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Abstract

The withanolides 1–3 and 4–5 isolated from Ajuga bracteosa and Withania somnifera, respectively, inhibited acetylcholinesterase
(AChE, EC 3.1.1.7) and butyrylcholinesterase (BChE, EC 3.1.1.8) enzymes in a concentration-dependent fashion with IC50 values
ranging between 20.5 and 49.2 lM and 29.0 and 85.2 lM for AChE and BChE, respectively. Lineweaver–Burk as well as Dixon
plots and their secondary replots indicated that compounds 1, 3, and 5 are the linear mixed-type inhibitors of AChE, while 2

and 4 are non-competitive inhibitors of AChE with Ki values ranging between 20.0 and 45.0 lM. All compounds were found to
be non-competitive inhibitors of BChE with Ki values ranging between 27.7 and 90.6 lM. Molecular docking study revealed that
all the ligands are completely buried inside the aromatic gorge of AChE, while compounds 1, 3, and 5 extend up to the catalytic
triad. A comparison of the docking results showed that all ligands generally adopt the same binding mode and lie parallel to the
surface of the gorge. The superposition of the docked structures demonstrated that the non-flexible skeleton of the ligands always
penetrates the aromatic gorge through the six-membered ring A, allowing their simultaneous interaction with more than one subsite
of the active center. The affinity of ligands with AChE was found to be the cumulative effects of number of hydrophobic contacts
and hydrogen bonding. Furthermore, all compounds also displayed dose-dependent (0.005–1.0 mg/mL) spasmolytic and Ca2+

antagonistic potentials in isolated rabbit jejunum preparations, compound 4 being the most active with an ED50 value of
0.09 ± 0.001 mg/mL and 0.22 ± 0.01 lg/mL on spontaneous and K+-induced contractions, respectively. The cholinesterase inhib-
itory potential along with calcium antagonistic ability and safe profile in human neutrophil viability assay could make compounds
1–5 possible drug candidates for further study to treat Alzheimer�s disease and associated problems.
� 2005 Elsevier Inc. All rights reserved.
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AChE (EC 3.1.1.7) is a key component of cholinergic
brain synapses and neuromuscular junctions. The major
biological role of the enzyme is the termination of im-
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pulse transmission by rapid hydrolysis of the cationic
neurotransmitter acetylcholine [1]. According to the
cholinergic hypothesis, memory impairments in patients
with the senile dementia are due to a selective and irre-
versible deficiency in the cholinergic functions in the
brain [2]. This serves as the rationale for the use of
AChE inhibitors for the symptomatic treatment of AD
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in its early stages. Certain classes of intestinal spasmo-
lytics are known to have a combination of Ca2+ antag-
onist and AChE inhibitory activities. Histamine H1

blockers like promethazine and mepyramine, and H2

receptor antagonists such as cimetidine, oxmetidine,
and ranitidine have been shown to possess AChE inhib-
itory potentials [3,4]. The role of BChE (EC 3.1.1.8) in
normal aging and brain diseases is still elusive. It has
been found that BChE is present in significantly higher
quantities in Alzheimer�s plaques than that of normal
age related non-demented brains [5].

The comprehensive study of the AChE/inhibitor
complexes by X-ray crystallography has indicated a
nearly identical three-dimensional structure of the active
site, located 20 Å from the protein surface at the bottom
of a deep and narrow gorge [6]. The different positions
of the known inhibitors in the binding pocket suggest
that more than one clearly defined binding site exists
which are called esteratic and anionic subsites. Esteratic
subsite contains catalytic triad (Ser200, His440, and
Glu327) [7] and oxyanion hole forming residues
(Gly118, Gly119, and Ala201) [8]. The quaternary
ammonium-binding locus (Trp84, Phe330, and
Glu199) is responsible for binding of the quaternary tri-
methyl ammonium tail group of ACh by cation–p inter-
action [9]. The peripheral site, which is also called
peripheral anionic site (PAS), includes Tyr70, Asp72,
Tyr121, Tyr334, and Trp279 residues [10,11]. Ligand
occupation of the peripheral anionic site may allosteri-
cally change the conformation of the active center [11].
Aromatic residues lining the gorge and residues, located
at the outer rim of the gorge have been postulated to be
involved in the initial binding and guiding of the sub-
strate towards the active site [12].

The discovery of natural cholinesterase inhibitors
has been a very challenging area of drug development
due to the involvement of cholinesterases in Alzhei-
mer�s disease and other related dementias. We have
previously reported a number of new natural inhibi-
tors of cholinesterases (AChE and BChE) isolated
from indigenous medicinal plants [13,14]. The steady-
state inhibition kinetics, pharmacological profiles,
SAR and 3D-QSAR, CoMFA and CoMSIA [15–17]
studies have been conducted on a plenty of com-
pounds. Continuing our program to introduce new
drug candidates of Alzheimer�s disease, we identified
withanolides 1–5, with efficacious cholinesterase inhib-
itory potential.

The objectives of the current investigation were, first,
to identify the cholinesterase inhibitors and then to ex-
plore the possible binding modes of these compounds
in the active site of AChE by kinetics and molecular
docking studies. Second, to establish correlation be-
tween AChE inhibition and Ca2+ antagonistic potential
of compounds 1–5 for their therapeutic relevance in AD
and finally evaluation of cytotoxicity.
Experimental

The AChE and BChE inhibiting activities were measured by spec-
trophotometric method developed by Ellman et al. [18]. Electric-eel
AChE (EC 3.1.1.7), horse-serum BChE (EC 3.1.1.8), acetylthiocholine
iodide, butyrylthiocholine chloride, 5,5 0-dithiobis[2-nitrobenzoic acid]
(DTNB), and galanthaminewere purchased fromSigma (St. Louis,MO,
USA). All other chemicals were of analytical grade. Standard opera-
tional assay protocol was the same as described previously [19].

The rate of the enzymatic reaction [18] was measured by the fol-
lowing equation:

rate ðmol=L=minÞ ¼ change in absorbance=min

13; 600
.

All the kinetic experiments were performed in 96-well microtiter-plates
by using SpectraMAX 340.
Determination of kinetic parameters

The (IC50) concentration of test compounds that inhibited the
hydrolysis of substrates (acetylthiocholine and butyrylthiocholine) by
50% was determined by monitoring the effect of various concentrations
of the inhibitors in the assays on the inhibition values. The IC50

(inhibitor concentration that inhibits 50% activity of AChE and BChE)
values were then calculated using the EZ-Fit Enzyme Kinetics program
(Perrella Scientific, Amherst, USA). The interaction of compounds 1–5
with AChE and BChE can be described by the following schemes:

where ES is the AChE–ATCh or BChE–BTCh complex and P is the
product. Ki and aKi are the inhibition constants reflecting the interac-
tions of inhibitors with the free AChE or BChE and the AChE-ATCh
or BChE-BTCh complexes, respectively.

Dissociation constant/inhibition constant (Ki) was determined by
the interpretation of Dixon plot [20]. Lineweaver–Burk plot [21] and
their secondary replots using initial velocities were obtained over a
substrate concentration range between 0.1 and 0.4 mM for acetylthi-
ocholine iodide (ATCh) and 0.05–0.2 mM for butyrylthiocholine
chloride (BTCh). The dependency of Vmax/Km and Vmax on inhibitor
[I] is given by:

V max=Km ¼ ðV max=KmÞK i

K i þ ½I�

� �
) I ¼ K i

K i þ ½I� ) K i ¼ K i þ ½I�.

Non-linear regression equations were used to determine the values of
Ki, Km, and Vmax in the Lineweaver–Burk plot and Dixon plots. The
Ki value (dissociation constant/inhibition constant of AChE–inhibitor
or BChE–inhibitor complex into free AChE or BChE and inhibitor)
was determined graphically by Dixon plot and Lineweaver–Burk plots;
first, 1/Vmaxapp was calculated at each intersection point of lines of
every inhibitor concentration on y-axis of the Lineweaver–Burk plot
and then replotted against various concentrations of inhibitor. Second,
the slope of each line of inhibitor concentration on Lineweaver–Burk
plot was plotted against inhibitor concentrations. Then, replotting
slope versus various concentrations of inhibitor, Ki, was the intercept
on x-axis.
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Statistical analysis

Graphs were plotted using GraFit program [22]. Values of the
correlation coefficients, slopes, intercepts, and their standard errors
were obtained by the linear regression analysis using the same pro-
gram. The correlation for all the lines of all graphs was found to be
>0.99. Each point in the constructed graphs represents the mean of
three experiments.

Molecular docking studies

The three-dimensional structures of ligands were constructed and
optimized using the SYBYL program [23]. Energy minimization was
performed using the tripos force field with a distance gradient algorithm
with convergence criterion of 0.05 kcal/(mol Å) and maximum 1000
interactions, respectively. The FlexX [24] method was applied to dock
ligands with most of the default parameters, in the aromatic gorge of
AChE complexed with decamethonium (PDB id; 1ACL). A radius of
6.5 Å was used to define the active-site interaction points. FlexX soft-
ware is a fast and flexible algorithm for docking small ligands in binding
sites of the enzymes, using an incremental construction algorithm that
actually builds the ligands in the binding site [23]. The software incor-
porates protein–ligand interactions, placement of the ligand core, and
rebuilding the complete ligand. Docking results were analyzed by VMD
[25] and LIGPLOT [26]. All the computational studies were performed
by using computer server on a dual processor 1.5 GHz Intel-based PC
running the LINUX SUSE 8.2 (Kernel 2.4) operating system.

Spasmolytic and calcium antagonist activities

Antispasmodic activity of the compounds 1–5 was studied in iso-
lated spontaneously contracting rabbit jejunum [27]. Rabbits from a
local breed of both sexes (1.5–2.0 kg) were obtained from the animal
house of the Aga Khan Medical University (Karachi). Standard
operational protocol has been described previously [28].

Under these experimental conditions, the rabbit jejunum exhibited
spontaneous rhythmic contractions and therefore allowed the study of
the relaxant (spasmolytic) activity directly without the use of an ago-
nist. Calcium antagonist activity was confirmed by the ability of the
compounds 1–5 to relax the high K+ (80 mM)-induced contraction.

Cytotoxic evaluation

Isolation of human neutrophils. Heparinized fresh venous blood was
drawn from healthy volunteers in a local blood bank and the neu-
trophils were isolated by the method of Siddiqui et al. [29]. The iso-
lation neutrophils have been described elsewhere [28].

Assay procedure. Isolated human neutrophils (1 · 107 cells/mL)
were incubated first with test compounds for 30 min and then by the
addition of 0.25 mM WST-1 (Dojindo Laboratories, Kumamoto, Ja-
pan) in water bath shaker at 37 �C [30]. After 3 h incubation, change in
the absorbance was measured at 450 nm in 96-well plate by using
SpectraMAX 340 (Molecular Devices, CA, USA). The OD is the mean
of the five experimental replicates. The percentage (%) cell viability was
calculated by using the following formula:

percentage viability of cells ¼ fðOD test compound

� 100=OD controlÞ � 100g � 100.
Results and discussion

Withanolides 1–5, isolated from Ajuga bracteosa [31]
and Withania somnifera [32], possess an erogstane skele-
ton with lactone ring (Chart 1). The cholinesterase
inhibitory potential of these withanolides was measured
by using electric-eel (Torpedo californica) (1ACL)
AChE. Oligomeric forms of electric-eel AChE are simi-
lar to those of vertebrate�s nerve and muscle AChE [6].
Moreover, results of studies on this enzyme can be cor-
related with molecular modeling studies by the coordi-
nates of eel AChE X-ray structure. Horse-serum BChE
has similarities with synaptic AChE in primary amino
acid sequence, deduced secondary structure, and ac-
tive-site chemistry; the two enzymes also have overlap-
ping specificities for substrates and inhibitors [33].

Compounds 1–5 inhibited acetylcholinesterase
(AChE; EC 3.1.1.7) and butyrylcholinesterase (BChE,
EC 3.1.1.8) enzymes in a concentration-dependent man-
ner with Ki values ranging between 20.0 and 45.0 and
27.7–90.6 lM for AChE and BChE, respectively. Ki val-
ues were calculated by three different methods: first, the
slopes of each line in the Lineweaver–Burk plot were
plotted against different concentrations of inhibitors;
second, the 1/Vmaxapp was calculated by plotting differ-
ent fixed concentrations of substrate (ATCh or BTCh)
versus DV in the presence of different fixed concentra-
tions of inhibitors in the respective assays of AChE or
BChE. Then, Ki was calculated by plotting different con-
centrations of inhibitor versus 1/Vmaxapp, Ki was the
intercept on the x-axis. In the third method, Ki was
directly measured from Dixon plot as an intercept on
x-axis. Determination of the inhibition type is important
in understanding the mechanism of inhibition and the
sites of inhibitor binding. Lineweaver–Burk plot, Dixon
plots, and their replots indicated that compounds 1, 3,
and 5 have linear mixed-type of inhibition for AChE
as in these cases there were decrease in Vmax values with
the increase of Km. Generally, this type of inhibition is
the combination of partial competitive and pure non-
competitive type of inhibition. On the other hand, 2

and 4 exhibit pure non-competitive type of inhibition
for AChE, as in these cases there were decreases in Vmax

without affecting the affinity (Km values) of the AChE or
BChE towards the substrate (ATCh or BTCh), respec-
tively. In other words, inhibitor and ATCh or BTCh bind
randomly and independently at the different sites of
AChE or BChE, respectively. It also indicated that the
inhibition depends only on the concentration of inhibitor
and dissociation constant (Ki). Similarly, all compounds
1–5 were found to be the pure non-competitive inhibitors
of BChE. The Ki, Km, Kmaxapp, Vmax, Vmaxapp, Vmaxapp/
Km, IC50 values and the type of inhibition have been
presented in Table 1. The graphical analysis of steady-
state inhibition data of compounds 1 and 2 for AChE
has been shown in Fig. 1. Compounds 5 (Ki =
21.0 ± 0.1 lM) and 2 (Ki = 27.7 ± 0.1 lM) were found
to possess strong binding with AChE and BChE, respec-
tively. Similarly, compounds 3 (Ki = 45.0 ± 0.1 lM) and
5 (Ki = 90.6 ± 0.02 lM) displayed weak binding with
AChE and BChE, respectively.



Chart 1. Structures of compounds 1–5.
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In order to predict the interactions of compounds 1–5
in the aromatic gorge of AChE (T. californica), docking
positions with the lowest energy were achieved, indicat-
ing that the phase space has been sufficiently sampled.
Docking protocol for each ligand was repeated many
times and best docking positions with their respective
minimum energies were consistently reproduced. The
size and shape of this series of ligands supported a
gorge-spanning binding mode. Therefore, AChE co-
crystallized with decamethonium was taken as a model,
for comparison in order to monitor the performance of
our docking approach employed in this study.

The best ranking docking solutions showed that
AChE could accommodate compounds 1–5 ideally in-
side the aromatic gorge. Comparison of the docking re-
sults with aliphatic bis-quaternary inhibitors such as
decamethonium and/or aromatic ring containing inhib-
itors such as BW284C51 [34] shows that compounds 1–5
could not penetrate deep into the aromatic gorge like
these inhibitors rather remain close to the anionic
subsites. This might be due to the bulky skeleton of
compounds 1–5 as compared to BW284C51 and deca-
methonium known inhibitors of AChE. Compounds
1–5 orient themselves along the active-site gorge in such
a way that their activity can be attributed only to differ-
ent substituents at these ligands. Like DME999 [34],
compounds 1–5 span the entire AChE surface (Fig. 2)
with possibility of multiple-binding sites. The superim-
position of the decamethonium ligand in the crystal
structure of the complex (PDB entry 1ACL) with our re-
sults shows that decamethonium enters relatively deeper
into the aromatic gorge than our new inhibitors. A
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comparison of the docking results of all five ligands
showed that all compounds generally adopt the same
binding mode. This similar binding mode is not surpris-
ing, as all the ligands have almost same structure with
minor difference of functional groups (Chart 1). The
superposition of the docked structures clearly demon-
strates that the non-flexible skeleton of the ligands always
penetrates the aromatic gorge through the six-membered
ring A. Thus, ring A is placed at the bottom of the gorge
that might be due to the apparently greater hydrophobic-
ity of ring A as compared to the five-membered ring D
(Figs. 3 and 4). The compounds 1–5 under study were
found to be completely buried inside the aromatic gorge
of the AChE (see Fig. 2). This position contributes to the
stabilization of the AChE-ligand complexes, as the back-
bones of the ligands are highly hydrophobic due to their
carbocyclic character. The principal interactions holding
the ligands 1–5 in the active site of AChE (T. californica)
are summarized as follows.

Compound 1–AChE complex

Ligand 1 has interaction with all the four subsites of
the active center of AChE (Fig. 5). Ser200 forms hydro-
gen bond (3.0 Å) with the carbonyl oxygen of ring A.
Similarly, side chain carbon has hydrophobic contact
with ring A. In addition to hydrogen bonding, com-
pound 1–AChE complex is also stabilized by the hydro-
phobic contacts with PAS (Tyr121, Trp279) residues of
AChE. Trp279, located at the top of the gorge, is
thought to have the ability to regulate entry of ligand
1 into the gorge. Furthermore, compound 1 also holds
hydrophobic interactions with acyl-binding locus
(Phe290, Phe331) and choline-binding site (Trp84,
Glu199, and Phe330). In case of decamethonium only
amino acid residues of Phe331, His440, Gly441, Trp84,
Trp279, and Tyr70 of AChE have hydrophobic contacts
with the ligand. BW284C51 and E2020 bind through
their two-phenyl and quaternary amino end-groups
complexed to Trp84 and Phe330 (choline-binding) [34].
The affinity (Ki = 23.0 ± 0.1 lM) of compound 1 with
AChE may be the cumulative effect of hydrogen bond-
ing along with hydrophobic contacts with all the sub-
sites of the active center, due to the interactions with
all the four subsites of the active-site mixed-type of inhi-
bition exhibited by ligand 1 is not unexpected.

Compound 2–AChE complex

Ligand 2 binds at anionic subsites and thus hinders
access to esteratic site (Fig. 5). Amino acid residues of
PAS and choline-binding pocket of AChE play a key
role in the stabilization of compound 2–AChE complex.
Tyr70 forms hydrogen bond (3.2 Å) with carboxyl
group oxygen of ring B, while residues of Tyr121,
Tyr334, and Tyr279 interacted with the ligand through



Fig. 1. Steady-state inhibition of AChE by compounds 1 and 2. (A) The Lineweaver–Burk plot of reciprocal of initial velocities versus reciprocal of
four fixed ATCh concentrations in absence (j) and presence of 10.0 lM (.), 20.0 lM (d), 40.0 lM (m) of compound 1. (B) The Dixon plot of
reciprocal of the initial velocities versus various concentrations of compound 1 at fixed ATCh concentrations, (j) 0.4 mM, (.) 0.2 mM, (d)
0.133 mM, and (m) 0.1 mM. (C) The secondary replot of the Lineweaver–Burk plot, 1/Vmaxapp or slope versus various concentrations of compound
1. (D) The Lineweaver–Burk plot of reciprocal of initial velocities versus reciprocal of four fixed ATCh concentrations in absence (j) and presence of
10.0 lM (.), 20.0 lM (d), 40.0 lM (m) of compound 2. (E) Dixon plot of reciprocal of the initial velocities versus various concentrations of 2 at
fixed ATCh concentrations, (j) 0.4 mM, (.) 0.2 mM, (d) 0.133 mM, and (m) 0.1 mM. (F) The secondary replot of the Lineweaver–Burk plot,
1/Vmaxapp or slope versus various concentrations of compound 2.
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hydrophobic interactions. Similarly, Tyr130 in choline-
binding region forms hydrogen bond (2.8 Å) with meth-
oxy oxygen of ring E, while Trp84 has p–p stacking that
is energetically favorable to stabilize compound
2–AChE complex. Similarly, Glu199 is also strongly in-
volved in hydrophobic contacts. This residue is assumed
to make concave type of binding site that recognizes the
quaternary ammonium function. Gly117 and Gly118
can form peptide bonds with both compound 2–AChE
and free AChE [35]. The oxyanion hole formed by the
backbone NH groups of Gly118, Gly119, and Ala201
plays a critical role in stabilizing the structures of the
transition states and lowers the activation barriers of
AChE catalyzed ATCh hydrolysis. An interesting obser-
vation seen in compound 2–AChE complex is the flip of
the peptide bond between Gly117 and Gly118. As a con-
sequence, the position of the main chain nitrogen of
Gly118 in the oxyanion hole is occupied by the carbonyl
group of Gly117. This renders the oxyanion hole less
accessible to substrate and less capable of stabilizing
its tetrahedral intermediate for nucleophilic attack by
Ser200. Furthermore, the flipped conformation can be
stabilized by Gly117 that forms hydrogen bonds with
Gly119 and Ala201, suggesting that the flip of the



Fig. 3. A view showing that ligand 1 is completely buried inside the
aromatic gorge of the AChE (T. californica). Helix (red), sheet
(yellow), and loop (green).

Fig. 4. Another view of ligand 1 in the gorge, showing that it is
completely buried inside the aromatic gorge, penetrating deep into the
gorge of the AChE (T. californica). Helix (red), sheet (yellow), and
loop (green).

Fig. 2. Showing that the ligands 1–5 are completely buried inside the
aromatic gorge of the AChE (T. californica).
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Gly117–Gly118 peptide bond should be an intrinsic
property of AChE. Ligand 2 binds on anionic subsites
and has no access to the esteratic site, indicating non-
competitive type of inhibition, which is in agreement
with steady-state inhibition data (Table 1). Compound
2 (Ki =20.8 ± 0.2 lM) has a strong binding with the
AChE as compared to compound 1 (Ki =23 ± 0.1 lM)
that may be due to the strong hydrogen bonding and
hydrophobic contacts in compound 2–AChE complex.

Compound 3–AChE complex

Compound 3–AChE complex is stabilized through
the interactions involving all the four subsites of the ac-
tive center. Ser200 (catalytic residue) forms hydrogen
bond (2.8 Å) with carbonyl oxygen of ring A. PAS
(Tyr121, Trp279) has hydrophobic contacts with rings
D and E near the entrance of the active site. Choline-
binding pocket amino acid residues (Trp84, Glu199,
and Phe330) interact near the bottom of the gorge while
acyl-binding locus (Phe331) interacts with C and side
chain methyl group near the center of the gorge, respec-
tively. As previous study has revealed that proper posi-
tioning of the Glu199 carboxylate relative to the
catalytic triad can play a key role in defining its func-
tional role in the interaction of AChE with substrates
and inhibitors. In complexes involving compounds 1

and 3, Glu199 has hydrophobic interaction in the vicin-
ity of catalytic residues near the bottom of the gorge.
While in the compound 2–AChE complex, it has interac-
tion with ring E near the entrance of the gorge of AChE.
That may be favorable for the higher activity of the
compound 2–AChE complex. The low inhibitory poten-
tial of compound 3 (Ki = 45.0 ± 0.01 lM) than 2

(Ki = 20.8 ± 0.2 lM) may be attributed due to less
hydrophobic contacts and hydrogen bonding in com-
pound 3–AChE complex than in compound 2–AChE
complex. Steady-state inhibition data and docking re-
sults are in good agreement with each other, suggesting
mixed-type of inhibition of compound 3–AChE
complex.

Compound 4–AChE complex

Tyr121 is forming hydrogen bonds with epoxide oxy-
gen (3.1 Å) at ring B and hydroxyl group (2.6 Å) present
at the junction of rings A and B. PAS residues of AChE
(Asp72, Tyr334, and Trp279) are involved in hydropho-
bic contacts. Similarly, compound 4 has hydrophobic
interactions with residues of the acyl-binding locus
(Phe290 and Phe331) and choline-binding pocket
(Phe330) near the bottom and middle of the gorge,
respectively. Unique feature of compound 4–AChE
complex is that epoxide oxygen forms hydrogen bond
with Tyr121, while in other AChE–ligand complexes,
reported in this article, no such type of bond formation



Fig. 5. 2D-Schematic representation of compounds 1–5 by LIGPLOTS, showing that hydrophobic contacts and hydrogen bonding are the principal
interactions, holding the ligand–receptor complexes in stable form.
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with epoixde has occurred. This may be due to the fact
that in compound 4–AChE complex epoxide is present
at position C-6/C-7 of ring B, having a-orientation
and due to less operational steric hindrance it can form
hydrogen bond easily, while in other AChE–inhibitor
complexes it is b-oriented and cannot easily form



Table 2
ED50 values of the compounds 1–5 for their spasmolytic effect on
spontaneously contracting and high K+-contracted isolated rabbit
jejunum preparations

Compounds Spontaneous (mg/mL) High K+(mg/mL)

1 0.28 ± 0.01 0.88 ± 0.03
2 0.17 ± 0.00 0.70 ± 0.04
3 0.26 ± 0.01 0.44 ± 0.05
4 0.09 ± 0.00 0.22 ± 0.06
5 0.23 ± 0.01 0.85 ± 0.09

Compound 4 showed the highest activity with ED50 values of
0.09 ± 0.00 and 0.22 ± 0.001 lg/mL on spontaneous and K+-induced
contractions, respectively (values shown are means ± SEM of three
experimental determinations).

Fig. 5. (continued)
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hydrogen bonds with the amino acid residues present in
the vicinity. Same is true with the hydroxyl group pres-
ent at the junction of the rings A and B in ligand 4. Sim-
ilarly, interactions with the Asp72 were observed only in
compound 4–AChE complex. Asp72 of AChE (T. cali-
fornica) located at the boundary between the PAS and
the acylation site (active site) is a key residue with which
the ligands can interact. Previous study revealed that
Asp72 contributes very little to electrostatic effect to
the cationic ligands [36]. However, experiments of kinet-
ics did not provide the atomic details for the role Asp72
plays when compound 4 enters or leaves the active-site
gorge. As a negatively charged residue at the entrance
of the deep gorge, Asp72 may generate electrostatic field
affecting the cationic substrates or inhibitors. Asp72
does not often directly contact with these ligands, but
can form water bridges with ligands leaving and entering
the AChE-binding gorge acting as clamp to compound 4

and place into the active site [37]. The lower inhibitory
potential (Ki = 40.5 ± 0.05 lM) of compound 4 may
be due to the less hydrophobic contacts although
Tyr121 makes two hydrogen bonds which may be due
to unfavorable conformational changes of the ligand
with the receptor.

Compound 5–AChE complex

Compound 5–AChE complex is stabilized through
the interactions with all the four subsites of the active
center resulting in the mixed-type of inhibition, which
is in agreement with steady-state inhibition data. In
compound 5–AChE complex, carbonyl oxygen of the li-
gand at ring A forms strong hydrogen bonds with cata-
lytic triad residues Ser200 (2.0 Å) and His440 (3.0 Å).
Compound 5 also experiences hydrophobic interactions
near the entrance of the cavity with PAS (Trp279,
Tyr334) residues of AChE. Choline-binding pocket
(Phe330, Trp84) and acyl-binding locus (Phe331) resi-
dues also have hydrophobic contacts with ring C and
chain methyl group side chain of ligand 5. The higher
inhibitory potential (Ki = 20.0 ± 0.1 lM) of compound
5 may be due to strong hydrogen bonding and hydro-
phobic interactions. Due to the interactions with all
the four subsites of the active center of AChE, mixed-
type of inhibition is predicted.

Previous evidences also suggest that the AChE may
play a key role in the development of AD plaques by
accelerating b-amyloid (Ab) deposition [38] and mole-
cules able to interact exclusively with PAS or with both
catalytic and PAS-binding sites can prevent the proag-
gregating activity of AChE towards Ab [39–41]. There-
fore, compounds 1–5, PAS binding and with catalytic
triad-binding AChE inhibitors, might represent a new
therapeutic option, as these compounds should be able
to overcome the cognitive deficiency and to avoid Ab
aggregation.

In isolated tissue experiments, compounds 1–5 caused
dose-dependent (0.003–1.0 lg/mL) relaxation of sponta-
neously contracting rabbit jejunum (Table 2), com-
pound 4 being the most active with median effective



Table 3
Viability of human neutrophils (1 · 107 cells/mL) in the presence of
200 lg/mL concentration of withanolides 1–5

Compounds Viability (%)

1 96.0 ± 2.9
2 95.5 ± 4.0
3 94.3 ± 3.6
4 94.2 ± 3.0
5 98.6 ± 2.0
Galanthaminea 96 5 ± 2 5

a Positive control, mean ± SD of three experiments.
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dose (ED50) of 0.09 ± 0.001 lg/mL (mean ± SEM;
n = 3). When tested for their possible mode of spasmo-
lytic action, compounds 1–5 were also able to relax the
high K+ (80 mM)-induced contraction. Compound 4

again showed the highest potential with an ED50 value
of 0.22 ± 0.01 lg/mL (mean ± SEM; n = 3), indicating
the Ca2+ antagonistic potential. Verapamil, a standard
calcium antagonist, has exhibited a similar effect with
an ED50 of 0.2 ± 0.04 lg/mL (mean ± SEM; n = 3). It
is a well-known fact that changes in the calcium homeo-
stasis contribute towards aging, resulting in higher cor-
tical functions as calcium ions maintain a nexus
between membrane excitation and subsequent intracel-
lular enzymatic responses [42]. Verapamil and nifedipine
like calcium antagonist have also been shown to be effec-
tive in preventing old age dementia and Alzheimer�s dis-
ease mainly due to the role played by calcium in
modulating brain functions [43,44]. The proclaimed
hypothesis is to prevent calcium overload, particularly
in damaged neurons. The mechanism of cell loss in
AD may involve an influx of calcium that causes neuro-
nal dysfunction and/or neuronal death. By influencing
neurotransmitter balance and preventing excessive ele-
vation of intracellular neuronal calcium levels, com-
pounds 1–5 might be expected to prolong cell survival
and improve cell function.

In order to evaluate the toxic effects of compounds
1–5 on human neutrophils, a standard operational pro-
tocol with galanthamine as positive control was devel-
oped. Galanthamine is an AChE inhibitor and is used
as a drug for the treatment of Alzheimer�s disease. The
viability of human neutrophils (1 · 107 cells/mL) in the
presence of 200 lg/mL of compounds 1–5 has been pre-
sented in Table 3. From the results (Table 3), it is clear
that compounds 1–5 have safe profile of human neutro-
phil viability assay and possess non-toxic nature like
that of galanthamine.
Conclusions

This study was focused to identify the cholinesterase
inhibitors isolated from medicinally important plants
and to explore their possible binding modes in the active
site of AChE by kinetics and molecular docking studies.
We discovered that withanolides 1, 3, and 5 were linear
mixed-type of AChE inhibitors, while compounds 2 and
4 were found to be non-competitive inhibitors of AChE.
All 1–5 compounds were found to be non-competitive
inhibitors of BChE. Molecular docking study revealed
that all are completely buried in the aromatic gorge of
AChE, they are not as deep as decamethonium. That
might be due to the bulky skeleton of these ligands.
They have almost similar binding mode, which was
not unexpected as all the ligands have similar structure
with different functional groups. AChE–ligand complex-
es in this class of compounds are mainly stabilized
through hydrophobic interactions and hydrogen bond-
ing, especially with the amino acid residues of PAS of
AChE. As b-amyloid aggregating property of AChE
during the early stages of AD can be inhibited by non-
competitive or mixed-type of inhibitors can prevent
the proaggregating activity of AChE towards Ab.
Therefore, compounds 1–5, PAS binding and/or with
catalytic triad-binding AChE inhibitors, might represent
a new therapeutic option, as these compounds should be
able to overcome the cognitive deficiency and to avoid
Ab aggregation.

Therefore, it can be concluded that strong interac-
tions of compounds 1–5 with the PAS or with both
PAS and catalytic triad residues of AChE indicate high
inhibitory potential against AChE and consequently
AChE-induced b-amyloid aggregation. Furthermore,
compounds 1–5 also showed dose-dependent spasmolyt-
ic and Ca2+ antagonistic activities in isolated rabbit jeju-
num preparations. That can be helpful in preventing the
excessive elevation of intracellular neuronal calcium le-
vel, and prolonging the cell survival and function. Thus,
we can say that the Ca2+ antagonistic potential com-
bined with cholinesterase inhibitory activities and safe
profile in human neutrophils viability assay could make
compounds 1–5 candidates for further study to treat
Alzheimer�s disease and associated problems. Further-
more, the observed binding modes of compounds 1–5
in the active site of AChE explain the affinities of a series
of withanolides and thus can provide a rational basis for
the structure-based drug design with improved pharma-
cological properties.
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