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Abstract Nonmuscle myosin heavy chain IIA (NMMHC
IIA, gene code: MYH9) plays a critical role in physiological
and pathological functions. A homology model of NMMHC
IIAwas constructed based on the crystal structure of smooth
muscle myosin II. Blebbistatin, a myosin II ATPase inhibi-
tor, had been found to bind to NMMHC IIAwith Leu228 as
the important amino acid residue and van der Waals contacts
as the main force of the interaction. The final complex
demonstrated that the destruction of the salt bridge occurred
between the Arg204 and Glu427 residues when blebbistatin
was present. Molecular dynamic simulation of the complex
showed that the binding affinity of blebbistatin to NMMHC
IIA was strongly sensitive to the nucleotide binding region
and actin binding region. The disturbance of the two regions
increased the enhancement of the binding cavity with bleb-
bistatin and resulted in a slightly more expanded conforma-
tion in the nucleotide binding region and actin binding
region. A combined pharmacophore- and docking-based
virtual screening was performed to identify several saponins
as potential inhibitors for NMMHC IIA. These findings
introduce new insights on the binding mode of blebbistatin
and NMMHC IIA and novel leading compounds from nat-
ural products for NMMHC IIA-related diseases.
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Introduction

Myosin is the main motor protein in many muscle
organs, and its interaction with actin is a key process
in many physiological and pathological functions. Most
myosins belong to class II, whose major function is to
supply contractile force for muscles. Myosin II can be
divided into muscle protein II and nonmuscle protein II
[1]. There are three subtypes of nonmuscle myosin II:
nonmuscle myosin IIA, B and C, coded by three differ-
ent genes named MYH9, MYH10 and MYH14 in
humans [2]. Nonmuscle myosin IIA (NMMHC IIA) is
the primary subtype and plays a fundamental role in cell
adhesion, migration, proliferation and differentiation [3,
4], etc. NMMHC IIA has recently been proposed to be
a potential target for various diseases. The role of my-
osin in platelet contractile phenomena and outside-in
signaling accounts for the strong hemostatic defects
observed in mice with disruption of MYH9 [5]. It might
also act as an HSV-1 entry receptor and a new target
for antiviral drug development [6]. A recent study dem-
onstrated that over-expression of let-7f in gastric cancer
could inhibit invasion and migration of gastric cancer
cells through directly targeting the tumor metastasis-
associated gene MYH9 [7]. Moreover, the activation of
myosin II could also promote autophagosome formation
during starvation [8]. Our previous study also identified
NMMHC IIA as a potential target of cardio cerebral
vascular diseases based on a molecular probe from a
natural product [9]. Thus, NMMHC IIA is responsible
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for transmitting and regulating targets in signaling
pathways.

It is widely accepted that inhibitors can be a useful
tool in illuminating the function of proteins. As an
inhibitor of myosin II ATPase activity [10, 11], blebbis-
tatin is commonly used to explore the function of
NMMHC IIA [12–15]. Blebbistatin was recently found
to inhibit the interaction of actin-myosin in isolated
contractile proteins [16]. The X-ray crystal structure of
Dictyostelium discoideum myosin II gave a clear de-
scription of the active cavity and the interaction mode
of blebbistatin with myosin II [17]. The blind docking
of blebbistatin on the myosin head elucidated the struc-
tural basis of the interaction of switch I with blebbista-
tin [11]. However, there have been few detailed reports
about the interaction mechanism between blebbistatin
and NMMHC IIA. Moreover, other novel or specific
NMMHC IIA inhibitors are of great interest to explore
due to NMMHC IIA’s important role in many diseases.

Virtual screening is rapidly becoming a popular alter-
native to high throughput screening because it is less
time consuming and allows researchers to narrow the
search to a relatively small set of promising compounds
[18]. Structure-based virtual screening methods might
improve the probability of identifying hits using a pro-
cess that generates queries from ligand-receptor interac-
tion information followed by cluster analysis coupled
with the exclusion volumes. Meanwhile, a combined
pharmacophore- and docking-based virtual screening
attempted to better identify the potential inhibitors for
NMMHC IIA. Protein homology modeling is currently
the most accurate method for the prediction of three-
dimensional structure models. In the present study, we
constructed a homology model of NMMHC IIA and used
molecular dynamic simulation to analyze the interaction
mechanism of blebbistatin and NMMHC IIA. We found
that the formation of the salt bridge and the change of
functional regions were index of functional alteration,
and we carried out a combined pharmacophore- and
docking-based virtual screening against NMMHC IIA,
which resulted in a series of compounds with predictive
noticeable inhibition from natural products. These find-
ings shed new light on the binding mode of blebbistatin
and NMMHC IIA and on novel leading compounds for
NMMHC IIA-related diseases.

Materials and methods

Homology modeling and refinement of protein

The blast searches by Discovery Studio2.5 (Accelrys Inc.,
San Diego, CA) [SP1] and Sybyl6.9 (Tripos Inc., St.

Louis, MO) [SP2] both showed that PDB: 1BR2 was
the most homologous protein to NMMHC IIA. PDB:
1BR2 represented the visualization of the pre-power
stroke state with the resolution of 2.9 Å. Sequence align-
ment showed that the whole sequence of NMMHC IIA
exhibited quite high 74.0 % identity and 81.8 % similar-
ity to 1BR2 (Fig. 1). NMMHC IIA sequence was down-
loaded from the UniProt protein knowledge database with
accession number P35579; the finder template was down-
loaded from the RCSB protein data bank. The functional
region shared a series of highly conserved key residues
in the nucleotide binding region (139–146) and actin
binding region (551–573) (Fig. 1). A three-dimensional
structural model was constructed based on the
corresponding domains of 1BR2. Multiple alignments
were implemented between 1BR2 and NMMHC IIA by
clustal x1.83 of Vega zz2.2.0 [SP3]. The three-
dimensional structure model of NMMHC IIA was gener-
ated by Discovery Studio2.5. The insertions of the target
sequence were dealt with as loops. Twenty basic models,
qualified by probability density function energy (PDF
energy), were generated at last. And the discrete opti-
mized protein energy (DOPE energy) score based on
statistical potentials was employed as another strategy to
measure the quality, when the PDF energy values were
extraordinarily close to each other. Finally, the model
with the lowest PDF energy (3,097.87) and DOPE score
(−55,459.3) was adopted for next study. For the purpose
of refinement, all simulations were carried out using MD
software package Gromacs3.3 on an IBM System X3400
[SP4] server with the Amber03 force field. Subsequent
MD simulations were first performed under a 50 ps
tethered MD simulation followed by a 4 ns untethered
MD simulation until balanced. The temperature was kept
constant at 300 K under coupling isotropic pressure. The
structure was solvated with water molecules in a cubic
simulation box (9×9×9 nm). Chloride ions were added as
counter ions to provide eletroneutrality. An integration
time step of 2 fs was used. Electrostatic and van der
Waals contacts were dealt with, respectively, by the par-
ticle mesh Ewald (PME) method and the truncated value
method (cut-off) process. All bond lengths were con-
strained using the LINCS algorithm.

Pose validation, molecular preparation and docking

Considering different state and sequences of the myosin
models, the binding cavity was found by assistant meth-
ods based on the literature data [17]. The precise binding
cavity was determined via CH3 probe by Q-sitefinder
[SP5] and blind docking by Autodock3.05 [SP6]. Bleb-
bistatin was extracted from 1YV3 and applied to all
hydrogens and Gastiger-Huckel charges in Sybyl in the
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tripos force field under an implicit solvent environment.
The minimization steps included 1000 cycles of steepest
descent until satisfying the convergent threshold of 0.05
kcal−1·Å−1. Initial complex conformation was generated
based on Glide4.5 (Grid-based ligand docking energet-
ics4.5) (Schrödinger LLC, New York, NY, USA) [SP7]
program. The steps were as follows: Blebbistatin and
homology model of NMMHC IIA were prepared using
ligprep and protein preparation wizard in Maestro 8.0
[SP7] adding hydrogen atoms and desalting. The next
step comprised the grid generation performed by box
size (32×32×32 Å). In this step a distinct area of the
structure was defined, in which the docking was per-
formed. The grid box was manually positioned to com-
prise the whole ligand binding site. The docking step
was performed using the generated grid files and the
prepared ligands, with the advanced option set as
14×14×14 Å. The initial complex conformation was
subjected to further molecular minimization by Gro-
macs3.3 on an IBM system X3400 server in the AM-
BER03 force field environment. Topology parameters
were self-generated by the Dundee Prodrg2 server. The

same steps described for optimizing protein alone were also
used for bound complexes.Molecular graphics were inspected
in molecular virtual viewer1.2.0 (Molegro) [SP8] and Discov-
ery Studio; two-dimensional figures were created in Excel and
Grace.

Virtual screening for novel inhibitors

Current ligand-based computational methods often ignore
the intricate details of binding site shapes and focus only on
the key pharmacophore elements as the query. Thus, they
often miss critical information during the virtual screening
process, resulting in an increased number of false positives.
Structure-based virtual screening methods, which seek to
find effective means to utilize experimental receptor struc-
ture information, have been reported recently. These meth-
ods can be coupled with interaction data to improve the
probability of identifying hits. They use a process that gen-
erates queries from ligand-receptor interaction information
followed by cluster analysis to identify the best set of
spheres to represent the shape of the binding site. Binding
site exclusion volumes are also considered during the virtual

Fig. 1 Alignments
implemented between PDB:
1BR2 and NMMHC IIA by
clustal x1.83 of Vega zz2.2.0.
Red spheres represented
alignments for nucleotide
binding region and blue spheres
represented alignments for actin
binding region

J Mol Model (2013) 19:1801–1810 1803



screening process. These methods are thus designed to
increase the efficiency of database searching while tak-
ing into account the topographical constraints of the
target binding site to help reduce the false positive rate.
Meanwhile, docking studies attempted to include the
possible interactions at the binding site, thus further
screened the candidate molecules. Then the binding
mode of blebbistatin to NMMHC IIA was defined by
the interaction pattern of its pharmacophore. The results
were clustered to two features to identify the best phar-
macophoric features by the common feature pharmaco-
phore generation module. The features involved two
hydrogen bond acceptors, hydrogen bond donors and
hydrophobic groups. The exclusion model was defined
using C atoms with a radius of 10Ǻ around the query.
The final structure-based query was put into an in-house
natural products drug database containing 12,006 mole-
cules to screen potential inhibitors. In the docking
study, the returned hits of the candidate molecules were
prepared using the ligprep module in Maestro8.0. The
structure of homology model of NMMHC IIA was pre-
pared using the protein prepare wizard to generate the
grid file. The grid generation was performed by box
size (32×32×32 Å). The sets of compounds were eval-
uated using Glide in the precise mode. The precise
docking provided an accurate score and rank for docked
compounds. G-score was used to score and rank the
docked compounds for Glide.

Results and discussion

Analysis of homology model and binding cavity
of NMMHC IIA

The refined homology model of the minimized model
was confirmed to have reasonable residue distributions
with approximately 91.9 % favored residues according to
the Ramachandran plot (Fig. 2), while disfavored resi-
dues were located away from the cleft region [SP9]. The
Profile-3D score of the model (312.8) was over the
expected low score (153.874) and was 83.00 % of the
expected high score. This close alignment allows for the
production of a rational homology model of NMMHC
IIA. Docking results showed a good fit with the green
lyophobic grids of the potential active cavity predicted by
Q-sitefinder. Most of the top sixty molecules via Auto-
dock were located near or at the interface of the cleft
region (Fig. S1).

Trajectory analysis of blebbistatin with NMMHC IIA

As shown in Fig. 3, the global heavy atom RMSD of the
complex was larger than that of the protein alone in the first
500 ps. This difference showed the structural change initi-
ated by blebbistatin. After 500 ps, the RMSD clearly
showed that the complex conformation became smaller dur-
ing the dynamic process compared with the starting

Fig. 2 Ramachandran plot of
NMMHC IIA generated by
Procheck
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structure. Blebbistatin limited the flexibility of surrounding
residues during interactions with them. We performed these
simulations to determine the possible interaction mechanism
for conformational change. Although the protein appeared
rigid as a whole, the binding of inhibitor was very sensitive
to functional domains. The complex of blebbistatin and
NMMHC IIA balanced after 2000 ps, as reflected by the
small overall RMSD values. The final complex conforma-
tion extracted during 2000–3000 ps was used for further
analysis and experimental verification.

To compare the relative disturbance of blebbistatin at the
NMMHC IIA binding site and to assess its contribution to
the conformational change of functional regions, we mea-
sured the deviations from the original complex structure of
blebbistatin and NMMHC IIA (Fig. 4). As in the case of X
regions, we measured the change of RMSD between atoms
Glu201 and Ser203 (201–203) during the molecular dynam-
ic simulation. The X region was observed to depart with
RMSD 0.2149 Å. In the crystal structure of the active A, B
and C regions (all positioned close to the nucleotide binding
region), the RMSD of Phe400 and Phe405 (400–405) was
0.2587 Å, Asp171 and Ser174 (171–174) was 0.2345 Å,
Ser117 and Gly120 (117–120) was 0.2924 Å. The D region
of the actin binding region including Lys619 and Lys623
(619–623) was altered with RMSD 0.3212 Å. Knowing that
the overall superimposition RMSD of Cα of NMMHC IIA
is 0.1665 Å, these differences show that the structural
changes started after binding with blebbistatin. This finding
suggests that the binding affinity of blebbistatin with
NMMHC IIA was strongly sensitive to active functional
domains. Although the binding cavity was at a relatively
far distance from the actin binding region, binding with
inhibitors resulted in destabilization of local conformational
regions. The disturbance of the functional regions increased
the enhancement of the binding cavity with blebbistatin and
acquired a slightly more expanded conformation in the
nucleotide binding region and actin binding region. We
intended to research the complex of the actin-NMMHC
IIA-inhibitor further with a longer molecular dynamic study.

Fig. 3 RMSD for heavy atoms of blebbistatin (green), NMMHC IIA
(black), and the complex (red) of blebbistatin and NMMHC IIA during
the molecular dynamic simulation

Fig. 4 Main differences
between the Cα positions of the
structure of complex (gray) and
optimized complex (pink green)
after refinement. The salt bridge
figure represented the
comparison of the H-bond dis-
tance between Arg204 and
Glu427 before (deep green) and
after (pink green) the molecular
dynamic simulation. The sky
blue misty spheres represented
the nucleotide binding region,
the green misty spheres repre-
sented the actin binding region
and the purple spheres repre-
sented the conserved pre-stroke
pathway [27]
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Analysis of interaction residues and forces

Low RMSD was obtained by the superposition of NMMHC
IIAwith the crystal structure of 1YV3 (RMSD: 0.1844). The
key conserved residue Leu228 formed the same H-bond
with the hydroxyl group of blebbistatin, which was almost
identical to Leu262 in 1YV3 (Fig. 5). Leu228 achieved the
highest frequency of occurrence in H-bond, van der Waals
contacts, hydrophobic forces among interacting residues as
determined by the Molegro software (Fig. 5) (Table 1).
Energy terms of Xscore [SP10] indicated that van der Waals
and contacts were the main interaction forces. Except for
constant items, van der Waals contacts took 61.2 %,
72.93 % and 57.63 % of the total scores in HPscore,
HSscore and HMscore, respectively.

Virtual screening for novel inhibitors of NMMHC IIA

A total of 147 compounds were returned as the hits from
12,006 molecules from an in-house database. Then 147
molecules were evaluated using Glide to rank the molecules.
Fifty two molecules owned the higher docking scores com-
pared with G-score (−27.7446) between the reference mol-
ecule blebbistatin and NMMHC IIA. The top ten hits
returned from structure-based virtual screening were shown
in Table 2. The stem nuclei belonged to a large group of

compounds arranged in a four or five ring configuration of
carbons. The hits mostly belonged to the group of saponin
compounds mainly triterpenoid saponin, such as ganoderic
acid I, lucidenic acid B, digitoxin, proscillaridin A and
protopanaxatriol. The two top docking ranked molecules
(ganoderic acid I and protopanaxatriol) showed a good fit
with all the features of the pharmacophore. Compound 1
(CAS no. 98665-20-4; ganoderic acid I): 3-hydroxyl was
mapped by hydrogen bond donor pharmacophore well. The
hexatomic ring consisting of atoms 8, 9, 11, 12, 13 and 14
was fitted by hydrophobics pharmacophore. 11-carbonyl
was fitted by hydrogen bond acceptor pharmacophore,
while the 27-carboxyl was fitted by hydrogen bond acceptor
pharmacophore (Fig. 6a-1). Compound 2 (CAS no. 1453-
93-6; protopanaxatriol): 3-hydroxyl was mapped by hydro-
gen bond donor pharmacophore well. The hexatomic ring
consisting of atoms 8, 9, 11, 12, 13 and 14 was fitted by
hydrophobics pharmacophore. 12-hydroxyl was mapped by
hydrogen bond acceptor pharmacophore, while the ethyl-
enic linkage between 24 and 25 atoms was mapped by the
hydrophobics pharmacophore (Fig. 6b-1).

To understand the mechanism and to aid future lead
optimization studies, we performed docking on the two
most potential compounds with the homology model of
NMMHC IIA in Maestro8.0. As shown in Fig. 6a-2, com-
pound 1 bound to the cleft region via two hydrogen bonds

Fig. 5 Blebbistatin binding
cavity and contact residues for
NMMHC IIA. a Key residue
interacting with blebbistatin. b
The complex conformer via
Glide docking. Different colors
represented the region
according to the KD.
Blebbistatin is shown by CPK
style in dark blue. c 5Ǻ residues
around the blebbistatin binding
site. (C-1): H-bonds were
marked with dashed green
lines; (C-2): van der Waals
contacts were marked with
dashed violet lines; (C-3): hy-
drophobic forces
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from the 7-hydroxyl of Lys231 and the carboxyl of Gln623.
Compound 2 (Fig. 6b-2) formed three hydrogen bonds from
the 3-hydroxyl of Lys231, 12-carboxyl of Leu229 and 20-
hydroxyl of Thr226. These interactions could as least par-
tially stabilize the conformation of the substituted residues.
Likely, the tetracyclic triterpene stem nuclei of both com-
pounds arranged in a four ring configuration of carbons
pointed into the cleft region, while it appeared to interact
by the strong hydrophobic interactions with surrounding
residues.

Discussion and conclusions

Its close relationship with various diseases implies that
NMMHC IIA might be a potential target and transmitter in
physiology and pathology. There is a dire need to explore
the interaction mechanism between blebbistatin and
NMMHC IIA. However, because there is no crystal struc-
ture of NMMHC IIA available, a homology model structure
of NMMHC IIAwas built with the crystal structure of 1BR2
due to the high identity and the suitable state for analysis.
The obtained model was consistent with the results of res-
idue distribution experiments. This observation suggests
that the homology model is useful for experimental studies
on the interaction mechanism between blebbistatin and
NMMHC IIA. Blebbistatin was traced to the region distant

Table 1 The interacting residues analyzed by the Molegro molecular
viewer

Residue ID Total energy (kJ mol-1)

Lys 231 −4.2817

Leu 228 −4.0409

Leu 229 −3.7546

Val 616 −2.7039

Glu 393 −1.6931

Tyr 620 −1.5330

Lys 557 −1.2093

Glu 435 −1.1224

Arg 397 −1.0791

Phe 434 −1.0212

Leu 619 −0.9916

Glu 230 −0.5621

Thr 226 −0.4373

Tyr 227 −0.3043

Gln 623 −0.1769

Ser 232 −0.1394

Asp 560 −0.1104

Cys 438 −0.1033

Phe 396 −0.1006

Gly 617 −0.0928

Table 2 Top ten hits returned from virtual screening

CAS 
number 

Compound Pharmacophore 
fit value 

Docking 
G-score  

98665-20-4 4.297 -31.1084 

1453-93-6 4.187 -31.0943 

95311-95-8 3.167 -31.0931 

29070-92-6 3.354 -31.0712 

156667-10-6 3.174 -31.0410 

400604-10-6 3.398 -30.6828 

6892-79-1 3.417 -30.5109 

18649-93-3 3.023 -30.0141 

466-06-8 3.568 -29.9610 

71-63-6 3.498 -29.8675 
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from the nucleotide binding region and actin binding
region. However, blebbistatin resulted in a functional con-
formational change that is characteristic of noncompetitive
inhibitors [10]. In noncompetitive inhibition, the inhibitor
binds to an enzyme at a site other than the active site and
reduces the activity of the enzyme whether it has already
bound the substrate. Therefore, blebbistatin was consid-
ered not only noncompetitive with the substrate of ADP
or ATP, but also of importance to the function of ATPase
at relatively distant sites.

We needed to investigate how blebbistatin exerted effects
on relatively distant functional regions. The process of my-
osin and its inhibition by blebbistatin was monitored by
molecular dynamic simulation. The simulation time should
be able to observe the changes responsible for the illumina-
tion of the mechanism. The formation of the salt bridge had
the changes within 1.25 ns simulation [19, 20]. Computa-
tional results showed the role of water molecules in regulat-
ing the formation of the salt bridge within 1 ns [21]. The
disturbance signal extended over the motor domain in
150 ps and induced slowly varying collective motions of
atoms at the actin binding site and the junction with the neck
[22]. Combined with those two parts, enough conformation-
al changes would be expected in 4 ns to justify the con-
clusions. The myosin templates differentiate in their active
and inactive forms that are important for the next docking
analysis and molecular dynamic simulation. PDB: 1BR2
presents a description of the visualization of the pre-power
stroke state as well as the highest identity. Meanwhile,
blebbistatin showed a great affinity for the blocked state of

the motor head region [11] under the pre-stroke state, and
blebbitatin may only form the salt bridge when the recep-
tor is under the pre-stroke state. Thus the three-
dimensional homology model might be constructed based
on the corresponding domains of 1BR2 with the visuali-
zation of the pre-power stroke state [23]. The accurate
state for the homology model would be meaningful for
illuminating the action mechanism for the blebbistatin. We
proposed that binding with blebbistatin could stabilize the
conformation of the motor head region [17] and hinder the
formation of the salt bridge. The blebbistatin with high
binding affinity strongly stabilized the head conformation
in the pre-stroke state [24]. Based on the two water
molecules hypothesis [25], residues of Arg in switch-1
and Glu in switch-2 [26] tilted toward each other to
quickly form a stable salt bridge from 6 Å to 3 Å during
the recovery state transition to the stroke state [19]. The
salt bridge facilitates ADP, Pi and energy [27], promoting
the power-stroke state by providing a favorable cavity for
ATP hydrolysis (Fig. 3). The existence of the inhibitor
might hinder two key residues from approaching to form
the salt bridge. Arg204 and Glu427 shifted slightly from
the original position of 8.335 to 8.234 (Fig. 2), rather than
the 3 Å of the salt bridge. The formation of the salt bridge
differed from that under the active form that was
destroyed by the combination with blebbistatin having an
influence on ATP hydrolysis. The inhibition mechanism of
bebblistatin for the ATPase in the NMMHC IIA could be
explained that it hinders the formation of the salt bridge,
thus unfavorable for ATP hydrolysis.

Fig. 6 Pharmacophore mapped
by compound 1 (A-1) and 2 (B-
1). Stick representations of
compounds 1 and 2.
Pharmacophore features were
color coded as follows: cyan
spheres: hydrophobics, green
spheres: hydrogen bond donor,
red spheres: hydrogen bond
acceptor and gray spheres:
exclusion volume. Binding
models in homology model of
NMMHC IIA from docking for
compounds 1 (A-2) and 2 (B-
2). Stick representations of
compounds 1 and 2 in the
homology model of NMMHC
IIA cavity. The hydrogen bond
was shown as a green dashed
line
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Although functional regions (inhibitor binding cavity,
nucleotide binding region and actin binding region) are
rather different in their position numbers, they are spa-
tially in close proximity and can interact with each other
[17]. The effect of the disturbance due to ATP hydrolysis
in the nucleotide binding pocket was found to spread
throughout the myosin head in the form of modulation
of thermal fluctuations [28]. The signal was transmitted
to the tail part of myosin and induced large swinging
deviations of the converter and generated an external
force when the lever arm was fixed to a heavy filament.
Five regions (A, B, C, D and X) positioned, respectively,
close to the inhibitor binding cavity, nucleotide binding
region and actin binding region were observed to have
conformational alterations with large deviations of
RMSD. We deduced that the integrated signals acting
on the converter or lever arm should include an extra
conformational disturbance induced by binding with bleb-
bistatin. In sum, blebbistatin was fundamental in hinder-
ing the formation of the salt bridge and inducing a
conformational disturbance, resulting in the functional
alteration of ATP hydrolysis and large deviations of the
converter and lever arm.

Due to the features of noncompetitive inhibitors, the
hits obtained from the virtual screening were likely to
possess a wide variety of structural characteristics. The
pharmacological functions of Chinese herbal remedies
were more widespread than those of western drugs. It
is therefore important to screen novel inhibitors from
the database derived from natural sources. The results of
the combined pharmacophore- and docking-based virtual
screening showed that the hits mostly belonged to the
group of saponin compounds. There were mainly two
kinds of structures including tetracyclic triterpenes and
pentacyclic triterpenes, among which tetracyclic triter-
penes covered a large proportion. Some common prop-
erties were observed in the pharmacophore and binding
modes. The pharmacophore map (Fig. 6a-1 and a-2)
showed the 3-hydroxyl was well fitted by the hydrogen
bond donor pharmacophore, meanwhile the tetracyclic
triterpenes with 2-, 3-, 4- hydroxyl could have good
fit with pharmacophore. The hexatomic ring consisting
of atoms 8, 9, 11, 12, 13, 14 were all mapped with the
hydrophobics pharmacophore. The carbonyl and carbox-
yl on the 22–27 positions were beneficial for hydrogen
bond acceptor pharmacophore. The binding mode
showed the backbone of tetracyclic triterpenes preferred
to bind into the cleft region, while it appeared to inter-
act with the strong hydrophobic interactions with sur-
rounding residues. The side chain often substituted with
carbonyl, hydroxyl and carboxyl were located in the
back of the cavity, providing the possibility to be in-
volved in the water mediated hydrogen bond bound.

Whether these saponins might inhibit NMMHC IIA
ATPase activity as blebbistatin does need to be investi-
gated in future studies.

Overall, our present work facilitates understanding of the
interaction mechanism of blebbistatin with NMMHC IIA
and presents an opportunity for further research on more
potential inhibitors.
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