 1.5 3.7 £ 1.6 2.7+ 0.3
H&1(H444)-082(E331) 2.0 £ 0.7 2.0 +0.3 3.5 2.2
O1-H(G118) 3.84 0.8 2.6 + 1.3 2.0 + 1.2
O1-H(G119) 2.7 £ 0.9 2.4+ 1.3 1.8 + 0.1
0O1-H(A201) 3.7 £2.0 3.1 +22 2.1 £ 0.2
N1-W83-ring 44403 43 +0.2 42 402
N1-Y334-ring 10.4 + 0.6 11.0 £ 1.0 10.9 £ 1.0
N1-Y446-ring 5.8 + 0.6 7.9+ 1.2 6.7 = 0.6

With all the key geometry parameters in the reasonable range,
the binding structure has reached a relatively stable equili-
brium for use to study the ACh hydrolysis reaction. In the
following, using QM/MM MD simulation, we will focus on the
enzyme acetylation reaction and examine the Michaelis
complex to gain better understanding of the catalytic activity
of AChE in different solutions.

All FES results from the WT-MetaD for acetylation step of
ACh hydrolysis are shown in Fig. 5. The representative struc-
tures of the species involved in the 15 mM Li" system are shown
in Fig. 6 (structures of 15 mM Na* and 15 mM K" in Fig. S8 and
S9, ESIf). The key geometric data are listed in Table 5. For a
clearly display, we summarize the energies of the stationary
states in Table 4. There are two transition states involved in the
acetylation step. The first step is the nucleophilic attack of
$200-Ovy to C1 of ACh as well as the proton transfer of Hy5*° to

View Article Online
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the general base H444, which leads to the formation of a
tetrahedral intermediate (EI). Then, the orientation of H444
turns to ACh’s leaving group leading to the donation of the
proton to the substrate. Simultaneously, the ester link C1-02
bond breaks, producing an acetylated enzyme (EP). The reac-
tion mechanism is consistent with those reported in the
literature.*®”>”* Interestingly, the activation energies are rather
different with the presence of different metal ions in solution.
In the first step (from ES to EI), the activation energies for TS1
are 3.44 kcal mol™', 6.81 kcal mol™" and 6.76 kcal mol™*,
respectively, for Li", Na" and K' ions, suggesting that the
protonation of H444 requires less activation free energy in
the presence of Li* in solution. The free energies for the EI
state are —3.93 kcal mol ™, 1.29 kecal mol™" and 1.02 keal mol ™%,
respectively, for the systems with Li*, Na* and K', implicating
that a more stable EI state is involved in the system with Li".
Similarly, the Li‘-system has lower TS2 energy compared to
those with Na* and K" ions. In addition, all the free energies for
the K' system are slightly higher than the Li" and Na" systems,
as shown in Fig. 5. The free energy of TS2 is relatively lower
than that of TS1, suggesting that the first step is the rate-
limiting step. Therefore, with Li* in the solution, hAChE has the
highest catalytic activity among the three studied alkali
metal ions.

Two transition states are also located in the 150 mM
systems. The stationary structures of the 150 mM Li" system
are shown in Fig. 7, and the representative structures for
Na® and K" systems are shown in Fig. S10 and S11 (ESIf).
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Fig. 5 Free energy surface (FES) for the ACh hydrolysis reaction in different ion environments.
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Fig. 6 Representative structures of species involved in the reaction obtained from the WT-MetaD of hydrolysis reaction catalyzed by hAChE in 15 mM
Li* solution. The snapshot structure of stationary points in hAChE hydrolysis ACh reaction with 15 mM Na* and K* systems can be found in Fig. S8 and S9

(ESIT).

Table 4 The energies of the stationary states in ACh hydrolysis for all
systems

ES TS1 EI TS2 EP
15 mM Li" 0.00 3.44 —3.93 1.29 —3.55
15 mM Na* 0.00 6.81 1.29 2.36 —0.02
15 mM K* 0.00 6.76 1.02 3.84 —2.19
150 mM Li* 0.00 6.81 —2.26 2.23 —2.20
150 mM Na* 0.00 2.94 0.67 1.96 —3.00
150 mM K" 0.00 3.82 —4.55 —1.02 —5.65

The activation energies for TS1 are 2.94 kcal mol " for Na* ions
and 3.82 kcal mol ™ for K" ions, which are ~ 3 kcal mol™" lower
than that in the 15 system. A similar tendency is also observed
in the EI, TS2, and EP of 150 mM Na" and K" systems compared

with the 15 mM system. This implies that an increase in salt
concentration promotes ACh hydrolysis in Na" and K* systems.
On the contrary, an increase in Li" concentration significantly
exhibits a higher activation energy for TS1 (6.81 kcal mol™")
and TS2 (2.23 kcal mol '), implying an inhibitory effect
for hydrolysis. Therefore, the enzyme activity is inhibited
by an increase in Li* but enhanced when the concentrations
of Na* and K" increase.

By comparing the reaction processes of 15 mM and 150 mM
Li" in Tables 5 and 6, the main difference takes place in the
formation of TS1 from ES. In the initial ES state, ACh remains
closer to S200 with a distance at 2.4 A in the 15 mM system, but
2.8 A in the 150 mM system. Furthermore, the oxyanion-hole
residues (G118, G119 and A201) also form more stable interac-
tions than those in the high concentration system. This result is

Fig. 7 Representative structures for the species involved in the ACh hydrolysis catalyzed by hAChE in 150 mM Li* solution obtained from WT-MetaD

simulation.
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Table 5 Point distances for the stationary state in the reaction with 15 mM
Li* ion in the system reaction path as a guide for the entire system

Distance (A) ES TS1 EI TS2 EP
0y(S200)-C1 2.4 1.9 1.6 1.4 1.3
C1-02 1.3 1.4 1.6 1.9 3.3
Hy(5200)-Ne2(H444) 1.8 1.2 1.1 1.8 2.4
Hv(5200)-02 2.8 2.6 1.7 1.0 1.0
H81(H444)-0s2(E331) 1.9 1.6 1.9 2.4 1.9
01-H(G118) 1.8 1.7 1.8 1.9 1.9
01-H(G119) 2.0 1.8 1.8 1.9 1.8
O1-H(A201) 1.9 1.8 1.7 1.8 2.1

Table 6 Point distances for the reaction species obtained in QM/MM MD
simulation using the 150 mM ion system

Distance (A) ES TS1 EI TS2 EP
0Y(5200)-C1 2.8 2.2 1.4 1.3 1.3
C1-02 1.4 1.4 1.7 2.5 3.3
HY(S200)-Ne2(H444) 1.8 1.3 1.0 1.4 2.3
Hy(S200)-02 3.4 2.0 1.9 1.2 0.9
HO1(H444)-0e2(E331) 1.7 1.7 1.8 1.8 1.8
01-H(G118) 3.3 3.5 1.8 1.9 1.8
01-H(G119) 2.1 1.8 2.0 1.9 1.9
O1-H(A201) 2.4 2.1 1.7 2.0 1.9

consistent with the results for nucleophilic distance distribu-
tion shown in Fig. 4 and the binding energies shown in Table 1.
During the formation of TS1, C1 is obviously activated in
15 mM, as evidenced by d(Oy-C1) = 1.9 A, while in the
150 mM model this distance is 2.2 A. This indicates that proton
transfer and nucleophilic attack happen in weak correlation in
high concentration systems. The increased salt concentration
reduced the substrate binding affinity and caused it to shift
away from the near nucleophilic attacking conformation
towards a higher transition state. Therefore, the increase in
ion concentration leads to lower reaction activity, especially for
Li" ions, in agreement with more Li'~-hAChE contacts identified
in classical MD simulation.

4. Conclusions

We applied QM/MM and MD simulations and well-tempered
metadynamics to investigate the effect of Li', Na‘, and K"
on the ACh binding affinity and hAChE catalytic activity at
different salt concentrations. Large time-scale classical MD
simulations were performed to reveal the allosteric modulation
by different ion species and the conformational changes in
hAChE. QM/MM MD simulations with the umbrella sampling
method was used to understand the allosteric effects of alkali
metal ions on the catalytic efficiency of hAChE. Our simulations
show that the binding affinity and catalytic activity are affected
by different ion species through allosteric ion coordination
geometries on the hAChE complex and distant electrostatic
screening effect. A Li" cluster consisting of D330, E393, D397
and three Li" was found conserved in all Li" systems and could
be critical to the enzyme activity. Binding energy calculations
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indicate that the electrostatic screening from allosterically
bound cations affects the key residues at the catalytic site and
active-site gorge, including E199. Furthermore, the increase of
ion concentration leads to lower reaction activity, especially for
Li* ions, consistent with more identified Li*~hAChE contacts.
This work provides a molecular perspective on ion modulation
in enzyme catalytic process.
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