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As worldwide epidemic strains, influenza can cause acute 
respiratory diseases and annual influenza pandemic. The swine-
origin H1N1 influenza virus unleashed a severe public panic in 
2009.1 It is reported that highly pathogenic influenza virus H5N1 
can lead to an alarming life threatening (60% mortality),2,3 and 
recent studies have raised a major concern on possible 
transmission of avian influenza virus H5N1 to humans. A lethal 
avian influenza H7N9 has evolved to influence human since 
2013, endemic to China. 

Neuraminidase (NA), a membrane-bound glycoprotein, 
playing a dominant role in the viral life cycle.4 The phylogenetic 
tree divides all neuraminidase subtypes into two groups,5 there 
exists a large cavity (termed 150-cavity) in group-1 NAs, 
adjacent to the active site of proteins, whereas that is not found 
in group-2 NAs.6 Neuraminidase inhibitors (NAIs) had been 
regarded as the most potent agents to cure influenza disease. Up 
to now, four NA inhibitors have been developed as efficacious 
treatment of influenza infections: oseltamivir (1), zanamivir (2), 
peramivir (3), and laninamivir (4) (Figure 1).7 Among these, 
orally administered oseltamivir (OS) has been posed to treat 
broader cases since its approval in 1999, while recently, several 
reported oseltamivir-resistant strains have seriously limited the 
drug’s clinical application.8-12 Zanamivir is primarily 
administered by inhalation via a nebulizer or intravenous 
channels.13 Peramivir has been authorized in the Republic of 
Korea and China, and laninamivir have to date been approved as 

antiviral drugs in Japan.14-15 Nevertheless, variant strains that are 
against these drugs are also continuously been discovered. 

Recent papers have reported some progresses in NA and its 
inhibitors in theoretical and experimental studies. For instance,  
Chen et al.16 discovered a series of crenatoside analogues as 
novel influenza neuraminidase inhibitors, identified by 
biological evaluation. Hoffmann et al.17 developed a platform for 
determining the inhibition profile of NAIs in the N1 background. 
In addition, Xie et al.18 had designed and synthesized two series 
of oseltamivir derivatives. Of these, two compounds obtained by 
introduction of biphenyl substituents into the C-5 NH2 position 
exhibited comparable or even better inhibitory activities relative 
to the OS carboxylate against N1. 

In this work, 65 oseltamivir analogs were selected as 
dataset.18,19 Some studies were employed using computational 
methods including 3D-QSAR, molecular docking and MD 
simulations. The results of CoMFA and CoMSIA supply insights 
into key structural factors required for the neuraminidase 
inhibition.20,21 Molecular docking and MD simulations were 
performed to validate the 3D-QSAR models and quantify the 
interactions of NA-ligand.22-27 Previous studies showed that the 
biphenyl substituents introduced into C5-NH2 of ligand could 
improve compound’s biological activity.28-30 In terms of 
substituent’s structure, the chemical bonds between the biphenyl 
groups can be freely rotated, this increases the opportunity to 
interact with neighbouring amino acid residues. Accordingly, 
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Neuraminidase (NA) is one of the particular potential targets for novel antiviral therapy. In this work, 

A series of neuraminidase inhibitors with the cyclohexene scaffold were studied based upon the 

combination of 3D-QSAR, molecular docking, and molecular dynamics techniques. The results 

indicate that the built 3D-QSAR models yield reliable statistical information: the correlation 

coefficient (r
2
) and cross-validation coefficient (q

2
) of CoMFA (comparative molecular field analysis)

are 0.992 and 0.819; the r
2
 and q

2
 of CoMSIA (comparative molecular similarity analysis) are 0.992

and 0.863, respectively. Molecular docking and MD simulations were conducted to confirm the 

detailed binding mode of enzyme-inhibitor system. The new NA inhibitors had been designed, 

synthesized, and their inhibitory activities against group-1 neuraminidase were determined. One 

agent displayed excellent neuraminidase inhibition, with IC50 value of 39.6 μM against NA, while IC50

value for oseltamivir is 61.1 μM. This compound may be further investigated for the treatment of 

infection by the new type influenza virus. 
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some new oseltamivir derivatives were designed by introduction 
of biphenyl substitutes into the C5 NH2 position based on the 
built 3D-QSAR contour maps. Finally, the new designed 
molecules were further confirmed by experimental synthesis and 
biological evaluation. 

 
Figure 1. Structures of the approved NA inhibitors 1-4. 

The 65 oseltamivir derivatives in this paper randomly 
divided into 55 training set compounds (84.6%) for model 
generation and 10 test set compounds (15.4%) for model 
validation. The chemical structures, active values against 
neuraminidase subtype 1 are listed in Supplementary 
Information (Table S1). To build more reliable and statistical 
3D-QSAR models, we corrected the active data originating in 
two independent documents to eliminate errors. The specific 
method is as follows: the IC50 active values were converted into 
the corresponding pIC50 (-logIC50) values, then the pIC50 values 
were transformed into superior pIC50 values (pIC50c), used as 
dependent variables to build molecular models. pIC50c values 
were obtained according to the following formula31: 

pIC50c=pIC50/pIC50(OS-C)          (1)      
 
Where pIC50, pIC50(OS-C) represent the experimental 

bioactive data of the data set compounds and oseltamivir 
carboxylate (OS-C), respectively. 
 
Table 1. Statistical results and relative contributions       
of the models  

 

 

 

 

 

 

 

 
 

apIC50c as the 
independent variable. 

In this study, the ligand-based alignment rule was used. The 
alignment result is shown in Figure 2. We performed regression 
analysis using partial least squares (PLS) to evaluate and judge 
merits or demerits of the model with some statistical parameters, 
including r

2, q
2, standard error of estimate (SEE) and F-test 

values. The best optimal value of CoMFA and CoMSIA models 
are listed in Table 1. From this, we observed both models show 
satisfactory predictive capability, with q2, r2, and SEE are 0.819, 
0.992, 0.013 for CoMFA model, and 0.863, 0.992, 0.014 for 
CoMSIA model. In Figure 3, the linear fit between actual and 

predicted activity of the best optimal CoMFA and CoMSIA 
model is described, the residual values of drugs between the 
predicted and actual pIC50 exceeded 1 logarithm unit is treated as 
outliers (compounds 56 and 60).32 Actually, when the classical 
internal validation parameter q

2 is greater than 0.5, a model is 
reassuring and predictive.33,34 Determined by leave-one-out 
validation, the optimal principal components of CoMFA and 
CoMSIA are 8 and 9, respectively. The F-test values are 700.919 
and 607.026 for CoMFA and CoMSIA, respectively, a model is 
statistically significant with high F-test value. The allocation 
proportion of steric and electrostatic fields is 0.450 and 0.550, 
respectively. For the chosen CoMSIA model, the relative 
contribution of steric, electrostatic, hydrophobic, H-bond donor 
and acceptor fields are 0.129, 0.277, 0.286, 0.199 and 0.106, 
respectively. The paramount contribution in the model is 
hydrophobic interaction. 

 

Figure 2. Superimposition of the training set and compound 25 used as a 
template for alignment. Molecules are colored in white for common C, 
cyan for H, red for O, blue for N, yellow for S, green for F, Cl & Br, 
respectively. The common substructure is cyclohexene (shown in bold), 
and other important substituents involving A, B, H-bond formation 
substituent and hydrophobic groups, shown in dashed orange frame. 

 

 

Figure 3. Scatter plot of experimental pIC50c versus activity predicted 
by the optimal CoMFA (a) and CoMSIA (b) model. 

 

For convenient analysis, N-substituted neuraminidase 
inhibitors were separated into four regions: H-bond formation in 
C1 position; C3- ethylpropoxy; C4-acylamino; hydrophobic 
group in C5 position. The 3D contour maps of CoMFA and 
CoMSIA models are explained in Figure 4~6. From these, we 
can interpret the key structural features required for inhibitory 
activity. 

Figure 4a and 4b represent the steric contour maps of CoMFA 
and CoMSIA, respectively. Steric favored in green and the 
yellow body indicated negative spatial factor. The default value 
of field favored and disfavored proportion are 80% and 20% 
level contribution. It could be observed that the inhibitory 
activity of compound 09 is lower than that of compound 07 from 
Supplementary Information (Table S1), because more potent 
compound 07 has larger functional groups at the C5 region, the 
same case with compounds 08 and 10. A large green contour 
may be favorable to cover the benzene groups, for example, 
molecules 25, 26, 29 and 31 show excellent inhibitory activities 
with such substituents at this position. However, the C5-NH2 
position with too large group would have adverse effect on 

Methods
a
 CoMFA CoMSIA 

q
2
 0.819 0.863 

Noc 8 9 

r
2
 0.992 0.992 

SEE 0.013 0.014 

F-test 700.919 607.026 
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Steric 0.450 0.129 

Electrostatic 0.550 0.280 

H-donor — 0.199 

H-acceptor — 0.106 

Hydrophobic — 0.286 



  

bioactivity, such as compounds 25 and 30, which indicates that 
the appropriate bulky groups are beneficial to inhibitory activity. 
In addition, if the C3 position is replaced with -NH2 group, 
molecules would possess weaker inhibitory ability even there 
exists bulky groups, such as compounds 49 and 53-55. From 
Figure 4b, it could be inspected that the CoMSIA contour maps 
hold similar modes with that of CoMFA. 

 
Figure 4. Steric contour maps of CoMFA (a) and CoMSIA (b). The 
green color showsthe favored steric area and the yellow color shows 
disfavored steric area. 

From Figure 5, the red (electronegative groups favored) and 
blue (electropositive favored) contours also represent default 
level contributions. Figure 5a shows that there are three small-
sized red contours near the –COO-, a medium-sized red contour 
around the C3-methoxypentane, suggesting that the 
electronegative groups are favored to bioactivity. One piece of 
medium-sized red contour at the biphenyl group indicates the 
importance of electronegative substituents in imparting better 
biological activity. Therefore, compound 30 acts decreased 
inhibitory activity compared to compound 29, and it is thus 
feasible to introduce advisable electronegative groups to the C5-
NH2 substituent to obtain high active molecules. One could 
observe that the compounds with too strong electronegative 
groups would lead to a decreased biological activity. For 
example, the inhibitory capacity of compound 23 is inferior to 
that of compound 22, because the strong electronegativity of F 
atom slightly inactivates the biphenyl-correlated drugs. Figure 5b 
represents the CoMSIA electrostatic contour maps. Compared 
with the CoMFA contour maps, there is only one small-sized red 
contour around –COO-. A medium-sized blue contour surrounds 
–NHAc, showing that the electropositive substituents are 
beneficial to compounds inhibitory activity. 

 

Figure 5. Electrostatic contour maps of CoMFA (a) and CoMSIA (b). 
Electrostatic fields: favored (red) and disfavored (blue). 

As shown in Figure 6, the yellow pieces denote that 
hydrophobic groups are beneficial to inhibitors biological 
activity and the white regions reveal that the hydrophilic 
substituents may be tolerated. The C5-NH2 group of oseltamivir 
is close to NA active pocket. One large yellow contour 
surrounding C5-NH2 suggests that the existence of hydrophobic 
R1 group is advantageous to bioactivity. For example, the high 
bioactivity of 25 appears to be partly dependent upon the 
hydrophobic biphenyl group at this site. The change of 
hydrophobic and hydrophilic circumstance around C3-
ethylpropoxy greatly influenced compounds inhibitory activity, 
maintaining the original structure of C3-substituents is 
reasonable. 

 
Figure 6. Hydrophobic contours of CoMSIA model. The yellow shows 
the favored hydrophobic area and the white color shows the disfavored 
hydrophobic area. 

Docking results show that the highest total-score of 
compound 25 is 11.35, the total-score of docking studies are 
shown in Table S2 (Supplementary Information). Based on the 
contour maps obtained from 3D-QSAR models and the structural 
features of the most active molecule 25, some new compounds 
3-7 were designed by introduction of various substituents into 
the biphenyl moiety at the C5-NH2 position. The docking scores 
and the predicted pIC50 and pIC50c values of 3-7 based on 
CoMFA and CoMSIA models are listed in Table S3 
(Supplementary Information). Table S3 shows that the predicted 
and docking values of all designed molecules are equally high 
with those of oseltamivir, suggesting their good inhibitory 
activity and potent binding affinity with receptor. Among these 
new compounds, 3 has the highest docking score (11.37) and 
inhibitory activity predicted by both CoMFA and CoMSIA 
models, it was subsequently synthesized and evaluated for NA 
inhibition. Compound 4 was designed based on the molecular 
structure of oseltamivir, it dose not possess the highest predictive 
value. 

To better understand the discrepancy of activity between 
compounds oseltamivir, 3 and 4 we compared their 3D binding 
modes with NA derived from docking simulation. As shown in 
Figure 7a, although oseltamivir (in purple) could occupy the 
active site of NA, it is powerless to bond well with the 150-
cavity. Compound 3 (in green) had the ability to perfectly dock 
into the interaction site of NA, and the biphenyl moiety of 3 
appropriately embedded within the 150-cavity, which is the 
crucial binding site of group-1 NA. Nevertheless, compound 4 
(in cyan) was out of the active site and the corresponding 
biphenyl moiety could not occupy the 150-cavity. In addition, 
from previous study, we found that binding interaction of the 
biphenyl group with enzyme was hydrophobic. Figure 7b clearly 
shows that most amino acids near this group are hydrophobic, 
such as Trp178, Val149, and Arg224. The side chains of Arg292, 
Arg371, and Glu276 also contribute significantly to the 
hydrophobicity of the 150-cavity. 

 

Figure 7. The binding models of compounds oseltamivir (purple), 3 
(green) and 4 (cyan) with N1 (PDB 2HU0, a) and the key residues that 
may form potential interactions with compound 3 (b). 



  

The difference in inhibitory activity for 1, 3 and 4, may be 
also interpreted by the number of hydrogen bonds formed by 
inhibitor and enzyme. Figure 8a illustrates hydrogen bonding 
interactions between compound oseltamivir and key residues 
(Arg152, Arg292, and Arg371) in the active site. A total of four 
hydrogen bonds were formed. Figure 8b illustrates hydrogen 
bonding interactions between compound 3 and key residues 
(Arg152, Arg292, Arg371, and Tyr347) in the active site. A total 
of six hydrogen bonds were formed. The hydrogen bond 
distances captured are 1.75 Å (Arg152-HN-H…O-CCH3-NH), 
2.01 Å (Arg292-HN-H1…OHCO), 2.24 Å (Arg292-HN-H2…
OHCO), 1.91 Å (Arg371-HN-H1…OHCO), 2.54 Å (Arg371-
HN-H … O-COH), and 2.50 Å (Tyr347-HC-H… OHCO), 
respectively. Figure 8c illustrates hydrogen bonding interactions 
between compound 4 and key residues (Arg152, Tyr347) in the 
active site, only two hydrogen bonds were formed. Figure 8d, 8e, 
8f show that compounds 5, 6, 7 can bind with the receptor for 3, 
4, 4 hydrogen-bonding, respectively. Thus, it is clearly that the 
number of hydrogen bonds is correlated to NAIs activity. 

 

Figure 8. Docking results of the compounds 1 (a), 3 (b), 4 (c), 5 (d), 6 (e) 
and 7 (f) in the study. The binding site surrounds the ligand. Hydrogen 
bonds are indicated as yellow dashed lines, with unit distance of Å. 
Molecular surface is shown as cyan. 
 

Table 2. IC50 ± SD (μM) value of compounds 3 and 1 against NA 

 

Table 3. IC50 ±  SD (µM) value of compounds 3 and 1 against 
A/WSN/33 H1N1 

 3 1 (oseltamivir) 

IC50 (μM) 1.72 ± 0.35 0.579 ± 0.082 

CC50(μM) 373 ± 19.50 >500 

 

 

Scheme 1. Synthesis of compounds 3. Regents and conditions: (a) 
Aldehyde, EtOH, 30 oC; NaBH3CN, 30 oC; (b) MeOH, H2O, NaOH, 55 
oC, then acetic acid. 

We conducted experimental synthesis to study the predictive 
compound 3 severely. The major structures and synthetic route 

are shown in Scheme 1. The neuraminidase inhibitory assay  
and  virus inhibition results are listed in Table 2 and Table 3, 
respectively. Experimentally, as shown in Table 2, compound 3 
exerts good potency, with IC50 value of 39.6 µM against NA, 
which is lower than that of oseltamivir (IC50 = 61.1 µM). From 
Table 3, it can be observed that the inhibitory activity for 3 (IC50 
= 1.72 µM)  is almost equal to the oseltamivir (IC50 = 0.579 
µM), the cytotoxicity for the compound 3 is 373 µM, while the 
toxicity value for oseltamivir is > 500  µM. Thus, the selective 
index (SI = CC50/IC50) for compound 3 is impressive, indicating 
that the biphenyl group probably formed some special 
interactions with the N1 enzyme. The inhibition curve and 
toxicity test curve of compound 3 against H1N1 virus is shown 
in Figure S1 (Supplementary Information). 

Molecular dynamics (20 ns) for six inhibitors were 
undertaken to confirm the reliability of docking results, . The 
system stability and overall convergence of simulations were 
monitored in terms of root-mean-square deviation (RMSD) of 
NA-inhibitor backbone atoms (C, Cα, N, and O). The average 
RMSD value of each step versus time of three representative 
inhibitors is shown in Fig. S2 (Supplementary Information). It 
can be seen that all complexes except NA- compound 4 are 
stable after 4 ns, and fluctuations in the average RMSD values 
during the whole simulation are between 2.0 Å and 4.0 Å, 
indicating the other complexes keep an approximate invariable 
state. Figure 9 depicts a superposition of two structures for NA-
compound 3, and there seems to be no significant difference 
between initial structure (in green) and the lowest energy 
structure (in pink) except for a slight drift and rotation. The MD 
simulation results are in good agreement with molecular docking 
results. 

 

Figure 9. View of superimposed backbone atoms of the initial structure 
(green) of the MD simulations and the lowest energy structure (pink) for 
compound 3-2HU0 complex. Compound 3 represented as carbon-chain 
in green for the initial complex and carbon-chain in pink for the lowest 
energy complex. 
 

To quantify the docking results, the binding free energy 
calculations for the six complexes of the last 2 ns trajectory were 
performed and are listed in Table S4 (Supplementary 
Information). MM/GBSA (Molecular Mechanics/Generalized 
Born Surface Area) and MM/PBSA (Molecular 
Mechanics/Poisson Boltzmann Surface Area) were applied in 
free energy calculations. As listed in Table S4, the binding free 
energies of 1, 3-7 via MM/GBSA were predicted to be -16.27, -
23.21, -12.14, -18.85, -14.95 and -12.25 kcal/mol, respectively, 
and via MM/PBSA were predicted to be -15.29, -22.36, -13.35, -
17.23, -14.31 and -13.92 kcal/mol, respectively. It can be 
detected that all binding free energies of 3-7 are more negative 
than the observed free energy of -10.60 ~ -10.36 kcal/mol for 
oseltamivir,35 implying that the introduced chemical structures 
increase the binding affinities of ligands coupling with subtype 
N1. Among the six compounds, 3 should possess the highest 
activity on account of its most negative binding free energy. The 
calculated binding free energies are in good agreement with the 
3D-QSAR predicted results. 

 3 1 (oseltamivir) 

IC50 (μM) 39.6 ± 6.5 61.1 ± 6.3 



  

In this paper, a series of N-substituted oseltamivir derivatives 
were studied by computer-aided drug design processes, such as 
3D-QSAR, molecular docking and molecular dynamics 
simulations. The built 3D-QSAR models exhibit excellent 
internal predictive activity, which can be extrapolated to design 
new and more robust inhibitors. Docking results show that the 
main residues in the active pocket 2HU0 are hydrophobic, and 
Arg152, Arg292, Arg371 are key residues. Hydrogen bond and 
hydrophobic interactions play key roles in binding of inhibitors 
and NA. MD simulations were carried out for designed potential 
compounds to verify the docking results. A novel oseltamivir 
derivative was further synthesized in good yield with an 
optimized strategy. The compound were then screened for its 
bioactivity against neuraminidase and H1N1 virus in liquid 
media and fluorescence detection. Compound 3 shows even 
better inhibitory activity relative to the compound 1 (oseltamivir). 
In conclusion, the N-substituted oseltamivir analogs discussed in 
this paper provided neoteric viewpoint on enhancing drugs 
inhibitory activity. 
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Compound 3 (a), IC50 = 39.6 µM, more effective in 
inhibiting subtype N1 than compound 1 (b) (with 
IC50 value = 61.1 µM); docking results of the 
potent molecule 3 and 1 binding amino acid 
residues with hydrogen bonds. 
 
40.  


