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Molecular Dynamics Simulation 
reveals the mechanism by which 
the Influenza Cap-dependent 
Endonuclease acquires resistance 
against Baloxavir marboxil
Ryunosuke Yoshino1,2, Nobuaki Yasuo3 & Masakazu Sekijima3*

Baloxavir marboxil (BXM), an antiviral drug for influenza virus, inhibits RNA replication by binding to 
RNA replication cap-dependent endonuclease (CEN) of influenza A and B viruses. Although this drug 
was only approved by the FDA in October 2018, drug resistant viruses have already been detected from 
clinical trials owing to an I38 mutation of CEN. To investigate the reduction of drug sensitivity by the 
I38 mutant variants, we performed a molecular dynamics (MD) simulation on the CEN-BXM complex 
structure to analyze variations in the mode of interaction. Our simulation results suggest that the side 
chain methyl group of I38 in CEN engages in a CH-pi interaction with the aromatic ring of BXM. This 
interaction is abolished in various I38 mutant variants. Moreover, MD simulation on various mutation 
models and binding free energy prediction by MM/GBSA method suggest that the I38 mutation 
precludes any interaction with the aromatic ring of BXA and thereby reduces BXA sensitivity.

Influenza, a severe acute respiratory infection is estimated to affect 5 to 10% of adults and 20 to 30% of children1. 
Moreover, it causes three to five million severe cases and approximately one million deaths worldwide annu-
ally1. Influenza virus undergoes “antigenic drift,” wherein minor changes in the antigen structure result in the 
emergence of new viruses, which are able to evade immune recognition and can cause serious pandemics2. To 
treat influenza, development and improvement of antiviral drugs and vaccines against the emerging viruses are 
required3.

Baloxavir marboxil (BXM), with the trade name Xofluza, has been developed by Shionogi Inc and approved 
by the FDA in October 20184,5. BXM is a prodrug that is converted to the active form, baloxavir acid (BXA) by 
the enzyme arylacetamide deacetylase6. BXA acts by inhibiting the Cap-dependent Endonuclease (CEN) of influ-
enza A and B viruses5. CEN is a part of a PA subunit, which constitutes the RNA-dependent RNA polymerase 
(RdRp) of influenza virus7–10. BXA inhibits mRNA synthesis by binding to RdRp and prevents the replication of 
the influenza virus.

However, influenza viruses resistant to BXA have been detected in samples obtained from phase II and 
III BXM clinical trials, and it was revealed that the isoleucine-38 (I38) of CEN from BXA resistant viruses is 
mutated5. These I38 mutations in the CEN protein of BXA resistant viruses5,11. Moreover, patients infected with 
viruses containing these mutations have been reported to take more time to recover from the symptoms of 
influenza include I38T, I38F and I38M5,11. These mutations have been shown to exhibit reduced BXA sensitivity 
of CEN by 10- to 50-fold (EC50)5. Therefore, in order to improve the efficacy of inhibitors against the mutated 
viruses, it is necessary to investigate the molecular mechanism of CEN desensitization.

In drug discovery and lead optimization, computational method is a highly effective technique and has 
been widely applied12–17. Typically, computational methods are classified into two types: ligand-based (LB) and 
structure-based (SB) methods. LB method is based on physical properties and structural information obtained 
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from known active and inactive compounds18,19. Quantitative structure activity relationship (QSAR), similarity 
search and machine learning are representative methods of LB. In contrast, SB method is used when structural 
information of the target molecule is available20. Molecular docking is most often used as a SB method for discov-
ering new compounds21,22. This method can predict the mode of binding of a compound to the target molecule by 
score function, and can narrow down drug candidates from a large number of compounds.

Molecular dynamics (MD) simulation is also used in drug discovery and optimization23–27. This method con-
siders the flexibility of the macromolecule based on Newtonian principles and can be applied to various bio-
molecules, such as protein, nucleic acid, and membranes28–31. In drug optimization, MD simulation is generally 
used to analyze the protein-ligand interaction or the binding free energy. Protein-ligand interaction informa-
tion is analyzed based on protein-ligand complex ensembles collected during MD simulation. The interaction 
information obtained by MD simulation can be utilized for compound optimization32. The molecular mechanics 
and generalized born surface area (MM/GBSA) method is typically used to predict the binding free energy of a 
compound binding to a biological macromolecule33–35. MM/GBSA based on MD simulation results, is typically 
used to search for a new ligand or to optimize a ligand33. Moreover, this method can analyze the variation in the 
sensitivity of a ligand caused by mutations in amino acid residues of the protein36.

In the present study, we performed MD simulations to analyze the protein-ligand interaction between the 
CEN of influenza virus A (pH1N1) with BXA. We further evaluated the binding free energy using the MM/GBSA 
method. Moreover, we prepared 19 different CEN-BXA models with 19 different I38 mutations modeled in the 
structure and performed MD simulation and MM/GBSA on these models. We compared the interaction patterns 
and the binding free energies of all these mutants with those of the wild-type CEN-BXA complex.

Results
MD simulation for interaction analysis. To analyze interactions between CEN and BXA, we conducted 
MD simulations on the CEN-BXA complex model. Detailed information regarding the MD simulation is pre-
sented in Supplementary Fig. 1. Figure 1A shows a 2D summary of the interaction analysis results of CEN-BXA 
(PDBID: 6FS6, I38). These interactions occurred with a probability of over 30% during simulation. MD simula-
tions of CEN-BXA complex suggest that Tyr24 and His41 interact with BXA by pi-stacking and Glu119 forms 
hydrogen bonds with BXA. Moreover, Ile38 is placed adjacent to the aromatic ring of BXA in the simulation. On 
the contrary, BXA interacts with Glu80, Asp108, and Ile120 via two Mn2+ ions. Glu80 and Ile120 have 1 route 
to interact with the carbonyl or hydroxyl group of BXA; Asp108 and Glu119 have 3 routes to interact with BXA 
via each Mn2+ ion. His41 also has 1 route to interact with the carbonyl or hydroxyl group of BXA via Mn2+ ions. 
Additionally, these ionic interactions via Mn2+ ions maintain an appearance probability of over 99%. Therefore, 
the MD simulation results suggest that the carbonyl and hydroxyl groups of BXA are necessary for interacting 
with CEN via Mn2+ ions.

Figure 1B–D represent the 2D summary of interaction analysis results of CEN-BXA variants with I38T, I38F, 
and I38M mutations, respectively. BXA bound to each of the I38 mutation models engages with Tyr24 through 
pi-stacking interaction and Glu119 also hydrogen bonds with BXA in all mutation models. In the wild-type CEN 
protein (Fig. 1A), I38T (Fig. 1B) and I38M (Fig. 1D) mutation models, His41 interaction and interactions via 
Mn2+ ions are conserved. Similar to Ile38 (Fig. 1A), Met38 in the I38M mutation model (Fig. 1D) is placed adja-
cent to the aromatic ring of BXA during the MD simulation. However, Thr38 in the I38T model does not interact 
with the aromatic ring of BXA (Fig. 1B). This result indicates that the probability of interaction between BXA and 
Thr38 in the I38T mutation model is less than 30%. In Fig. 1C, Phe38 in the I38F mutation model shows different 
mode of interaction with BXA as compared to other mutation models. In the I38F mutation model, only one 
Mn2+ ion (Mn-A) is involved in the interaction with BXA, and the interaction between Mn-B and Glu80 is not 
conserved. Moreover, the number of interactions involving Asp108 and Glu119 via Mn2+ ions is reduced from 3 
to 2 and the pi-stacking interaction with His41 is also abolished. Additionally, the mutated Phe38 residue forms 
a new pi-stacking interaction with BXA.

Figure 2 shows that the interaction fraction of CEN-BXA contacts during the entire simulation time. In 
Fig. 2A, a 0.708 interaction-fraction value of Ile38 suggests that a hydrophobic interaction was formed with a 
probability of 70.8% during the simulation. Compared to the wild-type model, the I38T model also shows similar 
interaction-fraction value (Fig. 2B) with the exception of the hydrophobic interaction as seen in the wild-type 
model (Fig. 2A). Similar to the wild-type model, the interaction pattern is conserved in the I38M mutation model 
(Fig. 2D). Although, Met38 forms hydrophobic interaction with BXA, the interaction-fraction value of Met38 
is 0.305 as compared to 0.708. In contrast, Phe38 in the I38F model maintains hydrophobic interactions during 
the simulation, although the number of polar interactions via the Mn2+ ions is reduced. Phe38 in the I38F model 
presents an interaction-fraction value of 0.837, which is higher than that of the wild-type model. Moreover, the 
ionic interaction-fraction values of Asp108 (2.232) and Glu-119 (1.988) in the I38F model are less than 3.0.

To confirm the CEN-BXA complex with the highest population in each MD simulation, we conducted a tra-
jectory clustering analysis. Figure 3 shows the representative structure of the CEN-BXA complex with the highest 
population obtained through MD simulation. Figure 3A shows the BXA binding site of the representative struc-
ture depicting the interaction between BXA and Ile38 of CEN. In this figure, the alkyl chain of Ile38 is adjacent to 
the aromatic ring of BXA. This indicates that the alkyl side chain of Ile38 interact with the aromatic ring of BXA 
via CH-pi interaction, which is classified as hydrophobic interaction. Figure 3B–D show the spatial location of 
Thr38, Phe38 and Met38 residues in the BXA binding site in the I38 mutation model representative structures. 
Figure 3B shows that both Ile38 and Thr38 are equidistant from the aromatic ring of BXA, while the phenyl group 
of Phe38 and the methyl sulfide group of Met38 are adjacent to the aromatic ring of BXA. These data indicate that 
the phenyl group of Phe38 and the methyl sulfide group of Met38 interact via T-stacking and CH-pi interaction, 
respectively, with the aromatic ring of BXA.
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Binding free energy analysis by MM/GBSA. To compare how I38 mutations in CEN affect the binding 
free energy of BXA, we used the MM/GBSA method using the wild-type (I38) and all the mutation models. 
Interaction analysis information of the mutation models are presented in Supplementary Figs. 2 and 3. Table 1 
lists the ΔGbind of BXA for the wild-type and all the mutation models. The binding free energy of BXA for the 
wild-type CEN protein with I38 is −8.97 kcal/mol. Compared to I38, binding free energies of BXA for I38T and 
I38M variants, which show decreased affinity towards BXA are energetically less favorable (ΔGbind of −2.30 and 
−0.65 respectively). However, the binding free energy of I38F variant, which also shows a reduced affinity for 
BXA is more favorable (ΔGbind −14.84 kcal/mol). Moreover, we also predicted the variation in the binding free 
energy for the other 16 mutation models. The binding free energies of BXA in the I38N, I38C, I38P and I38W 

Figure 1. 2D summary of interaction analysis results of wild-type and mutant CEN-BXA complexes. The 
interaction pairs that occur during more than 30% of the simulation time are included. (A) Interaction of BXA 
with CEN (PDB entry: 6FS6), (B) Interaction between BXA and CEN with I38T mutation (PDB entry: 6FS7), 
C: Interaction between BXA and CEN with I38F mutation, D: Interaction between BXA and CEN with I38M 
mutation.
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Figure 2. Interaction Fraction summary of CEN-BXA contacts. This graph is normalized by the total 
simulation time. Interaction-fraction values over 1.0 indicate that the residue has multiple contact routes to 
interact with the ligand. (A) Interaction fraction of BXA with the wild-type CEN protein (PDBID: 6FS6), (B) 
Interaction fraction of BXA with CEN having the I38T mutation (PDBID: 6FS7), (C) Interaction fraction 
of BXA with CEN having the I38F mutation, (D) Interaction fraction of BXA with CEN having the I38M 
mutation.

Figure 3. BXA binding site of representative structures with highest population in MD simulation. (A) Binding 
site of BXA depicting interaction between the ligand and Ile38 residue in CEN (PDB entry: 6FS6, Population 
ratio: 0.163), (B) Binding site of BXA depicting interaction between the ligand and Thr38 residue in CEN (PDB 
entry: 6FS7, Population ratio: 0.434), (C) Binding site of BXA depicting interaction between the ligand and 
Phe38 residue in CEN (Population ratio: 0.263), (D) Binding site of BXA depicting interaction between the 
ligand and Met38 residue in CEN (Population ratio: 0.323).
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mutation models are energetically more favorable as compared to that of BXA in the wild type; other mutations 
models show less favorable binding energies. Among all models, the I38P mutation model demonstrated the most 
favorable and the I38R mutation model, the least favorable binding free energy value.

Discussion
In this study, we performed MD simulations on CEN-BXA complexes with 20 variants of 38th amino acid residue 
to investigate the sensitivity of BXA by mutation of I38. MD simulation results suggest that BXA interacts with 
Tyr24 and His41 of CEN via pi-stacking, and also forms hydrogen bonds with Glu119. Ile38 is placed adjacent 
to the aromatic ring of BXA during the MD simulation. Furthermore, BXA interacts with Glu80, Asp108, and 
Ile120 through two Mn2+ ions. Asp108 and Glu119 have 3 ionic interaction routes that connect them with BXA, 
while His41, Glu80, and Ile120 have 1 ionic interaction route connecting them to BXA. Figure 4A,B show the 
pharmacophore model for BXA binding to CEN. Lone pair electrons of the carbonyl and hydroxyl group of BXA 
form ionic interactions with His41, Glu80, Asp108, Glu119 and Ile120 via Mn2+ ions. Therefore, the lone pair of 
electrons that have the property of being a hydrogen bond acceptor is important for binding to CEN, also, three 
characteristic interactions involving the lone pair of electrons are required for inhibiting CEN (Fig. 4). Aromatic 
ring structures with fluorine atoms or hydroxyl group are important for pi-stacking and CH-pi interactions with 
Tyr24, Ile38 and His41, and the hydroxyl group of BXA hydrogen bonds with Glu119. Thus, the aromatic phar-
macophores and hydrogen bond donor feature are also required for binding of BXA to CEN. Consequently, 
interaction analysis by MD simulation suggested that these characteristics of BXA must be conserved while opti-
mizing inhibitors against the drug resistant variants.

The MD simulation results for the mutation models show that the I38T mutation results in a loss of interaction 
between Thr38 and BXA. Moreover, the interaction-fraction value of Met38 is lower than that of I38. The side 
chain methyl group of threonine is connected to Cα atom via two single bonds. In the case of methionine, 4 single 
bond interactions connect the methyl group with Cα atom. In contrast, the side chain methyl group of isoleucine 
is connected to Cα atom via three single bond interactions. Therefore, the methyl group of Thr38 is at a distance 
too far to interact with BXA, and methyl group of Met38 is too close to interact with BXA. In the I38F mutation 

Mutation ΔGbind Mutation ΔGbind

WT −8.97 I38Q 0.59

I38T −2.3 I38E 0.96

I38F −14.84 I38H 9.08

I38M −0.65 I38L −6.9

I38A −6.52 I38K 2.17

I38G −7.6 I38P −14.91

I38R 9.45 I38W −11.33

I38N −9.01 I38V −5.37

I38D −5.71 I38Y 0.29

I38C −8.99 I38S −4.51

Table 1. Binding free energy of BXA for the wild-type CEN and all the I38 mutation models.

Figure 4. Pharmacophore feature of BXA for binding to CEN as estimated by MD simulation. Red feature: 
Hydrogen bond acceptor (lone pair), Blue feature: Hydrogen bond donor, Orange feature: Aromatic ring, (A) 
The BXA binding site in CEN with important residues represented as sticks, BXA and pharmacophore feature. 
(B) The pharmacophore feature of BXA is displayed.
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model, MD simulation suggests that although Phe38 interacts with aromatic ring of BXA by T-stacking interac-
tion, one of the ionic interaction bridges via Mn2+ ion is abolished. As a result, I38T, I38F and I38M mutations, 
which have been reported to exhibit reduced BXA sensitivity, have a lesser number and probability of interactions 
as compared to those of the wild-type protein. MD simulation results suggest that BXA is highly sensitive to the 
mutation of I38 because the methyl group with proper distance is essential to form the CH-pi interaction between 
CEN and BXA.

To predict variation in the binding free energy owing to I38 mutation, we performed MM/GBSA simulation 
using the WT CEN-BXA complex model and all the I38 mutation models. As a result, except for I38F, all the 
other I38 mutation models, which exhibit reduced BXA sensitivity, show less favorable binding free energy as 
compared to the wild type CEN. I38R demonstrated the least favorable binding free energy value. Arginine has a 
long flexible side chain as compared to isoleucine. The binding free energy of I38K, with physical properties sim-
ilar to I38R was also energetically less favorable as compared to the wild-type (I38) protein. On the other hand, 
amino acid residues such as alanine and valine, which have a methyl group necessary for CH-pi interaction also 
showed less favorable binding free energy as compared to I38. Although I38F mutations have been reported to 
exhibit reduced BXM sensitivity, binding free energy of I38F estimated by MM/GBSA simulation is lower than 
that of WT. In this paper, the MMGBSA method is used to predict the binding free energy between BMX and 
each CEN model, and the thermodynamic stability between the models are compared. However, MM/GBSA 
simulation cannot consider to kinetic stability such as energy barrier which occurs when BXM binds to CEN. 
Therefore, these results conceivable that I38F mutation may reduce the affinity of BXM for CEN by destabilizing 
energy barrier. Interaction analysis shows that a proper distance needs to be maintained for the CH-pi interac-
tion to occur between the aromatic ring of BXA and the 38th amino acid residue. The methyl group of Ile38 is 
placed at a distance optimal for the CH-pi interaction to happen. MD simulation and MM/GBSA results suggest 
that I38 mutations that result in the elimination of hydrophobic interactions with the aromatic ring of BXA, 
exhibit reduced BXA sensitivity. Therefore, 14 mutations out of 19 possible mutations are potential drug resistant 
mutations.

The interaction analysis results obtained from MD simulation and MM/GBSA for CEN-BXA complex models 
provide information regarding protein-ligand interactions and possible mechanism of drug resistance of influ-
enza virus. These findings of binding mechanism would be crucial for future drug optimization and may prove 
useful for development of new antiviral drugs against this infectious agent.

Methods
Preparation for CEN-BXA complex model. The wild-type and I38 mutant CEN-BXA complex struc-
tures (PDB entries: 6FS6 and 6FS7) were obtained from the Protein Data Bank. Except for I38T variant, all the 
other mutation models were created using “Sequence viewer” in Maestro37 and were based on 6FS6 structure. 
Assignment of bond orders and hydrogenation for the CEN-BXA complex structure were performed using 
Protein Preparation in Maestro. The ionization state of the BXA suitable for pH 7.0 ± 2.0 was predicted using 
Epik38. H-bond optimization was conducted using PROPKA39. Energy minimization was performed using the 
OPLS3e force field40.

MD simulation. MD simulations for interaction analysis and evaluation of binding free energy were per-
formed using Desmond41. All systems were set up using “System Builder” in Maestro. The wild-type CEN-BXA 
complex structure and all the I38 mutation models, which were subjected to energy minimization, were placed in 
the orthorhombic box with a buffer distance of 10 Å in order to create a hydration model. SCP water model42 was 
used for creation of the hydration model. The cut-off radius for van der Waals, time step, initial temperature and 
pressure of the system were set to 9 Å, 2.0 fs, 300 K and 1.01325 bar respectively. Desmond evaluates electrostatic 
force by dividing near term and far term, and the boundary between near term and far term is 9 Å43. Moreover, 
the sampling interval during the simulation was set to 100 ps. Finally, we performed MD simulations under the 
NPT ensemble for 1 μs. The initial structure of each MD simulation can be downloaded from the following link: 
https://github.com/sekijima-lab/MMGBSA-CEN-BXM.

Interaction analysis and trajectory clustering for MM/GBSA.  To analyze these MD simulations, 
the Simulation Interactions Diagram tool in Maestro was used to perform an interaction analysis between CEN 
and BXA, and the Desmond trajectory clustering tool was used to obtain representative structures for evaluating 
binding free energy. In trajectory clustering, backbone-atom was set for root mean square deviation (RMSD) 
matrix and the analysis was performed through the affinity propagation clustering method44. “Trajectory Frame 
Clustering” in Maestro was used to estimate the most populated representative structure for each MD simulation. 
Trajectory frame extraction interval was 10 frames, and 1000 frames were used for clustering each trajectory, and 
maximum output number of clusters was set to 10. The initial structure of each MD simulation can be down-
loaded from the following link: https://github.com/sekijima-lab/MMGBSA-CEN-BXM. The structure with the 
largest number of neighbors in the structural cluster was used for binding free energy calculation as the repre-
sentative structure. Calculation of the binding free energy was conducted by Prime MMGBSA tool in Maestro. 
The VSGB solvation model45 and OPLS3e force field were set for binding free energy calculation. Representative 
structures with highest population were used.

Received: 2 July 2019; Accepted: 24 October 2019;
Published: xx xx xxxx

https://doi.org/10.1038/s41598-019-53945-1
https://github.com/sekijima-lab/MMGBSA-CEN-BXM
https://github.com/sekijima-lab/MMGBSA-CEN-BXM


7Scientific RepoRtS |         (2019) 9:17464  | https://doi.org/10.1038/s41598-019-53945-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

References
 1. WHO. Vaccines against influenza WHO position paper—November 2012. Wkly Epidemiol Rec 87, 461–76 (2012).
 2. Ng, K. E. Xofluza (Baloxavir Marboxil) for the Treatment Of Acute Uncomplicated Influenza. Pharmacy and Therapeutics 44, 9–11 

(2019).
 3. Lambert, L. C. & Fauci, A. S. Influenza vaccines for the future. N Engl J Med 363, 2036–2044, https://doi.org/10.1056/

NEJMra1002842 (2010).
 4. Food and Drug Administration. FDA approves new drug to treat influenza. (2018).
 5. Omoto, S. et al. Characterization of influenza virus variants induced by treatment with the endonuclease inhibitor baloxavir 

marboxil. Sci Rep 8, https://doi.org/10.1038/s41598-018-27890-4 (2018).
 6. Koszalka, P., Tilmanis, D., Roe, M., Vijaykrishna, D. & Hurt, A. C. Baloxavir marboxil susceptibility of influenza viruses from the 

Asia-Pacific, 2012-2018. Antiviral Res 164, 91–96 (2019).
 7. Dias, A. et al. The cap-snatching endonuclease of influenza virus polymerase resides in the PA subunit. Nature 458, 914–918 (2009).
 8. Yuan, P. et al. Crystal structure of an avian influenza polymerase PA(N) reveals an endonuclease active site. Nature 458, 909–913 

(2009).
 9. Reich, S. et al. Structural insight into cap-snatching and RNA synthesis by influenza polymerase. Nature 516, 361–366, https://doi.

org/10.1038/nature14009 (2014).
 10. Pflug, A., Gaudon, S., Resa-Infante, P., Reich, S. & Cusack, S. Capped RNA primer binding to influenza polymerase and implications 

for the mechanism of cap-binding inhibitors. Nucleic Acids Res 48, 956–971 (2018).
 11. Hayden, F. G. et al. Baloxavir marboxil for uncomplicated influenza in adults and adolescents. N Engl J Med 379, 913–923 (2018).
 12. Wakui, N., Yoshino, R., Yasuo, N., Ohue, M. & Sekijima, M. Exploring the selectivity of inhibitor complexes with Bcl-2 and Bcl-XL: 

A molecular dynamics simulation approach. J Mol Graph Model 79, 166–174 (2018).
 13. Chiba, S. et al. An iterative compound screening contest method for identifying target protein inhibitors using the tyrosine-protein 

kinase Yes. Sci Rep 7, https://doi.org/10.1038/s41598-017-10275-4 (2017).
 14. Yoshino, R. et al. In silico, in vitro, X-ray crystallography, and integrated strategies for discovering spermidine synthase inhibitors 

for Chagas disease. Sci Rep 7, https://doi.org/10.1038/s41598-017-06411-9 (2017).
 15. Chiba, S. et al. Identification of potential inhibitors based on compound proposal contest: Tyrosine-protein kinase Yes as a target. Sci 

Rep 5, https://doi.org/10.1038/srep17209 (2015).
 16. Yoshino, R. et al. Pharmacophore modeling for anti-chagas drug design using the fragment molecular orbital method. PLoS One 10, 

e0125829, https://doi.org/10.1371/journal.pone.0125829 (2015).
 17. Yasuo, N. & Sekijima, M. Improved Method of Structure-Based Virtual Screening via Interaction-Energy-Based Learning. J Chem 

Inf Model 59, 1050–1061, https://doi.org/10.1021/acs.jcim.8b00673 (2019).
 18. Ou-Yang, S. S. et al. Computational drug discovery. Acta Pharmacol Sin 33, 1131–1140, https://doi.org/10.1038/aps.2012.109 (2012).
 19. Jorgensen, W. L. The many roles of computation in drug discovery. Science 303, 1813–1818, https://doi.org/10.1126/science.1096361 

(2004).
 20. Kindt, T., Morse, S., Gotschlich, E. & Lyons, K. Structure-based strategies for drug design and discovery. Nature 352, 581 (1991).
 21. Schneider, G. & Bohm, H. J. Virtual screening and fast automated docking methods. Drug Discov Today 7, 64–70 (2002).
 22. Grinter, S. Z. & Zou, X. Challenges, applications, and recent advances of protein-ligand docking in structure-based drug design. 

Molecules 19, 10150–10176, https://doi.org/10.3390/molecules190710150 (2014).
 23. Buch, I., Giorgino, T. & Fabritiis, G. Complete reconstruction of an enzyme-inhibitor binding process by molecular dynamics 

simulations. Proc Natl Acad Sci 108, 10184–10189 (2011).
 24. Doruker, P., Atilgan, A. R. & Bahar, I. Dynamics of proteins predicted by molecular dynamics simulations and analytical approaches: 

application to alpha-amylase inhibitor. Proteins 40, 512–524 (2000).
 25. Shan, Y. et al. How does a drug molecule find its target binding site. J Am Chem Soc 133, 9181–9183 (2011).
 26. Bártová, I., Otyepka, M., Kríz, Z. & Koca, J. Activation and inhibition of cyclin-dependent kinase-2 by phosphorylation; a molecular 

dynamics study reveals the functional importance of the glycine-rich loop. Protein Sci 13, 1449–1457 (2004).
 27. Takano, R. et al. Molecular mechanisms underlying oseltamivir resistance mediated by an I117V substitution in the neuraminidase 

of subtype H5N1 avian influenza A viruses. J Infect Dis 207, 89–97, https://doi.org/10.1093/infdis/jis633 (2013).
 28. Ingolfsson, H. I. et al. Lipid Organization of the Plasma Membrane. J Am Chem Soc 136, 14554–14559 (2014).
 29. Sekijima, M., Motono, C., Yamasaki, S., Kaneko, K. & Akiyama, Y. Molecular dynamics simulation of dimeric and monomeric forms 

of human prion protein: insight into dynamics and properties. Biophys J 85, 1176–1185 (2003).
 30. Hayes, R. L. et al. Magnesium fluctuations modulate RNA dynamics in the SAM-I riboswitch. J Am Chem Soc 134, 12043–12053 

(2012).
 31. Yildirim, A., Sharma, M., Varner, B. M., Fang, L. & Feig, M. Conformational Preferences of DNA in Reduced Dielectric 

Environments. J Phys Chem B 118, 10874–10881 (2014).
 32. Fatemeh, B. D., Mohsen, M. D., Mostafa, S. N. & Karim, M. Design and molecular dynamic simulation of a new double-epitope 

tolerogenic protein as a potential vaccine for multiple sclerosis disease. Res Pharm Sci 14, 20–26 (2019).
 33. Genheden, S. & Ryde, U. The MM/PBSA and MM/GBSA methods to estimate ligand-binding affinities. Expert Opin Drug Discov 10, 

449–461 (2015).
 34. Jayashree, S. et al. Continuum Solvent Studies of the Stability of DNA, RNA, and Phosphoramidate−DNA Helices. J Am Chem Soc 

120, 9401–9409 (1998).
 35. Peter, A. K. et al. Calculating structures and free energies of complex molecules:  combining molecular mechanics and continuum 

models. Acc Chem Res 33, 889–897 (2000).
 36. Kammarabutr, J., Mahalapbutr, P., Nutho, B., Kungwan, N. & Rungrotmongkol, T. Low susceptibility of asunaprevir towards R155K 

and D168A point mutations in HCV NS3/4A protease: A molecular dynamics simulation. J Mol Graph Model 89, 122–130 (2019).
 37. Schrödinger Release 2016-4: Maestro, Schrödinger, LLC (New York, NY, 2016).
 38. Shelley, J. C. et al. Epik: a software program for pKa prediction and protonation state generation for drug-like molecules. J Comput 

Aided Mol Des 21, 681–691 (2007).
 39. Li, H., Robertson, A. D. & Jensen, J. H. Very fast empirical prediction and rationalization of protein pKa values. Proteins 61, 704–721 

(2005).
 40. Roos, K. et al. OPLS3e: Extending force field coverage for drug-like small molecules. J Chem Theory Comput 15, 1863–1874 (2019).
 41. Schrödinger Release 2018-2. Desmond Molecular Dynamics System, D. E. Shaw Research (New York, NY, 2018).
 42. Herman, J. C. B., Johan, P. M. P., Wilfred F. V. G. & Jan, H. Interaction models for water in relation to protein hydration. 

Intermolecular Forces 331–342 (1981).
 43. Shaw, D. E. et al. Anton 2: Raising the Bar for Performance and Programmability in a Special-Purpose Molecular Dynamics Supercomputer. 

Proceedings of the International Conference for High Performance Computing, Networking, Storage and Analysis, SC 14, 41–53, https://doi.
org/10.1109/SC.2014.9 (2014).

 44. Brendan, J. F. & Delbert, D. Clustering by Passing Messages Between Data Points. Science 315, 972–976 (2007).
 45. Li, J. et al. The VSGB 2.0 model: a next generation energy model for high resolution protein structure modeling. Proteins 79, 

2794–2812 (2011).

https://doi.org/10.1038/s41598-019-53945-1
https://doi.org/10.1056/NEJMra1002842
https://doi.org/10.1056/NEJMra1002842
https://doi.org/10.1038/s41598-018-27890-4
https://doi.org/10.1038/nature14009
https://doi.org/10.1038/nature14009
https://doi.org/10.1038/s41598-017-10275-4
https://doi.org/10.1038/s41598-017-06411-9
https://doi.org/10.1038/srep17209
https://doi.org/10.1371/journal.pone.0125829
https://doi.org/10.1021/acs.jcim.8b00673
https://doi.org/10.1038/aps.2012.109
https://doi.org/10.1126/science.1096361
https://doi.org/10.3390/molecules190710150
https://doi.org/10.1093/infdis/jis633
https://doi.org/10.1109/SC.2014.9
https://doi.org/10.1109/SC.2014.9


8Scientific RepoRtS |         (2019) 9:17464  | https://doi.org/10.1038/s41598-019-53945-1

www.nature.com/scientificreportswww.nature.com/scientificreports/

Author contributions
R.Y., N.Y. and M.S. made substantial contributions to the study and manuscript preparation. M.S. developed the 
concept of the study. All authors approve this version of the manuscript for publication.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary information is available for this paper at https://doi.org/10.1038/s41598-019-53945-1.
Correspondence and requests for materials should be addressed to M.S.
Reprints and permissions information is available at www.nature.com/reprints.
Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2019

https://doi.org/10.1038/s41598-019-53945-1
https://doi.org/10.1038/s41598-019-53945-1
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Molecular Dynamics Simulation reveals the mechanism by which the Influenza Cap-dependent Endonuclease acquires resistance a ...
	Results
	MD simulation for interaction analysis. 
	Binding free energy analysis by MM/GBSA. 

	Discussion
	Methods
	Preparation for CEN-BXA complex model. 
	MD simulation. 
	Interaction analysis and trajectory clustering for MM/GBSA. 

	Figure 1 2D summary of interaction analysis results of wild-type and mutant CEN-BXA complexes.
	Figure 2 Interaction Fraction summary of CEN-BXA contacts.
	Figure 3 BXA binding site of representative structures with highest population in MD simulation.
	Figure 4 Pharmacophore feature of BXA for binding to CEN as estimated by MD simulation.
	Table 1 Binding free energy of BXA for the wild-type CEN and all the I38 mutation models.




