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Abstract  

The nuclear export protein (NEP) of the influenza A virus exports viral ribonucleoproteins to 

the host cell cytoplasm following nuclear transcription. In this work conservation analysis of 

3000 protein sequences and molecular modelling of full-length NEP identified ligand binding 

sites overlapping with high sequence conservation. Two binding hot spots were identified 

close to the first nuclear export signal and several hot spots overlapped with highly conserved 

amino acids such as Arg42, Asp43, Lys39, Ile80, Gln101 and Val109. Virtual screening with 

~43,000 compounds against a binding site showed affinities of up to -8.95 kcal/mol, while 

~1700 approved drugs showed affinities of up to -8.31 kcal/mol. A drug-like compounds 

predicted was ZINC01564229 that could be used as probe to investigate NEP function or as a 

new drug lead. The approved drugs Nandrolone phenylpropionate and Estropipate were 

predicted to bind with high affinity and may be investigated for repurposing as anti-influenza 

drugs. 

 

Importance  

The influenza A virus causes respiratory illness in humans annually across the world. 

Antigenic shifts and drifts in the surface proteins lead to genome diversity and unpredictable 

pandemics and epidemics. The high evolution rate of the RNA genome can also limit the 

effectiveness of antivirals and is the cause of emerging resistance. From a human health 

perspective, it is important that compounds identified as potential influenza replication 

inhibitors remain effective long-term. This work presents results which are based on 

computational predictions that reveal interactions between available compounds and regions 

of the influenza A nuclear export protein which display high conservation. Due to a low 

probability of highly conserved regions undergoing genomic changes, these compounds may 

serve as ideal leads for new antivirals. 
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Introduction 

Influenza A is known to be one of the most prevalent and significant human respiratory viral 

infections worldwide with previous pandemics resulting in remarkably high fatality rates 

(Kilbourne, 2006). This is largely due to the zoonotic nature of the virus which enables rapid 

transmission of new re-assortant strains between species (Reperant et al., 2012). The avian 

influenza caused mainly by the same virus type A is a major problem for chicken- and geese-

farming in various parts of the world (Canavan, 2019). The main form of prevention against 

influenza A is annual vaccination; however this does not always guarantee extensive 

protection or control of the virus (Chambers et al., 2015). Therefore treatment with antiviral 

drugs such as the neuraminidase and matrix protein 2 (M2) inhibitors is heavily relied upon. 

Although, since the approval of these drugs, particularly the M2 inhibitors, antiviral 

resistance due to amino acid mutations in the drug target site has been reported and remains a 

concern (Hayden and De Jong, 2011). The infectious life cycle requires several functional 

proteins encoded by eight RNA segments, which take over the host cell, allowing the virus to 

replicate its genome and suppress the immune response (Bouvier and Palese, 2008). The 

Influenza A nuclear export protein (NEP) is expressed from alternate splicing of the eighth 

RNA genome segment. NEP, also known as the Non-structural protein 2 (NS2) is found 

inside the virus particle and is 121 amino acid residues long. In the virion, it is present bound 

to the M1 matrix protein through interaction with the prominently surface exposed residue 

Trp78 (Akarsu et al., 2003).  This interaction facilitates the main function of the NEP, which 

is to export newly synthesized viral ribonucleoproteins from the nucleus to the cytoplasm of 

infected cells to allow translation of the structural proteins, as well as packaging the genome 

into progeny virions (Akarsu et al., 2003; Li et al., 2015). This is an essential process during 

the replication cycle and is mediated by binding with the cellular export molecule 

chromosome region maintenance protein 1 (CRM1) and its co-factor ranGTP (Neumann et 

al., 2000). Several other key functions of the NEP have also been reported, such as regulating 

accumulation of viral RNA during transcription and translation (Robb et al., 2009), 

interacting with cellular molecules such as ATPase to assist with viral budding (Paterson and 

Fodor, 2012) and several nucleoporins to enable nucleocytoplasmic transport (Chen et al., 

2010; O’Neill et al., 1998).  

A complete crystal structure of the NEP is currently unavailable, but experimental data shows 

that the NEP C-terminus has two helices and dimerises to form a four helix bundle (Akarsu et 

al., 2003).  Another study reporting structural information from experimental data suggests 
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that the protein adopts a flexible and highly mobile conformation, in particular the N-terminal 

fragment (Lommer and Luo, 2002). The N-terminus is recognised by the nuclear export 

machinery during replication and contains a leucine rich nuclear export signal (NES) 

consisting of residues 11-23 (O’Neill et al., 1998). Ser17 and Leu21 in this region were found 

to be highly conserved and have been proposed to be key residues of the NES (Darapaneni et 

al., 2009). A second NES signal in a leucine rich region between residues 22 and 45 has also 

been identified and is proposed to be involved in the export of vRNPs (Huang et al., 2013). In 

contrast, the C-terminal domain (residues 54-121) for which structural data is available 

(Akarsu et al., 2003), is highly structured and consists of several hydrophobic residues 

(Paterson and Fodor, 2012). Previous studies have also shown that the NEP displays high 

sequence conservation in known and unknown functional areas, indicating that the protein 

would be an ideal drug target due to less chance of resistance mutations developing 

(Darapaneni et al., 2009; Warren et al., 2013). Despite evidence showing that the number of 

influenza A replication inhibitors discovered targeting various viral proteins is rising (Shen et 

al., 2015), there have been no conclusive reports of inhibitors identified that target the NEP. 

The objective of this work has focused on investigating highly conserved regions of the 

nuclear export protein that overlap with potential ligand binding sites, and the identification 

of drug-like molecules that may bind to those sites. 

 

Results 

NEP amino acid conservation 
 
All available full-length NEP sequences (≈ 3000) of mainly human, swine and avian hosts 

from all geographic regions were initially dowloaded from the NCBI Influenza Virus 

Resource (Bao et al., 2008). 889 sequences remained after removing redundant sequences at 

98% similarity. The alignment profile based on Valdar’s scoring method showed a high level 

of conservation amongst sequences and the conservation scores for each amino acid are 

presented in table 1. Scores ranged from 0.632 at position 89 (lowest) to 1 (highest). Gly30, 

Leu38 and Arg66 were 100% conserved, whilst other highly conserved residues (>0.900) 

include Met16, Ser17, Tyr41, Leu69, Arg84 and Leu103. The most conserved region is from 

Thr90 to Glu110 which forms helix four at the C-terminus. The least conserved residues 

(<0.750) were found to be: Leu14, Glu22, Gly26, Ser57, Asn60, Glu63 and Ile89; several of 

these residues form the interhelical loops and turns between the helices. Frequent amino acid 

substitutions observed for positions displaying low conservation include E, M, R, Q, K, R, V, 
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T and A at position 14, and K, T, V, I, N, L, A, S and T at position 89. For display purposes 

the scores were re-scaled and mapped onto the NEP structure. 

 

Table 1. Conservation score for each amino acid from a multiple sequence alignment of NEP 
sequences. The scores were obtained from the Jalview AAcons web server using Valdar’s scoring 
method.  

Valdar 
conservation score  Residue position 
 
0.90 - 1.00 
 

 
Met1, Asp2, Pro3, Asn4, Thr5, Ser8, Phe9, Gln10, Asp11, Ile12, Leu13, 
Arg15, Met16, Ser17, Lys18, Met19, Gln20, Leu21, Ser23, Ser24, Ser25, 
Asp27, Leu28, Asn29, Gly30, Met31, Ile32, Thr33, Phe35, Glu36, Leu38, 
Lys39, Tyr41, Arg42, Asp43, Ser44, Leu45, Gly46, Glu47, Met50, Arg51,  
Gly53, Asp54, Leu55, His56, Leu58, Gln59, Arg61, Asn62, Trp65, Arg66, 
Glu67, Gln68, Leu69, Gln71, Lys72, Phe73, Glu74, Glu75, Ile76, Arg77, 
Trp78, Leu79, Ile80, Glu82, Arg84, Leu87, Thr90, Glu91, Asn92, Ser93, 
Phe94, Glu95, Gln96, Ile97, Thr98, Phe99, Met100, Gln101, Ala102, 
Leu103, His104, Leu105, Leu106, Leu107, Glu108, Val109, Glu110, 
Glu112, Ile113, Arg114, Phe116, Ser117, Phe118, Gln119, Leu120, Ile121 

 
0.80-0.899 

 
Val6, Ser7, Gln34, Ser37, Leu40, Val49, Met52, Lys64, Glu81, Val83, 
His85, Lys86, Lys88, Gln111, Thr115, 

 
0.70 - 0.799 

 
Glu22, Gly26, Ala48, Ser57, Gly70 

 
0.60-0.699 

 
Leu14, Asn60, Glu63, Ile89 

 

Protein modelling and Molecular Dynamics Simulations 
 
The I-TASSER server generated a full length NEP model based on the H1N1 input sequence. 

The C-terminal part of the experimental structure 1PD3 was used as the template and the 

remaining structure was modelled ab-initio as no suitable template was available. The RMSD 

between the C-terminal region of the model and 1PD3 was 1.98 Å, indicating a small 

difference between the two structures. The experimentally known coordinates of 1PD3 chain 

A (C-terminal residues 64-115) were combined with the N-terminal part of the I-TASSER 

model to generate a model consisting of four parallel helices linked by three turns. This 

model was used as the starting structure for molecular dynamics simulations. From three 100 

ns simulation trajectories and cluster analysis, it was observed that the conformation of the N-

terminal region (1-65) did not change significantly from the initial model; the experimentally 

known parts of the structure were kept restrained to their positions during the simulation. The 

backbone RMSD for the unrestrained part of the protein from each simulation is shown in 
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figure 1. The trajectories were analysed to identify clusters of structures sampled starting 

from 10 ns with an RMSD cut-off of 0.2 nm. Simulation one produced eight clusters, 

simulation two produced nine clusters and simulation three produced ten clusters. The central 

structures from cluster one, which was the largest cluster from each simulation were within 

3.0 Å of each other (figure 2). The RMSF of N-terminal residues was also analysed and the 

most flexible residues were found to be between positions 22-27 and 53-57. 

 

Figure 1. Root mean square deviation of NEP backbone atoms of residues 1-65 for three 100 

ns simulations, relative to the starting structure. 
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Figure 2. Backbone representations of the NEP central structure in the largest cluster from (a) 

simulation one, (b) simulation two and (c) simulation three. 

 

Prediction of binding hot-spots 

The representative structures from the largest cluster of each simulation (figure 2) were 

analysed with FTMap to identify potential binding hot spot locations. Common hot spots in 

the hydrophobic region between helix two and four were predicted for all three structures, 

although with different ranks assigned. The location of hot spot two from structure one was 

common amongst structures obtained from three simulations, and in a conserved region, 

therefore it was selected as the target site for virtual screening (figure 3). 
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Figure 3. Ligand binding hot spots (green) identified by FTMap shown together with the degree of 
NEP conservation for the structure from simulation one. The numbers indicate the site rank assigned 
by the algorithm. 

 

 

Virtual screening  
 
The predicted binding affinities for 42,348 molecules from the NCI library ranged from -8.95 

kcal/mol to +20.63 kcal/mol using AutoDock 4. The majority of compounds were found to 

bind within the range of -4.0 kcal/mol and -5.0 kcal/mol; 46 compounds had a positive 

binding energy score. The predicted binding affinities ranged from -8.7 kcal/mol to +34.9 

kcal/mol using AutoDock Vina. The majority of compounds were found to bind within the 

range of -4.5 kcal/mol and -5.5 kcal/mol and 17 compounds had a positive binding energy 

score. Several of the same compounds were identified with positive binding affinities using 

both software. Common amino acid residues involved in binding some of these compounds 

through hydrogen bonding and hydrophobic interactions identified using LigPlot+ include 

Arg42, Asp43, Lys39, Ile80, Gln101, Leu105, Val109; all of which are highly conserved. The 

compound ZINC01717023 was identified as a top hit molecule with the most similar binding 
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scores from both software. The docking model of compound ZINC01509994 in the NEP 

target site is shown in figure 4a. The binding affinities for 1738 compounds from the 

DrugBank-approved library ranged from -8.31 kcal/mol to +22.59 kcal/mol using AutoDock 

4 and from -7.7 kcal/mol to +7.4 kcal/mol using AutoDock Vina. None of the approved drugs 

had a significantly stronger predicted binding affinity than the top ranked compound of the 

NCI library. The top ranked drug from AutoDock Vina was found to be the steroid 

Nandrolone phenylpropionate (ZINC03881613), while Estropipate was ranked highest with 

AutoDock 4. The binding affinities and properties of ten top compounds from the rank list are 

presented in table 2. 

 

Table 2. Properties of top compounds from the NCI and DrugBank libraries identified by virtual 

screening including binding affinity (ΔG), number of Hydrogen bond donors (H Don) and acceptors 

(H Acc), molecular weight and partition coefficent (xLogP) at pH 7 from the ZINC database. 

Compound (ZINC ID) ΔG (kcal/mol) xLogP H Don H Acc Mol Wt (g/mol) 

 AD4 Vina     
NCI library       
ZINC01564229 -8.95 -7.4 -3.26 0 2 360.460 
ZINC01717023 -8.09 -8.7 5.29 0 5 417.420 
ZINC01509994 -8.52 -7.6 4.31 0 9 436.646 
ZINC02035101 -6.9 -8.3 3.48 0 5 357.365 
ZINC01592475 -8.10 -6.5 1.63 0 8 345.283 
ZINC01646246 -7.34 -8.2 5.62 0 2 332.358 
ZINC01717021 -7.07 -8.2 5.29 0 5 417.420 
ZINC01561925 -8.02 -7.5 5.53 0 6 406.444 
ZINC08617587 -7.93 -6.2 4.21 0 1 270.416 
ZINC01645196 -7.83 -6.6 3.57 2 7 405.892 
DrugBank library       
Nandrolone -
phenylpropionate 

-6.83 -7.7 5.51 0 3 406.566 

Estropipate -8.31 -7.1 0.84 0 5 349.428 
Pimozide -4.56 -7.6 5.62 2 4 462.564 
Tretinoin -7.8 -6.0 5.80 0 2 299.434 
Ergotamine tartrate -6.28 -7.6 2.08 3 10 581.673 
Adapalene -7.5 -6.6 7.69 0 3 411.521 
Azelastine Hydrochloride -6.88 -7.5 4.82 1 4 382.915 
Tasosartan -7.50 -7.1 2.48 0 8 410.461 
Azelastine hydrochloride -6.84 -7.5 4.82 1 4 382.915 
Zuclopenthixol -7.33 -6.4 4.69 2 3 401.983 
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Figure 4. (a) Docking model of compound ZINC01509994 in the NEP target site predicted 
with Autodock 4 in blue and Vina in green and (b) the chemical structure of ZINC01509994. 

 

Discussion 

NEP conservation 
 
Conservation results show that the influenza A nuclear export protein (NEP) is highly 

conserved as 112 out of 121 amino acid residues scored above 0.800 based on the Valdar 

conservation scores from the sequence alignment. The most conserved region with several 

residues scoring over 0.950 was helix four of the C-terminal, which has been reported to 

stabilise the structure of helix three by interacting with the M1 protein through intermolecular 

bonds between side chains (Akarsu et al., 2003). Gly30, Leu38 and Arg66 were found to be 

100% conserved and could therefore be most resistant to change due to potential evolutionary 

adaption of the virus. With regards to known NEP functions, the N-terminal region is 

reported to contain two leucine rich nuclear export signal (NES) motifs at position 11-23 

(O’Neill et al., 1998) and 22-45 (Huang et al., 2013). In this work, the second NES region 

was found to consist of four highly conserved leucine residues at position 21, 28, 38 and 45. 

This feature assists recognition and binding of cellular CRM1-RanGTP to the NES (Akarsu 

et al., 2003) and is a critical stage in transport of vRNPs out of the nucleus. Furthermore, a 

stretch of conserved hydrophobic residues between position 31-40 (Met31, Phe35, Leu38 and 

Leu40) of helix two have an effect on the nuclear and cytoplasmic distribution of NEP, as 

mutation of these residues to alanine resulted in NEP nuclear retention and also reduced virus 

Accepted Manuscript. 
Article accepted for publication in Virology, 14 August 2019. 



growth (Huang et al., 2013). The host protein AIMP2 which is a tumour suppressor was 

found to interact with NEP in the cytoplasm. AIMP2 binds at the NEP N-terminal to 

positively regulate virus replication by preventing degradation of the M1 protein required for 

vRNP export (Gao et al., 2015). Additionally, the cellular protein human nucleoporin 98 

(hNup98) has been found to interact with NEP of H5N1 subtypes at the 22-53 region which 

causes NEP to co-localise in the nucleoli, but the significance of this interaction requires 

further study (Chen et al., 2010). It is suggested that the high conservation of the N-terminal 

region could be attributable to these functions.  

The viral M1 protein binding site on helix three of the C-terminal region involves Trp78 and 

surrounding glutamate residues which are also highly conserved. This region is recognized by 

a nuclear localization signal (NLS) on the M1 protein (Akarsu et al., 2003; Shimizu et al., 

2011) which in turn is bound to vRNP’s to form the export complex. However, mutation of 

Trp78 was also reported to have no effect on vRNP export and NEP function (Robb et al., 

2009). Other highly conserved residues may have a role in maintaining the structure of the N-

terminus, and forming recognition sites for other biomolecules.  

Regions of low conservation may indicate recognition sites by the host immune system. 

Sequence variations may also be a result of subtype or species specific codon changes which 

have circulated and consequently lowered the alignment conservation score. Alanine at 

position 48 which displays intermediate conservation with a score of 0.791 enables efficient 

interaction with CRM1 and has been shown to reduce nuclear aggregation of NEP in a H1N1 

strain (Gao et al., 2014). Significant differences between sequences could also lead to 

changes in biological functions and enable the protein with additional features that could 

result in host adaptations. This is exemplified by a compensatory mutation found in the NEP 

sequence of a human H5N1 isolate at position 16 (M16I) which originated in birds and was 

found to enhance the activity of avian derived polymerases in human cultured cells (Mänz et 

al., 2012). 

Structure and predicted binding site locations of the NEP 
 
To investigate binding hot spots as drug target sites in conserved regions, a full length NEP 

structure is required, which was not available from the PDB, hence protein structure 

prediction and molecular dynamics simulations were performed. Contrary to an experimental 

study focusing on NEP structure, the simulation trajectories and RMSD based cluster 

analyses reveal that the NEP is a stable structure and that the N-terminal does not display 
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significant conformational flexibility (figure 1 and 2); a feature which is proposed to assist in 

formation of the nuclear export complex (Lommer and Luo, 2002).  

Compared to the initial starting structure, helix one becomes slightly distorted throughout the 

100 ns simulations with the end of the helix unravelling, whereas the structure of helix two 

mostly remains intact. The distances between the apex of the N-terminal and C-terminal 

helices also varies a little between simulations, presumably due to higher flexibility of the 

residues that form the loop connecting helix one and two, opening up a pocket at one end of 

the protein. Otherwise, no major structural changes occur that alter the predicted four helix 

bundle structure. Conventional MD simulations of nanosecond time scale provide an insight 

into the local structural dynamics of proteins, although, they do not provide complete 

conformational sampling. In the future, enhanced sampling methods, such as accelerated MD 

(Hamelberg et al., 2004) or metadynamics (Laio and Parrinello, 2002) might be required to 

achieve a complete picture. Different binding hot spots were predicted for the three largest 

cluster structures by the FTMap server, despite similar cluster structures being identified 

from each simulation based on the protein backbone conformation. This was most likely 

caused by different orientations of amino acid side chains such as those at positions 21-30, 

which permit different interactions with molecular probes. However, between the three 

structures, many binding hot spots were predicted in similar locations and close to the same 

residues. Most hot spots were located in conserved areas of the protein and several sites were 

predicted close together. Two hot spots were identified near the first nuclear export signal 

region (residues 11-23), either side of helix one on all three structures. The specific NEP-

CRM1 binding location which has also been shown to be independent of the nuclear export 

signals (Huang et al., 2013; Neumann et al., 2000), may involve N-terminal residues on the 

outer face of the protein which form these hot spots. One hot spot on all structures was 

identified in close spatial proximity to residues 74-82 of helix three, which forms the viral 

M1 protein binding site.   

Several other NEP binding proteins have been discovered, such as ATP5E, HINT2, SMC3 

and F1F0-ATPase; however, the NEP interaction sites with those proteins are unknown (Gao 

et al., 2015; Gorai et al., 2012). As interaction with these proteins may have indirect effects 

on influenza replication, it is possible that their binding locations may coincide with predicted 

hot spots identified in this work. Those hot spots which are the same across the three 

structures are presumably important interaction sites with other biomolecules, as they are 

unaffected by different conformational states. As common hot spots in the hydrophobic 
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region between helix two and four were predicted for all three structures, and consisted of 

several highly conserved residues, this part of the protein was selected as the target site for 

screening. This region was also identified to interact with several different FTMap probes.   

 

Virtual screening 
 
From the NCI library, compounds such as ZINC01717023 and ZINC01561925, which have 

comparable high binding affinities and similar docking poses predicted using both AutoDock 

Vina and AutoDock 4 are predicted to be the best candidate inhibitors. All of the top 

compounds from the combined screening rank list contain aromatic rings but their overall 

structures are diverse. The predicted binding modes show that many of the top compounds 

bend around a cleft on the surface of the protein. Specific molecular interactions were 

analysed using the software LigPlot+(Laskowski and Swindells, 2011). The compound 

ZINC0150994 (figure 4) specifically interacts with Arg42 on helix two and Ala102 on helix 

four via hydrogen bonding, as well as Leu106, Leu105, Val109, Gln101 and Lys39 through 

hydrophobic interactions. These residues are part of several known interaction motifs, such as 

the nuclear export signal (residues 22-45) and a postulated region of interactions with the 

PB2 subunit of the viral polymerase complex (C-terminal helix 2, residues 94-118) (Brunotte 

et al., 2014). 

The AutoDock Vina top compound from the DrugBank library (Nandrolone 

phenylpropionate) is held in place between helices two and four through hydrophobic 

interactions only, with several surrounding residues of the target site. The DrugCard entry 

(DB00984) in the DrugBank database (Law et al., 2014; Wishart et al., 2006) states that this 

drug targets androgen receptors and can be used to treat haematological disorders, growth 

failure and Turners syndrome. Estropipate, a form of the hormone estrogen was ranked 

highest with AutoDock 4. The drug binds to the NEP between the middle part of helices two 

and four in a vertical orientation and also interacts through several hydrophobic interactions, 

as well as hydrogen bonding with Arg42. Binding of larger compounds such as 

ZINC01561925 could partly block recognition of the second nuclear export signal on helix 

two, or accessibility of other binding proteins to this region.  

The overall binding affinity distribution for molecules from the NCI library and DrugBank 

library are similar between AutoDock 4 and AutoDock Vina. The majority of binding 

affinities are around -5.0kcal/mol to the target site. However, the distribution amongst 
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outliers is less comparable between the software for the NCI library, as 716 molecules were 

identified with a binding affinity between -7.0 kcal/mol and -9.0 kcal/mol with AutoDock 

Vina, compared to 176 with AutoDock 4. These molecules may have structural features more 

specific to the target site, although many of these could be false positive predictions. Also, for 

both libraries, a higher number of molecules with scores between -3.0 kcal/mol and 0 

kcal/mol screened with AutoDock 4 are outliers from the bulk of binding affinities compared 

with AutoDock Vina. 

In conclusion, this research has identified specific regions of the nuclear export protein which 

display the highest levels of sequence conservation and how these regions are implicated in 

protein function. Also drug-like compounds predicted to bind with strong affinity to a region 

of the NEP protein consisting of highly conserved amino acid residues have been identified. 

Due to the low probability of the targeted regions undergoing genetic changes amongst 

different virus subtypes and hosts, such compounds may remain viable long-term as universal 

influenza A inhibitors. Future work should be directed towards in vitro investigations to 

verify inhibition of virus replication and whether the predicted compounds could be 

developed into successful antiviral drugs. 

 

Materials and Methods 

NEP sequence analysis 
 
Full length NEP sequences from all hosts, regions and subtypes until September 2015 were 

downloaded from the National Centre for Biotechnology Information (NCBI) Influenza Virus 

Resource database (Bao et al., 2008). Identical sequences and sequences containing non-

standard residues were removed. The CD-HIT web server (Huang et al., 2010) was used to 

remove redundancy of the sequences at a similarity threshold of 98% as this gave an sizable 

number of sequences for further analysis. Multiple sequence alignments were performed with 

the Clustal Omega web server version 1.2.1 (Sievers et al., 2011). The default settings for all 

parameters remained unchanged whereby the mBed algorithm was used to generate the guide 

tree and the number of combined guide tree and Hidden Markov Model iterations remained at 

0. The level of amino acid conservation was calculated using the Valdar scoring method 

(Valdar, 2002) and the scores were re-scaled and mapped to the protein structure as 

previously described (Patel and Kukol, 2017). The minimum score used for re-scaling was 

0.632. 
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Protein modelling 
 
The crystal structure of the NEP M1 binding domain (PDB ID 1PD3) from a H1N1 sequence 

(A/Puerto Rico/8/1934) contained missing regions 1-62 at the N-terminus and 117-121 at the 

C-terminus. Therefore the I-TASSER server (Zhang, 2008) was used to generate a full model 

of this sequence. The I-TASSER model and chain A of the experimental structure 1PD3 were 

aligned by structural superposition in the protein structure viewer PyMol using the ‘align’ 

command and the coordinates of the alignment were saved as a PDB file. This PDB file was 

then modified to replace the structural information of residues 64-115 of the model with the 

experimentally known coordinates of 1PD3 using a text editor. Atom coordinates for residues 

86 and 104 from the model were not replaced.   

 

Molecular dynamics simulations 
 
Coordinates of the full length NEP model were used for MD simulations using Gromacs 

version 2016 (Van Der Spoel et al., 2005). The AMBER99SB – ILDN force field was 

selected as it demonstrated high accuracy in a systematic evaluation of eleven MD force 

fields (Beauchamp et al., 2012) along with the TIP3P water model. The protein was solvated 

in explicit water in a cubic box with periodic boundary conditions, and the charge of the 

chemical system was neutralised with five sodium ions and additional NaCl at 100 mM 

concentration. Energy minimisation with 500 steps of the steepest descent algorithm followed 

by 100 ps MD simulation with position restraints on the protein non-hydrogen atoms were 

performed to equilibrate the system.  The temperature of the system was set to remain 

constant at 300 K using the velocity rescaling thermostat with a coupling constant of 0.5 ps 

and pressure coupling was set at 1.0 atm with the Berendsen barostat. The Particle Mesh 

Ewald (PME) algorithm for calculating electrostatic interactions was used with the real space 

cut-off set at 1.0 nm with the Verlet cut-off scheme.  For the production run, three replicate 

partially position restrained simulations over 100 ns (50 million steps) were performed. The 

same settings for equilibration were used, except the Parinello-Rahman barostat was used for 

pressure coupling and position restraints were released on N-terminus residues 1-65 by 

modifying the forces in the posre.itp file as shown in table 3. The simulations were performed 

at a time step of 2 fs.  
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Table 3. Implementation of position restraint forces in the x, y, z axis on the non-hydrogen atoms of 
the NEP protein. A force of 1000 indicates full restraint on an atom and 0 indicates full motion.

Atoms Residue fx fy fz 

1-971 1-62 0 0 0 

972-1032 63-65 500 500 500 

1033 onwards 66 -121 1000 1000 1000 

Simulation trajectories were analysed by creating an index file specifying backbone atoms for 

residues 1-65 to calculate the root mean square deviation for the unrestrained part of the 

protein. The implementation of position restraints was verified by analysing the root mean 

square fluctuation for each residue. For cluster analysis the group selected for least squares 

fitting and RMSD calculation was residues 1-65, and the group for output was selected as 

protein.   

Prediction of binding hot spots 

Following cluster analysis of the three MD trajectories, the central structures from the largest 

simulation clusters were selected. Binding hot spots were identified with the FTMap web 

server (Brenke et al., 2009) 

Virtual Screening 

A binding hot spot predicted in the same location between helix two and four on each NEP 

structure following cluster analysis was selected as the target site for virtual screening. The 

grid box parameters for docking using AutoDock Vina (Trott and Olson, 2010) and 

AutoDock 4 (Morris and Huey, 2009) were set using AutoDock Tools as follows, with a grid 

spacing of 0.375 Å: 

center_x = 11.756 
center_y = 5.141 
center_z = -0.693 
size_x = 15.75 
size_y = 16.5 
size_z = 14.25 
exhaustiveness = 12 
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The compound library used for virtual screening against the target site has been previously 

described (32). Briefly, the chemical structures of all molecules at pH 6–8 were downloaded 

from the NCI Plated 2007 compound library of the ZINC database (http://zinc.docking.org/). 

A chemically diverse subset of molecules based on structural similarity within a Tanimoto 

cut-off at 80% was extracted from this library using a script. The compounds were then 

filtered using the software Openbabel 2.3.1 (O’Boyle et al., 2011) to eliminate compounds 

with molecular weight over 500 g/mol and partition coefficient over five. Compounds 

considered as ‘frequent hitters’ were removed by passing the library through the Pan Assay 

Interference Compounds filter with the online FAF-Drugs3 (Free ADME-Tox Filtering Tool) 

program (Baell and Holloway, 2010; Lagorce et al., 2015). A total of 42,348 compounds 

remained. The DrugBank-approved compound library (version 4.0) containing 1738 drugs 

between pH 6 and 8 (Law et al., 2014) was downloaded from the ZINC database and also 

screened against the NEP target site in order to find any FDA approved drugs which may also 

bind to the NEP. Molecular interactions were analysed with Ligplot+ version 

1.4.5 (Laskowski and Swindells, 2011). 

 

Data availability 

The protein structure, list with predicted binding affinities and scripts used in this work are 

available from Mendely Data (doi: xxx). 
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