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Abstract The binding sites of wild-type avian influenza A H5N1 neuraminidase as well as of the 

Tamiflu (oseltamivir)-resistant H274Y variant were explored computationally in order to design 

inhibitors that target simultaneously several adjacent binding sites of the open conformation of the virus 

protein. The compounds with the best computed free energies of binding, in agreement by two docking 

methods, consensus scoring, and ligand efficiency values, suggest that mimicking a polysaccharide, β-

lactam and other structures, including known drugs, could be routes for multi-binding site inhibitor 
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design. This new virtual screening method based on consensus scoring and ligand efficiency indices is 

introduced, which allows the combination of pharmacodynamic and pharmacokinetic properties into 

unique measures. 
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Introduction 

The avian influenza A strain H5N1 emerged in late 2003. It is a deadly disease in birds, in certain 

mammals, as well as in humans (236 reported deaths, 63% mortality rate).1 Its continual global spread, 

as well as the not improbable event of a mutation that could confer the strain with an easier human-to-

human transmission, have been described as possible factors for a human pandemic.2 While the current 

treatment is focused on Tamiflu (oseltamivir, 1)3 and Relenza (zanamivir, 2),4 which were developed to 

treat the HxN2 group of human influenza virus, there are already reports of resistance.5-6 The 

identification of oseltamivir-resistant strains of avian influenza H5N1, such as the mutant H274Y 

isolated from European samples, and the realization that proper counter strategies should include more 

than one inhibitor7, has spurred the search for new drug candidates.  

The crystal structure of the H5N1 neuraminidase (EC 3.2.1.18) has been made available,8 as well as a 

structure from molecular dynamics (MD) simulations,9 where the binding site of the protein shows 

additional adjacent open sites (the 150- and 430-loops) which are proposed to be amenable to drug 

design. Multi-binding site inhibitors may have properties and interactions which provide them with 

tighter affinity and better profiles than single-site inhibitors. The newly-disclosed oseltamivir-resistant 

H274Y neuraminidase crystal structure7 has also been employed.  

We have explored computationally these new sites with known inhibitors as well as with readily 

available chemicals in addition to existing, in-use drugs and natural products, and suggest compounds 
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with the capability of binding to several of these sites in order to develop a multi-binding site inhibitor. 

We also employed the calculation of molecular properties and ligand efficiency values for better 

characterizing the pharmacokinetic behaviour of the compounds. This is a new method for virtual 

screening, since it employs several protein structures in different conformations (including a drug-

resistant mutant), consensus scoring, in addition to ligand efficiency indices to characterize and 

prioritize compounds for inhibiting a virus target. 

 

Methods 

Ligand efficiency indices can give an indication of the binding energy per heavy atom, per unit of 

molecular weight, or other unit, which can better identify drug candidates,10-14 such as those having a 

ΔG/NHA deeper than -0.24 kcal/mol·NHA which has been described as a limit over which small 

molecules are able to disrupt protein-protein interfaces.14 Molecular weight lower than 500 g/mol, and 

logP lower than 5,15 or molecular weight between 160 and 480 g/mol, in addition to logP between -0.4 

and 5.6, and number of heavy atoms between 20 and 70,16 have also been proposed to be useful to 

predict the pharmacokinetic drug-likeness of a compound. 

For the virtual screens, the libraries selected were the collection of known and approved small-

molecule drugs obtained from the DrugBank,17,18 and the N.C.I. diversity set.19 In addition, a set of 

65,000 compounds from the ZINC database20 was screened with both Glide XP v4.5,21 and Autodock 

v4.0.22 The collection of compounds cover a diverse area of chemical space, as they are from a variety 

of chemical vendors, in addition to a representative set created in order to cover ample molecular 

structure (N.C.I. diversity set), as well as the large differences in structure observed in the drugs in use 

that were also included. The set of small-molecule approved drugs was treated with LigPrep v2.123 to 

generate all possible tautomers, ionization and protonation states in a target pH of 7.0 +/- 2.0, as well as 

generating a limited amount of stereoisomers. The total size of the libraries was 67,768 compounds. 

Four known inhibitors were also employed: oseltamivir (1), zanamivir (2), peramivir (3), and DANA (4, 

2-deoxy-2,3-dehydro-N-acetylneuraminic acid), as well as dimers and trimers of these in order to link 
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several binding sites. All the Autodock calculations were carried out with the Chemomentum system,24-

26 which uses UNICORE 6 middleware27,28 to provide a computer grid for distributed computing. This 

allowed achieving large parallelization of docking jobs by pooling available computer resources for 

distributed virtual screening.  

For virtual screening, we removed from the collections of molecules those compounds containing 

metals, as well as salt counter-ions. Hydrogen atoms were added to the small molecule drug collection 

using Babel.29 The National Cancer Institute (N.C.I.) diversity list and ZINC database already contain 

hydrogens. The 65,000 structures from the ZINC 7 database were selected based on the properties of the 

molecules, such as number of rotatable bonds between 5 and 10. However, it must be noticed that all the 

other sets were not constricted for number of rotatable bonds, and indeed, the compounds docked have 

between 3 and 23 or more rotatable bonds. The protein structures were protonated through Maestro.30 A 

consensus score was generated by combining the Autodock and Glidescore values, taking the 

arithmetical average of both scores. 

The program XLOGP v2.031 was used for calculating the octanol/water partition coefficient (logP). 

Marvin Calculator Plug-ins were used for the calculation of ligand molecular formulae, molecular 

mass (MW), and Wiener index using Marvin 4.8.1, 2007, ChemAxon. (http://www.chemaxon.com) 

Computational parameters: For Blind docking using Autodock v4.0, we used the following 

parameters: grid spacing = 0.55 Å, number of runs = 100, npts = 70 70 70, ga_num_evals = 20000000, 

ga_pop_size = 250, ga_num_generations = 27000. 

For fine docking with Autodock v4.0, we used parameters: grid spacing = 0.375 Å, number of runs = 

50, npts = 70 70 70, ga_num_evals = 20000000, ga_pop_size = 250, ga_num_generations = 27000. 

For virtual screening with Glide XP v4.5, we used the default parameters included in the virtual 

screening workflow.32 

For virtual screening with Autodock v4.0, we used the following parameters: grid spacing = 0.375 Å, 

number of runs = 1, npts = 70 70 70, ga_num_evals  = 20000000, ga_pop_size = 250, 

ga_num_generations = 27000. 
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Results and Discussion 

Exploration of binding sites. 

First, we employed a technique called Blind docking33,34 where sites on the surface of the protein are 

explored by ligands in order to identify favorable regions on the protein surface for binding. Using 4 

known inhibitors of neuraminidase: oseltamivir (1), zanamivir (2), peramivir (3), and DANA (4, 2-

deoxy-2,3-dehydro-N-acetylneuraminic acid), the protein surfaces of the ‘open’ structures of wild-type 

neuraminidase from crystallography (Protein DataBank code 2HU0) and from MD simulations,9 as well 

as a structure in the ‘closed’ conformation (2HU4) were explored using 100 docking runs per ligand per 

protein using the program Autodock v4.0.22 Several complexes were obtained with the inhibitors above 

occupying the cavities formed by the residues of the 150-loop, as well as at the entrance of the 430-loop 

cavity, and also some interacting with Arg156 deep inside the protein binding region (as well as 

reproducing their native crystal structures). The results showed that the lowest energies corresponded to 

the compounds binding with the open neuraminidase conformation (structures 2HU0, and from MD 

simulation) and that the known drugs and inhibitors could bind in several regions (binding sites) of the 

protein. The molecular weight, number of heavy atoms, and Wiener index ligand efficiency indices 

(ΔG/MW, ΔG/NHA, ΔG/Wiener, respectively, where ΔG is the free energy of binding) were also 

computed.10-14 A new ligand efficiency index that uses P, the partition coefficient between octanol and 

water, namely log(-ΔG/P), was also calculated.  

 

Construction of dimers and trimers. 

Once the new binding sites were identified as well as the binding modes of the inhibitors in different 

regions of neuraminidase, molecules were constructed that could span the regions by linking all the 

combinations of X-CH2-Y, where X, Y = 1-4 (the known drugs and inhibitors), as well as the 

homodimers X-CH2-CH2-X, and X-CH2-CH2-CH2-X. The ‘snowflake’, symmetrical homotrimers (X)3-

CH and (X-CH2)3-CH were also generated. In order to mimic a disaccharide unit, all combinations of X-
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O-Y were also built. These compounds were re-docked (50 runs) into the open protein conformations, 

with a finer grid separation of 0.375 Å. The results showed that the dimers in the open crystal structure 

(2HU0) had stronger calculated binding energies. A top ranking compound, oseltamivir(R)-CH2-

(R)oseltamivir (compound 5) is shown in Table 1 as well as in Figure 1. It is predicted to form a 

complex with neuraminidase in the oseltamivir site as well as in the Arg156, 150- and early 430-loop 

sites. It makes hydrogen bonds with residues Arg118, Glu227, Glu276, Arg292, Arg371, Asp150 and 

Arg151 which are crucial to the binding of the natural substrate (sialoside), as well as with residues 

Ser246, Asn294, and Tyr406, and van der Waals interactions with more residues.  

 

Figure 1. Compound 5, oseltamivir(R)-CH2-(R)oseltamivir, in complex with wild-type H5N1 

neuraminidase in the open conformation. 

The same calculations were performed with another docking program, Glide XP v4.5.21 A consensus 

score was generated by combining both the Autodock Binding Energy, as well as the XP GlideScore 

energy, in order to have more confidence in the resulting score energy (A molecule would require both 

programs with their different methodologies and scoring functions, to agree in a high-ranking compound 

in able for it to score highly in the consensus score). Top ranking compounds were 5, as well as 

oseltamivir(R)-O-zanamivir, 6, compounds 7, and 8 (see Table 1 and Table S1). 4 out of the top 10 

binders were concurrently predicted by both methods. The constructed molecules present interesting 

stereochemistry as well as flexibility, which is characteristic of carbohydrates. Oseltamivir and 

zanamivir themselves were designed as sialic acid (the neuraminidase natural product) transition-state 
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mimics. This stereochemistry provides opportunities to develop new compounds by modifying the 

stereocenters. The flexibility may also help the molecules to adapt to viral protein residue mutations. 

 

Table 1. Name, ID (in bold), and free energy of binding (kcal/mol) for two drugs for wild-type H5N1 

neuraminidase (open crystal structure 2HU0) together with compounds predicted as inhibitors by their 

XP Glidescore, their Autodock Binding Energy (in italics) and consensus score (underlined). In 

brackets, MW (g/mol), ΔG/MW (kcal·g/mol2), NHA, ΔG/NHA (kcal/mol·NHA), Wiener index, 

ΔG/Wiener (kcal/mol), logP, and log(-ΔG/P)(kcal/mol).a 

oseltamivir 

1 

-5.47, -9.04, -7.26 

(284.35, -0.026,  
20, -0.363, 

801, -0.009, 
-0.21,1.071) 

H2N

O

N
H

OH

O

O

 

zanamivir 

2 

-6.99, -9.02, -8.00 

(332.31, -0.024, 
23, -0.348, 

1114, -0.007, 
-3.14, 4.043) 

O
OH

O
HN

H
N

H

HO

HO OH

O

HN NH2  

peramivir 

3 

-6.28, -8.23, -7.26   

(328.41, -0.022, 
23, -0.316, 

1102, -0.007, 
0.64, 0.221) 

HO

O

HO

N

H2N

NH2

NH
O

 

DANA 

4 

-5.09, -8.59, -6.84 

(291.26, -0.023, 
20, -0.342, 
773, -0.009, 
-2.7, 3.535) 

O
HN

O
OH

HO

HO

O
OH

OH

 

oseltamivir(R)-CH2-
(R)oseltamivir 

5 

-7.25, -12.21, -9.73 

(578.7, -0.017, 
41, -0.237, 

5424, -0.002, 
-0.53, 1.518) 

O
OH

N
H O

O

NH2

HN
NH2

O
O

HO

O

H

 

oseltamivir(R)-O-
zanamivir 

6 

-10.25, -10.57, -10.41 

(628.63, -0.017, 
47, -0.221, 

6262, -0.002, 
-3.71, 4.727) 

O

HN
H2N O

O OH

O

O

NNH

H

O
HO

NH2
H2N

O
HO

OH
OH

 

oseltamivir(R)-CH2-
zanamivir 

7 

-7.06, -10.44 , -8.75 

(626.66, -0.014, 
41,-0.199, 

6262,-0.001, 
-4.01,4.952) 

HN
H2N O

O OH

O

O

NNH

H

O
HO

NH2
H2N

O
HO

OH
OH

 

oseltamivir(R)-CH2-
DANA 

8 

-8.08, -9.77 , -8.92 

(585.6, -0.015, 
41, -0.218, 

5354, -0.002, 
-3.56, 4.51) 

HN

OHO

OH

OHO

HO

HO

O
H

H H2N

HN

O

O OH

O  

a MW = molecular weight, NHA = number of heavy atoms. 
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Screening on wild-type H5N1 neuraminidase. 

The next step was to conduct virtual screening experiments on the open wild-type protein conformation 

(crystal structure 2HU0), targeting the new sites. These screenings would focus on determining 

consensus scoring energies for the free energy of binding, as well as ligand efficiency values for 

selecting the most promising ligands (see Table 2, and Table S2 in Supporting Information). Several 

interesting compounds were among the top ranking binders as they included stereoisomers of the 

naturally produced antibiotics amikacin (9), kanamycin (10), as well as ZINC04982827 (11) and 

ZINC03071734 (12), which similarly to the dimers constructed, have structures that resemble 

polysaccharides.  

Several angiotensin converting enzyme (ACE) inhibitors, as well β-lactam antibiotics are among the top 

binders (Table 2). The top ranked compounds, such as 9-16, are in Table 2 and Table S2. A 

stereoisomer of cefaclor (14) was predicted by both programs to be a top binder. The compounds 

NSC211332 and NSC70194 were selected as high binders (see Table S2), and have also been identified 

as potential inhibitors by a different study using the NCI database.35 Both active drugs were recovered in 

the top 2% (top 20 molecules) of the small molecule drug screen with Glide XP, out of the total small 

molecule drugs of 1,053. Both active drugs were recovered in the top 5% (top 56 molecules) of the 

small molecule drug screen with Autodock.  

 

Table 2. Name, ID (in bold), and free energy of binding (kcal/mol) for wild-type H5N1 neuraminidase 

(open crystal structure 2HU0) of compounds predicted as inhibitors by their XP Glidescore, their 

Autodock Binding Energy (in italics) and consensus score (underlined). In brackets, MW (g/mol), 

ΔG/MW (kcal·g/mol2), NHA, ΔG/NHA (kcal/mol·NHA), Wiener index, ΔG/Wiener (kcal/mol), logP, 

and log(-ΔG/P)(kcal/mol).a 
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amikacin 

9 

-9.63, -11.05, -10.34 

(589.63, -0.018, 
40, -0.259, 

5207, -0.002, 
-7.63, 8.645) 

NH
2

OH

O

O

NH
2

OH

OH

OH

N
H

O

NH
2

OH O

O
OH

OH

NH
2

OH

  

kanamycin 

10 

-7.03, -10.45, -8.74 

(488.53, -0.018, 
32, -0.273, 

3160, -0.003, 
-6.56, 7.502) 

NH
2

O

OH

O

NH

O

OH

OH

OH

NH
2

O

OH

NH
2

OH

OH

 

ZINC04982827 

11 

-10.79, -9.28, -10.04 

(416.47, -0.018, 
30, -0.324, 

2595, -0.004, 
0.11, 1.052) 

 

I

N
H

O
P

O

O

HH

O H

OH

N

O

HN

O

F

OH  

ZINC03071734 

12 

-10.31, -9.00, -9.66 

(487.52, -0.02, 
34, -0.284, 

4151, -0.002, 
1.57, -0.585) 

N

S
O

OH

O

H

O
OH

OHHO

HO

H

 

NSC154829 

13 

-11.61, -6.67, -9.14 

(340.29, -0.027, 
24, -0.381, 

1215, -0.008, 
-2.24, 3.201) 

NO
HO

HO OH

N
N

NH
OH

N OH

NH2

 

cefaclor 

14 

-8.39, -10.30, -9.34 

(367.81, -0.025, 
24, -0.389, 

1383, -0.007, 
-0.11, 1.08) 

OO

Cl

S

N

N
H

O

NH2

HO

H  

ZINC02196921 

15 

-10.65, -6.77, -8.71 

(417.46, -0.026, 
30, -0.356, 

2595, -0.004, 
-0.51, 1.539) 

H
O

NH

H

HN

NH2

O

N

O

N
N

H2N
OH

 

ertapenem 

16 

-11.29, -11.37, -11.33 

(474.51, -0.024, 
33, -0.343, 

3464, -0.003, 
-1.13, 2.184) 

O
N

S

HN
O

NHO

OH

O
OH

OH

 

a MW = molecular weight, NHA = number of heavy atoms. 

 

Figure 2a shows the complex of wild-type neuraminidase with oseltamivir. Another high-ranked 

compound, ZINC02196921 (15), is shown in Figure 2b, making hydrogen bonds with residues Glu119, 

Glu227, Arg292, Tyr347, Arg371, Tyr406 and van der Waals interactions with more residues. The 430-

loop region can be seen in the top right of the picture (to the right of Phe430), and the 150-loop region is 

seen on the top- and middle-left. Most high-ranking compounds make interactions with residues 

considered critical for binding the natural product, such as making hydrogen bonds with Glu119, 

Glu227, Arg292, Arg371, as well as van der Waals and other interactions with more residues. Most of 
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the top-ranked compounds bind in the same mode as compound 15, with at least one aromatic ring 

(often also fused rings) tucked well inside the 430-loop, the region extending past Pro430, at the top-

right corner of Figure 2b, also interacting (including hydrogen bonds) with residues Arg371 and Tyr406, 

and nearly completely occluded from solvent. There is then a `tail` or flexible region in the compounds 

which extends into the original oseltamivir binding site (residues Tyr347, Arg292, Arg151) and includes 

polar groups which realize hydrogen bonds in this area, and many times includes also a decorated 

aromatic ring or a heterocycle. A large proportion of the ligands also posess a branching region, which 

grows from the beginning of the `tail` (close to Pro430) into the binding region behind the 150 loop (the 

region behind and above Asp150, at the top-left corner of Figure 2b) and which include groups from 

methyl, hydroxyl, isopropyl, and isobutane, engaged in primarily hydrophobic contacts with the residues 

in this third binding site. 
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Figure 2. a) The crystal structure8 of the complex of oseltamivir (Tamiflu, 1) with wild-type avian 

influenza H5N1 neuraminidase. b) Docked compound 15 spanning multiple binding sites of wild-type 

H5N1 neuraminidase (structure 2HU0). Consensus score = -8.71 kcal/mol. Ligand efficiency per 

number of heavy atoms = -0.356 kcal/mol·NHA. 

 

Drug-resistant mutant. 

Recently, the crystal structure of a strain of oseltamivir-resistant H274Y (His264Tyr) of H5N1 avian 

influenza found in humans was disclosed.7 The crystal structure of this enzyme was downloaded from 

the Protein Data Bank (code 3CKZ).7 The same ligand efficiency and consensus scoring screenings 

were applied to this new structure.  

Several interesting results were produced. Zanamivir and peramivir (but not oseltamivir) were the 

strongest binders of the known inhibitors, in agreement with experimental results. The small drug L-

mimosine (17), a natural product used to block cell cycle progresion in breast cancer cells by chelating 

iron, was a strong binder with good properties. A number of coumarins (8 out of the top 89 with Glide) 

and indoles featured prominently among the top binders. In addition, a compound very similar to 

zanamivir, oseltamivir, and peramivir, the molecule ZINC04134496 (18) was among the strongest 

binders. Another top-binder, ZINC05811097 (19) also has a saccharide-like motif as identified in our 
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previous screens (see above). Importantly, there were also a number of compounds among the top 

binders against the H274Y strain which had also scored highly against the wild-type protein, such as 8, 

15 and 20-26, shown in Table 3 (see also Table S3). 

 

Table 3. Name, ID (in bold), and free energy of binding (kcal/mol) for oseltamivir-resistant H274Y 

variant of H5N1 neuraminidase together with compounds predicted as inhibitors by their XP Glidescore, 

their Autodock Binding Energy (in italics) and consensus score (underlined). In brackets, MW (g/mol), 

ΔG/MW (kcal·g/mol2), NHA, ΔG/NHA (kcal/mol·NHA), Wiener index, ΔG/Wiener (kcal/mol), logP, 

and log(-ΔG/P)(kcal/mol).a 

zanamivir 

2 

-9.44, -9.41, -9.42 

(332.31, -0.028, 
21, -0.449, 

1114, -0.008, 
-3.48, 4.454) 

O

OH

O

HN

H
N

H

HO

HO OH

O

HN NH2  

peramivir 

3 

-7.04, -8.81, -7.92 

(328.407, -0.024, 
23, -0.345, 

1102, -0.007, 
0.64, 0.259) 

HO

O

HO

N

H2N

NH2

NH
O

 

oseltamivir 

1 

-6.09, -9.12, -7.60 

(284.35, -0.027, 
20, -0.380, 

801, -0.009, 
-0.21, 1.091) 

H2N

O

N
H

OH

O

O

 

L-mimosine 

17 

-11.40, -7.04, -9.22 

(199.184, -0.046, 
14 , -0.659, 
321, -0.029, 
-2.21, 3.175) 

N

O

HO

OHO

NH2  

ZINC02196921 

15 

-10.76, -8.91, -9.84 

(417.462, -0.024, 
30, -0.328, 

2595, -0.004, 
-0.51,1.503) 

H

O

HN

H

HN

NH2
O

NO

N

N

NH

HO  

ZINC04134496 

18 

-9.42, -8.66, -9.04 

(312.365, -0.029, 
22, -0.411, 

1017, -0.009, 
-0.76, 1.716) 

H
O

NH

O

NH

NH2

O

N
H

OH

 

ZINC05811097 

19 

-9.12, -8.39, -8.76  

(408.399, -0.021, 
29, -0.302, 

2478, -0.004, 
0.59, 0.352) 

O

O

OH

HO

HO

HO

HO

OH

OH

 

ZINC02560874 

20 

-11.35, -8.61, -9.98 

(349.385, -0.029, 
25, -0.399, 

1780, -0.006, 
-0.19, 1.189) 

H

O
HN

H
N
H

NH

O
H
N

O

NH2

OH
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 ZINC05789694 

21 

-10.97, -9.67, -10.32  

(416.474, -0.025, 
30, -0.344, 

2595, -0.004, 
0.11, 0.904) 

H
O

HN
H

NH2

NH

O

N

N

O

HN

OH

 

ZINC06008495 

22 

-10.65, -9.12, -9.88 

(404.417, -0.024, 
29, -0.341, 

2634, -0.004, 
0.42, 0.575) 

O O
O

H

O

H
N

H
NH

NH2

O

HN

HO

 

ZINC02545165 

23 

-10.03, -10.03, -10.03 

(308.373, -0.033, 
22, -0.456, 

1172, -0.009, 
0.77, 0.231) 

 

H

OH
N

O

H

H

HO

HO

NH2

 

ZINC02510125 

24 

-8.84, -9.87, -9.36  

(396.44, -0.024, 
29, -0.323, 

2537, -0.004, 
1.84, -0.869) 

O
O

HN
H

N
H

NH

O

NH2

HO

 

ZINC02091879 

25 

-8.33, -9.23, -8.78 

(430.454, -0.020, 
31, -0.283, 

3226, -0.003, 
0.63, 0.313) 

O

O

HN H

NH

NH2

O

O

O

HN

HO

 

zanamivir-CH2-
zanamivir 

26 

-8.62, -7.95, -8.23 

(676.631, -0.012, 
47, -0.176, 

7172, -0.001, 
-8.07, 8.988) 

O

OH

H
N

O
O

HO OH

HO

N

NH2

H2N

H
OH

O

O

NNH

H

H2N

NH2O

OH
HO

HO

 

a MW = molecular weight, NHA = number of heavy atoms. 

 

From the results in the tables, it can be seen that there are a variety of compounds with good predicted 

binding free energy. Also, it can be seen that for the wild-type neuraminidase, the drugs in use, 

oseltamivir and zanamivir have good (deep) ligand efficiency values such as ΔG/NHA values deeper 

than -0.24 kcal/mol·NHA: namely for the wild-type neuraminidase, -0.363 kcal/mol·NHA for 

oseltamivir and -0.348 kcal/mol·NHA for zanamivir. Their strong binding energy per unit of heavy atom 

may explain why they are efficient drugs against the wild-type virus. There are also a number of 

predicted compounds that possess good ligand efficiency values and molecular properties, such as 11, 

13-16 and others (see Table S2), which would be interesting for inhibiting the wild-type neuraminidase.  

For the oseltamivir-resistant H274Y variant, zanamivir shows a very strong ligand efficiency of -

0.449 kcal/mol·NHA which may explain why this variant is still susceptible to this drug. Also 

interesting are compounds 15, 17, 18, 20-24 (and others, see Table S3) which have good molecular 

properties and ligand efficiency values against the drug-resistant variant. L-mimosine, compound 17, is 
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a drug which is already in use against breast cancer and could find a new use against influenza. This 

compound is small and binds in the same region as zanamivir. Most compounds, if small, bind in this 

area. The larger compounds bind in a manner similar to those presented in Table 2 (screening against 

wild-type protein), with strong binding energies. However, in contrast to the wild-type protein case, the 

oseltamivir-resistant mutant has the 150-loop in a very narrow, almost closed conformation, and so the 

high-ranked compounds interact mostly with neuraminidase in the oseltamivir binding site and in the 

430-loop, although there are compounds with a methyl, hydroxyl, amine or amide group at the opening 

of the 150-loop (in the case of a hydroxyl, amine or amide group, making hydrogen bonds with Val148 

and Asp150). 

There exist similarities in some of the compounds in Table 2 and Table 3, namely, the presence of an 

aromatic or cyclic group, with added functionality such as hydroxy and amine groups which resemble a 

saccharide unit (see for example compounds 1-4, 9-13, 18, 19, 26). However, the β-lactam structures 

that appeared during screening against the wild-type protein (for example structures 14 and 16), no 

longer are privileged structures in the screening against the drug-resistant mutant protein. 

Particularly interesting are compounds 15, 20-24 which have good molecular properties and ligand 

efficiency values for inhibiting both wild-type and oseltamivir-resistant H274Y neuraminidases, since 

they may be able to inhibit either one or both forms of the virus protein. It is worthy to note that these 

last compounds have a common substructure: a central amide region, in addition to an aromatic group of 

1-3 fused rings on one side of the amide, and (excluding compound 23) on the other side an aliphatic 

chain of 3 carbons length plus a terminal guanidinium group. 

The results include compounds from all of the initial sets and therefore, the diversity in the compound 

sets is also present in the top ranked compounds. 

 

Conclusions 

Certain structures appear repeatedly among the most interesting ligands, such as polysaccharide-like 

molecules, β-lactam structures, carboxy-quinazolines or carboxy-cinnolines, coumarins, and others, 
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which can be pursued as new directions for treatments against H5N1 influenza. These molecules could 

provide additional drugs necessary for the now-recognized7 multi-drug strategy required for effective 

treatment against avian influenza H5N1. 

We have shown that the method of including several protein structures with several binding sites, as 

well as considering consensus scoring and ligand efficiency indices to characterize and select promising 

compounds for new inhibitors, works well, provides increased confidence and important information for 

distinguishing those compounds with the best free energy of binding (pharmacodynamic properties) at 

the same time as distinguishing those with the best pharmacokinetic properties, such as molecular 

weight, number of heavy atoms, or logP, which can ultimately be related to phenomena such as 

permeability, absorption, distribution, metabolism, excretion, toxicity as well as others. New virtual 

screening procedures using different molecular properties can be developed in a manner similar to that 

presented in this work. 

Our results show that the design of inhibitors targeting simultaneously several binding sites of wild-

type and drug-resistant avian influenza H5N1 neuraminidase has good potential for developing new and 

potent drugs against the disease. The lowest binding energy dimer and trimer compounds in agreement 

by both docking methods, as well as those compounds obtained through virtual screening, and 

especially those with good ligand efficiency values and molecular properties, can be tested for inhibition 

of the avian influenza A H5N1 wild-type as well as the drug-resistant H274Y strain. Since they are 

proposed to bind specifically to the (neuraminidase 1) N1 form of the disease they might be useful for 

targeting this more dangerous variety of influenza if a larger outbreak in humans occurs. In order to 

combat a possible human pandemic, information should be revealed as soon as it is available, which 

may allow other scientists to further possible leads that can serve to provide new therapeutics in a fast 

manner. 
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