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Over the last few decades, concepts of protein intrinsic disrder have been implicated in
different biological processes. Recent studies have suggeed that intrinsically disordered
proteins (IDPs) provide structural plasticity and functi@l diversity to viral proteins that
are involved in rapid replication and immune evasion in hosells. In case of Zika virus,
the roles of protein intrinsic disorder in mechanisms of paibgenesis are not completely
understood. In this study, we have analyzed the prevalencefantrinsic disorder in Zika
virus proteome (strain MR 766). Our analyses revealed thatika virus polyprotein is
enriched with intrinsically disordered protein regionsPRs) and this nding is consistent
with previous reports on the involvement of IDPs in shell foration and virulence of
the Flaviviridaefamily. We found abundant IDPRs in Capsid, NS2B, NS3, NS4A, ral
NS5 proteins that are involved in mature particle formatiorand replication. In our
view, the intrinsic disorder-focused analysis of ZIKV pretns could be important for the
development of disorder-based drugs.

Keywords: Zika virus, intrinsically disordered proteins ( IDPs), intrinsically disordered protein regions (IDPRs),

molecular machinery, viral proteome, cellular proteome

INTRODUCTION

In 1947, Zika virus (ZIKV) was rstidenti ed in Uganda throgh a monitoring network of sylvatic
yellow fever in rhesus monkeyBick et al., 195 Outbreaks of ZIKV-related disease have been
recorded throughout southern Africa with a high number ofrtbi defects and abnormalities
including microcephaly, intracranial calci cation, andié death Petersen et al., 20)LAs many
other members thd-laviviridaefamily, ZIKV is an arbovirus transmitted through the infect
arthropods (by the bites of the infected mosquitoes from Aedesgenus,Ae. aegyptand Ae.
albopictuy. Therefore, distribution of Zika infection is mainly assated with the distribution of
Aedesnosquito vectors that can be found in di erent parts of the wb(lVikan and Smith, 2016
World Health Organization (WHO) has declared Zika relatedplems as public health emergency
of international concern. Therefore, it is of utmost urggrio nd out mechanism of pathogenesis
of this virus and to develop therapeutics. A recent study omumocompetent mouse model has
strengthened the previous observations that ZIKV infectinight cause neurological defects in
fetuses l(azear et al., 20).6This virus is transmitted through mosquitos, as well as higod
transfusion and also from mother to fetus during pregnaniyikan and Smith, 2016 Reports
also suggest the possibility of sexual transmissiamsChott et al., 2006

ZIKV belongs to theFlaviviridaefamily, genusFlavivirus which includes several important
human pathogens, such as West Nile virus (WNV), Dengue viruBNM), Yellow fever virus
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(YFV), and Japanese encephalitis virus (JEV). Recently, ZIKdisorder-based drug strategiesi{eng et al., 2006; Uversky, 2010,
structure has been solved by cryo-electron microscdpyo(ii  2019. Current drug development strategies have shown to utilize
et al., 201 Genome of this virus includes a single-strandedcombination of conventional drug design and computational
RNA consisting 10794 bases along with two non-coding regionapproaches to target dynamic ensembles of IDRsi{adipudi
known as the 8NCR and the 8NCR. The open reading frame and Zweckstetter, 20).6In the current work, we have analyzed
(ORF) of the ZIKV, concerning the protein expression orderthe penetrance of intrinsic disorder in the ZIKV proteome.
is as follows: %C-prM-E-NSl-NSZA-NSZB-NS3-NS4A—NS4B-Further, we have correlated the abundance of structuralrdeso
NS5-% It codes for a single polyprotein that is posttranslationallywith functionality of ZIKV proteins. This study provides a ndve
cleaved into three structural proteins (Capsid (C), Precursodirection for elucidating the mechanism of virus-host irdetion.
membrane (prM) protein, and Envelope (E) protein), and seversome proteins have been already used as drug targets in other
non-structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4Ryviviruses, such as NS3 helicase, envelope glycoprotein®-NS2
and NS5) (sefigure 1). NS3 (serine protease) and NS5 (RNA-directed RNA Polymerase)
The major focus of this article is on intrinsic disorder-¢ered  (Li et al., 2008; Poh et al., 2009; Mayhoub et al., p(lerefore,
analysis of ZIKV proteome. In general, intrinsically diserdd results of our current work should be considered before iiitib
proteins (IDPs) are recently recognized class of proteing thalesigning.
lack stable three-dimensional structure in their nativetst
but still functional. Structurally, these proteins are High NMATERIALS AND METHODS
heterogeneous and include random coils, pre-molten glafule
molten globules, proteins with large exible linkers, andonyl  Reviewed and experimentally validated polyprotein sequence
proteins containing ordered and disordered region&/right  (UniProt ID: Q32ZE1) of the Zika virus strain Mr766 was used
and Dyson, 201p Lack of structure in IDPs and intrinsically for the disorder analysis. There are several protein intdnsi
disordered protein regions (IDPRs) allow the interaction ofdisorder predictors developed, such as multiple members of
proteins with several partners, thereby regulating multiplehe PONDR? family [e.g., PONDR FIT (Xue et al., 201))
signaling pathways. These multiple interactions are attéduo ~ PONDRR VLXT (Romero et al., 2001 and PONDR® VSL2
fast binding kinetics of IDPs/IDPRs that is regulated thrbug (Obradovic et al., 2005 IUPred (Dosztanyi et al., 200}a
coupled folding and binding mechanism&i@nni et al., 2012  GlobPlot (inding et al., 2003); DisoPred (vard et al.,
Disordered regions provide greater capture radii that ineea 20049, SPRITZ Yullo et al., 200§ DisEMBL (inding et al.,
the probability to interact with partners. This mechanism is20033], etc. Many of these predictors have been assessed for
known as the y casting mechanisnsioemaker et al., 2000 accuracy within the frames of the Critical Assessment otétno
Commonly, viruses have highly compact genome and contaiStructure Prediction (CASP)Deng et al., 2012 Since many of
disordered protein regions. This could be one of the reasonthese predictors are considering phenomenon of intrinsiarfro
for high mutagenic capacity of virusesi(e et al., 2014 Recent  di erent angles, it is advisable to use several computatiomalbt
studies have reported that core proteins of the viruses froen thwhile looking for the abundance of intrinsic disorder in qyer
Flaviviridaefamily contain signi cant amount of IDPRsXue  proteins. Therefore, PONDRFIT (Xue et al., 201) PONDRR
et al., 2014; Goh et al., 2Q1& functional correlation between VLXT (Romero et al., 2001PONDR"® VSL2 Obradovic et al.,
intrinsic disorder and protein function has been establitlie 2005, and IUPred Dosztanyi et al., 200pavere used in our
proteomes of otheFlaviviridaefamily members, such as Dengue study for disorder prediction in polyprotein of ZIKV. We also
Virus (Meng et al., 201znd Hepatitis C Virus (HCV) fanetal., extended our analysis over each individual protein derivednfr
2019. the ZIKV polyprotein. Here, scores above 0.5 are considered to
In our view, the intrinsic disorder-focused analysis of ZIKV correspond to the disordered residues/regions. PONDFSL2B
proteins could be important for the development of newis one of the more accurate stand-alone disorder predictors

Genome Polyprotein

C M E | NSt NS2A NS2B NS3 ‘ NS4A I NS4B‘ NS5

A
v
A
v

Structural Proteins Non-structural Proteins

FIGURE 1 | Localization of individual proteins within the ge nome polyprotein of Zika virus (Q32ZE1).  Top bar shows ZIKV RNA (10974 bases) that
translates into polyprotein of 3418 residues (bottom bar)iat at maturation is cleaved into three structural proteingCapsid (C), Precursor membrane (prM), and
Envelope protein (E)) and seven non-structural proteins 84, NS2A, NS2B, NS3, NS4A, NS4B, NS5).
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(Peng et al., 2005; Peng and Kurgan, 2012; Fan and Kurgdnteracting with a globular protein partnerDsztanyi et al.,
2019, PONDR® VLXT is known to have high sensitivity to 2009; Meszaros et al., 2009
local sequence peculiarities and can be used for identifying
disorder-based interaction site®(nker et al., 200} whereas
a metapredictor PONDR-FIT is moderately more accurate tharRESULTS AND DISCUSSION
each of the component predictor¥(e et al., 2000 PONDR®  |ntrinsic Disorder in ZIKV Polyprotein
VLXT (Dunker et al., 200 PONDR® VSL2 Peng et al., 2005  |n crystallography-based protein structure characteromait is
PONDR® VL3 (Peng et al., 20Q5Foldindex rilusky et al., assumed that the disordered regions cannot crystalize,gbein
2009, IUPred osztanyi et al., 2003aTopIDP (Campen et al., present in the form of regions with missing electron densityd a
2009. IUPred was designed to recognize IDPRs from the aminenly ordered regions have the propensity for crystal formation
acid sequence alone based on the estimated pairwise ene(@yersky, 2013a In addition to this, crystallization conditions
content, where it was hypothesized that globular proteins argequently contain various additives (presence of PEG, kgh
composed of amino acids which have the potential to formconcentrations, etc.), which make these conditions to berelnt
a large number of favorable interactions, whereas IDPSRBP from the natural environment. Therefore, a computational
do not have unique 3D structure because their amino acidnalysis of disorder based on the amino acid sequence alamg usi
composition does not allow su cient favorable interactions  various programs may provide a great advantage to analyze the
form (Dosztanyi et al., 20053,b disorder in proteins (versky, 2013a

Often, IDPs/IDPRs are involved in protein-protein  Despite being a big threat, the holistic understanding of ZIKV
interactions and molecular recognitionsDinker et al., proteins in both ordered and disordered perspective has not
2002a,b, 2008; Tompa, 2002; Old eld et al., 2005; Dunker ariseen established as of yet. Despite obvious interest to Zils, v
Uversky, 2008; Uversky and Dunker, 2010; Uversky, 2013kerystallographic data are currently available only for f@iliKV
There are numerous reports emphasizing that IDPs/IDPRs argroteins, NS1, NS2B-NS3 protease (residues 49 to 95 of NS2B
able to undergo at least partial disorder-to-order tramsi$ covalently linked via GlySer-Gly; to the N-terminal protease
upon binding, which is crucial for recognition, regulation, domain (residues 1 to 170) of NS3), NS3 (only Helicase dojnain
and signaling. Among these potential functional sites aréVl and E proteins (see below).
short order-prone motifs within long disordered regions In this study we have computationally evaluated the
that are able to undergo disorder-to-order transition dwyi predisposition of ZIKV polyprotein for intrinsic disorder (see
the binding to a specic partner. These motifs are known adrigure 2) and also studied intrinsic disorder propensity of all
molecular recognition feature (MoRF), and they can be idesdi  individual proteins derived from this polyprotein: Capsid priste
computationally QOld eld et al., 2005; Cheng et al.,, 200We C (residues 2-122, which includes protein C (residues 2-104)
used ANCHOR algorithm to identify potential disorder-basedand the ER anchor for the protein C (residues 105-122), which
binding sites Dosztanyi et al., 2009; Meszaros et al., 2008is  is removed in mature form by serine protease NS3), precursor
approach relies on the pairwise energy estimation approacmembrane protein prM (residues 123-290, which is further
developed for the general disorder prediction method IUPredlivided to peptide pr (residues 123-215) and small envelope
(Dosztanyi et al., 20053,lbeing based on the hypothesis thatprotein M (residues 216-290)), an envelope protein E (residues
long regions of disorder contain localized potential binglisites 291-790), and seven non-structural proteins: NS1 (resid@és 7
that cannot form enough favorable intrachain interactiotts 1142), NS2A (residues 1143-1368), serine protease sub88BN
fold on their own, but are likely to gain stabilizing energy b (residues 1369-1498), serine protease NS3 (residues 1499;2

—— PONDR VLXT
—— PONDR VSL2
~——— PONDRFIT
IUPred
e C protein
@ prM protein
@ E protein
NS1
e NS2A
- NS2B
NS3
NS4A
@ Peptide 2k
- NS4B
@ NS5
Cleavage sites

0.8 1

o
o

N
N
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[

o
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FIGURE 2 | Intrinsic disorder predisposition of Zika virus p olyprotein (Q32ZE1). Disorder propensity is evaluated by PONDR VLXT (black line), PONDR
VSL2 (red line), PONDR FIT (green line) and IUPred (yellow line). Colored bars at thogptof plot shows localization of the individual proteins. Coesponding cleavage
sites leading for the generation of mature individual probes are shown by gray bars. Disorder scores above the thresHd 0.5 characterize residues/regions predicted
to be disordered.
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NS4A (residues 2116-2242), peptide 2k (residues 2243-226%hese observations are consistent with the results of previous
NS4B (2266-2516), and RNA-directed RNA polymerase NS&udies on the disorder predisposition of proteins in avivées
(residues 2517-3419). It is recognized that disorderedbnsg (Goh et al., 2016 In vitro studies have implicated the role
provide structural exibility leading to binding promiscujtoften  of intrinsic disorder for chaperone-like activities, such ral
involved in cellular regulationsXue et al., 2014; Wright and genome packagingl\anyi-Nagy et al., 2008 In the case of
Dyson, 201y Often, disordered or exible regions contain sites Dengue virus, detailed functional study of capsid proteireaded
of proteolytic cleavage, since proteolytic digestion is kmdws  that its N-terminal disordered region is responsible fornyang
occur much faster in unstructured than in structured protein out multiple interactions necessary for mature virus paicl
regions fontana et al., 1986, 2004; Novotny and Bruccolerformation (Martins et al., 2012 Furthermore, disordered N-
1987; lakoucheva et al., 2Q0This suggests that the sites ofterminal region interacts with phospholipids of lipid droplets
preferential cleavage should be preferentially located withe  (Martins et al., 201R Similar studies have correlated the role of
regions that lack stable structure or possess high structuraapsid disorder with the diverse functions in other avivies,
exibility. Earlier, this speci c use of intrinsic disordéexibility such as YFV and WNVI(anyi-Nagy and Darlix, 200)dn other
for generation of mature viral proteins from the polyproteinsva aviviruses, it was shown that high virulence is correlateidhw
reported for two other representatives of tRiviviridaefamily, the disorder levels of capsid protei@ ¢h et al., 2016 We assume
HCV (Fan et al., 2004and Dengue Virus jleng et al., 2005  that high abundance of disorder in capsid of ZIKV may provide
In agreement with these consideratiorfiSgure 2 shows that, an insight to uncover the mechanism of pathogenesis of this
within the polyprotein, cleavage sites leading to the geimmat virus.
of mature ZIKV proteins are preferentially located within the
disordered or exible regions or at least in close proximity t prM Protein
the regions with increased exibilityFigure 3 further zooms Next to capsid is the protein known as prM that acts as a
into this phenomenon and shows that in the vicinity of the chaperone for envelope protein. prM protein shows a central
vertical gray lines that correspond to the cleavage sitespén-  role in transition of immature virus particle to mature form,
residue disorder propensity scores evaluated by at leastfdhe o which is infectious, virulent, fusogenic, and can adheré&dst
disorder predictors used in this study typically spike to riefalty  cell membrane Zhang et al., 2003 Immature viral particles
high values. of aviviruses are noninfectious and are characterized lgirt
“spiky” shape, possessing 60 trimeric E-prM heterodimer spikes
(Zhang et al., 2003 The mature viral particle is smooth and

Analy_SiS of the IDPRs in ZIKV Structural contains 90 dimeric E:M heterodimerg(hn et al., 2002; Zhang
Proteins etal., 2018 The low-pH environment of the trans-Golgi network
C Protein is crucial for the maturation of viral particles, since it dsato

Structural proteins in ZIKV consist of Capsid, prM and the conformational changes of the surface glycoproteins eg¢ed
Envelope proteins. Capsid protein contains 102 residues arfdr the cleavage of prM by the host protease furin to generate
forms icosahedral capsid (30 nm in diameter) of the virushe pr peptide and mature protein MKuno and Chang, 2007
(Kuno and Chang, 2007 where the genomic RNA of ZIKV Subsequent removal of the pr peptide leads to the exposure of
is encapsulated. Disordered regions of capsid protein includdne 12—amino acid-long fusion loop on the E protein, which,
its N- and C-termini, with an overall predicted percent of in the immature virus, is protected by the pr peptidéu( et al.,
intrinsic disorder (PPID) of 33.3% calculated from outputs o 2009. With exposed fusion loop, the virus is prepared for the
four predictors used in our studyT@ble 1 and Figure 4A).  low pH—mediated endosomal fusiolv( et al., 2008 Therefore,

TABLE 1 | Some physicochemical and intrinsic disorder propert ies of Zika virus proteins.

Protein name Length (M.W., kDa) pl PPID v xT PPIDysg| 2 PPIDg T PPID|ypred PPIDmean
C 103 (11.73) 12.0 40.8 34.0 36.9 12.6 333
prM 168 (19.01) 8.55 23.8 22.6 16.7 10.1 19.0
Pr 93 (10.51) 6.05 20.4 17.2 14.0 6.6 16.1
M 75 (8.51) 10.11 28.0 29.3 20.0 14.7 24.0
E 500 (54.09) 6.48 27.4 18.0 3.8 4.6 7.6
NS1 352 (40.08) 6.17 33.0 26.7 7.1 6.0 10.8
NS2A 226 (23.97) 10.34 7.5 7.5 9.7 3.1 5.7
NS2B 130 (13.77) 4.44 37.7 14.6 17.7 7.7 16.2
NS3 617 (68.41) 8.22 36.6 18.2 9.4 9.2 12.8
NS4A 127 (13.70) 5.82 40.2 12.6 23.6 6.3 16.5
NS4B 251 (26.94) 9.10 19.1 12.4 104 4.0 6.4
NS5 903 (103.02) 8.67 33.6 16.1 7.0 3.8 8.6
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both proteins eventually generated from the prM are functiyna soluble M loop is predicted to be mostly disordered and corgain
important, where Pr peptide protects the fusion loop of the Hittle regular secondary structure in the E-M complex, itisaal
protein, and M protein acts as a transmembrane protein in thdor stabilization of the E-M dimer, being intercalated intbe
mature viral particle {u et al., 2008 E protein structure. Therefore, it is likely that this regiohthe
ZIKV prM contains 168 amino acids. In addition to the M protein undergoes functional disorder-to-order transitio
disordered N-and C-termini there is a long disordered cahtr
region in prM located between residues 80 and 120. This regioB Protein
contains the furin cleavage site (degure 4BandFigure 3. A At the next step, we analyzed the envelope protein E (500
multitool computational disorder analysis shows that the@ll  residues) that participates in the membrane fusion betweest ho
disorder of prM is 19.0% (se&able 1). Since the proteolytic late endosomes and virion. Protein E heterodimerizes with M,
cleavage of prM generates two functionally important proteinsand this complex stabilizes E protein likely due to the chaperone-
the pr peptide and M proteinu et al., 2008The analysis of like activity of M (Hamel et al., 2015 The averaged PPID of
both proteins separately revealed the PPID of 16.1% and 24% fp16% is observed in E proteiTdble 1), which is rather low.
pr and M proteins respectively (s@able 1). Despite high level However, several IDPRs of dierent length are predicted in
of predicted disorder, M protein is able to form stable struetu the ZIKV E protein Figure 40). Viral capsid consists of 180
being complexed with the E protein (sEgure 4D). Structurally, copies each of the E glycoprotein and the M protein anchored
ZIKV M protein is characterized by N-terminal soluble loop in a lipid membrane Girohi et al., 201) Structurally, E protein
(M loop) which contain two shor@-helices (residues 6—10 and consists of four domains; stem transmembrane domain aneghr
21-39) and two transmembrareehelices (residues 40-52 and ectodomains t external surface of the viral capsid and aretlgnos
56-71) connected by very short loop that forms the stem ard thb-structural (sedrigure 4D).
transmembrane part of this protein embedded in the lipid bilaye  Previous studies on other aviviruses (e.g., Dengue virus an
(Liu et al., 2004; Sirohi et al., 2Q1&uriously, although the West Nile virus) demonstrated that glycosylation of the E pirote
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at speci c sites provides the ability to attach to di erent dgibes  posttranslational modi cations in proteins are commonly loed
(Beasley et al., 2005; Pokidysheva et al., 2006; Miller ed@8, 2 within their IDPRs (akoucheva et al., 2004; Pejaver et al., 014
Cryo-EM structure of mature ZIKV viral particle revealed tha Therefore, nding intrinsic disorder in functionally impogent
the glycosylation site is located at the loop region neali®y t regions of the ZIKV E protein signi es the potential therapeuti
fusion peptide Eirohi et al., 201 Besides being needed for pH- importance of its IDPRs.

mediated endosomal fusion, the ZIKV fusion loop (residuBs 9

110) can act as an epitope and react with di erent antibodiesDisorder Analysis of the ZIKV

Figure 4C shows that although this region is predicted to beNon-structural Proteins

mostly ordered, it has some weak tendency for the presence here are seven non-structural proteins (NS1, NS2A, NS2B, NS
disorder-based binding sites as evidenced by the output ®f thyS4A, NS4B, and NS5) in ZIKV. Six of the NS proteins (NS2A
ANCHOR algorithm. In fact, the ANCHOR-based analysis ofto NS5) in ZIKV are known to be engaged in the formation of a

protein E revealed the absence of disordered binding regiongplication complex on the cytoplasmic side of the endoplasmic
that function via undergoing a disorder-to-order transiti upon  reticulum membrane $ong et al., 20)6In addition to the viral

binding to a globular protein partner. However, the fusionfds  non-structural proteins this replication complex also contain
located in close proximity to the fth highest spike found with  several host cofactor§élonen et al., 2095

the ANCHOR pro le of protein E (se€&igure 4C). Furthermore,

our disorder analysis revealed that the longest disordgiore NS1 Protein

found in ZIKV E protein (located within the 120-180 region) The glycoprotein NS1 is considered as a key molecule in
contains the glycosylation site (Asn15&)iohi et al., 2016 High  replication, immune evasion and pathogenesis of aviviruses.
disorder propensity of the loop encompassing the glycosylatioNS1 is also secreted out into extracellular space as hexameric
site is in line with the reported sequence variability of ttegion  lipoprotein particles that are involved in multiple interactisn
among ZIKV strains fFaye et al., 20)4nd in other aviviruses with various components of immune system and host cell
(Sirohi et al., 201) suggesting that local structural dynamicsmolecules $uthar et al., 20)31In fact, it is believed that NS1
and sequence variability could be of functional importance f can be responsible for the diverse clinical consequences of
this protein. In fact, sites of various enzymatically-cgald infection caused by avivirusesk(ino et al., 1998; Cheng et al.,
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2009. Recently, the crystal structure of a C-terminal fragmeint odomain of NS3 (residues 1-170) revealed that the NS3-bgndin
ZIKV NS1 (PDB ID: 51Y3) has been solvefidng et al., 20)6 region of NS2B wraps around the globular NS2B domain (see
The sequence of this crystallized C-terminal domain (res&l Figure 5E PDB ID: 5LCO) [Lei et al., 2016 This structure clearly
176-351) along with the sequence of the full-length NS1 pnoteiindicates that this NS2 region is disordered in its unboundfo
was used in our disorder analysis. This analysis revealed thand folds upon binding to the globular protease domain of
the full-length NS1 is characterized by the PPID of 10.8% (s&ZIKV NS3 protein. In the perspective of folding upon binding
Figure 5A and Table 1), whereas the crystallizable C-terminal found for many IDPs, this seems to be a similar mechanism
fragment (PDB ID: 51Y3) shows the PID of 14.1%. Structurallywhere protein acquires active conformation and functionyoloy
NS1isarranged in arod-like head to head dimers. Each dirasr h binding disordered partner as also evidenced in case of thesinod
20b-strand showing ladder-like arrangement on one surface antDP systems such as KIX and cMyBignni et al., 201p

a complex arrangement of several loops on an opposite surface

(seeFigure 5B) (Song et al., 20)6Typically, loops between the NS3 Protein

b-strands are short, with the exception to the spaghetti loopNS3 is a bifunctional enzyme that consists of two domains,
connecting strand®4 and b5 (residues 218-272), which lackssuch as the N-terminal protease domain (residues 1-167) and
regular ordered structure and is predicted to contain sigaint the C-terminal helicase domain (residues 168-617), whieh a
amount of disorder (seé&igure 5A). Furthermore, a potential essential for the polyprotein processing and the viral replicat
glycosylation site is located within the short loop betwéka respectively [(uo et al., 2016 NS3 consists of 617 residues,
b3 and b4 strands (residues 207—-209), which is also predicteti2.6% of which are predicted to promote disorder. The longest
to have high level of disorder. Therefore, the high abun@aoic  disordered region found in this protein consists of 57 residues
disorder in NS1 is correlated with the complex arrangement ofresidues 191-247) and is located within the helicase domai
loops in 3D crystal structureSong et al., 20)§seeFigure 5B)  (Figure 6A). According to a recent report, Dengue virus NS3
and has functional signi cance. A phylogenetic analysistbase contains the N-terminal proline-rich disordered region thaays

the amino acid sequences of NS1 proteins from 10 avivirusea critical role in replication and virus particle formatio®gbhard
revealed some unigue sequence characteristics of ZIKV N&1 t et al., 2015 As it was already mentioned, the ZIKV NS3 protease
positioned it in the individual phylogenetic grousong et al.,, domain (residues 1-170) was recently crystallized as a part of
2016. It was emphasized that there is a very large variability irthe hybrid protein containing the NS3-binding region of the
positively and negatively charged surfaces in central legions  ZIKV NS2B covalently linked by the GhSer-Gly peptide

of the NS1 proteins from DENV, WNV, and ZIKVSong et al., to N-terminus of the NS3 protein. No structural information
2016. This variability in loop regions of aviviruses may be was obtained for the 31 residue-long region connecting NS2B
implicated in the diversity of their pathogenicity. In Dengueand NS3 and containing C-terminal tail of the NS2B, the
and WNV, these loops of NS1 have been implicated in immun&lys-Ser-Gly linker, and the N-terminal 14 residues of the
pathogenesis, whereas in ZIKV, this mechanism needs to BHKV NS3 containing the aforementioned proline-rich region

explored Guthar et al., 2093 (seeFigure 5E PDB ID: 5LCO) [ei et al., 2016 Remaining
part of the NS3 protease domain (except to its last 3 residues)
Proteins NS2A and NS2B was well-resolved and represents tebarrels with strand

Non-structural proteins from NS2 to NS5 are involved inorders Al-BI-Cl-al-DI-Ela-Elb-FI and All-Blla-Bllb-ClI-DII-

the formation of replication complex which is located on Ella-Ellb-FII (Lei et al., 2016 Recently, a crystal structure of
the endoplasmic reticulum membrane. NS2A possesses sevdta NS3 helicase domain of ZIKV has been solved (PDB ID:
important functions, such as involvement in viral RNA syntises 5JMT) (Tian et al., 2016 (seeFigure 6B). In contrast to the
virus-induced membrane formation, and inhibition of inferon  DENV NS3 helicase, ZIKV has a monomeric helicase molecule.
a/b response Xie et al., 2016 Table 1 shows that, being the NS3 helicase is characterized by mostly ordered tertiangstre,
most ordered of the ZIKV proteins, NS2A has the PPID ofwith loops serving as connectors between the three domains
5.4%. However, NS2B is on the other side of spectrum, beingf this protein (Tian et al., 2016 It was pointed out that
characterized by a high abundance of disordered residuds withe cleft between Domain | and Il contains the NTPase active
PPID of 16.2 % Kigures 5C,D. Figure 5D shows that NS2B site and includes Walker A (or motif | or P-loop, residues
contains a central long disordered region of 37 residuesidrtees 193-204) and B motifs (or motif I, residues 285-292) that
62-98). This region is responsible for interaction with th&3l play an important role in recognizing NTP and Mn or Mg%©
proteasel(lurray et al., 2008 In the case of DENV it was shown cations Caruthers and McKay, 2002; Tian et al., 20Eigure 6A

that a central hydrophilic region of NS2B binds to NS3 andshows that both of these motifs are located within IDPRs.
is needed for the formation of an active NS2B-NS3 proteas&lthough these loops are characterized by the considerable
complex. NS2B also stabilizes NS3 by acting as a chaperoneintrinsic exibility, it was pointed out that they are highly
previous studies on other members of théaviviridaefamily conserved among aviviruses and play an important role in
(Dengue virus and WNV), the structure of NS2B in a complexbinding and catalysis of NTPT(an et al., 20186 Curiously, NS3
with NS3 was determined=(bel et al., 2006 Curiously, recent is one of the two ZIKV proteins that are predicted to have
crystallographic analysis of the hybrid protein constitgfim some disorder-based binding sites identi ed by ANCHOR. In
central of the ZIKV NS2B (residues 49-95) covalently linkedact, Figure 6A shows that there are 6 such sites in ZIKV NS3
via the Gly-Ser-Gly arti cial linker to the N-terminal protease (residues 1-4, 79-81, 147-150, 261-264, 311-314, and/8j4—3
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FIGURE 5 | Disorder predispositions of non-structural prot eins NS1 (A), NS2A (C) and NS2B (D). Disorder pro les generated by PONDE® VLXT, PONDF
VSL2, PONDF® FIT, and IUPred are shown by black, red, green, and yellow linesespectively. Dark red dashed line shows the mean disordgsropensity calculated
by averaging disorder pro les of individual predictors. Liit green shadow around the PONDI® FIT shows error distribution. Blue dotted lines correspondct the result
of the functional disorder analysis using ANCHOR algorithnB) 3D-structure of the head-to-head dimer of the NS1 protein, viere the b-ladder side (top) and loop
arrangement (bottom) are shown. Structure is based on the PB ID: 51Y3 Song et al., 2016). Structures of monomers within a dimer are shown as blue anced
cartoons. (E) 3D-structure of a hybrid protein containing NS3-binding rgion of the NS2B protein covalently linked to the protease dmain of ZIKV NS3 protein (PDB
ID: 5LCO) (ei et al., 2016). This hybrid protein is crystallized as a tight dimer. Stotures of the NS3-binding region of the NS2B protein are show as red or pink
ribbons in chains(A,B) of this dimer, respectively. Structures of the protease domin of NS3 protein are shown as blue ribbon or cyan surface intains (A,B),
respectively. For chain(B), this domain is shown as a transparent surface to simplify sualization of the NS2 chain wrapped around it. Structuralepresentation have
been rendered using VMD llumphrey et al., 1996).
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FIGURE 6 | Disorder predispositions of non-structural prot eins NS3 (A), NS4A (C), NS4B (D), and NS5 (E). Disorder pro les generated by PONDF® VLXT,
PONDR® VSL2, PONDF® FIT, and IUPred are shown by black, red, green, and yellow linesespectively. Dark red dashed line shows the mean disordgrropensity
calculated by averaging disorder pro les of individual preittors. Light green shadow around the PONDR FIT shows error distribution. Blue dotted lines correspond
to the result of the functional disorder analysis using ANCBIR algorithm.(B) 3D-structure of the helicase domain of the ZIKV NS3 protein (B ID: 5JMT) (ian et al.,
2016). Structure is colored according to the secondary structu content. Structural representation have been rendered usg VMD (Humphrey et al., 1996).

which although were predicted by ANCHOR but then wereNS4A and NS4B Proteins

Itered out by the algorithm because of their small size fthe Although non-structural proteins NS4A and NS4B from
are ranging in length between 3 and 4 residues and ANCHORaviviruses have not been crystallized as of yet, their lgjaal
uses the length threshold of 6 residues). Nevertheless, otolesin Dengue virus have been investigated experimer(tadly
analysis shows that ZIKV NS3 has several functionally imguradrt et al., 201pNS4A functions by introducing rearrangements in
IDPRs. membrane of host endoplasmic reticulum. These changesdead t
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the formation of virus-induced membranous vesicles. NS4 al region containing 40 amino acid residues (sEgure 6B.
control the ATPase activity of the NS3 helicase, whereaBNSA hese ndings of NS5 are also correlating well with the
inhibits the interferon-induced host STAT1 phosphorylatiamia presence of long disordered region in DENV and JEV NS5
nuclear translocation Kuno and Chang, 2007 Table 1 and  proteins.

Figures 6C,Dshow that although NS4A is predicted to be rather

disordered, having the PPID of 16.5%, the level of intrinsilCONCLUDING REMARKS
disorder in the NS4B protein is noticeably lower (its PPID s o

6.4%). In conclusion, our analysis revealed that all ZIKV proteins
contain disordered regions. These proteins are involved in
NS5 Protein diverse mechanisms of virus survival and immune evasion

The NS5 protein is the largest ZIKV protein (903 residues)jn other aviviruses. Till now, the mechanisms of the ZIKV
and has high degree of sequence similarity with the Denguathogenesis have not been deciphered in detail. Therefare, o
virus NS5 protein. In DENV, crystal structure of the full- study that considers ZIKV proteins from the protein intrinsic
length NS5 has been solved recently (PDB ID: 4V0Zap disorder perspective may provide novel insights that can help
et al., 201} and structures of the methyltransferase domain€lucidating the molecular mechanisms of virus host intécac
(PDB ID: 1L9K) Eglo et al., 200}, and the RNA-dependent In general, the highly dynamic and exible nature of the
RNA polymerase (RdRp) domain (PDB ID: 2J7W) of the NS3lisordered proteins or proteins containing IDPRs has shown
(Yap et al., 2007are also available. The NS5 is the most0 play major roles in disease development and progression
conserved protein amongst aviviruses, exhibiting enzyimat (Uversky et al., 2008; Babu et al., 2D1As disordered
activities that play vital roles in virus replication. In fact, regions are attractive and challenging drug targets, newgdr
it has the N-terminal domain (residues 1-262 in DENV3)development strategies should be developed to nd small
that belongs to the S-adenosyl-L-methionine (SAM)-dependermolecule inhibitors that could target IDPRs and could serve as
methyltransferase (MTase) superfamilyg(o et al., 200 and € ective antivirals. Therefore, detailed biophysical asiyof
the C-terminal domain (residues 273-900) which serves a&lKV disordered proteins is required to develop e ective new
the RNA-dependent RNA polymerase (RdRp) that synthesizegntiviral therapeutics.

the anti-genome and progeny genom&ap et al., 2007

Since NS5 contains two functional domains with several kkAUTHOR CONTRIBUTIONS

enzymatic activities crucial for the viral RNA replication inet

host cell, this protein represents one of the major targets foRG and VU: Conception and design, analysis and interpretation
the design of antiviral inhibitors. Our analysis revealeditth of data, writing and review of the manuscript and study
despite being the multifunctional enzyme, ZIKV NS5 containssupervision; DK and NS: acquisition of data, analysis and
numerous IDPRs (in a range of 20) and is characterized binterpretation of data, writing of the manuscript.

the PPID of 8.6%. Furthermore, ANCHOR analysis revealed

the presence of 4 disorder-based binding sites (residue222— FUNDING

179-186, 324-329, and 377-383), with two more disorder-

based binding sites that were Itered out by the algorithmThis work was partially supported by DST grant, India
(residues 476-484 and 846-849). Our analysis also reveal®@®$S/2015/000613) to RG and lIT-Mandi, India to RG. DK is
that most of the NS5 disordered regions are located irsupported by ICMR fellowship and NS is supported by MHRD
the central part of the protein, with the longest disorderedfellowship, both in India.
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