
Digest Journal of Nanomaterials and Biostructures           Vol. 9, No. 3, July - September 2014, p. 975 - 985 
 

 

 

 

INTERACTION MECHANISMS OF NOVEL ANTIVIRAL PEPTIDES AGAINST 

N1 SUBTYPE NEURAMINIDASE: A COMPUTATIONAL EXPLORATION 
 

 

F. WU
a, b

, Z. YANG
a,b*

, S. YIN
c
, C. SONG

d
, X. YUAN

e
 

a 
School of Basic Medical Sciences, Jiamusi University, Jiamusi 154007, China 

b
Engineering Research Center of Forest Bio-preparation, Ministry of Education, 

Northeast Forestry University, Harbin 150040, China 
c
The Central Hospital of Jiamusi City, Jiamusi 154002, China 

d
Heilongjiang Nursing College, Harbin 150086, China 

e
Institute of Biomedicine, Jinan University, Guangzhou 510632, China 

 

 
In light of the current pandemic threat and the emergence of drug resistances, the 

development of next-generation anti-influenza agents must be a high priority, with many 

efforts to bind with the 150-cavity of N1 subtype neuraminidase (NA). In this work, 

docking and explicit solvent molecular dynamics simulations were combined to study the 

interactions between N1 subtype NA and novel inhibitory peptides 

EISYIHAEAYRRGELK, YIHAEAYRRG and HAEAYR. It was found that 16-mer 

peptide EISYIHAEAYRRGELK has the binding specificity to N1 subtype NA and the 

capability to lock the 150-cavity. The binding-site residues Asp198, Glu227 and Glu229 

play important roles during the binding process. Compared with the 16-mer peptide, 

YIHAEAYRRG and HAEAYR even tightly coordinated to the 150-cavity, especially of 

the latter. The total interaction energies (Etotal) of them with N1 subtype NA were 

calculated to be -578.21, -442.21 and -358.80 kcal mol
-1

, respectively. Further energetic 

and geometric analyses revealed that the portion of Tyr-Arg in peptides is more helpful for 

maintaining favorable contacts with residues around 150-cavity and is of great importance 

in the scaffold modification. We hope that the results will be helpful for designing novel 

anti-influenza drugs. 
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1. Introduction 
 

The influenza virus, a major cause of respiratory disease, constantly introduces possible 

public health threat [1]. In the early years of this century, highly pathogenic A/H5N1 and A/H1N1 

(2009) influenza viruses have emerged and spread quickly around the world [2]. Beyond the 

annual production of vaccines, the mainstay of strategies to prevent and treat the virus infections is 

stockpiling of antiviral drugs, most commonly the neuraminidase (NA) inhibitors zanamivir 

(Relenza), oseltamivir (Tamiflu) and peramivir [3]. The frequent emergences of resistant strains to 

these agents have spurred the development of novel potential therapies [4-5]. 

Influenza NA can specifically identify sialic acid (SA) species and assist the cleavage of 

sialic acid residues from infected cell surfaces [1]. Blocking its function will interrupt the release 

of nascent virions, reducing the spread of the infection to neighboring cells [6-7]. NA has thereby 

been proposed as an attractive target for the design of anti-influenza drugs [7-8]. Currently, there 

are two phylogenetically distinct groups: Group-1 NA comprises N1, N4, N5 and N8, whereas the 

N2, N3, N6, N7 and N9 subtypes belong to Group-2 [7]. Group-1 differs from Group-2 by having 

the “150-cavity”, consisting of residues 147-152 (the 150-loop), adjacent to the binding site which 

                                                        
*
 Corresponding authors: yzws-123@163.com  

mailto:yzws-123@163.com


976 

 

generally composed of largely conserved residues (Fig. 1) [9-10].  

 

 
 

Fig. 1. A) Ribbon schematic representation of N1 protein in complex with oseltamivir 

carboxylate (balls and sticks). B) Close up view of the highly flexible and charged 

binding-site residues. Protein coordinates from PDB entry 2HU0. The colors of the 

ribbons distinguish between helices (red), β-sheets (cyan), hydrogen-bonded turns (green) 

and random coils (white), and the colors of atoms between oxygen (red), nitrogen (blue)  

                                and carbon (green). 

 

 

Most known NA inhibitors are mainly developed by referring to the binding site domain 

from Group-2 subtypes N2 and N9, such as zanamivir and oseltamivir [6-8]. In the case of 

oseltamivir binding (Fig. 1B), a triad of arginines (Arg118, Arg292 and Arg371) binds to the 

carboxylate anion; a negatively charged region (Glu119, Asp151 and Glu227) interacts with the 

amino group; residue Arg152 forms a hydrogen bond with the acetylamino group; residue Glu276 

has hydrophobic stacking with the ethylpropoxy group. However, several studies have revealed the 

150-cavity (open state) appears to be closed by the movement of 150-loop in response to ligand 

binding (closed state) [9, 11]. This motion may not be restricted to Group-1, and oseltamivir can 

induce partially opening of the N2 150-loop [12-14]. It indicates that the flexibility of 150-loop 

should be considered in the drug design, to improve binding affinity and specificity [12, 14]. For 

instance, numerous efforts have been devoted to the development of NA inhibitors that projected 

into the 150-cavity [10, 15-18].  

The peptides against influenza viruses have shown potential as therapeutic agents [19-22]. 

Recently, a 16-mer peptide derived from Acetes Chinensis (EISYIHAEAYRRGELK, N- to 

C-terminus) has been reported to stand against influenza A/H1N1 virus, with an IC50 of 96.1 

μmol/L [22]. Albeit its binding with NA has been indicated by evidences of UV spectrum analysis 

and docking/scoring method [22], however, the interaction mechanisms remain ambiguous, which 

is adverse for the design of improved inhibitors [3, 6]. Molecular dynamics (MD) simulations have 

been extensively used to expound the features of interactions between inhibitors and the NA 

binding site [3, 23-27]. Here, docking and explicit solvent MD simulations were combined to 

analyze the interactions involving 16-mer peptide with N1 subtype NA. Besides, the bindings of 

10-mer (YIHAEAYRRG) and 6-mer (HAEAYR) peptides to N1 subtype NA were also studied to 

reveal the importance of individual functional groups of peptides to the binding affinities. We hope 

that the results can aid to understand the interaction profiles, and will be of value in the rational 

design of improved inhibitors across all NA subtypes. 

 

 

 

 

150-cavit

y 

A B 



977 

 

2. Materials and methods 
 

2.1. System setup 

 

Because of high-resolution and well-defined binding site, the coordinates of H5N1 NA 

complexed with oseltamivir carboxylate (entry code 2HU0 [9]) were retrieved from Protein Data 

Bank. For convenience, it is named as N1 throughout this work. The calcium ion (Ca
2+

) near the 

binding site was retained. Missing hydrogen atoms of the protein were added, using Biopolymer 

module (InsightII 2005) [28]. Protonation states for the residues were determined by manual 

verification according to the interacting partners [29-31]. The protein structure was then 

neutralized with Na
+
 ions [29-31], and optimized with the conjugated gradient algorithm (Discover 

3.0 module), using the consistent-valence force-field (CVFF). The convergence criterion was set to 

0.01 kcal mol
-1

 Å
-1

. 

The structures of peptides EISYIHAEAYRRGELK, YIHAEAYRRG and HAEAYR were 

generated with Builder module. The geometries and partial atomic charges of peptides were 

handled by the BFGS algorithm [32], with a convergence criterion of 0.01 kcal mol
-1

 Å
-1

. 

 

2.2. Docking 

 

The docking simulations were performed by the general and popular protocol in InsightII 

2005 software packages [33], features for its semi-flexible method that the binding-site specified 

residues and ligands are free to move. The Affinity module, combining Monte Carlo (MC) and 

simulated annealing (SA) methods, was used to probe the optimal orientations of peptides at the 

binding site of N1. The solvent effect was accounted by solvating the systems in a sphere of TIP3P 

[34] water molecules. The non-bonded interactions were described by Cell-Multipole approach. 

Energy minimizations were then performed, using the conjugated gradient method with CVFF 

force-field, until converged to 0.01 kcal mol
-1

 Å
-1

. More calculated details are referred elsewhere 

[31, 35-36]. 

 

2.3. Molecular dynamics (MD) 

 

The energy-minimized docked complexes were used as the initial structures during the 

MD simulations, using GROMACS4.5.5 program [37-38] and Charmm27 force field [39-40]. 

Each complex was placed in a SPC/E (simple-point-charge) water box of 81×81×81 Å
3
 [31]. NA

+
 

counter-anions were added to neutralize the charge of the system [41]. 70 ns production MD 

simulations were performed, after removing bad contacts with molecular mechanics and relaxing 

water molecules with position-restrained MD. The NPT ensemble was applied at 300 K and 1 Bar 

[42]. The particle-mesh Ewald (PME) method was used with 8.0 Å direct-space nonbonded cutoff 

[43]. The covalent bonds involving hydrogen was constrained with the LINCS algorithm [44]. A 

1.0 fs time step was used, and coordinates were saved every 10 ps. 

 

 

3. Results and discussion 
 

The structural and energetic analyses were conducted over the structures obtained from 

explicit solvent MD simulations. The structural stability of the dynamic trajectories was monitored 

through time evolutions of potential energies and root-mean-square deviations (RMSD), which is 

widely used to determine the equilibrium state [45]. Fig. 2 shows that the potential energies of 

docked complexes are well-behaved during the simulations; the protein backbone RMSD curve 

reaches the platform since approximately 0.5 ns, with only minor variation afterwards, consistent 

with the previous results [29-31]. The average protein backbone RMSD for the 16-mer, 10-mer 

and 6-mer peptide-N1 complexes are 1.8 (0.1), 2.2 (0.1) and 2.2 (0.2) Å, respectively. The data in 

parentheses are for the standard deviations. Relatively large fluctuations are observed for the 

ligand positional RMSD until about 60 ns, with the average values of 3.2 (0.6), 2.5 (0.2) and 3.8 

(0.8) Å, respectively (Fig. 2). These indicated that the simulations are reasonably converged and 
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docked complexes have readily been in equilibrium since about 60 ns. Thus, the geometric and 

energetic analyses are made on the average structures of 60~70 ns MD trajectories. It was found 

that all of three peptides are in the proximity space within N1, but their binding poses differ 

somewhat (Fig. 3). 

 
Fig. 2. Time evolution of potential energies and root-mean-square deviations (RMSD) for 

the peptide-N1 complexes. Backbone-atom (main chain atoms Cα, C, N, O) RMSD plots 

are represented by solid lines, and  those  of peptide heavy atoms are represented by dot  

                                   lines. 

 

 

3.1. N1 interacting with 16-mer peptide 

 

Albeit virologic and UV spectrum experiments have foreshadowed the effectiveness of 

16-mer peptide (EISYIHAEAYRRGELK) against N1 protein [22], however, the interactions still 

require further exploration. On the time scale of the 70 ns simulations, 16-mer peptide is able to 

enter and fill the cavity of N1 drug binding site and 150-cavity, which further demonstrated to 

prevent closure of the 150-loop (Fig. 3). The carboxylate anion of E1 in 16-mer peptide was 

docked towards guanidino group of residue Arg430, with one H-bond formed (Fig. 4A). Note that 

the residues of peptides all match 1-letter residue name, while residues of N1 are named with 

3-letter one. E1 was further stabilized by the main-chain amides of residues Arg371 and Gly429 

via the H-bonding interactions. The main-chain amide of I5 was oriented towards residue Gly348 

along with the formation of one H-bond. The imidazole functional group of H6 was stabilized by 

residue Arg300. The carbonyl group of A7 was docked towards residue Arg292, with one H-bond 

formed. There is a sandwich-like H-bonding interaction involving E8 and the polar parts of 

residues Ser279 and Lys350 (Fig. 4A). R11 was observed to engage the H-bond networks with 

residues Glu227, Glu229 and Glu277. The guanidino group of R12 was docked towards residues 

Ser179 and Ala180, with one and one H-bonds. It was found that L15 has one H-bond with residue 

Trp178, and a bidentate H-bond interaction is formed between K16 amino group and the 

main-chain carbonyl groups of residues Pro197 and Gly200. Detail information is shown in Table 

1 and Fig. 4A.  

 

 

 

 

 

0 10000 20000 30000 40000 50000 60000 70000

-180000

-174000

-168000

-162000

-156000

 MD simulation time (ps)

P
o
te

n
ti

al
 e

n
er

g
y
 (

k
ca

l 
m

o
l-1

)

0 10000 20000 30000 40000 50000 60000 70000
0

1

2

3

4

5

6

R
M

S
D

 (
Å

)
MD simulation time (ps)

16-mer peptide-N1       10-mer peptide-N1       6-mer peptide-N1       

OC-NA         PR-NA         

 



979 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. Peptides superposed at the N1 binding site. Protein is shown in property Connolly 

surface, using the InsightII 2005 scripts. Peptides are represented by stick models. 
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Fig. 4. Views of the binding modes of the N1 binding-site residues with the peptides: A) 

EISYIHAEAYRRGELK, B) YIHAEAYRRG and C) HAEAYR Key residues and peptides are 

represented by stick, and ball and stick models, respectively. The C, N, O atoms are 

colored in purple, blue and red for the binding-site residues whereas in green,  blue  and  

                          red for the peptides. 

 

 

The total interaction energy (Etotal) of 16-mer peptide with N1 was summed to -572.81 kcal 

mol
-1

. The electrostatic interactions (Eele) are the main driving force for the binding process, with 

the value of -385.17 kcal mol
-1

 (67.24 %), which is consistent with the previous studies of other 

NA inhibitors [29, 35-36, 46-47]. It was found that binding-site residues Asp198, Glu227 and 

Glu229 show their primary effects on the electrostatic contributions (Eele), with the values of 

-50.74, -66.54 and -53.49 kcal mol
-1

 (Fig. 5A), in agreement with the structural analysis. Besides, 

the hydrophobic portions of residues Glu227, Glu277, Tyr347 and Lys350 were observed to 

introduce steadily van der Waals effects (EvdW) to the binding , where the values were -9.74, -7.96, 

-10.05 and -7.12 kcal mol
-1

, respectively (Fig. 5A). 

 

 

A 

B C 
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3.2. N1 interacting with 10-mer/6-mer peptide 

 

As described in above section, the relative stability of 16-mer peptide-N1 complex 

observed in the 70 ns MD simulations correlates well with the experiments [22], while the 16-mer 

peptide seems to slightly spin around, with limited compactness to N1 (Figs. 3 and 4A); moreover, 

it is not facile to synthesize and commercialize, because of the relatively large molecular size. On 

basis of the characteristics of NA binding site [6, 9, 18, 31, 48], 10-mer peptide YIHAEAYRRG 

was first used as probe to explore the key portions that make close contact with residues of binding 

site and 150-cavity. That is, respectively remove three residues from the N- and C-terminuses of 

16-mer peptide, and the simplest amino acid Gly is at the C-terminus of the produced 10-mer 

peptide, which is expected to orient towards the Arg triad (Arg118, Arg292 and Arg371) of the N1 

binding site. 

Table 1 and Fig. 4B show that the carboxylate anion of G10 in 10-mer peptide was docked 

towards residues Arg371 and Tyr406, with the formation of two and one H-bonds, respectively. It 

is encouraging that carboxylate group has been a key feature of all reported NA inhibitors, which 

forms strong H-bonds with the trio of Arg residues [29, 35-36, 46-47]. The R9 guanidino group 

was stabilized by the carboxylate group of residue Glu425 through three H-bonds. It was found 

that the side-chain of Y7 forms one H-bond with residue Glu119, Glu119 also interacts with Y1, 

which in turn interacts with residues Ser179 and Glu227, associated with numerous H-bonds. The 

binding pose of 10-mer peptide within N1 protein is rather close to the 150-cavity, in contrast to 

the case of 16-mer peptide (Fig. 3). The interaction energy (Etotal) of 10-mer peptide and N1 was 

calculated at -442.21 kcal mol
-1

, and the electrostatic interactions (Eele) play a larger role, 

contributing to 84.05 % (Table 1). The calculations predicted that residues Glu119, Glu227, 

Glu277 and Glu425 have more contributions of electrostatic effects (Eele) with 10-mer peptide, 

where the values are -122.76, -112.14, -49.49 and -113.69 kcal mol
-1

 (Fig. 5B). At the same time, 

residues Tyr 406 and Trp438 were observed to result in strong van der Waals interactions (Evdw), 

with the value of -7.43 and -7.74 kcal mol
-1

 (Fig. 5B). 

 
Table 1. The vdW energies (Evdw), electrostatic energies (Eele), total interaction energies  

(Etotal) and H-bonding information in the peptide-N1 complexes 
a
 

 

Peptide Evdw  Eele  Etotal  

The binding-site  

residues that form 

H-bonding with peptide 
b
 

16-mer peptide 

EISYIHAEAYRRGE

LK 

-193.04  -385.17  -578.21  

Trp178 (1), Ser179 (1), 

Ala180 (1), Pro197 (1),   

Gly200 (1), Glu227 (1), 

Glu229 (1), Glu277 (1), 

Ser279 (1), Arg292 (1), 

Arg300 (1), Gly348 (1),  

Lys350 (1), Arg371 (1) 

Gly429 (1), Arg430 (1) 

 

10-mer peptide 

YIHAEAYRRG 
-70.53  -371.68  -442.21  

Glu119 (2), Ser179 (1), 

Glu227 (1), Arg371 (2),   

Tyr406 (1), Glu425 (3) 

 

6-mer peptide 

HAEAYR 
-55.36  -303.44  -358.80  

Glu119 (1), Glu227 (1), 

Glu277 (1), Arg371 (2), 

Arg430 (1), Tyr438 (1)      
a 
Energy units in kcal mol

-1
;  

b
 The numbers of H-bonds are given in parentheses. 
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Fig. 5. The electrostatic (Eele, blue sparse area) and total interaction energies (Etotal) 

between per binding-site residue of N1 and peptides: A) EISYIHAEAYRRGELK, B) 

YIHAEAYRRG and C) HAEAYR 

 

 

Regarding as 6-mer peptide HAEAYR, its binding pose is characterized by the strong 

electrostatic interactions involving the carboxylate anion of E3 with the positively charged side 

chains of binding-site residues Arg371 and Arg430, with the formation of two and one H-bonds 

(Table 1 and Fig. 4C). The R6 guanidino group was docked towards residue Trp438, with one 

H-bond formed. It was found that H1 and A2 were stabilized by residues Glu227, Glu277 and 

residue Glu119, with one H-bond formed with each residue. In addition, Y5 has hydrophobic 

stacking with the 150-cavity (Figs. 3 and 4C). The binding affinity (Etotal) of 6-mer peptide with 

N1 is slightly weaken (-358.80 kcal mol
-1

), in contrast to the above two modes. In 6-mer 

peptide-N1, the electrostatic interactions (Eele) dominate the binding process with the value 

(proportion) of -303.44 kcal mol
-1

 (84.57 %). It was further found that electrostatic effects (Eele) 

are more helpful for the interactions of residues Glu119, Glu227, Glu277 and Arg371with 6-mer 

peptide, especially residue Glu227, where the value was -123.74 kcal mol
-1

 (Fig. 5C). While, 

residues Tyr 406 and Trp438 show their primary effects on the van der Waals interactions (Evdw), 

with the values of -6.49 and -5.27 kcal mol
-1

 (Fig. 5C).  
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Fig. 6. Time evolution of the H-bonding number of the peptide-N1 complexes. 

 

 

Our MD simulation results indicated that 16-mer peptide EISYIHAEAYRRGELK is able 

to fit into both of the N1 binding site and 150-cavity and can lock the 150-loop in an open 

conformation (Figs. 3 and 4A). Binding-site residues Asp198, Glu227 and Glu229 seem to be 

important during the binding process (Fig. 5). After removing residues from the N- and 

C-terminuses, the generated 10-mer and 6-mer peptides still targeted at the 150-cavity, even tightly 

coordinated to the cavity (Fig. 3). Despite reducing in binding affinity (Etotal), the stability 

(potential energies) seems to be enhanced, with H-bond population remaining almost constant 

across the trajectory (Figs. 2 and 6). Especially 6-mer peptide HAEAYR is found to interact stably 

with the binding site and 150-cavity (Figs. 3 and 6). Overall the three peptides, the portion of 

Tyr-Arg is more helpful for the bindings, as a result of maintaining favorable contacts with 

residues around the 150-loop (Fig. 4). This can be comparable to the previous drug design that the 

long hydrophobic side group of 3-(p-tolyl) allyl-Neu5Ac2en points to the 150-cavity [10]. 

 

 
4. Conclusions 
 

Influenza neuraminidase (NA) is an attractive target for drug design and the 150-cavity of 

Group-1 NA provides new opportunity to develop dual-site-binding inhibitors. Recently, a novel 

NA inhibitory peptide (EISYIHAEAYRRGELK) was purified and observed to be active against 

influenza A/H1N1 virus. In order to explore its interaction mechanisms, docking and molecular 

dynamics (MD) methods were combined to study the binding modes of N1 protein with peptides 

EISYIHAEAYRRGELK, YIHAEAYRRG and HAEAYR. 
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It was found that 16-mer peptide EISYIHAEAYRRGELK has the binding specificity to 

N1 and the capability to lock the 150-cavity. The binding-site residues Asp198, Glu227 and 

Glu229 can form strong interactions with the 16-mer peptide, and more attention should be paid to 

explore novel agents. 10-mer and 6-mer peptides have also been shown to interact stably with N1 

and tightly coordinate to the 150-cavity, especially of the latter. The total interaction energies (Etotal) 

of the docked complexes of N1 with EISYIHAEAYRRGELK, YIHAEAYRRG, HAEAYR are 

-578.21, -442.21 and -358.80 kcal mol
-1

. According to the energetic and geometric analyses, the 

portion of Tyr-Arg in peptides is more helpful for the bindings and is of great importance in the 

scaffold modification. We hope that the results will be helpful for designing novel inhibitors to 

combat the spread of influenza virus. 
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