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Abstract

Ebola virus continues to be problematic as sporadic outbreaks in Africa continue to arise, and as 

terrorist organizations have considered the virus for bioterrorism use. Several proteins within the 

virus have been targeted for antiviral chemotherapy, including VP35, a dsRNA binding protein 

that promotes viral replication, protects dsRNA from degradation, and prevents detection of the 

viral genome by immune complexes. To augment the scope of our antiviral research, we have now 

employed molecular modeling techniques to enrich the population of compounds for further 

testing in vitro. In the initial docking of a static VP35 structure with an 80,000 compound library, 

40 compounds were selected, of which four compounds inhibited VP35 with IC50 < 200uM, with 

the best compounds having an IC50 of 20 uM. By superimposing 26 VP35 structures, we 

determined four aspartic acid residues were highly flexible and the docking was repeated under 

flexible parameters. Of 14 compounds chosen for testing, five compounds inhibited VP35 with 

IC50 < 200uM and one compound with an IC50 of 4 uM. These studies demonstrate the value of 

docking in silico for enriching compounds for testing in vitro, and specifically using multiple 

structures as a guide for detecting flexibility and provide a foundation for further development of 

small molecule inhibitors directed towards VP35.
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Introduction

Although the 2014 ebola virus outbreak has been largely contained, sporadic cases are still 

occurring two years later 1. The continued emergence of new cases and the absence of either 

a vaccine or approved antiviral therapeutic is a great concern at both local and global levels. 

Several experimental treatments have been administered to a select few individuals. 

However, the low number of study participants has made the efficacy of these treatments 

difficult to assess 2–4. Furthermore, many of these treatments involve siRNA or monoclonal 

antibody cocktails that are difficult and expensive to procure 5, 6. There are several small 

molecule therapies that are in human studies, however, none of these compounds were 

designed specifically for ebola virus 7–9.

Ebola virus is negative-sense single strand RNA virus that encodes a polyprotein that is 

cleaved into seven proteins 10. Nearly every ebola virus protein has been characterized for 

therapeutic targeting potential 11–15. However, the highly mutable genome of ebola virus 

reduces the development of a drug target to a few highly conserved regions 16. One such 

region is the interferon inhibitory domain of VP35, (VP35 IID) 17.

As is expected of viral proteins, Ebola virus VP35 IID has multiple functions 18. As a 

dsRNA binding protein, VP35 IID protects the replicative dsRNA form of the viral genome 

from degradation 19. The coating of dsRNA by VP35 IID also prevents endogenous dsRNA 

binding proteins, such as RIG-I and MDA5, from recognizing and binding the viral dsRNA 

and initiating an innate antiviral immune response 20–23. VP35-RNA interactions occur 

through the central basic patch of VP35 IID 19, 24, 25. VP35 IID also participates as a 

cofactor of the viral polymerase, protein L, which binds the first basic patch of VP35 IID, 

which is obverse to the central basic patch 26, 27. VP35 IID interacts with L protein and was 

the impetus for an initial search for VP35 IID inhibitors 15. In this study, the authors 

modeled the first basic patch for inhibition against a 5.4 million molecule library in silico. 

From these results, 25 compounds were tested, and derivatives of these compounds were 

found to bind VP35 at micromolar levels 15.
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Herein, we docked an 80,000 compound library against the central basic patch of VP35 IID 

using a static model of VP35 IID, as well as an ensemble-flexible model of VP35 IID based 

on the 26 known crystal structures of VP35 IID. Both models yielded several positive hits in 
vitro, with the ensemble-flexible modeling strategy showing improved hit rates and superior 

quality of hits.

Materials and methods

Molecular Docking

In silico docking was performed using Molegro Docking Software (CLC Bio) using default 

parameters. VP35 IID structure 3FKE:A (Protein Data Bank) was utilized as the docked 

protein. Ligands for in silico docking were curated from the ZINC database (http://

zinc.docking.org/catalogs/ncip). The center of the docking sphere was set at 

x=17.0,y=30.0,z=3.0 for structure 3FKE, chain A. The size of the sphere was 23 angstroms. 

The software was run on a virtualized Windows 8.1 client with 64 gigabytes of RAM and 34 

virtual processors hosted within a Server 2012 R2 Hyper-V failover cluster of 4 Dell R620/

R720 Servers. LogP scores of selected compounds were predicted by the Molinspiration 

Property Calculation Service (molinspiration.com).

Vector construction, protein and dsRNA probe purification

cDNAs coding for the IID of VP35 (Genbank Accession Number AIG96632.1) were 

synthesized by IDT. The cDNA was designed with EcoRI/KpnI ends and cloned into 

pRSFDuet-1(Novagen), creating a fusion protein with an N-terminal His-tag. After 

subcloning, purified plasmids were transformed into BL-21 cells, and then incubated 

overnight at 37°C in a 1 L LB culture without shaking. After 16 h, cells were then shaken at 

220 rpm at 37°C until the culture reached an OD600 of 0.8, after which 300 μM IPTG was 

added and incubation was continued for an additional 2.5 h. The cells were centrifuged and 

resuspended in lysis buffer (PBS, 100 μM PMSF, 10 mM imidazole). After sonication, cells 

were centrifuged at 22,000 g for 10 m, and the supernatant was added to an FPLC column 

containing a 5 ml bed volume of NTA-Ni Superflow agarose (Qiagen). Columns were rinsed 

sequentially in lysis buffer containing 20 mM and 50 mM imidazole, before elution in lysis 

buffer containing 250 mM imidazole. For the creation of dsRNA probes, a 5′ CY5.5 labeled 

ssRNA (CY5.5-CACUGCGACC ) was annealed to a non-labeled or 3′ Iowa Black RQ 

quencher (IBRQ) labeled ssRNA ( GGUCGCAGUG-IBRQ) in annealing buffer (50mM Tris 

HCl (pH 7.5), 150mM NaCl). After separation by PAGE, the band corresponding to 

annealed dsRNA was excised and incubated overnight at 4 °C in 1 ml annealing buffer. RNA 

probes were purchased from IDT.

Electrophoretic Mobility Shift Assays (EMSA)

Assays were performed in EMSA buffer (10 mM Tris HCl (pH 7.5), 10 mM NaCl, 10% 

glycerol). Compound was added to 10 μl of 400 nM VP35, mixed and incubated for five min 

before adding 10 ul of 60 nM dsRNA probe. After successive five min incubations at room 

temperature and on ice, reactions were run on 1% agarose gels in chilled TAE buffer, then 

scanned on an infrared scanner (LI-COR).
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Structural Protein Alignment

Available ebola virus VP35 IID structures (PDB: 3FKE, 3L25, 3L26, 4IBB, 4IBC, 4IBD, 

4IBE, 4IBF, 4IBG, 4IBI, 4IBJ, 4IBK) were downloaded and individual chains separated into 

separate files. Each structure contained two VP35 IID chains, with the exception of 3L25, 

which had four. 25 of the structures were each aligned pairwise with the ‘A’ chain of 

structure 3FKE utilizing the ‘Structure Protein Alignment’ tool of the Molegro Docking 

Software. Once all structures were aligned pairwise, all 26 structures were imported into the 

Molegro Docking Software workspace and saved as one integrated .pdb file. This file was 

then further analyzed by the UCSF Chimera package 28.

Results

Static modeling of VP35 IID

In the initial attempt to screen compounds in silico for VP35 IID inhibitors, the static 

structure of 3FKE:A was used to dock an 80,000 compound library. This library was chosen 

for the diversity of compounds, the availability of compound structure files and compounds 

for experimental use. The search space for docking included the entire central basic cleft of 

VP35 IID, and specifically surrounded the residues known to be essential for competent 

dsRNA binding: R305, K309, R312, K319, R322 and K339 (Fig. 1). Because of the 

spherical requirements of the search space by the docking software and the narrowness of 

the VP35 IID, a portion of the basic cleft on the reverse side was also included in the search 

space.

After docking, the compounds were sorted by predicted affinity as described by a ‘rerank’ 

score. The top 39 scoring compounds were acquired and then tested for their ability to 

inhibit binding of a fluorescent dsRNA probe to recombinant VP35 IID and to dsDNA and 

dsRNA (Fig. 2A and Supplementary Fig.1). At 200 μM, four of the 39 compounds were able 

to inhibit dsRNA binding at greater than 50% of control with nearly no evidence of high-

molecular weight complex formation and no indication of DNA and RNA binding (Fig. 2B 

and Supplementary Fig. 1). Interestingly, these compounds are structurally unique and 

showed minimal similarity in docking. Of these four compounds, ZINC16957594, showed 

the greatest amount of inhibition and was tested further in a serial dilution series. The IC50 

of ZINC1630966 was calculated to approximately 20 μM (Fig. 2C). The change in mobility 

of the bound fraction observed may be due to differences in the number of VP35 IID units 

bound to the substrate in the presence of ZINC16957594. We used coumermycin A1 as a 

positive control. The discovery of coumermycin A1 came from an initial identification of the 

aminocoumarin clorobiocin in a high throughput screen (HTS) of 2000 compounds, 

followed by the testing of a pool of aminocoumarin derivatives that included coumermycin 

A1.

Alignment of VP35 IID structures reveals flexibility of key residues

The addition of residue flexibility as a parameter in a docking strategy can add to the overall 

accuracy of the docking simulation 29, 30. However, each addition of a flexible residue 

profoundly increases the computing power and time needed for docking 31. Therefore, it is 

important to select for flexibility only those residues essential for dsRNA binding and are 
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known to have large degrees of freedom. To determine the flexibility of key amino acids, we 

aligned the 26 available structures of ebola virus VP35 (Fig. 3). Surprisingly, the backbones 

of the aligned structures are nearly identical, with the exception of cis/trans conformation 

differences at proline 316. Of the six lysine and arginine residues essential for dsRNA 

binding, large degrees of freedom were seen in R305 and K339. K309 and R312 residues 

were each essentially confined to two separate conformations, each with small degrees of 

freedom. K319 and R322 residues were relatively static. These results suggest that only 

residues R305, K339, K309 and R312 are flexible and should be modeled as such in the 

docking strategy.

Flexible docking yields increased percentage and quality of hits

Utilizing the flexible docking aspects of the modeling software, 3FKE:A was redocked to 

the 80,000 compounds library with R305,K339,K309 and R322 designated as flexible. 

Fourteen of the top scoring compounds were acquired and tested for inhibition of VP35 IID 

to dsRNA (Fig. 4A). Of the 14 compounds, 5 inhibited binding at greater than 50% without 

evidence of high-molecular weight complex formation (Fig. 4B). However, one of these 

compounds, ZINC01661313, was positive for DNA and RNA binding (Supplementary Fig. 

1). Of these compounds, ZINC05328460 showed the greatest amount of inhibition and was 

tested further in a serial dilution series (Fig. 4C). The IC50 of ZINC05328460 was calculated 

to approximately 4 μM. In an initial test to determine the essential structural aspects of 

ZINC05328460 for VP35 inhibition, we compared the inhibition of ZINC05328460 to a 

compound with the ketone and both nitrous moieties removed (ZINC19319423) and a 

further deletion of one of the 5 member rings (ZINC00394385) (Fig. 4D). Both derivatives 

showed essentially no inhibition of VP35. As to differences in mobility in the bound fraction 

in Figures 2C and 4C, we assume that the binding of VP35 to the dsRNA substrate may 

require anywhere from one to four protein subunits. It is possible to have 4 VP35s bound to 

the dsRNA substrate. One to each end cap and two on the adjacent strands. Therefore, 

differences in mobility in the gel of substrate bound VP35 may be due to the prevention of 

binding of one or more protein subunits by the SMI.

Comparison of static modeling to ensemble-based flexible modeling

Both static modeling and ensemble-flexible modeling of VP35 IID were successful in 

identifying inhibitors from a relatively small sample. Overall, 16 of 39 (40%) statically 

modeled compounds profoundly inhibited formation of the VP35 bound to dsRNA band 

seen in the control sample, whereas 12 of 14 (86%) compounds in the ensemble-flexible 

strategy did so (Table 1). In both strategies, nearly half of the compounds induced band 

shifts of high molecular weight, likely due to complex formation with probe, protein and 

compound. Compound 37 (Fig. 2) also appeared to interact specifically with the dsRNA 

probe. Complex formation indicates that while it is likely that the compound is interacting 

with VP35 IID and inhibiting its function, the true nature of the interaction is unknown.

For compounds that show no evidence of complex formation, 4 of 21 statically modeled 

compounds, and 5 of 7 ensemble-flexible modeled compounds profoundly inhibited dsRNA-

VP35 IID interactions at 200 μM. We also note that all ensemble-flexible modeled 
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compounds exhibited at least some (>25%) inhibition of VP35IID, whereas nearly over half 

of the statically modeled compounds did not.

These results suggest that the ensemble-flexible strategy of molecular docking is 

considerably more accurate in predicting in vitro inhibition of VP35 IID.

Discussion

Previously we had identified eight compounds in an initial HTS as inhibiting VP35 IID at 

200 μM, none inhibited VP35 IID greater than 50% at 100 μM (unpublished observation). 

Therefore, the high percentage of inhibiting compounds in this study suggest that 

prescreening compounds in silico greatly enriches the selected pool for quality VP35 

inhibitors.

On the other side of VP35 IID, the first basic cleft has also been targeted for protein-protein 

inhibition 15. In this study, through multiple filtering steps and docking in silico, 25 

compounds from a 5.4 million compound database were selected for in vitro testing for 

VP35 IID ligands, the viral polymerase, L protein and the viral nucleoprotein, NP. Although 

this strategy did not initially find compounds of moderate affinity to VP35, subsequent 

derivatives of the pyrrolidinone scaffold containing compound GA017 resulted in the 

identification of multiple VP35 inhibitors in the mid to low micromolar range. In the current 

study, no attempt was made to prescreen compounds, such as having a logP score <5 as 

stated in Brown et al. 15. Interestingly though, all 14 compounds selected by ensemble-

flexible docking had a logP score of less than 5 (Table S1). Two compounds selected had 

negative logP scores, including the high affinity compound, ZINC05328460 (logP=−.48). In 

contrasting the two VP35 IID strategies, in silico studies were considerably more favorable 

for the discovery of VP35-dsRNA inhibitors than VP35-protein inhibitors. However, we note 

that the affinity of VP35 IID to dsRNA is considerably lower than the Kd of VP35 IID to NP 

and likely L protein 15, 24. Therefore, inhibitors for VP35-dsRNA may not need to be of high 

affinity to show activity. This advantage may be attenuated by specificity, as these inhibitors 

may also inhibit the handful of mammalian proteins known to bind dsRNA.

By overlaying an ensemble of available VP35 IID structures, and looking at the orientation 

of essential residues, we identified four amino acids that acted with considerable freedom, 

and were designated as flexible for docking purposes. Compounds procured based on this 

docking method were considerably more active than compounds that were docked from a 

single protein structure. Future refinements in flexible docking parameters should yield more 

accurate outcomes, resulting in the discovery of higher quality inhibitors with less time and 

monetary inputs.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of the VP35 IID with positive (blue) and negative (red) charged surfaces. Residues 

essential for competent dsRNA binding are labeled.
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Figure 2. 
(A) Compounds tested for VP35 IID inhibition via EMSA. P=probe only, C=negative 

control, F=free probe, B=protein bound probe *=complexation of protein-dsRNA and SMI. 

Compound concentration is 200 μM. (B) Identity and structures of top performing 

compounds. (C). Dose response of VP35 IID inhibition by ZINC1630966. Compound was 

serially diluted two fold from 200 μM. CA1=200 μM coumermycin A1.
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Figure 3. 
Overlay of 26 crystal structures of VP35 IID. Residues essential for dsRNA binding are 

shown. Arg305 and Lys339 show large degrees of freedom, whereas Lys319 and Arg322 

present low degrees of freedom. Lys309 and Arg312 both show a bimodal appearance.
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Figure 4. 
(A) EMSA of compounds from ensemble-flexible docking. P=probe only, C=negative 

control, F=free probe, B=protein bound probe. *=complexation of protein-dsRNA and SMI. 

Compound concentration is 200 μM. (B) Identity, corresponding lane # from (A) and 

structures of top performing compounds. (C) Dose response of VP35 IID inhibition by 

ZINC05328460. Compound was serially diluted two fold from 200 μM. CA1=200 μM 

coumermycin A1. (D) EMSA of ZINC05328460 and partial fragments of ZINC05328460. 

Lane 1-ZINC05328460. Lane 2-ZINC19319423. Lane 3-ZINC00394385. Lane 4-

Coumermycin A1. All compounds were used at 200 μM.
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Table 1

Comparison of static and ensemble-flexible docking strategies

Strategy Total Compounds Inhibition

<25% 25–50% 50–100%

Static

Non-complexing 21 15 2 4

All 39 20 3 16

Ensemble-Flexible

Non-complexing 7 0 2 5

All 14 0 2 12
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