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Abstract: Huperzine A is an herbal reversible inhibitor of Acetylcholinesterase (AChE). A
molecular docking analysis on Huperzine A molecule has been carried out to understand its
structure, conformational flexibility, intermolecular interaction and the binding affinity in the
active site of AChE enzyme. Further, the charge density distribution of huperzine A molecule
(lifted from the active site of AChE) was determined from the high level quantum chemical
calculations coupled with charge density analysis. The binding affinity of Huperzine A
towards AChE was calculated from the molecular docking; the lowest docked energy is -8.46
kcal/mol. In the active site, huperzine A molecule interacts with acyl binding pocket-Phe330
of AChE, that is, the bicyclo ring group of huperzine A forms an intermolecular interaction
with the oxygen atom of main chain of the amino acid residue Phe330 at the distances 3.02
and 3.25 A respectively. On the other hand, a gas phase study on huperzine A molecule also
performed using HF and DFT (B3LYP) methods with the basis set 6-311G**. The molecular
structure, conformation, and the charge density distribution of huperzine A molecule in the
gas phase have determined using quantum chemical calculations and the charge density
analysis. The comparative studies between the gas phase and the active site forms of
huperzine A molecule, explicitly reveals the degree of conformational modification and the
charge density redistribution of huperzine A when present in the active site. The dipole
moment of the molecule in the active site is 6.85 D, which is slightly higher than its gas phase

value (5.91 D). The electrostatic potential (ESP) surface of active site molecule clearly shows
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the strong electronegative and positive ESP regions of the molecule, which are the expected

strong reactive locations of the molecule.

Keywords: huperzine A-AChE; molecular docking; intermolecular interaction; quantum
chemical calculation; charge density distribution; atomic charges; dipole moment;

electrostatic potential; toxicity analysis

1. Introduction

Scheme 1. Chemical structure of Huperzine A

(-)-Huperzine A (Scheme 1) is one of the reported inhibitors of AChE [1]. It is an
alkaloid isolated from the club moss [1-10] Huperzia serrata and used as a Chinese herbal
medicine. The pharmacologic studies shows that it is a potent reversible inhibitor of
acetylcholinesterase exhibits strong anti-cholinesterase activity, which markedly increases
the efficiency in learning and memory in animals [2,11-15]. It is a natural, highly selective,
reversible, slow and potent inhibitor of AChE, which is being used for the treatment of
Alzheimer disease [16—20]. Cholinergic neurodegeneration is the major pathological feature
of this disease [21,22]. Huperzine A has been used to treat this disease, as it has high potency
and low toxicity [23,24]. However, the inhibitory activity of the molecule is mainly attributed
to the interaction of this small molecule with the neighbouring amino acids present in the
active site of AChE, the strength of binding and charge distribution. When the small molecule
inhibitor present in the active site of AChE, it interacts with the nearby amino acids of the
active site, where its energy changes; in consequence of this effect the molecule adopts a new

conformation in the active site. The biological effects are often related to electron density
2
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distribution of ligand molecule and its orientation, the capability of forming of intermolecular
interactions and the electrostatic potential of the molecule in the active site [5].

The binding strength of this molecule largely depends on the electrostatic parameters
and the charge complementarities, which leads to conformational change and the charge
redistribution of the huperzine A molecule in the active site of the enzyme. The charge
distribution allows to understand the electrostatic moments of the molecule in the active site
of AChE. Hence, it enables to predict the orientation of the huperzine A inside the active site.
In the active site, as the conformation of the molecule changes, its orientation also changes.
To precisely understand the active site effect on huperzine A molecule and its behavior in the
active site, the molecule needs to be compared with the corresponding gas phase structure
and the charge density distribution. In view of this, the structure, conformation, charge
density distribution and the electrostatic properties of huperzine A in the gas phase is also
essential. The comparative study between both forms (gas phase and active site forms) of
huperzine A could reveal the degree of structure and the conformation of huperzine A
modified when it present in the active site and the charge density distribution as well. For the
past two decades, several studies have been performed to understand the interactions between
AChE and Huperzine A using experimental and computational methods [25-29]. Notably, a
recent study [30] explores the efficacy of huperzine A from the studies of thermodynamic
and kinetic aspects, and concurrently, it also reports that the drug efficacy does not linearly
correlate with binding affinity [31]. The most possible binding pathway of Huperzine A is
gorge of TCAChE, which is also confirmed from energy landscape theory [30]. The AChE
also exhibits a conformational flexibility [32] and the active site of AChE was rearranged by
the influence of huperzine A [33,34].

In the present study, a molecular docking analysis on huperzine A molecule has been

carried out which allows to understand its conformational flexibity and the intermolecular
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interactions in the active site of AChE. Further, a quantum chemical calculation and the
charge density analysis were performed for the huperzine A molecule lifted from the active
site gives its charge density distribution and the electrostatic properties. On the other hand, a
gas phase calculation on huperzine A molecule also carried out to compare its conformation
and charge density distribution with the above said active site parameters. This comparative
study insights the molecular conformational flexibility and the charge density distribution
and the electrostatic properties of huperzine A in the active site, where the amino acids are
interact with the huperzine A molecule as well. The charge density analysis of huperzine A
molecule has been carried out for the molecule lifted from the active site of AChE obtained
from the huperzine A-AChE docked complex. The toxicity also determined from the global
reactivity descriptors such as electronegativity, electrophilicity and chemical hardness [35—
37] using density functional theory [38], which provides the essential information about the

stability and reactivity of the molecule [39,40].

2. Results and Discussion
2.1. Molecular docking and Huperzine A-AChE Interactions

The molecular docking of plant derived huperzine A molecule has been docked the
active site of AChE, the docked lowest binding energy of the molecule is -8.46 kcal/mol
(Table S1). This energy is relatively lower than the docked binding energy of galanthamine
and curcumin [56] with AChE; the low value of binding energy explicity indicates that
huperzine A lacks some expected interactions with the AChE. Figure 1(a,b) displays the
interaction between huperzine A and the nearby aminio acids present in the active site of

AChE.
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Huperzine A is a three ring molecule, in which the rings 1 and 1’ are the two
cyclohexene rings called as bicylo[3.3.1]nona-2,6-diene; and the ring 2 is a pyridone ring.
Nitrogen of the pyridone ring forms hydrogen bonding interaction with Tyr130 at the distance
3.21 A The distance of the piperidinic nitrogen of huperzine A with the centroids of the
aromatic ring of Trp84 is 4.49 A; the longer distance indicates that the molecule does not
exhibit strong interaction with Trp84. And further, the carbonyl group of the huperzine A
molecule also forms strong hydrogen bonding interaction with the hydroxyl oxygen of the
residue Tyr130 at the distance 2.88 A. An electrostatic interaction is found between the
bicyclo ring and the oxygen of main chain of Phe330 at the distances 3.02 and 3.25 A
respectively. Apart from the above strong interactions, a large number of hydrophobic
interactions also present with the side chains and the main chain atoms of Gly119 and His440
residues. Huperzine A has three potential hydrogen bonding sites, but only one interactive
hydrogen bond is exist between the pyridone oxygen of the ligand and the hydrogen of the
hydroxyl group of Tyr130 at the distance 2.88 A. The nitrogen in the bicycle ring does not
form any specific interaction. The atom C(12) of the same ring has hydrophobic interaction
with the nitrogen group of the Gly119 at the distance 3.08 A. Here, huperzine A interacts
only with Phe330; this shows that the huperzine A binds only with acyl binding pocket-
Phe330 and not with the choline binding site-Trp84. Even at the acyl binding pocket-Phe330,
it has a repulsive type of electrostatic interaction with the carbon atoms [49]. The nearest
neighbours and the short contact distances below 3.3 A between huperzine A molecule and

the residues of AChE in the active site are presented (Table 2).
2.2. Structural Analysis

Figure 2(a,b) shows the ball and stick model of gas phase (1) and the active site form
of huperzine A molecule (1) with the atom numbering scheme. The geometric parameters

almost match with the reported structure [57] (hereafter the * indicates, the active site form
5
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of huperzine A molecule (I1)). The C(1)-C(2) bond distances of the ring 1 of (I) and (II) are:
1.549, 1.556* A respectively and in ring 1', the C(5)-C(11) bond distances are: 1.554, 1.524*
A respectively. The Csps—Csp2 bond distances of the ring 1 and 1' of both forms (I & 11) are
ranges 1.506 - 1.536/ 1.485* - 1.567* A, the average values are 1.521, 1.526* A, respectively.
The Csp2—Csp2 bond distances of ring 2 are found to be shorter than ring 1, the corresponding
gas phase and the active site distances are: 1.439, 1.430* A respectively. The Csp2=Csp2 bond
distances of ring 1' [C(9)~C(10): 1.335/1.337* A] and the ring 2 [C(4)-C(3): 1.370/1.395*
A, C(14)-C(15): 1.362/1.357* A] are relatively shorter than all other C—C bonds in both
forms of the molecule. The Csp2—Csp3 [C(7)—-C(8) and C(10)-C(12)] bonds of (1) and (11),
adjoins the methyl group exhibit almost similar distances, the corresponding values ranges
1.502 - 1.505 /1.488* - 1.513* A respectively; these values are almost close to the reported
[57] similar bonds [1.492 and 1.510 A]. The carbonyl C=0 bond distance of (I) is 1.223 A,
this distance has been increased to 1.256* A when huperzine A present in the active site. The
gas phase C—N distances of pyridone ring are found to be unequal [C(3)-N(2): 1.368 A,
C(13)-N(2): 1.411 A]; these distances are significantly altered when the molecule present in
the active site; in which, the C(3)-N(2) bond distance increases to 1.397* A whereas the
C(13)-N(2) decreases to 1.313* A, this large C—N distance variation is not found in the amine
NH: group attached C—N bonds, as the distance varies from 1.465t0  1.476* A.

The C—C—-C bond angles of ring1, 1' are ranges from 107.1<2113.99107.0-114.5,
the average values are 110.5°and 110 respectively. The bond angles of C—C—N bond
connected to the adjoint of ring 1 and 1' of (I)/(ll) forms are: C(6)-C(5)-N(1):
116.39112.3<; C(4)-C(5)-N(1): 107.99110.3% and C(11)-C(5)-N(1): 107 9107.1*;
whereas in ring 2 the bond angles are: C(2)-C(3)-N(2): 116.77116.6<, C(4)-C(3)-N(2):
119.49119.2and C(14)-C(13)-N(2): 112.4115.8<. The C—N-C bond angle of ring 2

15 126.87124.6<. The N-C-O and C—C-0 bond angles of the same ring are: [N(2)-C(13)—
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0(1)] 1209120.3< and [C(14)-C(13)-0O(1)] 127.6 7124 = respectively; the active site C-C—
O bond angle of Huperzine A increased significantly, the difference is 3.6<

Huperzine A molecule is found to be highly twisted when it present in the active site.
This can be well understood when comparing the torsion angles of active site form of
huperzine A (I1) with the corresponding its gas phase structure (I). Particularly, in ring 1 and
1, the gas phase torsion angle of C(3)-C(2)~C(1)~C(6) and C(2)-C(1)~C(6)-C(7) bonds
are -47.7<and -110.7 “respectively; whereas, in the active site the corresponding angles are
6.7 and -90.5< respectively. Similarly, in the active site, a large bond twist also noticed in
the methyl group attached C(8)—C(7)—C(6)—C(1) bonds, the torsion angle is 16.4<; this
angle is found to be much higher than the corresponding angle in gas phase (-0.5<. The other
most affected bonds in the active site are: C(9)-C(1)-C(6)—C(7) [127.87145.9%],
C(7)-C(6)-C(5)-C(4) [127.19106.6] and C(7)-C(6)—C(5)-C(11) [-114.3F -133.3%];
notably, these are the highly twisted bonds in the huperzine A molecule, when it present in
the active site of AChE. And further, there are twist in the other bonds of the huperzine A
molecule also noticed (Table S2), these large bond twists in the active site are mainly
attributed to the intermolecular interactions and the energy of the huperzine A molecule in

the active site of AChE.
2.3. Charge Density Analysis

The electron density distribution of huperzine A molecule has been studied using the
Bader’s theory of atoms in molecules (AIM) [46,47]. The electron density pbcp(r), the
Laplacian of electron densityvzpbcp(r) , eigen values and bond ellipticity at the bond critical
point (bcp) were determined for both forms [gas phase (I) and active site (I1)] of huperzine

A molecule. In  figure 3, (a,b) shows the deformation density maps of (1) and (1) forms of

huperzine A molecule respectively. The topological properties of electron density pocp(r) of
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both forms [(1) and (I1)] are presented in table 2. The deformation density map allows to
visualize the areas of charge accumulation and the lone pair position of atoms in both forms
of huperzine A molecule. A critical point search has been performed for all bonds of the
molecule, predicted a (3,-1) type of critical point for all bonds, which confirms the covalent

sharing bonds are present in the molecule.

The electron density pnep(r) of C—C bonds of ringl, 1' are found to be almost similar
in both forms of molecule (1)/(11) [1.656/1.683* eAZ]; relatively, these values are much less
than the density of C—C bonds of ring 2, the corresponding average values are: 1.941/1.975*
eA3. Despite the charge transfer from the hydrogen atoms to carbon atoms of the ring 2, large
charge accumulation is found near the hydrogen atom [58]. Invariably, the charge
concentration in C(9)—C(10): 2.304/2.295* eA3, C(6)—C(7): 2.285/2.430* eA3 C(3)-C(4):
2.177/2.071* eA® and C(14)—C(15): 2.202/2.230* eA bonds are found to be higher than all
other C—C bonds in both forms of the molecule. The electron density of high polar C=0
bond in gas phase is 2.74 eA’; this value has been slightly decreased [2.569* eA] when it
present in the active site. The gas phase value is well agree with the reported values [59-61].
The poep(r) value of C(10)-C(12) and C(7)—C(8) bonds which are linked to the methyl group
are: 1.703 and 1.696 eA respectively; whereas in (11), these values are found to be 1.678*
and 1.743* eA® respectively. The electron density of C(5)-N(1) bond in I and Il are:
1.792/1.760* eA?3; these values are relatively less on compared with the C(3)-
N(2)[2.081/1.950* A®] and C(13)-N(2)[1.923/ 2.091* eA?] bonds in the molecule. The
difference of charge accumulation in both C—N bonds is attributed to the nature of different
environments. The electron density of these C—N bonds is not much affected in the active
site, as the difference of density is found to be very small.

The Laplacian of electron density VZpucp(r) of all bonds of (1) and (1l) forms of

huperzine A have been calculated (Table 2). Figure S1 displays the Laplacian of electron
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density distribution of huperzine A molecule. The Laplacian for the C—C bonds of rings 1
and 1' are ranges from -11.9 to -14.8/-11.5* to -15.8* eA >, the average are -13.5/-13.9* eA™>;
these values are notably less on compared with the Laplacian of C—C bonds of ring 2, the
corresponding values are -18.35/-19.1* eA®. The Laplacian of C=C bonds [C(9)—C(10):-
23.9/-23.7% A, C(6)-C(7): -23.3/-26.7* eA™, C(3)-C(4): -21.9/-19.5* eA™ and
C(14)—C(15):-22.6/-23.2* e A*] of (1)/(11) are found to be high. In the active site, relatively,
the Laplacian of C(6)—C(7) bond was increased, whereas in C(3)—C(4) bond, this value has
been slightly decreased. The gas phase (I) Laplacian value of the carbonyl C=0 bond is -8.3
eA=, while the corresponding active site (I1) value is, -13.5* eA™>; the increase of negative
Laplacian in (I1) indicates that the charges of the bond become concentrated in the active site.
In (1), the Laplacian value of methyl group connected C(10)-C(12) and C(7)—C(8) bonds are
-14.4 and -14.3 eA™ respectively; whereas in (11), the corresponding values are -14.0* and -
15.2* eA™ respectively. In both forms, the Laplacian of C—N bonds are found to be
moderately negative (Table 2), indicates, the Laplacian values are not much affected when
the molecule present in the active site except C(13)—N(2) bond [C(5)—N(1): -16.5/-15.7*,
C(3)-N(2): -18.7/ -17.7* and C(13)-N(2): -18.2/-20.3* eA™], in which the charges are
become concentrated. Figure 5 displays the variation of charge concentration at the bep’s of
huperzine A in the active site of AChE.

The deformation density signifies the aspherical nature of electron density of atoms
in the molecule, which is attributed to the bond formation. The features such as
spherical/aspherical nature of electron density of bonds can be qualitatively interpreted in
terms of bond ellipticity [61]. Bond ellipticity € [e=(A1/A2)—1] is the measure of degree of
planarity or conjugation of electron density at the bcp, where A1 and A2 are the Hessian eigen
values of electron density at the bep’s [62]. The lower values of electron density and the

Laplacian of electron density together with high ellipticity are the indicative of the charge
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migration to the neighbouring bonds [63]. In the present study, the ellipticity & of C—C bonds
of the pyridone ring of both forms [(1) & (I1)]is  ~ 0.16; these values are found to be high,
when compared with all other C—C bonds in the molecule (figure 4). The ellipticity of C=C
bonds is ~0.3; this high € value indicates the degree of aspherical electron density distribution.
All the other bonds in the molecule exhibit less ellipticity (Table 2), reveals the spherical
electron density distribution.
2.4. Atomic Charges, Dipole Moment and Electrostatic Potential

The atomic charges of both forms (I & Il) of huperzine A were calculated from
Mulliken (MPA) [64] and natural population analysis (NPA) [65] and Bader’s AIM analysis
[47] (Table S3). Notably, the Bader’s AIM charges are found to be higher than the MPA
and NPA charges for all atoms. Generally, the carbon atoms, which are attached to the
negatively charged atoms, carry high positive charge. The AIM charges of C-atoms of (1) and
(1) forms are: C(3): 0.41e/0.36e*, C(5): 0.37e/0.35e* and C(13): 1.31e/1.28e*, these
charges are relatively high on compared with the MPA and NPA charges, the difference is
attributed to the different definition of atoms in the molecule. The AIM model predicts high
negative charges for the polar oxygen and nitrogen atoms [O(1): -1.15e/-1.12e*; N(1): -

0.96e/-0.97e*; N(2): -1.13e/-1.15e*].

The predicted active site dipole moment of huperzine A molecule is 6.85 Debye,
which is found to be higher than the same found in the gas phase (5.91 Debye), the small
enhancement of dipole moment of huperzine A in the active site is due to the charge
redistribution in the molecule caused by the effect of intermolecular interaction between the
two molecules. Figure 5 shows the superimposed form of (1) and (I1) forms of huperzine A
molecule, which displays the orientation of dipole moment vectors of huperzine A in gas
phase (I) and in the active site (11). The deviation of dipole moment vector of (1) with respect
to (1) is solely attributed to the conformational change as well as charge redistribution. The

10
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net dipole moment of (1) and (I1) forms of huperzine A and its x, y, z component values are

presented in Table 3.

Figure 6(a,b) shows the molecular electrostatic potential (ESP) of the huperzine A
molecule in gas phase (I) and the same molecule lifted from the active site (I11) of AChE. In
the drug-receptor interaction, it is important to recognize that both the three dimensional
shape and the electronic characteristics of the drug molecule are seldom important [66]. The
ESP of (1) and (II) are found to be almost equal; however, between the two forms, a slight
difference is observed, figure 8 displays the exact difference; perhaps this may be due to less
electron density redistribution in the molecule when it present in the active site, which kept
the ESP remains almost same. A large electronegative region is found at the vicinity of O(1)
and N-atoms in both forms of the molecule. Figure 8b is the pictorial representation of
intermolecular interaction shows some important interactions; in which, particularly the N(2)
atom forms hydrogen bonding interaction with Tyr130. As expected, the O(1) atom forms
hydrogen bonding interaction with amino acid residue [1,12] Tyr130; further, the same
oxygen O(1) also forms electrostatic interaction [49] with Gly117.

2.5. Toxicity Analysis

The toxicity of huperzine A molecule have been analyzed from global reactivity
descriptors such as electronegativity (), electrophilicity (o) and chemical hardness (1). In
both forms, the ionization potential (I=-Enomo) and electron affinity (A=-ELumo) of
huperzine A molecule were calculated from HOMO and LUMO energy values (Table 4). The
ionization potential and electron affinity values are 5.72/5.62* and 1.04/1.1* respectively.
The huperzine A molecule has low electronegativity (3.38/3.36*) on compared with
ionization potential; hence the molecule has fewer tendencies to accept electrons in both
forms. The global hardness of the molecule is 2.34/2.26* respectively; it reveals that the

molecule is stabilized in the active site. The calculated electrophilicity index of both forms is
11
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2.44/2.49* respectively; this value indicates that the charge transfer of the molecule is low.
The gobal reactivity descriptors have not much varied in the gas phase as well as in the active
site. From this analysis, we have distinctly confirmed that the huperzine A molecule has low
toxicity, high stability when the molecule present in the active site of AChE [23, 67].
3. Materials and Methods
3.1. Calculations

To precisely understand the effect of intermolecular interaction of huperzine A
molecule in the active site, it is essential to compute the parameters like molecular
conformation, charge density distribution and the electrostatic properties of the molecule in
the gas phase as well as in the active site. Hence, the computational calculations were
performed in two parts. In the first part, the gas phase (at T=298.15K, P=1atm) of huperzine
A molecule (I) was optimized from HF [41] and DFT (B3LYP) [42,43] methods with the
basis set 6-311G** using Gaussion03 software [44,45]; in which the threshold limit for
maximum force and displacement of DFT optimization were converged at 0.000004 and
0.000257au respectively. Further, a charge density analysis has been carried out using
Bader’s theory [46,47] of atoms in molecules (AIM). In the second part, a molecular docking
analysis of huperzine A with AChE has been carried out using Autodock software [48, 49].
For the docking analysis, the ligand was obtained by separating the same from the complex
domain of pdb accession code 1VOT [1] and converted into pdb format, whereas the three-
dimensional structure of AChE of “Torpedo californica” was prepared by separating AChE
form the complex domain of pdb accession code 1QTI [50] obtained from Brookhaven
Protein Data Bank. Autodock generated 10 different conformations and their corresponding
docked energies (Table S1). PyMOL [51] software was used to view the huperzine A-AChE
complex and the intermolecular interactions between the AChE and huperzine A. Further, a

single point energy DFT calculation was carried out for the huperzine A molecule (lowest

12
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energy conformer) lifted from the huperzine A-AChE docked complex at B3LYP/6-311G**
level; and further a charge density analysis has been performed for the wave function
obtained from the single point energy calculation.

From the charge density analysis, the bond topological properties, such as total
electron density, deformation density, Laplacian of electron density, bond ellipticity at the
bond critical points, eigen values (A1, A2, A3) and the bond path were determined from the
Bader’s theory [46,47] of atoms in molecules implemented in AIMPAC software [52]. The
AIM charges were calculated from AIMALL software [53]. The deformation density of both
forms [(1) and (I1)] of the molecule were plotted by wfn2plots and XD software [54]. A cube
file was generated from Gaussian03, which has been used as an input file for the Moliso

program suite [55] to generate the electrostatic potential (ESP) map.

4. Conclusion

The geometrical and topological properties of electron density of the huperzine A
molecule in gas phase and the same lifted from the active site have been compared. This
comparative study explores the conformational modification, intermolecular interaction,
charge density distribution and the electrostatic properties of the molecule in the active site
of AChE. The lowest binding energy of huperzine A in the active site of AChE is -8.46
kcal/mol. In the huperzine A, the O(1) atom forms hydrogen bonding interaction with Tyr130
and electrostatic interaction with Gly117, whereas the nitrogen N(2) has hydrogen bonding
interaction with Tyr130 only. The carbon C(8) forms electrostatic interaction with the residue
Phe330, which shows that the molecule binds at the acyl binding pocket, which leads
huperzine A to inhibit AChE. For the molecule lifted out from the active site, it is found that
the geometry of ring 1, 1" are modified, whereas in ring 2, the geometry is not much altered,
it is almost intact. Further, the charges are redistributed and it is found high in polar bonds.
The dipole moment of the molecule in the active site is 6.85 Debye, which is higher than its
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gas phase value (5.91 Debye). Large electronegative ESP regions are found at the vicinity of
O and N-atoms in I and Il forms of the molecule, in which, the oxygen and nitrogen atoms
of (I1) are exhibit high negative ESP as it is less in the gas phase. The present active site
charge density study of huperzine A has been performed for the molecule lifted from the
active site of AChE; hence, as expected it does not include the polarization effect.
Acknowledgement. A. R. P. thanks Jawaharlal Nehru Memorial Fund, New Delhi, India, for
the scholarship to carry out this research work.
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