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Abstract

Background and Objective: Many studies point to conserved motifs in various proteins of the Orthoflavivirus genus. This study
aimed to uniformly designate conserved motifs in two nonstructural proteins based on the “amino acid repeat” modeland point
out the connection, on the one hand, with their role in the functions of proteins and their role in the ecological strategy of the virus.
Materials and Methods: It was supposed in the study, that some of the repeating amino acids in the protein sequence of the viruses
remain conservative within a genus or a group and point to meaningful segments of the protein. The repeating amino acids were
detected in all proteins of flavivirus, in the genomes of more than 70 virus types. The location of the repeats in the tertiary structure was
analyzed. The position of conservative repeats in groups of viruses was associated, according to its vectors. Results: It was observed that
NS3 and NS5 proteins have conservative repeats in different regions of the proteins. The genus-specific repeats QQ352-353 and
KK461-462 of the interdomain region of the NS5 protein may be involved in blocking innate immunity through the STAT2 system. Also,
group-specific repeats of a previously unexplored interface from the back side of EE438-439 helicase, RR450-451 and DDDD481-484, may
be responsible for the difference in virus reproduction in ticks and mosquitoes. Conclusion: A method of amino acid repeats proves its
effectiveness. Conservation of repeat within a genus may be important for virus survival. On the other hand, conservation of repeat within
a group may have implications for viral propagation in a particular vector or host.
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INTRODUCTION

Viruses of the genus Orthoflavivirus are a major global
health threat. It includes many important human pathogens,
such as Dengue virus, Zika virus and West Nile virus and are
extensively studied'. The sequences of these viruses are
diverse and there is a need to find a way that uniformly
describes these differences. The treatment of flavivirus
infection needs specific anti-viral substances. It requires a
precise study of viral proteins to identify binding sites for
inhibitors. There are several ways to detect sequence-
structural relationships, here an original method of “amino
acid repeats” is proposed. It assumes that a simultaneous
occurrence of the same two residues in one site points to the
importance of that site and area.

Viruses of the genus Orthoflavivirus have a single-
stranded genome with positive polarity RNA of about
11000 nucleotides in size. The genome contains a single
open reading frame (ORF) flanked by 5' and 3' untranslated
regions*. ORF encodes a polyprotein, the processing of
which produces 3 structural proteins-capsid (C),
premembrane/membrane (prM/M)  and  envelope
protein (E) and 7 non-structural proteins NS1, NS2A, NS2B,
NS3, NS4A, NS4B and NS5°. The multifunctional proteins
NS3 and NS5 have enzymatic activities (protease/helicase-NS3,
methyltransferase/RNA-dependent RNA polymerase-NS5)
required for viral RNA synthesis. The NS3 and NS5 proteins are
identified as the main targets for drug discovery, due to
their central role in the life cycle of the virus®’. The
identification of binding sites for allosteric inhibitors requires
the characterization of functional interfaces in NS3 and NS58.
The family Flaviviridae is 1 of 3 viral families that encode RNA
helicase”'°. The helicase domain consists of 8 conserved motifs
I, 1a, Ib, 1, NI, IV, V and VI"'. Conserved motifs form the
functional core of the helicase and are involved in the binding
of ATP and RNA molecules, ATP hydrolysis and unwinding of
RNA chains.

The sequence of the MTase domain is poorly
conserved among flaviviruses. The core globule of the
MTase domain consists of a 7-component antiparallel
B-sheet, which is surrounded by 10 a-helices and 2 short
B-strands. The B-strands 5, 7 and 8 form the RNA binding site.
Binding sites for the reaction cofactor SAH and GTP have also
been described by Dong et a/'%.

The sequence and structure of the RNA-dependent RNA
polymerase of flaviviruses is highly conserved and has now
been well studied. Functional structural elements are known
and these are typical for the protein family RdRp. Theyinclude
nuclear localization sequence NLS (B/NLS and o/BNLS),

priming loop and two zinc ion binding pockets (Zn1and
Zn2)".Viralgenomes are mutating and are under evolutionary
pressure. Segments in the tertiary structure of viral proteins
are moving under the influence of substitutions, but the
activity of viruses must be preserved. Therefore, in some
cases, the appearance of repeating amino acids in viral
proteins can be meaningful and it indicates protein regions
that are active in the catalytic function or the binding to other
proteins.

In the present study, an attempt is made to identify
repeating amino acids in the large corpus of sequences of
flaviviruses, to associate the appearance of repeats with the
properties of host-vector of the virus and to associate the
position of repeat on 3D structure with the function of virus
protein. The main objective of this study was to discover new
functional interfaces in viral proteins of the genus
Orthoflavivirus. The use of the method of conservative amino
acid repeats in the study of the sequence and structure
of viral proteins made it possible to identify previously
unknown and poorly studied regions of the NS3 and NS5
proteins that are critical for the replication of viruses of the
genus Orthoflavivirus.

MATERIALS AND METHODS

Study area: The scope of the study is flavivirus sequences
isolated all over the world. A corpus of mosquito virus
sequences was taken mostly from the African and Asian
continents and tick-borne virus sequences were taken
mostly from Russia, isolated from the beginning of
1990th. The study started in May, 2018 and lasted until
May, 2023.

Sequences: A total of 1452 amino acid sequences for
78 species were taken from the GenBank database'. The
reference sequences that were presented in the figures in
this article were listed in Table 1, the remaining sequences
were given in Table 2. The classification of viruses and
taxon nomenclature is presented in accordance with the
report of the International Committee on Taxonomy of
Viruses (ICTV).

The group of tick viruses TBFV was represented by
247 sequences for 14 species, the group of mosquito
viruses MBFV is represented by 1090 sequences for 30
species, the group of viruses specific to vertebrates VSFV
is represented by 22 sequences for 9 species, the group of
viruses specific to insects ISFV is represented by 93
sequences for 25 species (Table 1 and 2).
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Software: Amino acid sequence alignment was performed by
the MAFFT ver. 7 (Multiple Alignment with Fast Fourier
Transform)'®. The structures that were used in the analysis:
2j7w, 4kém, 4v0r, 7d6m, 7d6n, 2jlx and 7jno, which were
obtained from the Protein Data Bank'’. Visualization and
analysis of the NS3 and NS5 structures were done with the
UCSF ChimeraX 1.178,

RESULTS

Repeats in viral proteins: Sequence analysis has revealed
repeats from two to six or more repeating amino acid
positions. It has been established that the repeats differ in
genus-, group-, species- and subtype-specificity. Repeats are
found in structural and non-structural viral proteins, while
repeats in NS3 and NS5 (as well as NS1, not considered in this
study) are genus-specific. This study focuses on genus-specific
repeats and some unique group-specific repeats are also
highlighted.

According to the present study results, 6 genus-specific
repeats were found, either to be concentrated in the vicinity
of conservative motifs or to be part of a conservative motif. In
the NS3 protein, a genus-specific repeat Pro324 was found in
the helicase domain. In the NS5 protein, a genus-specific
repeat was found in the methyltransferase domain-Gly85; in
the RNA-dependent RNA polymerase domain, four genus-
specific repeats were found GIn352, Lys461, Asp534 and
Asp664.

NS3 Protein: Significant repeats were found in the helicase
domain of the NS3 protein. The NS3 helicase domain of
Flavivirus contains 6 sites that include significant amino acid
repeats. The 5 of these 6 regions overlap with the conserved
helicase motifs Ib, Il, Ill, V, VI and have the same name (Fig. 1).

@

The basis of Ib’s motif (267-277) is the invariant positions
of CH*T267-270, which are flanked on the right by a double
repeat of RRLL (Fig. 2, 3a). The RRLL274-277 repeat is
conserved among the mammalian tick-borne flavivirus group,
as well as the Meaban and Saumarez Reef viruses. Single
repeat LL276-277 is characteristic of the Dengue and Entebbe
bat group of viruses. This repeat is also found in the Japanese
encephalitis virus and Ntaya groups. An atypical repeat
RRMM274-277 was found in the Apoi virus. Structurally,
motif Ib is localized along the ssRNA binding tunnel and
forms an a-helix and a B-strand.

A 2016 study of DENV’'s conserved surface helicase
residues suggests that R274 remains are needed for functional
binding to viral RNA and RNA-stimulated ATPase activity. A
characteristic feature of amino acid position R274is thatin the
classical insect-specific flavivirus group, the arginine residue
iscompletely absent, whilein the Insect-Specific related MBFV
group the arginine residue is retained for all viruses except
Nounane (Fig. 2).

Motif 1l (289-309) has conserved MDE*H and A*RG
patterns (Fig. 2). The AA301-302 repeat is located between
two conserved patterns and is conserved, with some
exceptions, in all groups, with one exception the Entebbe bat
virus. In turn, the Entebbe bat virus group contains a unique
group-specific repeat QQ307-308 (Fig. 2). Structurally, motif I
is localized to the right of the ssRNA binding tunnel and forms
an a-helix (Fig. 3b).

In this study, the variations of the classical DEAD catalytic
residues of the NS3 helicase are observed. Positions DEAH
290-293 of motif Il are conserved for the mammalian tick-
borne flavivirus group, mosquito-borne flavivirus group,
insect-specific related MBFV and vertebrate-specific flavivirus.

(b)

Fig. 1(a-b): Location of conserved motifs in the NS3 helicase domain of DENV4, (a) Front view and (b) Rear view

Conserved motifs are shown in color and RNA and ADP binding sites are indicated, DEAD catalytic residues are indicated as atoms, Mn and VO4 are the

yellow and lime atoms, respectively and the pdb 2jix has been used
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Fig. 2: Repeats of helicase domain NS3 in the genus Orthoflavivirus
Amino acid repeats are highlighted in color, conservative positions are indicated in bold and with an asterisk symbol and virus names are given in accordance
with the ICTV taxonomy

Fig. 3(a-b): Location of repeats in the NS3 helicase domain
Conserved motifs are presented in color and the position of genus-specific and group-specific repeats is indicated. The pdb 7jno has used
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TBEV NS3

DENV NS3

Fig. 4(a-b): Repeats of a hypothetical NS3 helicase domain binding site, (a) TBEV NS3 and (b) DENV NS3

In the Seabird and Kadam viruses subgroup of the tick-borne
flavivirus group, the DEGH combination is retained, while in
the classical insect-specific flavivirus group, the DECH
combination is stable.

The group-specific amino acid substitution at position
292, Ala-Gly-Cys, is likely to be important for helicase function
(Fig. 2). Analysis of modifications of the helicase catalytic
center represents a challenge for new studies.

Motif lllis based oninvariant positions ATPP322-325, with
the PP322-325 repeat being the most conserved in the
flaviviruses (Fig. 2). Structurally, motif Il is the 5 B-strand of a
six-membered parallel B-sheet, with the P324-325 repeat lying
in the same plane as the catalytic DEAD residues (Fig. 1b, 3b).
Within motif lll, a repeat A315-317 was found, characteristic of
the Mosquito-Borne Flavivirus group, except for the Kokobera
virus, with some variations that also occur in the Nounane
group (Fig. 2). Structurally, repeat A315-317 is located at the
bottom of the helicase domain (Fig. 3, 4a-b).

Motif V (410-439) is based on the invariant region
EMGAN418-422 and five conserved positions are dispersed
within the region (Fig. 2). On the left, the invariant region
EMGAN418-422 is flanked by a doubled repeat VVTT 411-414,
with T414 being a conserved position. In many groups, the
repeat of VVTT 411-414 is reduced to TT413-414, in a single
instance to VV411-412. The Yellow fever virus and Edge Hill
virus groups are completely free from this repeat.

Motif V has a complex structural organization. On the
front side of the helicase, it includes two B-strands of a
five-membered parallel B-sheet and an adjacent a-helix and
on the back side it forms a twisted B-hairpin. The motif V is
critical for flavivirus helicase function; the contribution of the
VWTT 411-414 repeats has not yet been clarified (Fig. 3a).
However, for the E438-439 repeat from motif V, it was
possible to find a putative connection with other repeats of
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the hard ticks group, tick-borne flavivirus group, forming an
interface on the back side of the helicase, the possible role of
which is described above (Fig. 4).

Motif VI (450-466) is a sequence region with aninvariant
pattern QR*GR*GR459-466, which overlaps with conserved
repeats AA457-458, RR460-461 (Fig. 2). Moreover, the
AA457-458 repeat is characteristic of all groups except the
classical insect-specific flavivirus, while the RR460-461 repeat
is conservative for the entire genus with the exception of two
representatives from the Asia classical insect-specific flavivirus
group. In the mammalian tick-borne flavivirus group and
Kadam group, repeats form a cluster from positions 450 to
461 inclusive. To the already described repeats AA457-458 and
RR460-461, RR450-451 and TT453-454 have been added.
Structurally, all four repeats form an a-helix, which is localized
between ssRNA and ADP (Fig. 3, 4a).

The last region that has amino acid repeats but is not
associated with conserved helicase motifs, is named region D,
according to a distinctive repeat of DDDD481-484 from
the hard ticks sub-group of the tick-borne flavivirus group
(Fig. 2).

Region D (480-515) was found in this study. This region
contains four conserved positions-W490, E492, D498 and
E514. It is known that replacement of the E492 residue leads
to disruption of the activity of RTPase and ATPase and the
E492 residue also serves to maintain the integrity of the
NS3 helicase structure (Fig. 2). The group-specific repeats
DD481-484, LL496-497, TT501-502 and EE514-515 are of
greatest interest (Fig. 2). Currently, the significance of region
D among flaviviruses has not been studied.

Group-specific repeats of amino acids from hard ticks of
tick-borne flavivirus group E438-439, R450-451 and D481-484
localized on the back side of the helicase form a deep cavity
(Fig.4a). Probably, this structural region serves as a binding



Int. J. Virol, 21 (1): 1-23, 2025

site for some macromolecule characteristic of the life cycle of
the TBE group of viruses. It is characteristic that for the DENV
group, the same region of space does not have clusters of
repeats (Fig. 4b).

One of the common viral strategies is based on the
use of cellular RNA helicases in viral replication. Cellular RNA
helicases are capable of acting as a scaffold for alternative
protein-protein interactions. By analogy with cellular RNA
helicases, viral RNA helicase can also serve as a scaffold for
protein-protein interactions. Based on the assumption that
invariant repeats preserved in the viral population are more
often found at the site of contact of two macromolecules,
such as protein-protein, protein-RNA and protein-cofactor,
then, significant protein interfaces can be determined by
clusters of repeats within the same area.

This study revealed that structurally significant regions of
helicase Ib, VI and D have group-specific repeats that
separate the group of tick-borne viruses from the mosquito-
borne viruses. In contrast to previously described amino acid
repeats characteristic of vertebrate viruses, the classical
insect-specific flavivirus group has virtually no unique repeats
of its own. As a rule, amino acid repeats of vertebrate viruses
are reduced or absent in the classical insect-specific flavivirus
group. The exception is the deletion of sequence from
positions 504-510 and the unique repeat EE514-515 in region
D (Fig. 2 and 3). This fact may indicate the existence of
modified, truncated versions of the NS3 helicase. This may be
valuable for comparative functional analysis with other
flavivirus proteins.

Methyltransferase domain of NS5 protein: To indicate a
specific region in the MTase domain, it is customary to rely
on the basic elements of secondary structure-a-helices
and B-sheets in the order they appear in the polypeptide
chain. Group- and genus-specific repeats were found in the
vicinity of the three indicated binding pockets (Fig.5).

The GTP binding site is delimited by 1stand 2nd a-helices
in the region 12-25. The group-specific repeat EEFF22-25 is a
distinctive feature of the mammalian group viruses. The
exceptions are Japanese encephalitis virus and Murray Valley
encephalitis virus, which also contain a repeat of EEFF22-25.
Structurally, the EEFF22-25 repeat forms the upper arch of the
GTP binding pocket (Fig. 5, 6).

The binding site for the cofactor of the SAH reaction
is conserved among flaviviruses. This site is formed from
B-strand 2 and a-helix 5. In the region 79-93 there is a
conserved motif DLG*GRGGW, which includes the genus-
specific repeat GG85-86 (Fig. 5). Structurally, the GG85-86
repeat forms contact with the oxygen atoms of the SAH
molecule (Fig. 6).
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The repeat YYAA89-92 is adjacent to the conservative
DLG*GRGGW motif and varies significantly in virus
groups. Repeats GG85-86 and YYAA89-92 form a-helix 5.
Structurally, the YYAA89-92 repeat forms the upper
arch of the SAH molecule binding pocket (Fig. 5, 6).

The RNA substrate binding site is formed from two
conserved regions. The first region (143-159) is formed by
B-strand 5 and a-helix 8 and the second region (204-222) is
formed by 9 a-helix, 7th and 8th B-strands.

At the sites 143-159 there is a conserved CD*GE
motif, which is the catalytic site of the enzyme. The
conserved CD*GE motifis adjacent to the S555150-153 repeat.
The SSSS150-153 repeat is extremely variable and occupies
from 2 to 6 positions in different groups of viruses (Fig. 5).
Repeat 5555150-153 is characteristic of all groups except
the classical insect-specific flavivirus group. Structurally, the
SSSS150-153 repeat in the MTase active site forms the
lower roof of the binding pocket of the GTP molecule
(Fig. 6).

The final active site repeat cluster of the MTase domain
includes the GGG204-206 repeat located upstream of the
conserved SRNS213-216 motif and the YY221-222 repeat
following the catalytic residue Glu219. The GGG204-206
repeat varies from 2 to 3 positions in different groups. Repeat
YY221-222 was found in the TBFV, yellow fever and classical
insect-specific flavivirus groups (Fig. 5). Structurally, both
repeats are located in the core of the RNA binding site and are
localized in the adjacent B-strand 6 and 7 of the same B-sheet
(Fig. 6).

Region between NS5 protein domains: The IDI includes
polymerase and methyltransferase regions located
immediately at the domain boundary. In this study, structural
analysis reveals that the binding site of NS5 protein to STAT2
protein is located in IDI.

Activation of STAT2 is a necessary step for the induction
of type | interferon (IFN) signaling. The innate immune
response mediated by type | IFN constitutes the first line of
host defense against viral infection. To successfully infect,
viruses suppress the activation of IFN responses triggered by
STAT2.

However, the solved structures of 6ux2 and 6wcz do not
provide a complete understanding of the contact surface of
the NS5 and STAT2 proteins, since atomic coordinates are
missing for extended sections of the STAT2 chain. For
example, from the N end in the 6wcz structure, there are no
coordinates for 139 amino acid positions that correspond to
the N domain. On the contrary, in the Tyvl structure, the
atomic coordinates corresponding to the N-domain of the
homologous STAT1 protein are known.



Int. J. Virol, 21 (1): 1-23, 2025

GTP binding site
1-2 a-helix

12 25

TBEV-FE WKRKLNGCT: TBEV-FE
@ TBEV-Vas WKQRLNSCT! TBEV-Vas
2 TBEV-886 LNSCT! TBEV-886
g TBEV-Eur LlCT TBEV-Eur
ey . LIV-Brit 1NN T LIV-Brit
g 5 3 _ TBEV-Him LENCT TBEV-Him
@ c 5 Mammalian ey WRRKLNSCT GGEV
o Hard | § group
£ s |E 2 OHFV OHFV
S s LGTV LGTV
= = = KFDV KEDV
= POWY WKQRLNSCT! POWV
E GGYV LNDMS GGYV
* cg & REY WKEKLNGMT REV
| ¥ Kadam W@ KADV WKEBLNGLTKEQFM  KADV
Omitho 3.8 MEAV WKDKLNAMTKEEFT MEAV
dorus S8 Seabird SREV WKEKLNQMDREGFH  SREV
28 group "l KAMV WKEKLNAMDREAFR  KAMV
| TYUV WKERLNGMS REBFY TYUV
o DENV1 WKRQLNOLSKSEFN DENV1
g ¢
&g | Topics Dengue DENV3 WRRBINOLSRKEFD  DENV3
2 & | subtropics group l‘ DENV2 WKSRLNALGKSEFQ DENV2
DENV4 WKRQLNSLDRKEFE DENV4
o JEV WKEKLNAMS! JEV
3 . MVEV WKEKLNAMG MVEV
S = Kouv WKEKLNQMT: FN KOUvV
afica [ EE usuv WKEKLNGLSKEDFL ~ USUV
2 6 % 2 [YAOV WKERLNOLNKEEFH YAQV
S aBo *l
B B WNV WKERLNHMT! [FT WNV
o < [ SLEV WKSRLNQLTRAEFM  SLEV
& £ cpey WKERLNOLNREDEE CPCV
5 @ BAGY WKAQLNQLTROEFM — BAGV
= Africa _g ITV WKAQLNQLTRQEFM IV
o g. l INTAV WKAQLNQLTRQEFM NTAV
§ Ntaya
o group (TMUV WKAQLNQLTRQEFM TMUV
= ROCV WKSRLNQLTREQFM ROCV
g |[ZIKV WKARLNOMSALEFY ZIRV
Aroa AROAV WKHEENAMDKYEFS ~ AROAV
Australia Kokobera W KOKV WKARLNQMNTLEFH KOKV
Kedougou KEDV WKRELNQLSEESFH KEDV
WKRKLNAMSKDMFQ LaMV
>
- WIRBR LNAMDKGKFS ILOV
EUsSANES £ o WKNRLNAMDHREFS MMV
8 35 <] WKRKLNAMNKETFQ CHAOV
‘j}% o WKNRLNAMDKREFS DONV
Aica |38 WKEKMNSMTKADFE ~ BJV
e WKQRLNTLRKLDFE NOUV
Yellow YEV WKRE LNEDX@fF= YEV
Z  fever SEPV WKROLNMMGKOEFE ~ SEPV
N 9 group WSLV WKRQLNMLGKQEFE ~ WSLV
s | g
o Australia ;5; [EHV WKRQLNLMGKREFE EHV
¢ $ Edge JUGV WKROLNEECEREFE JUGV
° = |
8 S Hil uesv WKROLNBHCRROFE UGSV
Afiica 3 group & oy WKRQLNEHSERFFE BOUV
s - BANV WKROLNBBGKOEFM BANV
SABV WKROLNBMGKREFE ~ SABV
> Entebbe ENTV INKMTRBOFE ~ ENTV
‘s bat OKV LNKLSKRSFE  SOKV
Asia £ group YORV DLNKLGKSQFE ~ YOKV
2 APOTV WKRELNKLNAQARE ~ APOIV
& Modoc [as
£ North, [ oo MODV WKRKLNQLDAKEFM  MODV
Central B JUTV WA LNAMTOKEFT JUTV
America | §  Rio RBV WKLELNQLSHKEFL RBV
L Bravo | MMLV WKLKLNKMTKSDFL ~ MMLV
Southeast Asla | > group PPBV WKRELNKLTQREFL ~ PPBV
. QBV WKEILNSLDKNAFD OBV
g o CTFV WKEILNSLDKPSFD  CTFV
2 » 3 CxFV WKEMLNALDKNAFD CXEV
g @ PCY LNSLSERQFA  PCV
o g INAKV [SLNQLSERQFM NAKV
s
i 2 Atics NIEV WKTEENGLESMEFE  NIEV
Mansonia spp. © cucuv WRRILNTLSEKQFL CuCuv
5 KRV WKTENSLDKDTED KRV
g £ CFAV WRMTLNALDGDAFT CFAV
@ - h AEFV WKFMLNALDKDAFE ~ AEFV
s 2 Asia MEV. WK ELTHEQFQ ~ MEV
2 3 XEV INALSQVQFQ XEV
& HANKV TiNAMSOFN  HANKV
Ochlerotatus LTNV WKFMLNALDKDAFE LTNV
Sabethes = SHEV WK SLNEAQFI SbFV
ki HaCV WK SLSQKQFD HaCV
Angeneles O | Australia  krpy WKREBNSLNQKQFD KRBV
) McPV WK SLTQKQFE ~ McPV
PR *

SAH binding site
2 b-sheet 5 a-helix

RNA binding site
5 b-sheet 8 a-helix

RNA binding site
9 a-helix 7-8 b-sheet

93 143 159 204 222
S TBEV-FE IMCDIGESNPD, GE  TBEV-FE LVRT PFSRNSTH: 5
g TBEV-Vas 1MCDIGESSPDBAVEGE ~ TBEV-Vas LVRT PFSRNSTH ST
S TBEV-886 IMCDIGESNPD, TBEV-886 LVRT PFSRNSTHEMENS T
S TBEV-Eur vMcDIGEEEP TBEV-Eur LVRT PFSRNSTH ST
s LIV-Brit IMCDIGESNP LIV-Brit LVRT PFSRNSTH sT
s TBEV-Him IMCDIGESEPD. TBEV-Him LVRT PFSRNSTH sT
s GGEV IMCDIGESSP GGEV LVRT PFSRNSTHEME¥ST
s OHEV VMCDIGESSPDABIEGE  OHFV LVRT PFSRNSTH sT
s LGTV ILCDIGESNPD: GE  LGTV LVRT PFSRNSTHEMYFST
s KFDV ILCDIGEEBPDPLVEGE  KFDV LVRVPFSRNSTHEMYFST
S POWV ILCDIGESSPDPEKEGR  POWV LVRVPFSRNSTH sT
& GGYV ILCDIGESCENPAKEAE  GGYV LVRVPFSRNSTHEI
S REV REV LVRVPFSRNSTH ST

KADV KADV LVRV PF'SRNSTHEM¥MST
S MEAV KAMYV LVRN PYSRNSTH LS
s SREV MEAV LVRNPYSRNSTHEMYFTS
KAMY SREV LVRNPFSRNSTH: TS
& TYOV TYUV LVRC PFSRNSTH TS
DENV1 DENV1 MLVRN PLSRNSTHEMYWVS
DENV3 DENV3 LVRNPLSRNSTHEMYWIS
DENV2 DENV2 LVRNPLSRNSTHEMYWVS
DENV4 DENV4 SLVRC PLSRNSTHEMYWVS
JEV JEV L.VRL PLSRNSNHEMYWVS
MVEV MVEV VRV PLSRNSNHEMYWVS
KOuv usuv LVRV PLSRNSNHEMYWVS
usuv KOUV LVRN PLSRNSTHEMYWVS
YAOV WNV LVRN PLSRNSTHEMYWVS
WNV YAOV LVRVPLSRNSNHEMYWVS
ol Yo CPCV LVRVPLSRNSTHEMYWVS
SLEV VLCDIGESNPSCE SLEV VRV PLSRNSTHEMYWVS
BAGV CDIGEASPVPET ROCV LVRVPLSRNSNHEMYWVS
ITV CDIGEASPVPET BAGV LVRV PLSRNSNHEMYWVS
NTAV CDIGEASPVPET ITV LVRV PLSRNSNHEMYWVS
TMOV DIGEASPVPEIESA  NTAV LIRVPLSRNSNHEMYWVS
ROCV TMUV LVRVPLSRNSTHEMYWVS
ZIKV ZIKV LVRV PLSRNSTHEMYWVS
AROAV AROAV LVRVPLSRNSTHEMYWTS
KOKV KOKV CLVRN PLSRNSTHEMYWVS
KEDV KEDV LVRCPLSRNSTYEMYWVS
LaMV LAMV LVRVPLSRNSTHEMYWVS
ILOV CHAOV LVRVPLSRNSTHEMYWVS
MMV MMV LVRVPLSRNSTHEMYWVS
CHAOV DONV ALVRV PLSRNSTHEMYWVS
DONV ILOV LVRVPLSRNSTHEMYWVS
BJV BJV LVRV PFSRNSTHEMYWVS
NOUV NOUV LVRV PFSRNSTHEMYWVS
YEV YEV TVIRNPLSRNSTH 5
SEPV SEPV LVRI PFSRNSTH 1S
WSLV WSLV TVRVPFSRNSTHEM¥¥ TS
EHV EHV Y@EEIVRVPFSRNSTH s
JUGV BANV Hj N PYSRNSTHEMENYS
uGsv uGsv HEBEET VRN PFSRNSTHEMYFVS
BOUV JUGV Y@BE VRN PFSRNSTHEMENV S
BANV SABV HBGELVRN PLSRNSTHEMYFVS
SABV BOUV Hj PYSRNEBHEMYFVS
ENTV ENTV FBGELVRVPLSRNSTHEMYWVS
SOKV SOKV F} VRV PLSRNSTHEMYWVS
YOKV YOKV FBBELVRYVPLSRNSTHEMYWVS
APOIV MODV FBEBL IRV PLSRNSTHEMYFVS
MODV JUTV FBEEIVRL PMSRNSTHEMESTS
JUTV IMCDIGESNPNSHVESK ~ APOIV FBBELVRY PHSRNSTHEMYFVS
RBV VLCDIGESNPSYATEAK  RBV F V PHSRNSTHEMYFVS
MMLV ILCDIGESNPSYAVEAQ  MMLV FBBELVRVPLSRNSTHEMYFVS
PPBV VLCDIGEEEPsERIEGK PPBV YBEELVRV PHSRNSTHE! s
SQRLVM OBV IVCDIGESDSRGDVERT  QBV Y LSYSRNSTAEMEN1S
TQRLVM CTEV EECDIGESDARPDIERT CTEV YEGRLVRLSYSRNESAEM¥NT S
WIQRLVM  CxFV IVCDIGESDPRPEVEKT  CxFV HNGKLVRLSLSRNSTAE 5
SQRLVM PCV CDIGESDPRPEVEKT ~ PCV YNGRLVRLSYSRNSTAE! s
SQRLVM  NAKV DIGESDARPDVERT  NAKV YDGRLVRLSYSRNSTAEM¥¥TS
TQRLVM ~ NIEV IVCDIGESDEBPHIEKT  NIEV YDGRLVRVSLSRNSTAEMEN 1S
cucCuv BECDIGESDSRPEVERT  CFAV YNGRLVRLSHSRNESAEM¥¥TS
KRV IMCDIGESDPNPAKEKT KRV HKGRLVRLTYSRNSTAE! 5
CFAV IMCDIGESDPSPIKEKT  AEFV YKGKLVRLAHSRNSTAEM¥NTS
AEFV IMCDIGESDPNLTKERT — MEFV YBBRIWRLALSRNSTAEM¥N 1 S
MFV CDIGESDPDFRKEKT  XFV FBERVVRLSLSRNSTAEMYFIS
XEV CDIGESDPDFRKEKT  HANKV YBBRTVRSTFSRNESAEMENT S
HANKV IVCDIGESDPKTEVEAS  HaCV YBBRLVRLRLSRNSTAEME¥TS
LTNV IMCDIGESDPNLIKERT KRBV YBBRLVRLRLSRNSTAEM¥N S
SbFV IVCDVGESDSKPEVERS ~ McPV | LRLSRNSTAEM¥¥TS
HaCV VICDIGESDPSEEIERT  LINV YKGKLVRLAHSRNSTAEM¥¥TS
KRBV VICDIGESDPS KT  CuCuV HDGRLVRLSYSRNSTSEM¥¥TS
McPV VICDIGESDPSEBMVEKT  SbFV YKGRLVRLTYSRNSTAEM¥MTS

*x kx * ok kkkk Rk

Fig. 5: Repeats of methyltransferase domain NS5 for the genus Orthoflavivirus
Conservative motives signed, repeats of amino acids are highlighted, conservative positions are in bold and an asterisk and abbreviations are given according

to ICTV taxonomy

The IDI repeat study may help identify the unique
flavivirus motifs involved in binding to STAT2. The IDI
repeat group includes four structural elements. On the
polymerase side, this is the nuclear localization sequence
BNLS and the F motif. On the methyltransferase side,
2 regions with repeats were found that have not
previously been described in the literature.
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The motif (343-362) overlaps with the BNLS region of the
RdRp domain and is named the NLS motif. This motif
includes the following conserved regions: MTD344-346 and
KVDT359-362. The NLS motif contains repeats: TT347-348
and QQ352-353. The TT347-348 repeat is conserved in all
groups except the classical insect-specific flavivirus. QQ352-
353 is a genus-specific repeat, invariant in all groups of
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flaviviruses. The NLS motif is an a-helix that is located in the
same plane of space as the three IDI motifs (Fig. 7-8).

The motif (451-473) coincides with the F motif of the
RdRp domain and has the same name. Motif F contains
23 positions, 11 of which are conserved. Motif F contains
repeats MM455-456 and KK461-462. The MM455-456 repeat
is invariant in all groups except the vertebrate-specific
Flavivirus and classical insect-specific flavivirus groups. The
KK461-462 repeat is a genus-specific repeat that is enhanced
by the KK458-459 repeat in the classical insect-specific
Flavivirus group (Fig. 7).

Structurally, the motif F has two stable conformations.
The first conformation is found in the structure of the full-
length NS5 protein with polymerase activity, with the motif F
forming a B-hairpin that is deeply embedded in the
interdomain space and serves as a steric constraint when the
domains approach each other. In the second conformation,
the motif F is brought outside the protein globule and
removed from the IDI, this position is associated with the
presence of methyl transferase activity 43 (Fig. 8a-b). In the
first conformation, the motif F is involved in the interaction
with STAT2 (Fig. 9).

The cISFV-delete region (37-59) contains an extended
deletion of 14 amino acid positions in the classical insect-
specific flavivirus group (Fig. 7). The deletion is followed by
the invariant region VSRG55-58 and the specific repeat
GG58-59 found in the classical insect-specific flavivirus
group. Structurally, the cISFV-delete region represents
either a disordered loop in the interdomain space (Fig. 8a)
or forms an a-helix (Fig. 8b).

The GG-torsion is a region of the sequence of 11
amino acids (104-113), three of which are strictly
conservative. The GG-torsion contains two repeats-GG106-
107 and E111-112. Repeat GG106-107 is maintained in many
groups; with exceptions of Seabird, mosquito-borne flavivirus
and vertebrate-specific flavivirus (Fig. 7).

Structurally, the GG-torsion forms a hairpin and takes on
distinct conformations depending on the orientation of
the NS5 protein domains (Fig. 8). The GG-torsion islocated
in the region of contact with the STAT-2 protein (Fig. 9).
In the absence of any data on the sequence that
corresponds to the GG-torsion, the role of this region
remains unclear and needs to be further explored.

RNA-dependent RNA polymerase domain: The polymerase
domain contains seven classical motifs: A, B, C, D, E, F, G,
which are conserved within the genus and are typical for
RNA-dependent RNA polymerases. The catalytic triad of RdRp
is formed by aspartic acid residues D535 and DD664-665.

Two regions with genus-specific repeats were found
that coincide with catalytic motif Aand C (Fig. 10). Structurally,
motif A and C are located in the center of the palm
subdomain (Fig. 11).

Motif A (528-541) contains the genus-specific repeat
DD534-535 and the repeat GG528-529 is conserved for all
groups except Edge Hill group, vertebrate-specific flavivirus
and classical insect-specific flavivirus. Motif A repeats are
adjacent to a cluster of conserved residues AGWDT537-541
(Fig. 10). The conserved cluster AGWDT537-541 structurally
forms a loop and is located in the same region with three
residues of the catalytic triad (Fig. 11).

Fig. 6: Location of repeats in the NS5 MTase domain

Conserved motifs are presented in color and the position of group- and genus-specific repeats is indicated, catalytic residues are indicated as gray atoms, below
right is a fragment of the SAH cofactor binding site in the MTase active site and the pdb 4vO0r has used
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Fig. 7: IDI NS5 repeats of the genus Orthoflavivirus

Conserved motifs are indicated, repeats of amino acids are highlighted, conserved positions are indicated by bold script and asterisks, the NLS and F regions
belong to the RdRp domain, the cISFV-delete and GG-torsion regions belong to the MTase domain and abbreviations are given according to ICTV taxonomy

Motif C (663-673) contains the catalytic repeat
DD664-665 and repeats VV667-668 and DD672-673
(Fig. 10). The VV667-668 repeat is preserved in all groups
except the Edge Hill group and in two groups specific only to
insects it merges into one extended repeat DDVVV664-668.
The DD672-673 repeat is conserved in the TBFV, Nounane,
Yellow fever, Entebbe bat group and is structurally an
a-helix. Repeats GG528-529 and DD672-673 lie in the
same region and form the lower border of the palm
subdomain (Fig. 11).
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DISCUSSION

The genomic organization of flaviviruses is similar, but
their host range and modes of transmission differ
fundamentally. Most viruses in the genus Orthoflavivirusare
transmitted horizontally between hematophagous arthropods
and vertebrate hosts, for this reason, they are called viruses
with two hosts™. Dual-host flaviviruses are further divided into
mosquito- and tick-borne viruses that infect vertebrates. In
turn, the Tick-Borne Flavivirus group (TBFV) is separated into
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Fig. 8(a-b): IDI repeats location in the NS5 structure, (a) Foreground: The full-length model of the TBEV NS5 protein is taken
from?” and (b) Background: Structure of NS5 DENV3, pdb 4vOr

Structural elements with conservative genus- and group-specific repeats are highlighted in color. From the RdRp side: NLS-orange, F-red. From the
MTase side: cISFV-delete-brown, GG-torsion-black. Cofactors SAH-blue, GTP-green, presented as a surface and Zinc ions are represented as a dark blue
sphere

Fig. 9: Structure of the full-length NS5 protein in complex with STAT2

NS5-white, surface representation, STAT2-blue, representation of secondary structure, NS5 protein motifs: NLS-yellow, F-red, cISFV-delete-brown,
GG-torsion-black

flaviviruses pathogenic for humans associated with hard Mosquito-Borne Flavivirus group (MBFV) are separated into
ticks of the genus Ixodes and apathogenic flaviviruses  viruses associated with mosquitoes of the genus Culex

associated with soft ticks of the genus Omithodorus®. (ornithophilic) and viruses associated with mosquitoes of
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Fig. 10: Repeats of RdRp NS5 the genus Orthoflavivirus
Conserved motifs are indicated, repeats of amino acids are highlighted, conservative positions are in bold and an asterisk and abbreviations are given
according to ICTV taxonomy
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Fig. 11: Location of repeats in the NS5 RdRp domain

Conserved motifs are presented in color and the position of group- and genus-specific repeats is indicated, catalytic residues are indicated as blue atoms,

zinc ions are represented as a dark blue sphere and the pdb 4vO0r has used

the genus Aedes (mammophilic). However, not all flaviviruses
circulate between arthropods and vertebrates; some of them
are specific to insects'.

Vertebrate-Specific Flaviviruses make up the VSFV group.
These include rodent viruses (e.g., Modoc virus; MODV)
and bat viruses (e.g., ENTV and RBV). In recent years, Insect-
specific flaviviruses (ISFV) have attracted great interest. This
growing group of species has a global distribution and is
divided into two subgroups by phylogenetic analysis. The
classical insect-specific flavivirus group was discovered first
and differs from all known flaviviruses. At the moment, the
insect-specific flaviviruses from the MBFV group are
phylogenetically related to Mosquito Flaviviruses Infecting
Vertebrates and are represented by viruses of the Nounane
group®. The phenomenon of different host ranges of
flavivirus can be clarified by comparing their genomes. The
study of amino acid repeats makes it possible to trace the
structural relationship between changes in protein folding
while maintaining its main function and the adaptation of
the virus to new conditions.

Viral proteins, viral RNA and cellular host factors combine
to form a replicative complex found in virus-induced
vesicles. Replication complex macromolecules are involved in
RNA-RNA, RNA-protein and protein-protein interactions. Viral
RNA replication efficiency depends on these interactions?'22,
In the present work, the analysis of viral proteins was carried
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out based on positions in the amino acid sequence where
repeating amino acids occur. A comparative analysis of
flavivirus genomes found that genus-specific repeats occurin
the NS3 and NS5 proteins.

Until now, structural units of a protein molecule have
included domains, motifs and conserved amino acid positions.
A protein domain usually corresponds to a specific enzyme
function implemented in a living system. A protein motif has
a local structure and function within the molecule. However,
the amino acid composition of a motif varies significantly from
species to species. A motif in a wide range of species may not
have conserved amino acid positions at all. The question
arises, by what mechanisms do organisms distant in origin
retain common motifs in proteins? The difficulty of detecting
a common motif core has led to the search for the structural
basis of the motif. In this study, an attempt was made to
search for a structural unit of the motif, for which conservative
amino acid repeats were proposed.

It is known about the motifs of the NS3 protein that
motif Il functions as an ATP-binding domain, motif lll is
associated with the unwinding of RNA chains and motif V
interacts with both RNA and ATP. The motif V and Ib are
involved in RNA binding and possibly helicase activity. Motif
VI(Fig.1)isresponsible for protein interaction with RNA during
ATP unwinding and hydrolysis''?*?*, The two domains of NS5
protein undergo a rearrangement in the life cycle of the
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virus®?%_ The crystal structures of the protein provide several
possible variants of domain orentation®?°. A number of
models have been proposed for interactions between NS5
domains to explain the movement of the RNA productinto the
MTase active site’®33. Crystallographic studies of recent
decades have expanded the understanding of the spatial
organization of the full-length flaviviral NS5 protein. It turned
out that the interdomain interface (IDI) region plays a central
role in the process of switching the enzymatic activities of this
protein. The region between the domains of the NS5 protein
forms the functional domain.

The IDI includes an extended interdomain linker that
provides additional degrees of freedom for domain
reorientation?’. However, due to the high mobility of IDI, the
structural elements of this region remain poorly studied+3.
The recently solved structure of 6wcz shows a complex of the
full-length DENV NS5 protein with a fragment of the STAT2
protein. The authors suggest that there is a conserved
mechanism of interaction with the STAT2 protein among
flaviviruses®.

Five genus-specific repeats were identified in the NS5
protein: GG85-86, QQ352-353, KK461-462, DD534-535 and
DD664-665. Repeat-rich regions were found to overlap with or
be adjacent to the classical methyltransferase (MTase) and
RNA-dependent RNA polymerase (RdRp) motifs of flaviviruses.
Repeat-rich regions in the structure of the NS5 protein are
localized in three non-overlapping planes of space. Clusters of
repeats were found in the vicinity of the active centers of
MTase and RdRp and the region between the domains.

In previous work, Belikov and Potapova examined TBEV
strains that are pathogenic and weakly pathogenic for
humans®3. As a result, differences were found in the
conformation of the full-length NS5 protein. Four substitutions
in the palm and thumb subdomain were found to have an
allosteric effect on IDI conformation. This study revealed that
in a group of viruses that are unable to reproduce in the cells
of a vertebrate host, the IDI region has a number of significant
specific differences, which include amino acid repeats and
shortening of the main protein chain due to reduction. It is
hypothesized that multiple sequence differences in the IDI
region, which likely lead to significant changes in IDI
conformation in the classical insect-specific flavivirus group,
may prevent the formation of a complex with the STAT2
protein and as a result, the inability to suppress the innate
immune response.

By analogy, it is hypothesized that changes in the
conformation of the IDI of NS5 of TBEV strains with different
pathogenicity may lead to a weakening of the pathogenic
properties of TBEV for humans. Having an idea of the genus-
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and group-specific repeats in a certain sample under study, it
is possible to identify important regions of the protein, the
blockage of which could lead to inhibition of enzymatic
activity.

Comparing the helicase repeats of NS3 and full-length
NS5 protein, it can be noted that helicase repeats distinguish
tick-borne viruses from those carried by mosquitoes.
Structurally, these repeats form a cluster and create various
functional interfaces on the surface of the helicase. On the
contrary, in the protein NS5, there is no such dependence,
there is a division into more extensive groups, such as viruses
capable of affecting vertebrate cells and viruses that are not
able to multiply in vertebrate cells.

CONCLUSION

This work shifts the emphasis for new researchers from
well-studied pathogens (mammalian tick-borne flavivirus
group, Mosquito-Borne Flavivirus group) towards a detailed
study of little-known and poorly pathogenic viruses for
humans (Kadam tick-borne flavivirus group, dual-host affected
insect-specific flaviviruses ISFV-like, classical insect-specific
flaviviruses). Understanding the differences between the
mechanisms implemented in proteins of weakly or non-
pathogenic viruses for humans’ sheds light on critical areas of
the structure, which affect reproduction in the cells of the
vertebral host. So successful blocking of the innate immunity
system ora number of other key stages of the life cycle may be
possible. The relatedness of certain types of viruses to a
particular host or vector is often correlated with repeats in
proteins.

SIGNIFICANCE STATEMENT

Insect-specific and tick-borne flaviviruses have attracted
great interest. Many studies point to conserved motifs in
various proteins of the Orthoflavivirusgenus. In this study, the
“amino acid repeat” model was used to specify structural
motifs in NS3 and NS5 proteins. Results proved that a
structural motif in the interdomain region of the NS5 protein
may be involved in blocking innate immunity through the
STAT2 system. It can be used to screen for potential inhibitors
of flavivirus infection.
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