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Abstract: Acetylcholine, which is associated with Alzheimer’s disease, is widely known to have
conformers. The preference of each conformer to undergo neutral hydrolysis is yet to be considered.
In this study, we employed density-functional calculations to build the conformers and investigated
their preference in one-step neutral hydrolysis. The results showed the preference in ten possible
hydrolysis pathways involving seven acetylcholine conformers (reactant), four transition state
structures, and two choline conformers (product). Three out of the seven acetylcholine conformers
predicted from the results confirmed experimental findings on the conformers stability. We suggested
that two out of ten possible pathways were observed in the experimental results based on agreement
in reaction energy. Eventually, this study will emphasize the importance of considering acetylcholine
conformers in its hydrolysis study.

Keywords: acetylcholine; conformational preference; density functional theory; neutral hydrolysis

1. Introduction

Acetylcholine (ACh"), the organic molecule acting as neurotransmitter in the brain, is associated
with the treatment of Alzheimer’s disease (AD) [1]. AD is a progressive brain disease that slowly
impairs coordination among neurons and leads to loss of body function [2]. A common explanation
for AD is the cholinergic hypothesis, which states the cause as ACh™ depletion [3,4]. Since the role of
ACh" is to transmit signals among neurons [5], its depletion can disturb the signal transmission in the
brain and can lead to loss of body function.

Molecules 2020, 25, 670; d0i:10.3390/molecules25030670 www.mdpi.com/journal/molecules


http://www.mdpi.com/journal/molecules
http://www.mdpi.com
https://orcid.org/0000-0002-1578-0017
https://orcid.org/0000-0002-7224-5731
https://orcid.org/0000-0003-3028-2371
https://orcid.org/0000-0002-5899-8462
https://orcid.org/0000-0002-1391-3533
https://orcid.org/0000-0001-6182-0780
https://orcid.org/0000-0002-5737-7955
https://orcid.org/0000-0001-5983-6257
http://dx.doi.org/10.3390/molecules25030670
http://www.mdpi.com/journal/molecules
https://www.mdpi.com/1420-3049/25/3/670?type=check_update&version=2

Molecules 2020, 25, 670 2 of 15

One way to treat AD is by reducing the rate of ACh™ neutral hydrolysis [1,6], which decomposes
ACh* into acetic acid (AA) and choline (Ch") [7]. The reaction is essential to return ACh* into its
resting state after being activated during the signal transmission [8]. Because it is also important to
preserve sufficient ACh* concentration in the brain of AD patients, reducing the rate of ACh* neutral
hydrolysis becomes an option to compensate for ACh* depletion.

Generally, the rate of neutral hydrolysis depends on the conformers [9-12]. For example, the rate
constant of bornyl acetate differs from iso-bornyl acetate acid hydrolysis up to 2.6 x 10*/min, which has
been the object of conformational study [13]. Therefore, the rate of ACh" neutral hydrolysis is also
conformation dependent. The dependency is stronger when the reaction involves an enzyme as
a catalyst [14,15]. In the ACh" case, at least three conformers have been investigated to understand
their stability and the interconversion among the conformers and to explore the fluorination and
solvent effects on each of them [16-27]. However, to the best of our knowledge, studies of ACh*
conformers remain limited to its stability as an individual molecule. None have considered ACh*
conformers when they interact with water in a neutral hydrolysis.

In this study, we report the preference of ACh" conformers in a neutral hydrolysis. We consider
two important things: a one-step mechanism for the reaction model and the conformation of
ACh" backbone dihedral angles. Despite its simplicity, the former worked well in revealing the
conformational effects in the ethyl acetate neutral hydrolysis [28]. Therefore, we can focus on the
conformation in one particular transition state (TS). We use the same model for ACh™ neutral hydrolysis
to obtain the standard enthalpy of reaction and standard Gibbs energy of activation.

2. Computational Methods

2.1. Reaction and Molecular Model

Scheme 1 represents the one-step mechanism of ACh" neutral hydrolysis. Our interest is the
ACh" conformers because they potentially affect the activated complex in the TS and the final state
(fs; products). In the TS, the activated complex is in the form of [ACh* — H,0]. Consequently, they
can affect the reaction energy and energy barrier. We assume that the initial state (is) and the fs of
the reaction are infinitely separated molecules. Figure 1 shows the generic molecular models of ACh”,
Ch*, and AA. Table 1 lists the geometrical parameters of interest for this study.

ACh* +H,0 — [ACh" — H,0] — AA + Ch*

acetylcholine water transition state, (TS) acetic acid choline

Scheme 1. A one-step mechanism for acetylcholine neutral hydrolysis.

Table 1. The geometrical parameters of interest from Figure 1 and the corresponding notations used
throughout the manuscript.

Parameter Definition Unit
(a) ACh*

D1 dihedral angle of C2-C1-O2-C3  (backbone) deg.
D2 dihedral angle of C1-O2-C3-C4  (backbone) deg.
D3 dihedral angle of O2-C3-C4-N  (backbone) deg.
D4 dihedral angle of O1-C1-C2-H1 (head) deg.
D5 dihedral angle of C3—-C4-N-C5 (tail) deg.
(b) Ch*

D6 dihedral angle of H5-02-C3-C4  (backbone) deg.
D7 dihedral angle of O2-C3-C4-N  (backbone) deg.

D8 dihedral angle of C3—-C4-N-C5  (tail) deg.




Molecules 2020, 25, 670 3o0f15

(b) CsH,,NO* (c) CH;COOH

Figure 1. The molecular models of (a) ACh*, (b) Ch*, and (c) AA.

2.2. Conformer Formation

We built our initial ACh* conformer based on the acetylcholine bromide (ACh*Br") crystal
structure [29]. We removed the acetyl group (CH;CO) from the ACh™ initial conformer (Figure 1a) to
build our Ch" initial conformer. We divided ACh™ into three parts, backbone (represented by D1, D2,
and D3), head (represented by D4), and tail (represented by D5), and Ch" into two parts, backbone
(represented by D6 and D7) and tail (represented by D8), as listed in Table 1.

We varied the dihedral angles of the backbone, the head, and the tail of the initial conformer
to build the potential conformers. For the ACh* backbone, we varied the dihedral angles (D1, D2,
and D3) with the values of 0°, —90°, +90°, and 180° that yielded 43 (four values for each of the three
dihedral angles) permutations. We applied the same procedure for the Ch* backbone (D6 and D7)
that yielded 42 (four values for each of two dihedral angles) permutations. For the head and the tail,
we varied the dihedral angles (D4, D5, and D8) between 0° and 180°, with increments of 20°.

Figure 2 depicts the criteria for the nomenclature of stable conformers. Figure 2a shows the
criteria for each of the dihedral angles constructing the backbone. For the ACh* backbone, three letters
representing D1, D2, and D3 describe the conformation type. The letters are written in a bracket
following the corresponding conformer. For example, ACh*(ctg) that indicates an ACh" conformer
with D1, D2, and D3 are “c” (cis), “t” (trans), and “g” (gauche), respectively, and “g*” is for the anticlinal
conformation. Figure 2b,c shows the criteria to define the head and the tail conformations, which can
be eclipsed or staggered. We used the same nomenclature for Ch™ conformers.
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(a) For “Backbone”. (b) For “Head”. (c) For “Tail”.

Figure 2. (a) The criteria to define the conformation of each dihedral angle. A line lying on 0° represents
the bond of the first two atoms describing the dihedral angle. Newman projections (b) along C2-C1
and (c) along N—C4. For Figure 2b,c, 0 = 0° means eclipsed conformation and 6 = 60° means staggered
conformation.

2.3. Energy and Structure Calculations

We employed routines of calculations based on density functional theory (DFT) [30,31] to
determine the energy and the structure of molecules in the ground state and in the TS. We used
B3LYP functionals and the 6-311++G(d,p) basis set integrated in Gaussian 09 software [32]. The use of
B3LYP functionals follows its success in our previous similar study on chemical reactions [28,33,34]
and other similar cases [35,36]. The optimization—routine calculations are to obtain the stable structures
and the total electronic energy of ACh*Br~, water, and AA and, more importantly, to find the stable
conformers of ACh" and Ch*. For the TS, we followed the same procedure used in our previous
study [28], where we applied the TS optimization and the intrinsic reaction coordinate routines of
calculation. Besides the energy and the structure, we also calculated the charge population using the
Natural Bond Orbital (NBO) program [37].

2.4. Thermochemistry Calculations
We calculated the standard enthalpy of reaction (A,H°) and the standard Gibbs energy of
activation (A*G®) of ACh* neutral hydrolysis using the following formula:

AH® = (H® \cnr + Hny0) — (H A + Ho cpt) 1)

A*G® = (G°1s5) — (G°pcn + G°1,0) )

Both H° and G° in Equations (1) and (2) are temperature dependent, and we assumed the reaction
occurred at room temperature (298.15 K). The values were determined from the total electronic energy
of the respective systems with thermal corrections.

3. Results and Discussion

3.1. The Ground-State Structure

Table 2 presents the discrepancy in geometry between the experimental value and our calculations
for ACh"Br™ in the ground state. The experimental values are from the crystal structure [29], which
is comparable to our calculations in the gas phase. Overall, the values of Ay, are within the accuracy
limit, according to Young [38]. It implies that B3LYP functional and the 6-311++G(d,p) basis set are
appropriate for studying ACh*.
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Table 2. The optimized geometrical parameters of ACh*Br~ from (a) experimental values [29] and (b)
our calculations (R (in A); A (in deg.)). The discrepancy Ay, is the value of (b) minus (a).

Parameter ) (b) Apa
R(C1,01) 1192 1202 0.010
R(C1,C2) 1487 1496  0.009
R(C1,02) 1.358 1.381 0.023
R(02,C3) 1452 1431 —0.021
R(C3,C4) 1500 1521  0.021
R(C4,N) 1.513 1.532 0.019
A01,C1,C2) 1259 1269 1.0
A(01,C1,02) 1228 1223 —-0.5
A(C2,C1,02) 111.3 110.8 —0.5
AC1,02,C3) 1157 1165 0.8
A(02,C3,C4) 1116 1111 —-0.5
A(C3,C4,N) 1164 116.4 0.0

The optimization routine calculations predict the stable conformer for both ACh" and Ch™.
The cartesian coordinates of the stable conformers are given in the Supplementary Materials.
Only seven out of 64 potential ACh* conformers are stable in the ground state, as shown in Figure 3.
For Ch", there are only two possible out of 16 potential conformers. Tables 3 and 4 resume the results
for ACh™ and Ch", respectively. In both ACh* and Ch”, the spans of the dihedral angle are more
significant than those of bond lengths and bond angles, which is as expected. That is to say that the
backbone determines the conformation, whereas the head (for ACh™ only) is always eclipsed and the

tail is always staggered.

Table 3. The optimized conformation type and geometrical parameters of the stable ACh" conformers

(R (in A); A and D (in deg.)).

Parameters

Backbone Conformation

R1 R2 R3 Al A2 D1 D2 D3
tg'g 1497 1369 1532 1115 121.8 166.6 110.4 —79.7
tgg 1498 1.383 1.531 1114 1214 170.6 81.7 67.0
ttg 1499 1389 1,533 111.2 121.1 —1784 166.0 65.9
tgt 1497 1374 1525 1115 121.3 1749 80.7 —157.2
ttt 1498 1.384 1525 111.1 121.1 180.0 180.0 180.0
ctg 1.505 1.400 1533 1174 1164 —74 166.7 56.7
ctt 1507 1.397 1523 1173 116.8 0.0 180.0 180.0
span 0.011 0.031 0.010 6.3 5.5 180.0 99.3 124.3

R1 C2—C1; R2 C1-02; R3 C4-N; A1 C2-C1-02; A2 O1-C1-O2.

Table 4. The optimized conformation type and geometrical parameters of the stable Ch* conformers

(R (in A); A and D (in deg.)).

Parameters
Backbone Conformation
R4 R5 R6 A3 A4 D6 D7
tg 1419 1521 1533 1102 109.6 167.7 58.3
tt 1414 1530 1.522 1103 1026 1795 1784
span 0.004 0.009 0.011 0.1 7.0 11.8 121.2

R4 0O2-C3; R5 C3-C4; R6 C4-N; A3 H5-02-C3; A4 C3-C4-N.



Molecules 2020, 25, 670 6 of 15

(a) tg*g: d = 5120 A (b) tgg: d = 5.188 A
y
X
y
X
(c) ttg: d = 5.303 A (d) tgt: d = 5.688 A
y
y X
M
(e)ttt: d = 6.114 A (f) ctg: d = 5.270 A
y
X

(g) ctt: d = 5.423 A
Figure 3. The optimized structure of ACh* conformers: For clarity, all H atoms are not displayed.
The distance, d, is between C2 and N atom (white).
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Figure 4 shows the energy level diagram (ELD) for the seven stable ACh™ conformers in eV
(1 eV =~ 23.06 kcal/mol). It is clear from the energy level that there are two groups of conformers,
which are low and high level. The low-level group is more stable than the high-level group. The five
ACh" conformers (tg*g, tgg, ttg, tgt, and ttt) are in the low-level group (Figure 3a—e), and the other two
conformers (ctg and ctt) are in the high-level group (Figure 3f,g). Other computational studies [20,23,
39,40] also conclude the stability of the five low-level conformers. It is important to note that our results
support the experiments that observed ACh*(tg*g), (tgg), and (ttg) in their stable states [29,41,42].

0.6 0.58 (ctt) 7
EOA-
§ 035 (ctg)
2
0
[
2
=
E 02}
0.12  (tit)
. tgt)
003 (tgg) 004 Mg 005 (gt
0.0} 2.00 (g g
conf. 1 conf.2 conf. 3 conf. 4 conf. 5 conf. 6 conf. 7

ACh" conformer

Figure 4. The energy level diagram (ELD) of the seven stable ACh* conformers. The energy is relative
to ACh* (tg*g).

The ELD displays three noticeable patterns of the conformation related to ACh™ stability as
individual molecules. The first is that gauche conformation at D1 cannot achieve stability, whereas trans
and cis can. The second is that cis at D2 and D3 cannot achieve the stability, whereas trans and gauche
(and anticlinal) can. The second pattern is as expected because the cis conformation causes two bulky
groups (acetyl and trimethylamine) to be ecliptic, leading to a repulsive interaction among atoms of
the two groups. The third is that gauche conformation at D2 and D3 makes ACh* more stable than
when they are trans; therefore, at the same D1, it is possible to arrange the order of ACh* stability
(based on D2 and D3), from the most to the least stable, as gg, tg, gt, and tt. In addition to the third
pattern, it appears that the ACh" stability is more dependent on D3 than D2.

Charge distributions align with this pattern. The overall NBO calculations determine that more
electrons are distributed in the head, resulting in the tail being positively charged (see Table 5).
It agrees with the typical ACh" structure [43]. The shorter the head-tail distance, the stronger the
coulombic interaction and, consequently, the more stable the conformer. Therefore, the backbone
and the tail must curl up in order to shorten the head—tail distance. Such curling behavior does not
only exist in gas phase but also in solvent [18,20,23,27]. The gauche conformation at D2 and D3 meets
the condition, particularly at D3, where the head—tail distance is the shortest. Figure 3 depicts the
circumstance, in which the distance gradually increases from the shortest in the g*g conformation to
the longest in the tt conformation for the low-level group and from the shortest tg to the longest tt for
the high-level group.

Additionally, the charge distribution shown in Table 5 indicates an electrophilic site of all ACh*
stable conformers. It is in the backbone, where C1 is located. This site is typical for the ester family.
According to our study on ethyl acetate neutral hydrolysis [28], the activated complex (ACh*-water)
forms between C1 and O3, the nucleophilic site of water.
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Table 5. The atomic charge populations (in unit e) of ACh* and water: Not available values are

indicated by “n.a.”.

Molecules Head Backbone Tail

01 C2H; | C1 02 C3 Cc4 N 3(CHj3) 03
(a) ACh*
tg'g —-0.61 006 | 082 -057 —-0.07 -0.18 | —0.36 1.00 n.a.
tgg —-058 005 | 081 -059 —-0.07 -0.19 | —0.35 1.00 n.a.
ttg —055 0.04 | 082 —-061 —-0.07 —-0.17 | —0.34 1.00 n.a.
tgt —-055 006 | 082 —-061 -0.07 -017 | —0.35 1.00 n.a.
ttt —-056 005 | 082 —-058 —-0.06 —0.17 | —0.35 1.00 n.a.
ctg —-052 002 | 082 —-062 —-005 -—0.17 | —0.35 1.01 n.a.
ctt -051 001 | 081 -059 -005 -017 | —0.35 1.00 n.a.
(b) Water n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. —0.91

The electrophilic site of the ACh" conformers gives a hint to the cleaving location during the
hydrolysis. The cleaving location shall be the C1-O2 bond. Therefore, we extracted the C1-O2 bonding
atomic orbital from the NBO calculations as listed in Table 6. All conformers have an average bonding
orbital of 0.5464 C(sp*>*Y) + 0.8375 O(sp*!?). This bonding is relatively weaker than the C1-O2 bond
of ethyl acetate, which is 0.5898 C(sp'!) + 0.8076 O(sp'4?) [28]. It suggests that the neutral hydrolysis

of ACh" is easier than that of ethyl acetate.

Table 6. The Natural Bond Orbital (NBO) calculation for the C1-O2 bonding based on the linear
combination of atomic orbitals a C1(sp™) + b O2(sp™).

Cc1 02

Molecules

a sp” b sp™
(1) ACh*
tg'g 0.5507 2.82 0.8347 211
tgg 0.5481 2.87 0.8364 2.20
ttg 05444 291 0.8388 224
tgt 0.5503 2.84 0.8350 2.19
ttt 0.5455 290 0.8381 2.24
ctg 0.5419 3.01 0.8404 2.17
ctt 0.5436 298 0.8393 221
average 05464 290 0.8375 2.19
(2) Ethyl acetate
trans 0.5901 191 0.8073 1.42
gauche 05895 191 0.8078 141
average 05898 191 08076 142

3.2. The Transition State Structure

The calculations narrow down the TS geometry from seven possible reactants to four
[ACh*-water] activated complexes. The cartesian coordinates of the four activated complexes are given
in the Supplementary Materials. Table 7 lists the seven possible reactants (codes Rel-Re7). Figure 5
displays the optimized activated complex of these four [ACh"-water]. The overall orientation of water
with respect to ACh™ is similar to our previous study on [ethyl acetate-water] activated complex [28].
This similarity suggests that ACh* neutral hydrolysis resembles base-induced ester hydrolysis.
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Table 7. The code for reactants (initial state (is)) and products (final state (fs)) from Scheme 1.

Code Systems State

Rel  ACh*(tg*g) + water is
Re2  ACh*(tgg) + water s
Re3  ACh(ttg) + water  is
Red  ACh(tgt) + water  is
Re5  ACh*(ttt) + water is
Re6  ACh¥(ctg) + water  is
Re7  ACh*(ctt) + water is
Prl  AA+ Ch'(tg) fs
Pr2  AA + Ch'(tt) fs

y»[/
x
2.09?} \1.800 A
2 &\3&3

1421 A 1.067 A 2. 042 A

\1767 A

S =
1.384 4 1.084 A

L

2.095 A/ w*ﬁ A
02 03
T
2. 113A 849A 1447 & “Toar k

1456A 1048A

Q3

(a) TS-a (b) TS-b

(¢) TS-c (d) TS-d
Figure 5. The four possible TS geometries.

The ACh*—water interaction in all four possible TSs elongates C1-O2, which makes it an important
parameter since it is the cleaving location, as we have discussed in Table 6. The elongation of C1-O2
is around 50% (from 1.40 A (Table 3) to 2.10 A (Figure 5)). It is significantly larger than that of the
C1-02 in ethyl acetate—water interaction, which is around 33% [28]. The large C1-O2 elongation is
explainable according to the bonding orbital of C1-O2 described in Table 6. The bond in ACh" is
weaker than that in ethyl acetate; therefore, the bond is easier to break in ACh™ relative to ethyl acetate.
Consequently, ACh* neutral hydrolysis is expected be faster than that of ethyl acetate. This expectation
agrees with the experimental data showing that, at room temperature, the rate constant of the former
is 1077 /s [44], whereas that of the latter is 10710/s [45].

In addition to the C1-O2 elongation, there are two other similarities among the four TS geometries.
First, the elongation is large enough to split the acetyl group from the rest of ACh*. For comparison,
the generalization of C-O bond lengths in saturated molecules, like ACh*, has been widely assumed
as 1.43 A. Meanwhile, the O3 of water is still too far from C1 to form a covalent bond. The activated
complex thus consists of three groups: water, acetyl, and choline. The three groups interact with each
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other through noncovalent interactions to form the activated complex, which lies on the TS. Second,
ACh" prefers the curling D2 and D3 in the presence of water. The curling D2 and D3 relates the ACh*
in the TS to the one in the ground state: (ttg), (tgt), (ctg), and (ctt). Since the curling, D2 and D3
also affect the C2-N distance and the seven ACh* conformers are grouped into three curling levels.
The levels are extreme (d < 5.20 A), medium (5.30 < d < 5.70 A), and low (d > 5.70 A). Accordingly, all
TS geometries require the medium curling level of ACh* conformers.

Among the four TS geometries, TS-b is the most favorable one for product formation. Generally,
the product formation requires the elongation of C1-O2 and O3-H in the TS with respect to the
ground state, as well as shortening the distances of C1-O3 and O2-H (distances between groups
in the activated complex). The shortened C1-O3 and O2-H promote the formation of AA and Ch”,
respectively. TS-b meets most of the requirements for product formation as its O3-H is the longest,
whereas its C1-O3 and O2-H are the shortest among the four TS geometries.

3.3. The Reaction Coordinate

Figure 6 shows the neutral hydrolysis reaction coordinate in the ELD. The ELD involves four
out of the seven potential reactants (see Table 7) capable of forming the activated complex at the TS
through a one-step mechanism. The possible reactants are Re3, Re4, Re6, and Re7, which are related
to the aforementioned ACh" curling levels. The possible products are Prl and Pr2, which comprise
Ch*(tg) and Ch*(tt) from Table 4. Although the TS depends on the curling levels of D2 and D3 of the
ACh" conformers, the products depend only on D3. Since D3 does not contain the electrophilic site,
it does not change when ACh" is hydrolyzed into Ch™.

Figure 7 shows the pre-hydrolysis reaction coordinate in the ELD. There are three out of seven
potential reactants that require a pre-hydrolysis process (Rel, Re2, and Re5). These reactants need to
undergo conformational isomerization to form either ACh*(ttg) or (tgt) with the energy barriers at
no more than 0.11 eV. It implies that the conformational isomerization can occur by thermal energy.
Together with Figure 6, Figure 7 suggests that all seven potential reactants can perform hydrolysis in
four pathways. The reactants with the low-level group of ACh" conformers go through Re3 or Re4
before going to either TS-a or TS-b. Both pathways are possible because the energy barrier to form
Re3 and Re4 is no more than 0.11 eV. Meanwhile, the reactants with the high-level group of ACh*
conformers go directly to TS-c and TS-d.

Table 8 shows the A, H® for all possible reaction coordinates in Figures 6 and 7. The calculations
of A H° suggest that reactants with the high-level ACh" conformers are always exothermic and go
toward either Prl or Pr2. Meanwhile, reactants from the low-level group are exothermic if they
go toward Prl, but they are endothermic if they go toward Pr2. Experimentally, the reaction is
endothermic, with A, H° being 4-0.28 kcal/mol [46]. According to our results, Pr2 is mostly the product
of the hydrolysis. In particular, the experiment observed mostly reactions (viii) or (ix), suggesting
that the practically preferred ACh* conformer undergoes neutral hydrolysis, which is (tgt) or (ttt).
It is worthwhile to mention that our results are in line with the study of Zhorov et al. [47], which
suggest that ACh" with D2 and D3 being trans is productive for the ACh" hydrolysis catalyzed by
acetylcholinesterase (AChE), as well as the study of Chothia and Pauling [48], which suggests that the
ACh" conformation relevant for its interaction with AChE is the one with D1, D2, and D3 being trans.

In addition to A,H®, Table 8 shows AFG°. As expected, A¥G° of reactants with the high-level
ACh™ conformers are lower than that of reactants with the low-level conformers. Consequently,
reactions (v) and (x) are favorable to occur due to the low activation energy and the high exothermicity.
However, the energy level of both ACh*(ctt) and (ctg) are more than 0.30 eV higher than the most stable
conformer. They can transform to ACh*(tgt) and (ttg) via conformational isomerization according to
the reaction coordinate depicted in Figure 8. The energy barrier is no more than 0.33 eV, which is still
in the order of thermal energy. It implies that, despite a low ATG®, the number of ACh*(ctt) and (ctg)
in nature is likely lower than that in the low-level group.
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Figure 6. The ELDs for four possible TSs: (a) TS-a, (b) TS-b, (c) TS-c, and (d) TS-d, and their related
initial (is) and final states (fs). The code of the reactants and the products follows Table 7. The relative
energy of each TS corresponds to the energy barrier, whereas the relative energy of the fs corresponds
to the reaction energy.

Table 8. The standard enthalpy of reaction (A, H°) and the standard Gibbs energy of activation (A*G°)
at 298.15 K (in kcal/mol): For Re5, only the shortest pathway is listed.

Number Reaction AH° AYGe
a) Reactions that yield Prl

@) Rel — Re2 — Re3 — Ts-a — Pr1  —1.67 4528
(ii) Re2 — Re3 — Ts-a — Prl —2.14  45.28
(iii) Re3 — Ts-a — Prl —233 45.28
(iv) Reb — Re3 — Ts-a — Prl —4.17  45.28
) Re6 — Ts-c — Prl —9.45  39.28
b) Reactions that yield Pr2

(vi) Rel — Re4 — Ts-b — Pr2 +2.61 47.04
(vii) Re2 — Re4 — Ts-b — Pr2 +2.14 47.04
(viii) Re4 — Ts-b — Pr2 +1.38 47.04
(ix) Re5 — Re4 — Ts-b — Pr2 +0.10 47.04
(x) Re7 — Ts-d — Pr2 -10.33  38.95
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Figure 8. The reaction coordinates from low- to high-level groups of ACh* conformers: The TS between
ACh*(ttg) and (ctt) is almost 3 eV, and it is not displayed for the sake of clarity.

4. Conclusion

We have reported that each ACh™ conformer exhibited different conformational preferences when
existing as an individual molecule and as an activated [ACh*—water] complex of a neutral hydrolysis.
As an individual molecule, we obtained seven possible ACh* conformers: five low-level and two
high-level conformers, each with a unique backbone conformation. Three out of the five low-level
conformers were observed in the experiments. However, only four out of the seven conformers were
capable of undergoing direct neutral hydrolysis via four distinct TSs, while the others had to go
through some possible pre-hydrolysis pathways before forming the TS. Among the four TS structures,
TS-b was the most favorable one to form the product of the neutral hydrolysis. The structure offered
an insight for constructing the starting TS structure of ACh* neutral hydrolysis catalyzed by AChE.
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In this study, we proposed ten possible reaction pathways of ACh* neutral hydrolysis. The most
favorable reactions involved the high-level conformer with A¥*G° being 38.95 kcal/mol and A, H® being
—10.33 kcal/mol. Importantly, we suggested two possible reactions involving low-level conformers
((trans, gauche, trans) and (trans, trans, trans)) with A, H° values of +1.38 and +0.10 kcal/mol, agreeing
with the experimental observations. Furthermore, we argued that one had to consider ACh* conformers
when studying its hydrolysis.

Supplementary Materials: Supplementary Materials are provided. The supplementary materials are
available online.

Author Contributions: Conceptualization: F.R; formal analysis: RN.F,, EA., M.M., and LP; investigation: RN.F.,,
N.D.A., and VK,; methodology: ER. and R.N.F,; writing—original draft preparation: R.N.E,; writing—review and
editing: ER., HK.D., and R.N.F. All authors have read and agreed to the published version of the manuscript.

Funding: This work was funded by Directorate General of Higher Education, Research, and Technology Ministry,
Republic of Indonesia through National Collaboration Research grant number 563 /UN3.14/LT/2018.

Acknowledgments: The authors thank to Lusia Silfia Pulo Boli (Research Center for Quantum Engineering Design,
Universitas Airlangga, Surabaya, Indonesia), Adhitya Gandaryus Saputro, and Ganes Shukri (Engineering
Physics Department, Institut Teknologi Bandung (ITB), Bandung, Indonesia) for the valuable discussions. H.K.D.,
R.N.F, N.D.A,, and VK. thank the Indonesia Ministry of Research, Technology, and Higher Education through
World Class University (WCU) project managed by ITB. ER. thanks Difio Wilson Agerico Tan and Yoshitada
Morikawa (Precision Sciences & Technology and Applied Physics, Graduate School of Engineering, Osaka
University, Japan) for their insight and valuable discussions. RN.F. and V.K. particularly thank LPDP for the
scholarship. All calculations using Gaussian 09 software are performed in the computer facility at Research Center
for Nanoscience and Nanotechnology, ITB, Indonesia.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

AA Acetic Acid

ACh*  Acetylcholine

Ch* Choline

ELD  Energy Level Diagram
TS Transition State

References

1.  Gauthier, S. Advances in the pharmacotherapy of Alzheimer’s disease. |. Can. Med Assoc. 2002, 166, 616-623.
Ferreira-Vieira, T.H.; Guimaraes, LM; Silva, ER.; Ribeiro, EM. Alzheimer’s disease: Targeting the cholinergic
system. Curr. Neuropharmacol. 2016, 14, 101-115. [CrossRef]

3.  Bartus, RT,; Dean, R.L.; Beer, B.; Lippa, A.S. The cholinergic hypothesis of geriatric memory dysfunction.
Science 1982, 217, 408-417. [CrossRef]

4. Francis, P.T,; Palmer, A.M.; Snape, M.; Wilcock, G.K. The cholinergic hypothesis of Alzheimer’s disease:
A review of progress. ]. Neurol. Neurosurg. Psychiatry 1999, 66, 137-147. [CrossRef]

5. Tiwari, P; Dwivedi, S.; Singh, M.P; Mishra, R.; Chandy, A. Basic and modern concepts on cholinergic
receptor: A review. Asian Pac. |. Trop. Dis. 2013, 3, 413-420. [CrossRef]

6. Vats, C.; Dhanjal, ] K.; Goyal, S.; Bharadvaja, N.; Grover, A. Computational design of novel flavonoid
analogues as potential AChE inhibitors: Analysis using group-based QSAR, molecular docking and
molecular dynamics simulations. Struct. Chem. 2015, 26, 467-476. [CrossRef]

7.  Offermanns, S.; Rosenthal, W. (Eds.) Encyclopedia of Molecular Pharmacology, 2nd ed.; Springer:
Berlin/Heidelberg, Germany, 2008.

8. Colovi¢, M.B.; Kristi¢, D.Z.; Lazarevié-Pasti, T.D.; BondZi¢, A.M.; Vasi¢, V.M. Acetylcholinesterase inhibitors:
Pharmacology and toxicology. Curr. Neuropharmacl. 2013, 11, 315-335. [CrossRef] [PubMed]

9.  Seeman, J.I. Effect of conformational change on reactivity in organic chemistry. Evaluations, applications,
and extensions of Curtin-Hammett Winstein-Holness kinetics. Chem. Rev. 1983, 83, 83-134. [CrossRef]


http://dx.doi.org/10.2174/1570159X13666150716165726
http://dx.doi.org/10.1126/science.7046051
http://dx.doi.org/10.1136/jnnp.66.2.137
http://dx.doi.org/10.1016/S2222-1808(13)60094-8
http://dx.doi.org/10.1007/s11224-014-0494-3
http://dx.doi.org/10.2174/1570159X11311030006
http://www.ncbi.nlm.nih.gov/pubmed/24179466
http://dx.doi.org/10.1021/cr00054a001

Molecules 2020, 25, 670 14 of 15

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.
31.

32.

Carey, EA.; Sundberg, R.J. Advanced Organic Chemistry Part A. Structure and Mechanisms, 5th ed.; Springer:
Berlin/Heidelberg, Germany, 2007.

Lemke, T.L.; William, D.A.; Roche, V.E,; Zito, SW. (Eds.) Foye’s Principle of Medicinal Chemistry, 7th ed.;
Lippincott Williams & Wilkins: Philadephia, PA, USA, 2013.

Fan, Q.; Wang, Y.; Yan, H. An NMR and DFT investigation on the interconversion of 9-substituented-N6-
hydrazone-8-azaadenine derivatives: Proton migration or conformational isomerization? Struct. Chem. 2018,
29, 871-879. [CrossRef]

Radhakrishnamurti, P.S.; Patra, P.C. Conformational studies in ester hydrolysis. Proc. Indian Acad. Sci.
Sect. A 1970, 71, 181-188. [CrossRef]

Wolfenden, R. Conformational aspects of inhibitor design: Enzyme-substrate interactions in the transition
state. Bioorg. Med. Chem. 1999, 7, 647—652. [CrossRef]

Zhan, D.; Yu, L,; Jin, H.; Guan, S.; Han, W. Molecular modeling and MM-PBSA free energy analysis of
endo-1,4-B-Xylanase from Ruminococcus albus 8. Int. J. Mol. Sci. 2014, 15, 17284-17303. [CrossRef]
[PubMed]

Liquori, A.M.; Damiani, A.; Coen, J.L.D. Calculated Minimun Energy Conformations of Acetylcholine.
J. Mol. Biol. 1968, 33, 445-450. [CrossRef]

Beveridge, D.L.; Radna, RJ. Structural Chemistry of Cholinerhic Neutral Transmission Systems.
I. A Quantum Theoretical Study of the Molecular Electronic Structure of Acetylcholine. J. Am. Chem.
Soc. 1971, 93, 3759-3764. [CrossRef]

Langlet, ].; Claverie, P.; Pullman, B.; Piazolla, D.; Daudey, ].P. Studies of solvent effects-III. Solvent effect on
the conformation of acetylcholine. Theor. Chim. Acta 1977, 46, 105-116. [CrossRef]

Genson, D.W.; Christoffersen, R.E. Ab initio Calculations on Large Molecules Using Molecular Fragments.
Electronic and Geometric Characterization of Acetylcholine. J. Am. Chem. Soc. 1973, 95, 362-368. [CrossRef]
Kim, YJ.; Kim, S.C,; Kang, YK. Conformation and hydration of acetylcholine. . Mol. Struct. 1992,
269, 231-241. [CrossRef]

Egan, M.A.; Zoellner, RW. Srtuctural and electronic characteristics of the monoboro-analogs of the
acetylcholinec cation as determined by the semiempirical MNDO computational method. J. Org. Chem. 1993,
58,1719-1729. [CrossRef]

Segall, M.D.; Payne, M.C.; Boyes, R.N. An ab initio study of the conformational energy map of acetylcholine.
Mol. Phys. 1998, 93, 365-370. [CrossRef]

Marino, T.; Russo, N.; Tocci, E.; Toscano, M. Molecular dynamics, density functional and second-order
Moller-Plesset theory study of the structure and conformation of acetylcholine in vacuo and in solution.
Theor. Chem. Accounts 2001, 107, 8-14. [CrossRef]

Song, J.; Gordon, M.S.; Deakyne, C.A.; Zheng, W. Theoretical Investigations of Acetylcholine (ACh) and
Acetylthiocholine (ATCh) using ab initio and Effective Fragment Potential Methods. J. Phys. Chem. A 2004,
10, 11419-11432. [CrossRef]

Lee, ].S.; Park, Y.C. Stability and interconversion of acetylcholine conformers. Bull.-Korean Chem. Soc. 2014,
35,2911-2916. [CrossRef]

Silla, ].M.; Silva, D.R.; Freitas, M.P. Theoretical study on the conformational bioeffect of the fluorination of
acetylcholine. Mol. Informa. 2017, 36. [CrossRef] [PubMed]

Lee, J.S. Structure and Energetics of Acetylcholine in Aqueous Solution. Bull.-Korean Chem. Soc. 2018,
39, 269-272. [CrossRef]

Rusydi, F,; Aisyah, N.D.; Fadilla, R.N.; Dipojono, HK.; Ahmad, F.; Mudasir.; Puspitasari, I.; Rusydi, A.
The transition State conformational effect on the activation energy of ethyl acetate neutral hydrolysis. Heliyon
2019, 5, €02409. [CrossRef]

Svinning, T.; Serum, H. A reinvestigation of the crystal structure of acetylcholine bromide. Acta Crystallogr.
1975, B31, 1581-1585. [CrossRef]

Hohernberg, P.; Kohn, W. Inhomogeneous electron gas. Phys. Rev. 1964, 136, B864-B871. [CrossRef]

Kohn, W.; Sham, L.J. Self-consistent equations including exchange and correlation effects. Phys. Rev. 1965,
140, A1133-A1138. [CrossRef]

Frisch, M.; Trucks, G.; Schlegel, H.; Scuseria, G.; Robb, M.; Cheeseman, J.; Scalmania, G.; Barone, V,;
Mennucci, B.; Petersson, G.; et al. Gaussian09, Revision C.01; Technical Report; Gaussian Inc.: Wallingford,
CT, USA, 2010.


http://dx.doi.org/10.1007/s11224-017-1061-5
http://dx.doi.org/10.1007/BF03049541
http://dx.doi.org/10.1016/S0968-0896(98)00247-8
http://dx.doi.org/10.3390/ijms151017284
http://www.ncbi.nlm.nih.gov/pubmed/25264743
http://dx.doi.org/10.1016/0022-2836(68)90201-5
http://dx.doi.org/10.1021/ja00744a033
http://dx.doi.org/10.1007/BF00548086
http://dx.doi.org/10.1021/ja00783a010
http://dx.doi.org/10.1016/0022-2860(92)80019-E
http://dx.doi.org/10.1021/jo00059a020
http://dx.doi.org/10.1080/002689798169032
http://dx.doi.org/10.1007/s002140100291
http://dx.doi.org/10.1021/jp0406013
http://dx.doi.org/10.5012/bkcs.2014.35.10.2911
http://dx.doi.org/10.1002/minf.201700084
http://www.ncbi.nlm.nih.gov/pubmed/28845912
http://dx.doi.org/10.1002/bkcs.11378
http://dx.doi.org/10.1016/j.heliyon.2019.e02409
http://dx.doi.org/10.1107/S0567740875005729
http://dx.doi.org/10.1103/PhysRev.136.B864
http://dx.doi.org/10.1103/PhysRev.140.A1133

Molecules 2020, 25, 670 15 of 15

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.
47.

48.

Khoirunisa, V.; Rusydi, F,; Kasai, H.; Saputro, A.G.; Dipojono, H.K. A first principle study on the interaction
between acetylcholinesterase and acetylcholine, and also rivastigmine in alzheimer’s disease case. J. Phys.
Conf. Ser. 2016, 739, 012136. [CrossRef]

Rusydi, F.; Agusta, M.K,; Saputro, A.G.; Kasai, H. A first principle study on zinc porphyrin interaction with
02 in zinc porphyrin(oxygen) complex. J. Phys. Soc. Jpn. 2012, 81, 124301. [CrossRef]

Brycki, B.; Szulc, A.; Kowalczyk, I. Study of cyclic quaternary ammonium bromides by B3LYP calculations,
NMR and FTR spectroscopies. Molecules 2010, 15, 5644-5657. [CrossRef] [PubMed]

Cottone, G.; Noto, R.; Manna, G.L. Density functional theory study of the Trans-Trans-Cis (TTC) —
Trans-Trans-Trans (TTT) isomerization of a Photochromic Spiropyran Merocyanine.  Molecules 2008,
13, 1246-1252. [CrossRef] [PubMed]

Glendening, E.D.; Reed, A.E.; Carpenter, J.E.; Weinhold, FE. NBO Version 3.1.

Young, D.C. Computational Chemistry: A Practical Guide for Applying Techniques to Real-World Problems;
John Wiley & Sons Inc.: New York, NY, USA, 2001.

Sax, M.; Rodrigues, M.; Blank, G.; Wood, M.K.; Pletcher, J. The conformation of acetylcholine and the crystal
structure of 2,2-dimethylbutyl 3,5-dinitrobenzoate. Acta Crystallogr. 1976, B32, 1953-1956. [CrossRef]
Edvarsen, @.; Dahl, 5.G. Molecular structure and dynamics of acetylcholine. J. Neurotransm. 1991, 83, 157-170.
[CrossRef]

Wilson, K.J.; Derreumaux, P.; Vergoten, G.; Peticolas, W.L. Conformational studies of neuroactive ligands 2.
Solution-state conformations of acetylcholine. |. Phys. Chem. 1989, 93, 1351-1357. [CrossRef]

Frydenvang, K. Jensen, B. Conformational analysis of acetylcholine and related choline esters.
Acta Crystallogr. 1996, B52, 184-193. [CrossRef] [PubMed]

National Center for Biotechnology Information. Acetylcholine, CID=187. Available online: https://pubchem.
ncbi.nlm.nih.gov/compound/Acetylcholine (accessed on 8 October 2019).

Wolfenden, R.; Yuan, Y. The “neutral” hydrolysis of simple carboxylic esters in water and the rate
enhancements produced by acetylcholineserase and other carboxylic acid esterases. J. Am. Chem. Soc.
2011, 133, 13821-13823. [CrossRef]

Skrabal, A.; Zahorka, A. Die Wasserverseifung des Athylazetats. Monatshefte Chem. 1929, 53, 562-576.
[CrossRef]

Sturtevant, .M. The enthalpy of hydrolysis of acetylcholine. J. Biol. Chem. 1972, 247, 968-975.

Zhorov, B.S.; Shestakova, N.N.; Rozengart, E.V. Determination of productive conformation of
acetylcholinesterase substrates using molecular mechanics. Mol. Inform. 1991, 10, 205-210. [CrossRef]
Chothia, C.; Pauling, P. Conformation of cholinergic molecules relevant to acetylcholinesterase. Nature 1969,
223,919-921. [CrossRef] [PubMed]

Sample Availability: Samples of the compounds are not available from the authors.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1088/1742-6596/739/1/012136
http://dx.doi.org/10.1143/JPSJ.81.124301
http://dx.doi.org/10.3390/molecules15085644
http://www.ncbi.nlm.nih.gov/pubmed/20714318
http://dx.doi.org/10.3390/molecules13061246
http://www.ncbi.nlm.nih.gov/pubmed/18596651
http://dx.doi.org/10.1107/S0567740876006857
http://dx.doi.org/10.1007/BF01253386
http://dx.doi.org/10.1021/j100341a034
http://dx.doi.org/10.1107/S0108768195007567
http://www.ncbi.nlm.nih.gov/pubmed/8907583
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
https://pubchem.ncbi.nlm.nih.gov/compound/Acetylcholine
http://dx.doi.org/10.1021/ja204116a
http://dx.doi.org/10.1007/BF01521817
http://dx.doi.org/10.1002/qsar.19910100305
http://dx.doi.org/10.1038/223919a0
http://www.ncbi.nlm.nih.gov/pubmed/5803395
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction
	Computational Methods
	Reaction and Molecular Model
	Conformer Formation
	Energy and Structure Calculations
	Thermochemistry Calculations

	Results and Discussion
	The Ground-State Structure
	The Transition State Structure
	The Reaction Coordinate

	Conclusion
	References

