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This is a sequel to the previous study in homology modeling and structural analysis of human N-acetyl-alphaneuraminidase 3 (NEU3). Further analysis was performed with a software package the Molecular Operating
Environment. A human NEU2 (PDB code: 1VCU) was selected as a template for the 3D structure modeling of
NEU3. The superimposition and root mean square deviation analysis indicated that the modeled NEU3 showed
significant 2D and 3D similarities to NEU2. The molecular electrostatic potential (MEP) map of the NEU3 model
exhibited that the model was different from the NEU2 model electrostatically at the LBS. Further, docking
simulations revealed the similarity of the ligand-receptor bound location between the NEU2 and 3 models. The
different binding orientations between the N-acetyl-2,3-dehydro-2-deoxyneuraminic acid (DANA)-NEU2 and
DANA-NEU3 complexes reflected the different MEP maps at the LBSs between the NEU2 and 3 models. The
docking simulation revealed that DANA possibly inhibits functions of NEU3 interfering with Arg25 and Asn88.
These results indicate that the NEU3 model was successfully modeled and analyzed. Our data verify that the
model can be utilized for application to target NEU3 for the development of anticancer drugs.
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INTRODUCTION

Gangliosides are commonly found in the outer leaflet of
the plasma membrane bilayer and contain sialic acids
with their sugar chains extend out from the cell surface
[1]. Gangliosides have been considered to play
important roles in different biological events, such as
cell-to-cell interactions and signal transduction [2,3].
They have also been reported to induce immune cell
dysfunction [4]. Crucial roles played by gangliosides
were recognized in the development of cancer. In
particular, monosialosyl galactosylgloboside increased
metastatic potential and was inversely correlated with
patient survival with renal cell carcinoma [5]. GD3
ganglioside and its derivatives have also been
demonstrated to promote melanoma cell proliferation
and invasion [6-9]. Moreover, GM3 ganglioside and its
variants have been suggested to interact with
microtubules and intermediate filaments and also bind
to epidermal growth factor receptor (EGFR), regulating
cancer cell migration, invasion and the activity of EGFR
[1-3,10,11]. The poor expression of gangliosides in
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normal cells and their higher expression in cancer cells
also suggest that they play important roles in
development and progression of cancer [7,12].

The alteration of the enzymatic mechanisms that
regulate ganglioside synthesis could be critical in
determining the cancer cell ganglioside composition. In
particular,
α-2,3-sialyltransferase,
α-2,8-sialyl
transferase
and
β-1,4-N-acetylegalactosaminyl
transferase have been reported to be deregulated in
cancer cells [5,8,13,14]. Similarly, the plasma
membrane-associated
sialidase
N-acetyl-alphaneuraminidase 3 (NEU3, EC = 3.2.1.18) has been shown
to be highly altered in cancer cell lines compared with
normal cells [15,16]. NEU3 was ascribed to the enzyme
responsible for the modifications of the ganglioside
composition in the membrane and considered as a
modulator of AKT phosphorylation [17]. Aberrant
overexpression of NEU3 was observed in several
neoplastic conditions, such as colon, ovarian, renal,
prostate and skin cancer, and NEU3 was attributed to
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be one of the key triggers of cancer development and
progression [9,15,16,18].

In the previous report, homology modeling and
structural analysis of NEU3 were performed with a
software
package
the
Molecular
Operating
Environment (MOE), utilizing a human NEU2 (PDB
code: 1SNT) as a template for the 3D structure
modeling of NEU3 [19]. The modeled NEU3 showed
significant 2D and 3D similarities to NEU2, and the
contact energy profiles of the NEU3 model were in good
agreement with those of the NEU2 structure.
Furthermore, Ramachandran plots revealed that only
2.5% of the amino acid residues were in the disfavored
region for NEU3 [19]. In the present study, further
structural analysis of the homology modeled NEU3,
focusing on the structural comparisons of the NEU
models, electrostatic potential surfaces and ligandprotein interactions, will be presented.

MATERIALS AND METHODS

Homology modeling of NEU3
Homology modeling of NEU3 was executed as
previously reported [19]. In brief, the NEU3 (NCBI
reference sequence: NM_006656) [20] and the crystal
structure coordinates of NEU2 (PDB code: 1VCU) [21]
were loaded into the MOE. The primary structures of
NEU2 and NEU3 were aligned, carefully checked to
avoid deletions or insertions in conserved regions and
corrected wherever necessary. A series of the NEU3
model were independently constructed with the MOE
using a Boltzmann-weighted randomized procedure
[22] combined with specialized logic for the handling of
sequence insertions and deletions [23]. There were no
differences in the numbers and organizations of the
secondary structural elements and no significant main
chain deviations among the 10 models generated for
NEU3. The model with the best packing quality function
was selected in the study for full energy minimization
and further inspection.

Assessment of the modeled structure
Assessment of the modeled structure of NEU3 was
executed as previously reported [19]. In brief, the
overall geometric and stereochemical qualities of the
final modeled structure of NEU3 were examined using
Ramachandran plots generated within the MOE [24,25].
The qualities of the protein folds of the NEU3 homology
model were evaluated with the MOE by calculating the
effective atomic contact energies, comprising the
desolvation free energies required to transfer atoms
from water to the interior of the protein [26]. Briefly,
the contact desolvation energies were calculated for 18
different atom types of the 20 common amino acids
that were resolved based on the clustering pattern of
their properties. The contact potentials for each atom
type were measured within a contact range of 6 Å by
explicitly accounting for neighboring interactions.
Molecular electrostatic potential (MEP) mapping
Electrostatic potential surfaces were calculated by
solving the nonlinear Poisson-Boltzmann equation
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using a finite difference method as implemented in the
MOE. The molecular electrostatic interactions form a
crucial part of the non-covalent interaction energy
between the molecules. The MEP on a molecular
surface can be used to visually compare different
molecules, analyze docking studies and identify sites
that interact with ligands. For example, the surface MEP
was utilized to relate a nucleotide mutation with the
potential values [27]. In the present study, the MEP was
colored in deep blue to indicate the most positive
potential and in deep red to represent the most
negative potential.
Binding site selection and exploration
The binding site selection and exploration for NEU3
was executed as previously reported [28]. In brief, the
Site Finder module of the MOE was used to identify
possible substrate-binding pockets within the newly
generated 3D structures of NEU3. Hydrophobic or
hydrophilic alpha spheres served as probes denoting
zones of tight atom packing. These alpha spheres were
utilized to define potential ligand-binding sites (LBSs)
and as centroids for the creation of dummy ligand
atoms [29,30]. The dummy atoms were matched to the
corresponding
alpha
spheres
during
the
characterization of the LBSs in NEU3. This method
generates bound conformations that approach
crystallographic resolutions [31].

Alpha sphere and excluded volume-based ligandprotein docking (ASE-Dock)
The docking and analysis of the ligand-protein
interaction between sialic acid and NEU3 were also
performed with ASE-Dock in the MOE as previously
reported [28]. In brief, in the ASE-Dock module, ligand
atoms have alpha spheres within 1 Å. Based on this
property, concave models are created and ligand atoms
from a large number of conformations generated by
superimposition with these points can be evaluated
and scored by maximum overlap with alpha spheres
and minimum overlap with the receptor atoms. The
scoring function used by ASE-Dock is based on ligandprotein interaction energies and the score is expressed
as a Utotal value. The ligand conformations were
subjected to energy minimization using the MMFF94S
force field [32]. From the resulting 500,000 poses, the
200 poses with the lowest Utotal values were selected for
further optimization with the MMFF94S force field.
During the refinement step, the ligand was free to move
within the binding pocket.

RESULTS AND DISCUSSION

Structural comparisons of the NEU models
The 1D sequence of NEU2 and 3 were realigned and
reinspected for the superimposition analysis in the
MOE (Fig. 1). Root mean square deviation (RMSD)
values between the main chain atoms of the NEU2 (PDB
code: 1VCU) vs NEU3 after main chain fit were 1.934 Å.
RMSD values for each residue were also analyzed. The
RMSD values for the residues located in the LBS were
about 2 Å or less (Fig. 2). A superimposition of the
template NEU2 (green) and NEU3 (magenta) models
526
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revealed that the NEU models exhibited significant 3D
similarities (Fig. 3A). They also presented similar

structures at their LBSs (Fig. 3B).

Figure 1. Realigned NEU2 and 3 sequences for the superimposition analysis. The important residues in the LBS are enclosed in
blue rectangles. Upper sequence: NEU2 (PDB code: 1VCU); lower sequence: NEU3.

Figure 2. RMSD values between the main chain atoms of the NEU2 vs NEU3 after main chain fit. The positions of the amino acid
residues are shown on the x-axis, while the RMSD values are shown on the y-axis.

Figure 3. Structural comparison of the NEU models. (A) A superimposition of the template NEU2 (green) and NEU3 (magenta)
models. (B) A superimposition of the NEU2 (green) and NEU3 (magenta) models at the LBSs. The important residues in the LBSs
are indicated in green for NEU2 and magenta for NEU3.
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The MEP maps for the NEU models at LBS
The MEP maps can play a vital role on analyses and
predictions of molecular interactive behaviors and
properties. For instance, they can be used to compare
two molecules visually, which helps in identifying sites
that act attractively on ligands by matching opposite
electrostatics. Electrostatic interactions are one of the
main parts of the interaction energy between ligands
and receptors, and govern the strength of non-bonded
interactions and molecular reactivity. In the case of a
ligand-receptor interaction at the catalytic site, the
ligand experiences a unique environment in terms of
the electrostatic, steric and hydrophobic properties.
Variations in these properties near the catalytic site of

receptors can contribute to their selectivity/specificity
[33]. The MEP maps of the NEU models are shown in
Figure 4. The NEU2 model at the LBS (orange circle)
consisted mostly of positive (blue) and slightly
hydrophobic (green) spots (Fig. 4A), which indicates
that NEU2 possibly attracts hydrophobic and negatively
charged parts of ligands at the LBS. On the other hand,
the NEU3 model had negative (red) and positive spots
at the LBS (Fig. 4B). The differences in the MEP maps
between NEU2 and 3 were probably due to the
structural differences at and adjacent to the LBSs.
These results suggest that binding orientations of
ligands at the LBS can be different between NEU2 and
3.

Figure 4. The MEP maps for the NEU models. (A) The MEP map for the NEU2 model. (B) The MEP map for the NEU3 model. The
LBSs are enclosed in an orange circle. Dark green: hydrophobic spots; blue: positive potential spots; red: negative potential spots.

Docking simulations of sialic acid to the NEU
models
The crystal structure of NEU2 with its substrate Nacetyl-2,3-dehydro-2-deoxyneuraminic acid (DANA)
was reported and the substrate recognition of NEU2
was analyzed [21]. However, the precise mode of
substrate binding to NEU3 is unknown. The ASE-Dock
was performed to evaluate the present docking
simulation and showed that DANA bound at the LBS but
had a different binding orientation between the NEU2
(Fig. 5A) and NEU3 (Fig. 5B) models. The similarity of

the bound location at the LBS between the docked
DANA-NEU2 pose and the NEU3 model suggests that
the present methods are capable of generating the
DANA-NEU3 model similar to the reported near-native
NEU2 complex. The results of the different binding
orientations of DANA between DANA-NEU2 and DANANEU3 complexes reflected the different MEP maps at
the LBSs in the NEU models (Fig. 4A and B). This also
suggests that the homology modeling of NEU3 and the
docking simulations in the present study were
performed reasonably well.

Figure 5. Docking simulations of DANA to the NEU models. (A) ASE-Dock of DANA for NEU2. (B) ASE-Dock of DANA for NEU3.
Blue: nitrogen; gray: carbon; red: oxygen.
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To create ligand-receptor interaction plots for the
DANA-NEU2 and DANA-NEU3 complexes, the Ligand
Interactions module of the MOE was used, which
provided a clearer arrangement of the key
intermolecular interactions that aid in the
interpretation of the 3D juxtaposition of DANA and the
LBSs in NEU2 and 3. In total, 15 residues were
identified as the preferred interaction residues for the
DANA and NEU2 complex (Figure 6A). The presence of
a hydrogen bond was found between the O1 of DANA

and Arg21 and Arg304. The O4 and the O10 of DANA
formed the hydrogen bond with Arg237. The NH5 and
the C11 of DANA were also identified as the element
that formed the hydrogen bond with Glu111. For the
DANA and NEU3 complex, 14 residues were identified
as the preferred interaction residues (Figure 6B). The
presence of a hydrogen bond was found between the
O1 of DANA and Arg25. The OH9 of DANA was also
identified as the element that formed the hydrogen
bond with Asn88.

Figure 6. The ligand-receptor interaction plots for the (A) DANA-NEU2 and (B) DANA-NEU3 complexes created by the Ligand
Interactions module of the MOE.

CONCLUSION

In the present report, the 3D model of NEU3 was
designed using the X-ray crystal structure of NEU2
(PDB code: 1VCU) as a template. The model was
successfully evaluated and analyzed in terms of their
folding and stereochemical properties. The structural
analysis of the NEU3 model was performed and it is
proposed that the developed NEU3 model will be
suitable for further in silico structure-based de novo
drug designing. The present data verify that the model
can be utilized for application to target NEU3 for the
development of anticancer drugs.
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