
INTRODUCTION

The genus Orthoflavivirus includes enveloped
viruses transmitted by ticks and mosquitoes [1] — 
and causing dangerous diseases such as dengue fever,
Zika fever, West Nile fever, etc. In Russia and 
Northern Eurasia, tick-borne encephalitis virus (TBEV) 
is the most widespread orthoflavivirus. The incidence
of tick-borne encephalitis grew from 0.4 cases 
per 100,000 people in 2015 to 0.7 cases in 2019 and 
0.9 cases in 2020 [2]. In Russia, the highest recorded
incidence rate was 7.0 per 100,000 population in 1996,
but in 2020 it reduced to 0.66 [3]. In addition, 
due to the expansion of the mosquito habitat, cases 
of West Nile fever are being recorded in Russia [4]. 
By 2024, there are no direct-acting antiviral drugs
approved for medical use against infections caused 
by orthoflaviviruses. Vaccines have been developed 
to prevent infections caused by several orthoflaviviruses
(TBEV [5], dengue virus (DENV) [6], yellow fever
virus (YFV) [7], Japanese encephalitis virus (JEV) [8]).
However, they cannot be used to treat diseases 
post-onset, do not provide complete protection against
infection, and their development and widespread use
are complicated by antibody-dependent infection
enhancement that at least some orthoflaviviruses 
(DENV, Zika virus (ZIKV)) exhibit [9, 10]. 
For example, vaccination against TBEV causes 
the production of ineffective cross-reactive antibodies
upon subsequent vaccination against YFV [11]. 

The genome of orthoflaviviruses is represented 
by (+)ssRNA with a length of 10–11 kb [12], 
which is translated into a polyprotein and processed

into three structural and seven non-structural proteins
(Fig. 1A). Among them, the non-structural protein NS1
plays an important role in the acute form of diseases 
by causing endothelial leakage due to interaction 
with endothelial cells [13, 14] and disruption 
of the glycocalyx [15].At the same time, NS1 suppresses
the immune response by binding to complement 
system proteins on the cell surface [16, 17]. 
The NS1 protein also participates in the viral 
replicative cycle, stabilizing the invagination 
of the endoplasmic reticulum membranes and 
the replicative complex located in them [18, 19]. Small
molecules interacting with NS1 can be used as lead
compounds for the discovery of anti-orthoflavivirus
drugs. Mechanisms of action such as modulation 
of NS1 binding to membranes or other 
proteins [20] or inhibition of its dimerization [21–23]
have been proposed. However, experimental data 
on the orthoflavivirus NS1 protein with small
molecules have not been published, and this
complicates the application of classical methods 
of structure-based ligand design.

However, the apo form structure of the NS1 protein
of mosquito-borne orthoflaviviruses has been 
studied by X-ray crystallography and cryo-electron
microscopy (cryo-EM) (Table 1, Supplementary
Materials, Table ST1). According to the PDB data, 
the orthoflavivirus NS1 protein is a glycoprotein
consisting of 352 amino acid residues. 
The molecular weight of the monomer is 48–50 kDa
depending on the amino acid sequence and 
a glycosylation state. At different stages of infection,
different multimeric states of NS1 predominate 
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Figure 1. Genetic and structural basis of the orthoflavivirus NS1 protein. (A) – Scheme of the genome and polyprotein
of orthoflaviviruses, numbering is given for the sequences of dengue virus serotype 1 (GenBank ID: U88536). 
(B–D) – The сryo-EM structure of NS1 (PDB ID 7WUS [24]): (B, C) – dimer, (D) – monomer. Color coding: 
β-barrel (residues 1–29) – blue, connector domain (residues 30–37, 152–182) – orange, α-helical wing 
(residues 38–151) – yellow, β-ladder (residues 183–352) – red, spaghetti loop (residues 219–272) – pink. 
Glycosylation sites – Asn130 and Asn270 (Asn175 is glycosylated in YFV) – are marked, disulfide bonds are shown 
as ball-and-stick models. (E–H) – Multimeric forms of the NS1 protein: (E) – “soft” tetramer (PDB ID 7WUU [24]), 
(F) – “stable” tetramer (PDB ID: 7WUT [24]), (G) – secreted “head-to-head” hexamer (PDB ID: 7WUV [24]), 
(H) – “side-to-side” hexamer (PDB ID: 8WBE [25]). (I) – NS1 protein sequence of TBEV strain Absettarov 
(GenBank KU885457.1), colored by protein domains. The color version of the figure is available in the electronic
version of the article.



in the infected organism: at the initial stage, 
NS1 is mainly present as a membrane-assosiated dimer
(Fig. 1B,C). Subsequently, the protein is secreted into
the blood as a tetramer, which exists in two forms —
“soft” (Fig. 1E) and “stable” (Fig. 1F), or as a cyclic
hexamer (Fig. 1G) with the internal cavity filled 
with lipids [24, 26]. In addition, a hexamer with a dense
subunit packing was observed for recombinant 
NS1 proteins in certain expression conditions 
(Fig. 1H) [25]. The monomer structure contains 
four domains: the β-barrel, the connector domain, 
the α-wing, and the β-ladder (Fig. 1D) [27]. 
The surfaces of the β-barrel and the α-helical wing 
are hydrophobic and oriented inside the membranes or
the lipid core of the hexamer, while the spaghetti loop
(part of the β-ladder) is oriented outward [28].
The stabilization of multimers, as well as the interaction
with the complement system proteins, are provided 
by complex glycans linked to Asn130 and Asn207 
(as well as Asn175 in the YFV NS1) [28–31].

The availability of structural data allows to use
docking as a tool for the search of potential ligands, 
and a sufficient number of structures enables us 
to use ensemble docking, which takes into account 
the conformational mobility of the protein by docking
ligands into different structures of the same protein,
thus improving the enrichment of the virtual screening
results [35]. Previously, we developed a systematic
ensemble docking method that incorporates 
all available structural information for a protein 
for structure-based virtual screening [36]. Since there 
is no structural information on either the TBEV 
NS1 protein or the interaction of small molecules 
with the orthoflavivirus NS1 protein in general, 
we performed homology modeling of TBEV NS1 
and an analysis of NS1 structure to identify 
potential binding sites for small molecules. Based 
on the resulting set of models, we assessed 
the applicability of our systematic ensemble docking
methodology to sets of protein structures that 
are heterogeneous in amino acid sequence.

MATERIALS AND METHODS

Analysis of the  Structure Data

Extraction of structural information. The NS1 protein
structures of flaviviruses (Supplementary Materials,
Table ST1) were extracted from the PDB [37] 
by analyzing the search results for the query 
Full Text = “flavivirus NS1 protein” AND Parent
Scientific Name (typically superkingdom or clade) =
“Riboviria”. To extract incorrectly annotated structures
that were not identified by searching among 
the proteins of viruses of the genus Orthoflavivirus, 
the BLASTP program [38] was used, with the sequence
of the NS1 protein of dengue virus serotype 1
(GenBank ID AAB70695) as a query. Thus, 2 structures
were added to the set (PDB ID: 5O19, 5O36). 
The stereochemical quality of the structures 
was checked using the ProCheck web service [39].
Spatial alignment of structures. Spatial alignment
was performed using VMD 1.9.3 [40]. To align dimeric
structures, chains in PDB files were combined, 
then aligned by all Cα atoms of the combined chain, 
and then the chains were separated back using 
a Python 3.9 script.

After alignment, the pairwise root mean square
deviation (RMSD) values of Cα atoms were calculated
and visualized using the heat map method 
implemented in Python 3.9 using Pandas 1.4.1 [41],
NumPy 1.21.6 [42], Matplotlib 3.5.1 [43], and 
seaborn 0.11.2 [44] libraries similar to the procedure
described in [36].

Search for Potential Binding Sites of Small Molecules

The search for pockets, i.e., cavities on the protein
surface where specific binding of small molecules
could occur, was performed for the monomer and dimer
of the most diverse complete protein structures 
(4O6C, 4O6D, 5K6K, 5GS6) using two algorithmically
different methods for identifying potential small
molecule binding sites: FTSite (FTMap) [45–47] and
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Table 1. Complete structures of NS1 protein in PDB

PDB ID Virus Year Method Resolution, Å Oligomeric state Reference

4O6D WNV 2014 X-ray crystallography 2.59 Dimer [28]

4O6C WNV 2014 X-ray crystallography 2.75 Dimer [28]

4TPL WNV 2014 X-ray crystallography 2.90 Dimer [32]

4O6B DENV2 2014 X-ray crystallography 3.00 Dimer [28]

7WUS DENV2 2022 cryo-EM 3.40 Dimer [24]

7WUT DENV2 2022 cryo-EM 3.50 Tetramer [24]

7WUU DENV2 2022 cryo-EM 8.00 Tetramer [24]

7WUV DENV2 2022 cryo-EM 8.30 Tetramer [24]

7WUR DENV2 2022 cryo-EM 3.50 Dimer in complex with antibodies [24]

5K6K ZIKV 2016 X-ray crystallography 1.89 Dimer [33]

5GS6 ZIKV 2016 X-ray crystallography 2.85 Dimer [34]



ProteinsPlus (DoGSiteScorer) [48, 49]. Both programs
were used via a web interface. The outputs 
of the programs are sets of dots or spheres defining
potential pockets. For the 4O6D and 5GS6 structures,
the search for pockets was performed before and 
after removal of the polyhistidine tag, but the results 
did not differ, so its presence was not taken into 
account further.

FTSite implements an energy-based pocket search
method. The search involves rigid docking of 16 small
molecule probes and RMSD-based clusterisation 
of the results with cluster ranking based on the total
number of interactions between the protein and 
all probes in the cluster.

The ProteinsPlus (DoGSiteScorer) algorithm 
is a geometric algorithm based on the molecular shape
recognition method. A grid is generated around 
the protein molecule, and grid points are marked 
as occupied if they are within the van der Waals radius
of any protein atom, and as unoccupied otherwise.
Based on this markup, pockets large enough 
to accommodate at least one heavy atom are selected
and ranked by volume. In the case of dimer analysis, 
we selected three pockets with the largest volumes and
those symmetrical to them.

Amino Acid Sequence Alignment and 
Homology Modeling

Amino acid sequence alignment was performed
using the MUSCLE web interface [50, 51]. 
The NS1 sequence of the TBEV strain Absettarov
(GenBank KU885457.1) was used as the reference 
and sequences extracted from pdb files and 
NS1 protein sequences of epidemiologically significant
orthoflaviviruses were included in the alignment
(Supplementary Materials, Table ST3).

Homology modeling was performed using
Modeller 10.5 [52]. Based on each individual template,
100 models were generated, and 300 models were also
generated for all templates simultaneously. Models
were scored with the DOPE and GA341 functions.
Modeling was performed with implicit hydrogen atoms
(automodel class). The “slow” optimization algorithm
with a maximum number of iterations of 300 was used.
Optimization was repeated twice. Since the optimized
models had very large pairwise root mean square
deviations (RMSD) upon the DOPE-based selection,
the final model for comparison and docking 
was selected based on the lowest Cα atom RMSD 
from the 7WUS structure, which was the only crystal
structure that did not contain unresolved regions
(Supplementary Materials).

Set of Diverse Compounds

A set of 5000 diverse compounds was selected
from a previously formed library of 20,000 diverse
compounds [36] according to the following 
criteria: molecular weight from 200 Da to 400 Da,

lipophilicity (clogP [53]) from -5 to 5, number 
of hydrogen bond donors no more than 5, number 
of hydrogen bond acceptors no more than 10, formal
charge from -2 to 2, number of rotatable bonds 
no more than 8, number of heavy atoms from 15 to 50.
A total of 9341 compounds passed the filtering, 
of which 5000 were selected based on diversity using
the MaxMinPicker method [36].

Ensemble Docking

The docking pipeline was implemented using
pyflare [54], a Python 3 library that allowed executing
scripts for Flare 5.0.0, Cresset [55, 56]. Protein
preparation (adding hydrogen atoms, assigning 
charges at pH 7.4) was performed using 
the proteinprep.py script. Docking into the prepared
protein structure was performed using the docking.py
script for each protein structure separately. The docking
grid was generated at a distance of 6 Å from 
the ZINC000734046780 molecule (Supplementary
Materials, Fig. SF1), manually placed using 
UCSF Chimera in the pocket between the β-barrel, 
β-ladder, and α-helical wing. Docking was performed
with the “normal” quality parameter, corresponding 
to the standard docking algorithm implemented 
in the Lead Finder program [57]. The 5 highest ranked
docking results by Rank score (a score optimized 
for correct energetic ranking of docking results 
for a specific molecule) were saved for each compound.
The docking results were processed using 
Python 3.9 scripts. Scores were read from sdf files 
and the conformers with the highest Rank score were
ranked based on the decrease in the VS score modulus
(a score optimized for correct ranking of active molecules
relative to inactive ones during virtual screening).

RESULTS AND DISCUSSION

Analysis of the Orthoflavivirus NS1 Protein 
Structure Data

Since small molecule binding sites have not been
described for the orthoflavivirus NS1 protein, 
we performed a comparative analysis of the available
structures (Table 1) to identify potential binding 
sites by computational methods. Only 11 structures
contain the complete amino acid sequence, two of them
with insufficient resolution (7WUU, 7WUV), 
one (7WUT) in the form of a “stable tetramer” that
contains an atypical β-barrel fold, and another one 
is the structure of a complex of the NS1 protein with
antibodies (7WUR). The remaining structures represent
only a part of the NS1 protein with a β-ladder and 
a spaghetti loop (listed in the Supplementary Materials,
Table ST1 as the C-domain). The structures 
are characterized by high stereochemical quality: 
only a few residues are located in unfavorable areas 
of the Ramachandran plots, allowing us to conclude
that the data are generally correct (Supplementary
Materials, Table ST2). 
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Spatial alignment of monomers and dimers 
of the complete structures by RMSD of Cα atoms 
was performed for the purpose of comparative analysis,
identification of conformational differences, and
determination of the degree of symmetry of monomers
in individual structures (Fig. 2, Supplementary
Materials, Fig. SF2). For quantitative analysis 
of the alignment results, heat maps of pairwise RMSDs
were constructed (Fig. 2).

All the structures are highly similar with 
low pairwise RMSD values: ≤1.4 Å in most cases. 
Such RMSD values are typical for structures 
of identical proteins and are explained by the resolution
of the structures [58] and the overall flexibility 
of the polypeptide chains.

When aligning the complete structures, the most
pronounced conformational differences are observed 
in the β-barrel region (residues 6–14) and in the loops
of the α-helical wing. There are no noticeable
differences in the relative positions of the monomers 
in the dimer of different structures. The high RMSD
values for the 5GS6 and 5K6K structures are explained
by deviations in the β-barrel region (5GS6-B, 
residues 6–14) and the α-helical wing (5GS6-B, A
residues 62–82) (Supplementary Materials, Fig. SF3).

Search for Potential Binding Sites for Small Molecules

Based on the analysis of spatial alignment, 
as well as data on the completeness of resolution and
stereochemical correctness of the structures, the most
diverse and high-quality structures were selected 
to search for pockets on the protein surface: 
4O6C (WNV), 4O6D (WNV), 5K6K (ZIKV), and
5GS6 (ZIKV). For more discussion on search results
see Supplementary Materials.

Both programs reveal a pocket in the region 
of the dimerization interface between the β-barrel,
connector domain, α-helical wing and β-ladder 
(Fig. 3A) formed by residues 1–15, 186–193, 202–207
of one chain and residues 1, 16–26, 156–162, 179–185,
193–200 of the other chain (Fig. 3B). In all structures,
the pockets are lined mainly by hydrophilic residues,
both donors and acceptors of hydrogen bonds. 
The hydrophobic side chains of the β-barrel 
residues are oriented outward from the pocket and 
form a hydrophobic surface that facilitates binding 
of the protein to membranes (Fig. 3C). Thus, the main
chain atoms, also capable of forming hydrogen bonds,
are accessible inside the pocket. This pocket 
was selected as a potential binding site for further
virtual screening and analysis as the most conserved.

Amino Acid Sequence Diversity of Epidemiologically
Significant Orthoflaviviruses

The amino acid sequences of epidemiologically
significant orthoflaviviruses (Supplementary Materials,
Table ST4) [59, 60] were obtained from the GenBank.
For homology modeling, they were aligned with
template sequences extracted from the NS1 protein
structure files deposited in the RSCB PDB (PDB IDs:
4O6B, 4O6C, 4O6D, 4TPL, 5K6K, 5GS6, 7WUS). 
A separate alignment of the NS1 protein amino acid
sequences of epidemiologically significant
orthoflaviviruses was also performed against 
the NS1 protein sequence of the TBEV strain Absettarov
(Supplementary Materials, Fig. SF4) to calculate 
the sequence homology matrix (Fig. 4). Based on this,
tick-borne and mosquito-borne viruses can be divided
into two groups with relatively low cross-similarity.
The NS1 proteins of tick-borne viruses have 
high intergroup similarity, while the NS1 proteins 
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Figure 2. (A, B) – Heat maps of RMSD of Cα atoms of spatial alignment of (A) dimers and (B) monomers of complete
structures of flavivirus NS1 protein. The color scale corresponds to RMSD values from 0 Å to 2.5 Å. The color version
of the figure is available in the electronic version of the article.



of mosquito-borne viruses are more diverse. 
As a consequence, the crystal structures available 
in the PDB may not be representative enough 
in the context of the diversity of NS1 protein 
sequences in orthoflaviviruses. Therefore, the reliability
of the NS1 structure models of tick-borne
orthoflaviviruses based on the available templates
(Table 1) may be limited. Moreover, the existence 
of two distinct groups of NS1 sequences corresponding
to the phylogenetic groups of the genus Orthoflavivirus
may be sufficient to introduce selectivity of potential
ligands against viruses with different vectors.

Homology Modeling of the Orthoflavivirus NS1
Protein Structure

The models of the NS1 protein structure 
were generated using the Modeller 10.5 [61] 
by the homology modeling method using all complete
dimeric NS1 structures available in the PDB (Table 1)
as templates, individually and in combination 
(structure files deposited in Supplementary Materials).

For further ensemble formation and virtual screening,
we aimed to select one optimal model for each template
and each virus. The standard selection criterion 
is based on the value of the DOPE scoring 
function [62], which is statistical in nature and
prioritizes structures closest to the native state 
of the protein based on information on the probability
density of interatomic distances. However, 
the optimal DOPE value in a series of models 
does not guarantee that the corresponding model 
would not have a significant conformational 
deviation from the template, particularly, in flexible
regions. Since the DOPE values for all generated
models were in the acceptable range and the differences
between them were not significant (Supplementary
Materials, Table ST3), the choice of the model 
for further study was made not by the DOPE value, 
but by the spatial alignment of all models with 
the 7WUS structure that does not contain unresolved
regions. For each virus and each template, 
the models with the lowest RMSD of Cα atoms 
relative to 7WUS were selected.
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Figure 3. Potential small molecule binding site. (A) – Pocket location, (B) – residues forming the pocket, coloured 
by chain with chain A as pink and chain B as light blue, (C) – pocket surface, coloured by hydrophobicity with yellow
depicting the high and cyan – low hydrophobicity. The color version of the figure is available in the electronic 
version of the article.



In the framework of the previously described
ensemble selection procedure [36], pairwise RMSDs 
of the Cα atoms of the residues forming the pocket 
in the dimerization interface region (V1–G15,
A186–A193, E202–D207 of chain A and V1, T16–W26,
D156–F162, D179–T185, V193–W200 of chain B)
were calculated for all models. The selection 
of ensembles based on the diversity of conformations 
of the amino acid residues forming the potential binding
site did not allow the formation of a representative
ensemble of an acceptable size due to the very high
conformational diversity of the generated coordinates:
in a wide range of the threshold values for similarity
and diversity of structures, only two models were
selected for the ensemble.

Models based on the 4TPL structure have
particularly high average RMSD values (Supplementary
Materials, Fig. SF5, highlighted in orange). These

models differ significantly from the others, which
negatively affects the selection of the ensemble based
on conformational diversity.

When considering the NS1 models 
of mosquito-borne viruses (Supplementary Materials,
Fig. SF6) and tick-borne viruses (Supplementary
Materials, Fig. SF7) separately, it is noticeable 
that the latter had a higher conformational 
diversity. In the case of models based on the same
templates, the greatest conformational differences 
are observed for Powassan virus (POWV) and 
Kiasanur forest disease virus (KFDV), which have 
the lowest amino acid sequence similarity to both 
the NS1 proteins of other tick-borne viruses and 
the NS1 proteins of mosquito-borne viruses. 
In addition, the NS1 sequences of these viruses 
have multiple non-conservative substitutions 
in the region selected as a potential binding site
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Figure 4. Homology matrix of amino acid sequences of the orthoflavivirus NS1 proteins. The abbreviations 
are explained in Supplementary Materials, Table ST3. The color version of the figure is available in the electronic
version of the article.



(Supplementary Materials, Fig. SF8). This questions
the validity of modeling these proteins using 
the templates from mosquito-borne orthoflaviviruses.

At the next stage, principal component 
analysis (PCA) of the coordinates of the Cα atoms 
of residues forming the target pocket was performed
(Fig. 5). The models based on the 4TPL template 
fall into a separate cluster, remote from the main set 
of models; this is consistent with the RMSD calculation
results. At the same time, the 4TPL structure 
itself lies in the main cluster next to the other 
crystal structures (marked with crosses, Fig. 5). 
This is due to the fact that the 4TPL structure contains
the longest unresolved region in the α-helical wing
(residues 108–130) and the corresponding fragments 
of the protein are modeled stochastically. In this regard,
the models based on the 4TPL template were not used
further. The models based on the 4O6C and 5K6K
templates are allocated to a separate cluster; however,
upon visual analysis, no significant differences from 
the models based on other templates are observed 
in the generated structures. It should also be noted 
that the models built on the combined template 
lie in the projection on the principal components
between the models built on the individual templates.
Such “average” models have the highest similarity 
to all the others (Supplementary Materials, Fig. SF5,
highlighted in blue), resulting in a low priority 
in the selection of an ensemble by diversity.

The POWV and KFDV NS1 models lie in principal
component coordinates (Supplementary Materials, 
Fig. SF9) separately from the main clusters 

of models constructed using the same templates, 
while repeating the pattern of cluster arrangement. 
This is consistent with the low homology of their
sequences with the other NS1 protein sequences. 
Thus it is reasonable to exclude such models from
consideration for the selection of ensembles of protein
structures, since they are not representative of the entire
set of structures.

Removal of the models built using 
the 4TPL template and the POWV and KFDV NS1
protein models did not improve the ensemble 
selection results. Therefore, the systematic approach 
to ensemble selection based on the RMSD of binding
site residues was abandoned.

Comparison of Models by Ranking Ability

As an alternative to the formation of an ensemble
based on the protein structure, an approach based 
on the docking results was used. In this case, 
the conformational space of proteins is described
implicitly based on the docking rank correlation: 
with a high correlation, the models are considered 
as virtually identical; with a low correlation, the models
should belong to fundamentally different ensembles,
and models with intermediate values of the correlation
coefficient may be used for consensus ranking. 
To compare the ranking ability of the models, a library
of diverse drug-like compounds from ZINC15 
was docked into the pocket in the dimerization 
interface of all generated models and PDB structures
using the Flare program. The docking results 
were ranked based on the scores from the VS score
function. The correlation between pairwise RMSD,
amino acid sequence homology, and the rank-order
correlation coefficient was analyzed. On general
consideration of all structure pairs, no clear 
correlation between these parameters is observed 
(Fig. 6, Supplementary Materials, Fig. SF10, 11);
however, pairwise rank correlation coefficients 
do not exceed 0.739. Therefore, the available 
models are conformationally different enough 
for consensus ranking. For example, the three models
with the highest sum of rank correlation 
coefficients, 2,188, can be selected as an ensemble:
DENV4 NS1 model on 4O6C template, JEV NS1 model
on 5K6K template, and Louping ill virus NS1 model 
on 5GS6 template (Fig. 7A). This ensemble provides 
a sustainable ranking, includes viruses transmitted 
by both ticks and mosquitoes and may be used to search
for broad-spectrum ligands. Ensembles of four or more
structures can be composed in a similar manner.

When considering pairs of models based 
on identical templates, three groups are distinguished
with RMSD in the range from 0 to 2, from 2 to 4, 
and from 4 to 6, and within each group, structures 
with greater similarity of amino acid sequences 
could be expected to have lower RMSDs, 
but structural similarity has no significant effect 
on the ranking (Fig. 6B).
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Figure 5. Principal component analysis of the coordinates
of the Cα atoms of residues forming the target pocket 
of the orthoflavivirus NS1 protein for models and
template structures. The models are colored by template.
The “isref” category indicates whether the structure 
is a model or a template: models are shown as circles,
templates as crosses. The color version of the figure 
is available in the electronic version of the article.



When analyzing the distributions of docking
scores (Supplementary Materials, Fig. SF12–14), 
no correlation was found for the median, minimum, 
and maximum score values vs. the template structure
and amino acid sequence. This is consistent with other
results confirming the high contribution of stochastic
coordinate generation in homology modeling. 
In such a situation, it is natural to use the sum of ranks
for the ensemble as a consensus score. The analysis 

of the distribution of the sum of ranks was carried out
for ensembles based on a shared template or sequence
in order to identify possible patterns associated with 
the difference in the NS1 sequences of both individual
viruses and those grouped by vectors. The distribution
of the normalized sum of ranks for ensembles 
of models constructed using one template and one virus
(Fig. 7B) has a single-peaked asymmetric shape. 
For comparison, the distributions of the sum of randomly
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Figure 6. Dependence of the pairwise correlation coefficient of the docking ranks for the structures of orthoflavivirus
NS1 models on the pairwise RMSD between the corresponding structures, colored by the percentage of similarity
between the corresponding sequences. (A) For all pairs of structures, (B) for pairs of models of different proteins 
with the same template. The color version of the figure is available in the electronic version of the article.

Figure 7. Distribution of the sum of docking ranks. (A) Normalized sum over the ensemble composed 
of DENV4 NS1 model on 4O6C template, JEV NS1 model on 5K6K template, and Louping ill virus NS1 model 
on 5GS6 template. (B) Normalized sum over the models of the NS1 protein for a single virus (for tick-borne viruses).
The color version of the figure is available in the electronic version of the article.



generated ranks and the sum of ranks for all models
were calculated. All considered ensembles of models
led to distributions wider than the sum of random ranks,
demonstrating their ability to prioritize molecules better
than random models. Also, in ensembles consisting 
of 7 NS1 models of one virus based on different
templates, the shoulder in the region of small sums 
of ranks is located to the left from the distribution 
of the sum of ranks for all models. This means 
that the same molecules are consensusly-prioritized 
in the docking results for such small ensembles.

The distributions of the normalized sum of ranks
for the ensembles of NS1 models of different viruses
for each template separately and the ensembles 
of NS1 models of individual viruses for all templates
were compared using the Kolmogorov-Smirnov test
(Supplementary Materials, Table ST5). The comparison
allows us to reject the hypothesis about the identity 
of the distributions of the normalized sum of ranks 
for each vector separately and for all viruses. 
At the same time, for the ensembles of NS1 proteins
derived from viruses with the same vector, 
the number of molecules with a normalized 
sum of ranks ≤500 (potential hits of virtual screening)
is greater than for the ensembles including 
NS1 proteins of all the studied viruses (Supplementary
Materials, Table ST6). Thus, the separation 
of mosquito- and tick-borne viruses when constructing
ensembles should be considered as an effective 
strategy for the screening of low-molecular compounds
for experimental research.

CONCLUSION

The orthoflavivirus NS1 protein is relatively
understudied as a drug target, although it is attractive
due to low homology to human proteins and importance
for the replication process. Based on limited available
structure information, we employed homology
modeling for generating inputs for ensemble docking
and analyzed the influence of heterogeneity of these
models on the ranking ability of structure-based 
virtual screening. Ranking-based ensemble selection
led to more consistent ensembles than RMSD-based
selection. Forming an ensemble based on ranking 
of diverse compounds corroborated the diversity 
of models and allowed to select ones providing 
an acceptable similarity for consensus ranking 
of potential broad-spectrum NS1 ligands. Further
combining models into ensembles based on a template
protein or a target virus led to ensembles that 
ranked compounds better than a random selection.
Combining NS1 structures from viruses with 
different vectors in one ensemble negatively affected
the virtual screening enrichment of potential specific
NS1 ligands. The ensembles demonstrated the ability 
to prioritize some groups of compounds over 
random ones, thus being suitable for virtual screening
of potential NS1 ligands.
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МОДЕЛИРОВАНИЕ СТРУКТУРЫ БЕЛКА NS1 ОРТОФЛАВИВИРУСОВ ПО ГОМОЛОГИИ 
ДЛЯ ВИРТУАЛЬНОГО СКРИНИНГА ПОТЕНЦИАЛЬНЫХ ЛИГАНДОВ
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Белок NS1 ортофлавивирусов является относительно малоизученной мишенью для разработки
противоортофлавивирусных препаратов широкого спектра действия. В настоящее время не опубликованы
структуры белка NS1 ортофлавивирусов, переносимых клещами, однако эти структуры можно моделировать 
по гомологии, генерируя таким образом большое количество структурной информации. Нами было проведено
моделирование по гомологии структур белка NS1 эпидемиологически значимых ортофлавивирусов и 
анализ возможности использования этих моделей для виртуального скрининга методом ансамблевого докинга.
Были показаны ограничения метода и важность разделения моделей на основании организма-переносчика 
при отборе ансамбля.
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