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Abstract The amino terminus of RNA polymerase A

(PA-N) of influenza virus is an important target for the

design of new antiviral agents. In this study, molecular

docking was used to screen for compounds that specifically

target the deep cleft at the endonuclease active site in

N-terminus of the RNA polymerase. Four potential com-

pounds (NCI100226, NCI122653, NCI625583, and

NCI403587) with high binding affinity for the active site

were identified. Structural analysis of the binding confor-

mation of each of these compound-PA-N complexes

revealed that hydrophobic interaction and manganese ion

chelation comprised the main interaction between the

compounds and enzyme. The binding configuration sta-

bility and the number of hydrogen and ionic bonds were

investigated by molecular dynamic simulations. The results

indicated that NCI403587 could be a promising PA-N

inhibitor, and may represent a potential new agent for the

treatment of influenza.
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Introduction

Influenza A viruses are important human and animal

respiratory pathogens responsible for both the seasonal

‘flu’ outbreaks and periodic worldwide pandemics. Anti-

viral drugs are particularly beneficial for combating a fast-

spreading pandemic. Several drugs have been used to treat

infection caused by influenza virus. These drugs are mainly

directed against the M2 ion-channel protein (adamantanes)

and NA protein (zanamivir and oseltamivir) (Das et al.

2010). However, drug-resistant viruses have gradually

emerged, and the development of new effective anti-

influenza drugs targeting different proteins of the virus is

urgently needed.

The RNA polymerase of influenza virus is a heterotri-

meric complex consisting of PB1, PB2 and PA subunits,

and is responsible for carrying out the transcription and

replication of the viral genome during infection (Kashiwagi

et al. 2009). The primary roles of PB1, PB2 and PA in viral

RNA synthesis have been delineated by various biochem-

ical and genetic studies (Blaas et al. 1982; Biswas and

Nayak 1994; González and Ortı́n 1999; Obayashi et al.

2008; Dias et al. 2009; Hara et al. 2006). PB1, the core of

the RNA polymerase complex contains RNA-dependent

RNA polymerase activity and it can recognize and bind to

the specific conserved sequences of viral genomic RNA

segments (vRNAs) and viral cRNAs (Blaas et al. 1982;

González and Ortı́n 1999). The RNA polymerase tran-

scribes viral RNA using short capped primers derived from

host cell pre-mRNAs by a unique ‘cap snatching’ mecha-

nism (Plotch et al. 1981). In this mechanism, the PB2

subunit binds the cap of host pre-mRNA and the PB1

subunit cleaves it at nucleotide 10-13 (Li et al. 2001; Gu-

illigay et al. 2008). The PA subunit has endonuclease and

protease activities, and has been implicated in a diverse
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range of functions, such as cap-binding, viral RNA bind-

ing, interaction with PB1, and replication (Maier et al.

2008; Lee et al. 2002; Hara et al. 2006; Fodor et al. 2002;

Honda et al. 2002). The PA protein can be cleaved, by

limited tryptic digestion, into two domains: a smaller

N-terminal 25-kDa domain and a larger carboxyl terminal

55-kDa domain (Guu et al. 2008). Mutational analysis of

PA suggests that N-terminal domain (PA-N) contains res-

idues important for several functions of the polymerase

complex, including protein stability, promoter binding, cap

binding and endonuclease activity, which is essential for

the synthesis of viral mRNAs (Hara et al. 2006; Maier et al.

2008). The crystal structures of PA-N reveals the existence

of a cation-dependent endonuclease active-site core, and

the amino acid residues involved in catalysis are conserved

among different influenza A viruses (Yuan et al. 2009).

Structural analysis of PA-N has revealed a deep cleft at the

endonuclease active site, which has been considered as a

promising target for the design of novel anti-influenza

drugs (Dias et al. 2009). The development of new inhibi-

tors that target PA-N can provide a new way for treating

influenza virus.

Computational approaches such as molecular docking

and molecular dynamics (MD) simulation have been

widely applied to structure-based drug discovery and

design (Morin et al. 2011; Huang and Zou 2010; Fedi-

chev et al. 2011; Cui 2011). Molecular docking is gen-

erally used to investigate inhibitor-enzyme interactions

and elucidate their binding mechanisms. In recent years,

however, molecular simulation has also been widely used

to investigate dynamic characteristics of inhibitor-enzyme

interactions, such as the binding affinity between inhib-

itor and enzyme and the stability of the complex or

conformational changes of the enzyme resulting from

such binding, as well as any special feature associated

with enzyme-inhibitor recognition. Molecular docking

and MD simulation can reveal different aspects of

information about drug and protein interactions. Based

on this, we used both molecular docking and MD sim-

ulation in this study to analyze the interactions between

enzyme and inhibitor under static and dynamic

conditions.

Our goal was to screen a library of compounds for

new and potent PA-N inhibitors. Therefore, molecular

docking approach was applied to screen for small mol-

ecules in the library. Four best-binding compounds with

higher binding affinity for PA-N were identified. MD

simulation was used to investigate the dynamic binding

features and the stability of the complexes resulting from

inhibitor-enzyme binding. These molecules may provide

the basis for designing novel antiviral drugs for treating

influenza in the future.

Materials and Methods

Crystal Structure of PA-N

The crystal structure of PA-N from influenza virus strain

A/Victoria/3/1975 H3N2 was obtained from Protein Data

Bank (PDB ID: 2W69) (Dias et al. 2009). The structure

was solved at a resolution of 2.05 Å, and consists of resi-

dues 1–209 with two manganese ions bound in the core of

the endonuclease active site, which is an important feature

of PA-N. This structure was used as an initial structure in

molecular docking and MD simulation.

Preprocessing the Compound Library

The Maybridge Screening collection (consist of over

56,000 organic compounds) and NCI Plated Compounds

(approximately 140,000 compounds) were used as the

compound library in molecular docking study. The chem-

ical toolbox software Open Babel (O’Boyle et al. 2011)

was used to generate the three-dimensional atomic coor-

dinates of the compounds in Maybridge Screening collec-

tion. In order to screen for drug-like compounds, molecules

containing toxic groups, reactive groups or that are not

compatible with Lipinski’s Rule of 5 (Lipinski 2000) were

excluded from the library before molecular docking. These

drug-like properties were estimated by XlogP3 (Cheng

et al. 2007). The compounds were then processed by pre-

pare_ligand4.py, a python script in the AutoDock Tools

module, which can merge nonpolar hydrogen, add Ga-

steiger atomic charges, and set atom type to the AutoDock

supported type. This process yielded 164,745 compounds

as the compound library for virtual screening. All the

compounds in the library were docked into the PA-N

endonuclease active site in the molecular docking

procedure.

Molecular Docking

The molecular docking procedure was performed by the

molecular docking program AutoDock 4.2, run on a high

performance computing platform at Liaoning University

(Morris et al. 1998; Morris et al. 2009; Park et al. 2006).

The settings of docking region were based on the key

residues of PA-N endonuclease active site. Amino acid

residues His41, Glu80, Leu106, Pro107, Asp108, and

Glu119 of the PA-N were treated as the active residues of

the binding cavity.

AutoGrid was used to calculate the lattice energy

between the receptor and all types of atoms for each

compound in the library. All ligands in the compound

library used the same calculated lattice energy, thus
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accelerating the speed of virtual screening. During the

docking procedure, the ligands were flexible and the

receptor was fixed. Lamarckian genetic algorithm was used

to optimize compound conformation and 10 docking runs

were performed for each compound in the database. The

population size was set to 150, the number of generations

was set to 27,000, and the maximum number of energy

evaluation was set to 2,500,000. The docking conforma-

tions was evaluated using a semi-empirical free energy

force field (Huey et al. 2007).

Following the docking analysis, some promising can-

didates were chosen from the compound library according

to the following criteria: (1) the selected compounds should

show only one big cluster in the cluster analysis section of

the docking result, and the binding pose with lowest

binding energy should included in that cluster; (2) the

binding mode of the candidate compounds and the known

PA-N inhibitors were compared by AutoDock Tools, and

the compounds have a binding mode that is similar to the

known PA-N inhibitors were selected as promising candi-

dates; (3) the selected compounds should contain an

anionic group that can easily chelate with the manganese

ion in the active site of PA-N, and contain a relatively large

hydrophobic group that can bind to the hydrophobic resi-

dues in the active site; (4) the formation of hydrogen bonds

between PA-N and the candidate compounds were checked

by AutoDock Tools, the selected compounds should have

the ability to form hydrogen bonds with key residues of the

PA-N active site. The overall virtual screening process

used in this study is shown as a flow chart in Fig. 1.

Molecular Dynamics Simulation

Molecular dynamics (MD) simulation was conducted to

investigate the dynamic properties of the inhibitor-protein

complexes. All MD simulations were performed with

NAMD 2.9 (Phillips et al. 2005) using the AMBER all-

atom force field (Wang et al. 2004). The topology and force

field parameters of the candidates were generated by

antechamber package of AmberTools 1.5 using AM1-BCC

charges (Jakalian et al. 2002) and GAFF force field. The

Amber force field for manganese was obtained from

AMBER parameter database (Bradbrook et al. 1998). The

structural models were individually solvated in a TIP3P

water model with a minimum solute wall distance of 10 Å.

Sodium cations were added to each system to neutralize the

overall charge of the system. And then, 10,000 steps energy

minimization were carried out for each solvated inhibitor-

protein system. After minimization, the systems were

slowly heated to 310 K within 620 ps, followed by a

400 ps equilibration phase. The equilibrated systems were

then subjected to production stage for 10 ns with NPT

canonical ensemble at a constant temperature of 310 K and

a constant pressure of 1 atm through the Langevin piston

method. The integration time step was set to 2 fs, and long-

range electrostatics were treated with PME method for all

MD stages.

Results and Discussion

Validation of Molecular Docking Methods

In order to estimate the feasibility and validity of the

screening process which employed molecular docking,

eight positive inhibitors (and their IC50 values) were

selected from the literatures (Tomassini et al. 1994; Has-

tings et al. 1996), and each was docked into PA-N endo-

nuclease active-site using the same docking parameters as

for virtual screenig. The IC50 values for the inhibition of

transcription activity and the calculated binding energy of

the inhibitors are listed in Table 1. The logIC50 values of

these inhibitors were well correlated (R2 = 0.83) with their

corresponding binding energy (Fig. 2), suggesting that

molecular docking is feasible for the screening of potential

inhibitors for the PA subunit of influenza A virus.

Fig. 1 Flow chart of the process of in silico strategies used for virtual

screening
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Molecular Docking

Molecular docking-based virtual screening was used to

seek for compounds that specifically target the endonu-

clease active site of PA-N. Compounds with higher

binding energy than that of the positive inhibitors were

evaluated by the four criteria mentioned above. The top

four compounds, NCI100226, NCI122653, NCI625583,

and NCI403587, were selected as potential candidates for

further analysis by docking and molecular simulation.

For simplicity, NCI100226, NCI122653, NCI625583, and

NCI403587 will henceforth be referred to as L26, L53,

L83 and L87, respectively. The structures, names and

binding energy of these four compounds are shown in

Fig. 3. All four compounds had less than -20 kcal/mol

binding energy, indicating that they have strong binding

affinity for the active site of PA-N endonuclease. Inter-

estingly, all candidates had similar structural features, in

which each contains at least one big hydrophobic group,

some polar substituents, and some anion groups, sug-

gesting that in addition to being able to bind to the

hydrophobic pocket and the prothetic manganese ions of

PA-N, these compounds could also form hydrogen bond

with the hydrophilic residues in the active site of the

enzyme. With the exception of L87, which could form

more hydrogen bonds with PA-N, all candidates shared a

Table 1 Structures and IC50

values (mM) of some known

influenza PA-N inhibitors

a, b The structures and IC50

values of these PA-N inhibitors

were selected from the

publications by Tomassini et al.

(1994) and Hastings et al.

(1996). c The values of the

corresponding binding energy

(kcal/mol) were estimated by

docking the inhibitors into the

N-terminal endonuclease active

site of RNA polymerase A using

Autodock program

Compound Structurea LogIC50
b Binding energy (kcal/mol)c

1 −3.37 −16.07

2 −3.27 −16.94

−3.48 −16.43

4 −2.43 −15.20

5 −1.67 −14.08

6 −1.53 −15.23

7 −1.25 −14.19

8 −0.51 −13.98
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similar docking mode in the active pocket of PA-N, as

shown in Fig. 3.

Binding Mode of Candidate Compounds

The docking conformation and the hydrogen bonds formed

between each of the four compounds and PA-N are shown

in Fig. 4. The endonuclease active site is composed of a

dinuclear manganese center and a hydrophobic cavity. The

endonuclease activity of PAN is known to be highly

dependent on the presence of metal ions in the active site,

suggesting that compounds that can chelate the manganese

ions may have the ability to inhibit the endonuclease

activity of PA-N (Doan et al. 1999; Dias et al. 2009). The

four compounds were bound to the active pocket in a

similar mode, and each made contact with the manganese

ions via its anion group (Fig. 4), indicating that these

compounds may chelate the manganese ions. The large

hydrophobic groups of these compounds were located in

the deep cavity on the right side of the active pocket, and

were in contact with Ala20, Tyr24 and Ile38 via van der

Waals interaction. The hydrophobic interaction formed

between any of these compounds and PA-N active site

should result in a desolvation entropy gain, which is

favorable for the stabilization of the complex. The anion

group and other polar substituents could form two or more

hydrogen bonds with the key residues (His41,Glu80,-

Leu106,Pro107,Asp108 and Glu119) in the active site of

the enzyme. The hydrogen bond formed between the

compounds and these PA-N key residues could result in a

more stable complex. The binding energy of L53 was the

lowest among the four compounds, but it appeared to have

no hydrophobic contact with the active pocket. Instead, it

formed more hydrogen bonds with the enzyme (Fig. 4b).

Based on these results, we proposed that the above four

compounds could chelate with the two manganese ions and

form hydrogen bond and hydrophobic contacts with some

key amino acid residues in the active site to stabilize the

inhibitor-enzyme complex, consequently leading to the

inhibition of endonuclease activity of PA-N.

Molecular Dynamics Simulation

The dynamic properties of the complexes between PA-N

and each of the compounds were investigated by molecular

dynamics simulation. A 10 ns MD simulation was per-

formed for each of the four compounds (L26, L53, L83 &

L87) and one positive inhibitor (2,4-dioxo-4-phenylbuta-

noic acid, L05). The root mean square deviations (RMSDs)

of the complex as well as of the ligands obtained from MD

are summarized in Fig. 5. The RMSDs of the complexes

formed between PA-N and one of the compounds or the

positive inhibitor (L05) stabilized at 5 ns during the 10 ns

of MD simulation, suggesting that all the complexes had

reached energy equilibrium. RMSDs of the complexes

formed between PA-N and L26, L87, L05, L53 and L83

started to fluctuate around 2.57, 2.76, 3.36, 3.24 and

3.49 Å, respectively. According to the RMSD of the

complex for each system, L26 and L87 appeared to have a

significantly lower value than L53, L83 and L05, indicating

that L26 and L87 could bind to PA-N to yield a more stable

complex than the complex formed between PA-N and its

Fig. 2 Regression analysis of logIC50 of known inhibitors and their

binding free energy

Fig. 3 Compounds identified by molecular docking as potential PA-N inhibitors
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positive inhibitor. The RMSDs of L05, L26 and L87 were

also stabilized at 5 ns, but then fluctuated at around 2.58,

2.66 and 1.99 Å, respectively (Fig. 5b). These results

indicated that L87 can form a more stable complex with

PA-N than the other candidates or the positive inhibitor.

The formation of hydrogen bond between PA-N and

L26, L87 or L05 was also investigated. The hydrogen bond

profile of each complex is summarized in Fig. 6. Four

hydrogen bonds were observed between L05 (positive

inhibitor) and PA-N (Fig. 6c). The distance between the

oxygen atom of L05 and Oe1 atom of Glu80 fluctuated

from 2.60 to 4.37 Å, indicating that it is an unstable

hydrogen bond. In contrast, four hydrogen bonds were

detected between L26 and Glu80, Ile120, Asp108 and

His41 of PA-N (Fig. 6a). The length of the four hydrogen

bonds remained at 2.36–4.04 Å throughout the simulation,

indicating a strong interaction between L26 and PA-N

active site. L87 formed five hydrogen bonds with PA-N,

and two of these were formed with Glu80 whereas the

other three were with His41, Asp108 and Glu119 (Fig. 6b).

All the hydrogen bonds were stable during the simulation.

The stronger hydrogen-bond interaction between L87 and

PA-N suggested a tighter binding between the compound

and enzyme. The observed profiles of hydrogen-bond dis-

tance suggested that L87 could be a promising inhibitor for

inhibiting PA-N endonuclease activity.

Conclusion

The spread of influenza virus has posed a serious threat to

the health of the general public worldwide, so the devel-

opment of effective anti-influenza drugs is considered to be

a matter of urgency. Viral polymerases play an important

Fig. 4 Docking modes of

different compounds in PA-N.

a L26. b L653. c L83. d L87.

Small molecules are shown in

stick format and carbon atoms

are indicated in yellow, while

oxygen, nitrogen and

manganese atoms are indicated

in red, blue, and darkorchid,

respectively. Hydrogen bonds

are shown in dotted red lines

Fig. 5 Complex RMSD (a) and ligand RMSD (b) profile of putative

and positive inhibitors of PA-N
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role in viral replication cycle, and PA is a part of the

polymerase. For this reason, PA-N has become an ideal

target for identifying new inhibitors. Here, we employed

molecular docking to screen 200,000 small molecules for

compounds which can directly bind to the subunit of PA-N.

We identified four potential PA-N endonuclease active site

inhibitors from Maybridge Screening collection and NCI

Plated Compounds library. All inhibitors appeared to adopt

a similar binding mode and interacted with key residues in

the binding pocket of the enzyme active site via hydrogen

bonds. The putative PA-N inhibitors identified from the

screening process appeared to possess lower binding

energy than all the known inhibitors. The mode of binding

between compound and enzyme revealed that these com-

pounds may inhibit the endonuclease activity of PA-N by

chelating with the manganese ions in the active center.

Further analysis revealed that the hydrophobic interaction

and the formation of hydrogen bond between each com-

pound and key residues of PA-N could stabilize the

inhibitor-enzyme complex. The 10 ns MD simulation

identified L87 as the most promising candidate based on

the behavior of their RMSD and hydrogen bond profile. All

four putative PA-N inhibitors could be further developed

into drugs for combating infection caused by influenza A

virus.
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