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Abstract 
In Brazil and in other tropical areas Zika virus infection was directly associated with 
clinical complications as microcephaly in newborn children whose mothers were 
infected during pregnancy and the Guillain-Barré syndrome in adults. Recently, 
research has been focused on developing new vaccines and drug candidates against 
Zika virus infection since none of those are available. In order to contribute to 
vaccine and drug development efforts, it becomes important the understanding of 
the molecular basis of the Zika virus recognition, infection and blockade. To this 
purpose, it is essential the structural determination of the Zika virus proteins. The 
genome sequencing of the Zika virus identified ten proteins, being three structural 
(protein E, protein C and protein prM) and seven non-structural proteins (NS1, 
NS2A, NS2B, NS3, NS4A, NS4B and NS5). Together, these proteins are the main 
targets for drugs and antibody recognition. Here we examine new discoveries on 
high-resolution structural biology of Zika virus, observing the interactions and 
functions of its proteins identified via state-of-art structural methodologies as X-ray 
crystallography, nuclear magnetic resonance spectroscopy and cryogenic electronic 
microscopy. The aim of the present study is to contribute to the understanding 
of the structural basis of Zika virus infection at an atomic level and to point out 
similarities and differences to others flaviviruses
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Background
The Zika virus (ZIKV) has become one of the major threats to 
public health systems worldwide. This virus was first isolated in 
1947 from a sentinel rhesus monkey at the Zika forest, in Uganda 
[1]. ZIKV is a member of the Flavivirus genus, together with 
dengue virus (DENV), yellow fever virus (YFV) and West Nile 
virus (WNV). Like its relatives, ZIKV is transmitted to humans 
through the bite of infected Aedes mosquitoes. ZIKV can also 
be transmitted from an infected pregnant woman to her fetus 
during gestation leading to severe birth defects as congenital 
microcephaly [2]. Other forms of transmission have also been 
described, including sexual and blood-borne [3,4]. 

In May 2015, the Pan American Health Organization issued an 
alert in response to the first confirmed ZIKV infection in Brazil. 
In November 2015, the first microcephaly case potentially related 
to the ZIKV infection was reported. Since then, the scientific 
community has joined efforts to accelerate the development 
of new vaccines and antivirals against ZIKV. Government, 
academia, pharmaceutical and biotech industries are focusing 
in the understanding of the disease and its causes to develop 
effective strategies of combating it. For those purposes, it 
becomes crucial the detailed description of the molecular basis of 
the ZIKV recognition, infection and blockade. High-resolution 
structural knowledge allows us to understand and identify 
exposed epitopes and druggable sites, crucial steps to design 
effective vaccines and structure-based drugs against ZIKV [5,6]. 

ZIKV is a positive single-stranded RNA virus with a 10.7 kb 
genome translated into a single polyprotein of about 3.000 amino 
acids. During the viral replication, the polyprotein is cleaved to 
produce three structural proteins involved in the viral particle 
assembly, namely the glycoprotein E (protein E), the capsid 
protein C (protein C), and the protein prM. Whereas seven 
non-structural proteins are responsible for the viral replication, 
assembly and evasion from the host defense: NS1, NS2A, NS2B, 
NS3, NS4A, NS4B and NS5 [1]. These proteins are the main 
targets for structure-based antiviral discovery and antigen 
identification for vaccine development [1,7].

As ZIKV spread around the world, the structural biology 
community has been combining efforts to obtain high-resolution 
structures of ZIKV proteins by using state-of-art methodologies 
such as X-ray crystallography, biomolecular nuclear magnetic 
resonance (NMR) spectroscopy and cryogenic electronic 
microscopy (CryoEM). In about one year, those efforts provided 
important structural information on ZIKV proteins. Structures 
of six out of ten proteins of ZIKV were already solved by X-ray 
crystallography: protein E, protein C, NS3 (helicase domain 
and protease domain), NS2B, NS5, and NS1 (Table 1). In the 
present review, the most important results recently obtained 
on the structure biology of Zika virus are summarized. In the 
following sections, we are going to list the main conclusions 
that could be drawn from those structures and compare them 
to similar proteins from other flaviviruses. 

Table 1. Structural information on Zika virus proteins

Protein PDB Ligand Reference

Glycoprotein E

5KVE-DIII ZV-48 Antibody scFv [8]

5KVD-DIII ZV-2 Antibody Fab [8]

5KVF-DIII ZV-64 Antibody Fab [8]

5KVG-DIII ZV-67 Antibody Fab [8]

5LBS Human antibody EDE1 C8 - scfv [9]

5LBV – [9]

5LCV Human antibody EDE2 A11-FAB [9]

5JHL FAB [10]

5JHM – [10]

NS3 helicase

5JWH – [11]

5K8I ATP [11]

5K8L GSP [11]

5K8T GSP, Mg2+ [11]

5K8U ADP, Mn2+ [11]

5GJB ss-RNA [12]

5GJC ATP, Mn2+ [12]

5JRC – [13]

5JMT – [14]

NS2B-NS3 serine protease

5GJ4 Last four amino acids of NS2B 
cofactor [15]

5T1V –

5LCO Boronate inhibitor [16]
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Protein PDB Ligand Reference

NS5 methyltransferase

5TFR 2 Zn2+ [17]

5TMH 2 Zn2+, S-adenosyl-L-
homocysteine

5U0B 2 Zn2+, S-adenosyl-L-
homocysteine [18]

5U0C 2 Zn2+ [18]

5KQR (MTase) S-adenosylmethionine [19]

5KQS (MTase) S-adenosylmethionine,7-methyl-
guanosine-5’-diphosphate [19]

NS1

5K6K – [20]

5IY3 – [21]

5GS6 – [22]

Near-atomic resolution structure of Zika 
virus
X-ray crystallography was the first technique used to solve 
atomic-resolution structures of viruses during 1970s and 1980s 
[23,24]. Since then, hundreds of atomic-resolution structures 
were obtained. According to VIPERdb database of icosahedral 
virus capsid structures (http://viperdb.scripps.edu) about 400 
virus structures have been solved by X-ray crystallography. 
However, this experimental approach has some limitations, 
since it remains difficult to achieve atomic resolution for large 
viruses as the flaviviruses [25]. Therefore, up to this moment, 
no flavivirus atomic-resolution structure has been solved by 
X-ray crystallography. 

Single-Particle CryoEM is nowadays one of the main tools 
used to obtain near-atomic resolution structures (2-4 Å) of 
isolated viruses. Since 2008, when a resolution of about 4.0 Å 
was reached [26,27,28], many viruses have had their structures 
solved by CryoEM, including Zika [25,29,30]. 

Previous studies have shown that the ZIKV surface shares 
similar structure and composition to other flaviviruses like 
DENV and WNV (Figure 1A and B). They have 180 copies of 
the protein E, associated with protein M. Protein E copies can 
assemble into an icosahedral symmetry formed by 90 dimers 
at pH around 7.4. This complex structure is anchored in the 
lipid bilayer by their intermembrane domains [30,31,32,33,34]. 

In spite of sharing the same general structure to other 
flaviviruses, ZIKV has some unique physical-chemical properties: 
it is more stable than the others, as DENV, for instance; its surface 
is smoother than those of other flaviviruses even at 40 °C; when 
it is still infective [33,34]. Its optimal thermal stability and 
infectivity at higher temperatures could be associated with the 
resistance of ZIKV particle in a variety of environments as those 
found in urine, semen, breast milk, and saliva [35,36,37,38]. 

Despite all the results that CryoEM has been providing, 
some limitations to near-atomic resolution of flaviviruses 
structure yet persist. One example is the lack of structural 

information of flavivirus nucleocapsids, formed by protein 
C. This happens because the nucleocapsid symmetry is not 
icosahedral [39]. Another important needed development is 
the addition of the conformational dynamics contribution to 
the structure of viruses, since many virus proteins undergo 
dramatic conformational changes during host cell recognition 
and infection, assembly of virus particle and viral releasing 
from host cell. The flavivirus protein E, for instance, morphs 
from dimer to trimer conformations, which is triggered by pH 
variation during the virus and host cell endosomal membrane 
fusion and during viral host-releasing [40,41]. 

Protein E: the major component of 
flavivirus surface
Protein E is the major component of flavivirus surface. This 
protein is involved in host cell receptors recognition, virus 
entry process and viral assembly [42]. It is worth noticing that 
protein E conformational changes induced by pH variation, 
from extracellular environment to endosomal ones, mediates 
the virus-host cell endosomal membrane fusion. It also has an 
important role in the immune response, representing the major 
target of neutralizing antibodies [9,10].

ZIKV protein E dimer structures (PDB ID: 5LBV and 5JHM) 
show that each protein E is composed by three domains: domain I 
(DI), domain II (DII) and domain III (DIII) (Figure 1C and D). DI 
is a non-continuous β-shaped domain [10,41], which is responsible 
for linking DII to DIII. It acts on fundamental conformation 
changes in protein E during flavivirus infection [41]. DII is a non-
continuous finger-like domain. Many DII residues participate 
on the hydrogen and electrostatic interaction net stabilizing the 
protein E dimers. The fusion peptide is also located in the DII 
and has a conserved amino-acid sequence that interacts with host 
cell endosomal membrane during the virus-host cell membrane 
fusion process [10]. The C-terminal immunoglobulin-like DIII has 
high homology to DENV. The interaction between DIII and some 
glycosaminoglycans is associated with the primary interaction 

Table 1. Cont.
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between the viruses and host cells [42,43,44,45,46]. Among all 
solved structures for protein E, dengue virus serotype 3 (DENV3), 
has the higher sequence identity to ZIKV (sequence identity of 
56%) and, DENV 2 has the most similar dimer structure (Dali 
Z factor 54.6 and RMSD 2.6).

As mentioned before, the protein E is the main target for 
immune response against flaviviruses, which is not different 
for ZIKV. Therefore, the structural and conformational change 
characterization of protein E and its interaction with different 
antibodies is necessary for ZIKV vaccine development or even 
to new passive immunization strategies based on optimized 
antibodies or antibody fragments, as the fragment antigen-
binding (Fab), and the single-chain variable fragment, scFv. 
For example, some structures of complexes of protein E 
and neutralized antibodies have been obtained by X-ray 
crystallography and CryoEM at atomic and near-atomic 
resolution (Figure 1E) [8,10,47]

Nowadays, NMR spectroscopy emerges as an important 
technique to identify protein conformational epitopes in 
solution. NMR is an ideal methodology that describes at the 
atomic level the antigen-antibody complex in solution. Bardelli 
et al. [48] described the characterization of epitopes by NMR, 
showing its advantages and drawbacks. The practical approaches 
include labeling the antigen (15N-13C) by using heterologous 
expression systems. Antibodies used in those assays can be 
isolated from patients or animal models or even be recombinant 
antibodies or antibody fragments (Fab and scFv). Titration 
NMR experiments with antibodies allow the monitoring of the 
chemical environment changes of amide groups by 1H-15N NMR 
correlation experiments. Those amide groups in which chemical 
environment was altered upon titration are strong candidates 
to be located on one antigen conformational epitope. Together 
with computational methodologies as molecular docking, NMR 
results provide structural models for antigen-antibody complexes 
in a fast way [49,50,51]. This methodology has some limitations, 
though. The main one is the molecular size of the complex that 
cannot exceed 100 kDa. This problem can be overcome by using 
recombinant DIII of protein E with antibody fragments Fab and 
ScFv, that have lower molecular weight than a whole antibody 
[48,52]. Another way to study these complexes is by measuring 
the molecular dynamics of 15N nucleus of antigens upon titration 
with antibodies by relaxation NMR experiments [52].

NS1 
NS1 is a ~48 kDa protein important for genome replication, 
pathogenesis, and host immune response modulation [20]. In 
other flaviviruses, NS1 is a glycosylated homodimer localized 
inside the host cell, more specifically in the endoplasm reticulum 
(ER) lumen. It participates in the replication complex together 
with the transmembrane proteins (NS2A, NS4A and NS4B) 
and with the cytoplasmic proteins NS3 helicase, NS2B co-factor 
and NS5. NS1 is also secreted from host cells as a lipoprotein 

hexamer to extracellular medium, where it modulates the host 
immune response and pathogenesis by interacting with host 
factors and components of the innate and adaptive immune 
systems [53]. NS1 also interacts with other flavivirus proteins 
like proteins prM and protein E [54]. 

Solved structures of ZIKV NS1 showed three domains: an 
N-terminal β-roll, an epitope-rich ring, and a C-terminal 
β-ladder. These domains are colored in Figure 2A and B in 
blue, yellow, and red, respectively. The NS1 homodimer has a 
cross-shaped fundamental unit stabilized via intertwined β-roll 
and end-to-end ladders interactions. The membrane interaction 
occurs via a hydrophobic core on the inner face of the homodimer 
formed by the β-roll domains and by the “greasy finger”. The 
outer face of NS1 is polar with specific sites for glycosylation. 
Residues 290, 293, 297, 300, 301 and 304 have been identified 
as O-glycosylation sites [20,21].

Two regions of NS1 dimer have been associated with ER 
interaction: the hydrophobic region of the connector sub-domain 
and the wing-flexible loop of the wing domain. Brown et al. [20] 
characterized the interaction of NS1 with liposomes, showing 
the conversion of heterogeneous large liposomes into a much 
smaller lipid-protein nanoparticles.

During translation, NS1 is moved to the lumen of ER and the 
N-term is cleaved by a host cell peptidase, followed by NS1-NS2A 
junction cleavage by an unknown protein at the position L/M-V-
X-S-X-V-X-A, which is a good target for inhibitor development 
[55]. The hydrophobic core on the inner face of the homodimer 
formed by the β-roll domains and by the “greasy finger” is 
another good target, due to its ability to mediate NS1-host cell 
lipid interaction. Gutsche et al. [53] characterized the hexamer 
structure of DENV, revealing the presence of triglycerides, 
cholesteryl esters and phospholipids in this complex.

NS2B-NS3 
NS3 is one of the components of the ZIKV replication complex. 
NS3 is anchored in the ER by strong interactions of its N-terminal 
with the hydrophilic region of integral membrane protein NS2B. 
The NS3 C-terminal domain possesses helicase and NTPase 
activities and is known as helicase domain. The N-terminal 
together with its cofactor, NS2B, forms a protease involved in 
the cleavage of the flavivirus polyprotein (Figure 3). Because 
of its multiple roles in the virus cycle, N2B-NS3 protein is one 
of the main targets for drug screening against flaviviruses. The 
structure of the entire ZIKV NS2B-NS3 protein was not solved, 
but a variety of structures of the NS3 helicase and NS2B-NS3 
protease domains were obtained through X-ray crystallography. 
Many of them, with natural substrates and/or drug candidates 
bound to one of the domains. In the following sections, we are 
going to describe the major contributions that structure biology 
has provided to a better understanding of the properties and 
functions of both domains of NS2B-NS3 protease.
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Figure 1. (A) CryoEM structure of ZIKV (PDB ID: 5IZ7) and DENV4 (PDB ID: 4CBF). (B) Model of protein E and protein M based on Cryo-EM density maps 
(PDB ID: 5IZ7). (C) Schematic domain organization of the ectodomain of ZIKV protein E. (D) Structure of ZIKV protein E dimer (PDB ID: 5JHM) and its three 
domains. (E) Structure of ZIKV-antibody complex (PDB ID: 5LCV).
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NS3 helicase domain
The ZIKV helicase/NTPase domain, ZIKV NS3 helicase, belongs 
to the helicase superfamily 2 (SF2) and is responsible for the 
unwinding of structured template regions of RNA, working in a 
coordinated way with NS5 polymerase during the de novo viral 
RNA synthesis. NS3 helicase has also nucleoside triphosphatase 
activity, which is stimulated by RNA binding and provides the 
chemical energy necessary for unwind RNA intermediates 
during viral RNA replication [57]. There is also strong indication 
that in the flavivirus replication complex, NS3 interacts with NS5 
polymerase. Tay et al. [58] used competitive interaction Elisa and 
Small Angle X-ray Scattering (SAXS) to show that ~50 residues 
of DENV NS3 are participating of NS3 and NS5 interaction.

X-ray crystallography has vastly contributed to the 
understanding of ZIKV NS3 helicase function and structural 
properties. Many high-resolution f lavivirus NS3 helicase 
structures have been obtained for ZIKV, DENV2, DENV4, JEV, 
KUNV, YFV and MVEV [12,56,59,60,61,62,64]. Among them, 
DENV2 NS3 helicase is the closest one to ZIKV, either regarding 
primary sequence identity (72%) or tertiary and quaternary 
structure (Z factor and RMSD of 54.6 and 1.3, respectively). 
Structure-based phylogenetic tree showed that ZIKV NS3 helicase 
can be clustered into group 1a with DENV2, DENV4 and MVEV. 
NS3 helicase from YFV, KUNV and JEV form the group 1b 
and HCV forms a separated group 2 [14]. ZIKV NS3 helicase is 
monomeric in solution and its structure is composed of three 
domains: domain I, DI (residues 175–332), domain II, DII (residues 
333–481), and domain III, DIII (residues 482–617) [12,14]. The 
structure and schematic domains are shown in Figure 3A, D and E.

Eight different structural motifs involved in RNA binding, 
ATP hydrolysis and communications between the binding 
sites are located in the ZIKV NS3 helicase domain [12,57,60]. 
Residues involved in catalytic activities are conserved among 
other flaviviruses, indicating that functions are also preserved, 
which was corroborated by Tian et al. [14], who obtained the 
crystal structure of ZIKV NS3 helicase domain. NS3 helicase 
DI and DII share a similar RecA-like fold but have low sequence 
identity. Both are composed by a β-sheet formed by six β-strands 
stacked between loops and four α-helices. DIII is composed by 
four α-helices and two β-strands. Some important information 
regarding the dynamics of NS3 helicase can be observed from 
crystal structure B-factor. Amino acid residues 193–202 and 249–
255 showed higher B-factor values indicating higher flexibility. 
Another important information is that priming loop adopts 
different conformations in different flaviviruses but, apparently, 
a similar conformation when ATP/Mg2+ is bound. The ss-RNA 
site is in a cleft formed by positive residues in DI and DII [12].

The high-resolution structures of ZIKV NS3 helicase [12,14] 
together with a diversity of structures of other flaviviruses 
provide an outstanding help for structure-based drug discovery 
of flavivirus NS3 inhibitors. The ZIKV NS3 substrate-binding 
sites are good targets for substrate-analogue NS3 inhibitor 
candidates. In this regard, the structural characterization of 
the ATP/Mn2+ and RNA binding to the flavivirus helicase 
carried out by Tian et al. [12] is especially important for NS3 
inhibitor design. The ATP/Mn2+ binding site is in a cleft of DI 
and DII, and is composed by residues G197, K200, T201, R202 
(P loop), E286, N330, R459 and R462. The ss-RNA binding site 
is located in a tunnel that goes from DII to DI opposed by DIII 

Figure 2. (A) Domain organization of NS1. Glycosylated residues R130 and R205 are identified by hexagons. (B) X-ray crystal structure of ZIKV NS1 dimmer 
(PDB ID:5GS6). ZIKV domains are colored following the color pattern of panel A.
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and is consistently positively charged. Due to the similarity 
of the substrate-binding sites of flavivirus NS3 helicase with 
those from human helicase/ATPase proteins, no NS3 helicase 
substrate-analogue inhibitor candidate was clinically approved. 
However, other sites in NS3, mainly those related to allosteric 
events, could be good targets for inhibitor discovery. In this 
case, NMR Spectroscopy can be of great help. 

NS2B-NS3 serine protease
The NS2B-NS3 serine protease is essential for understanding 
the flavivirus cycle within a host cell. Together with host cell 
proteases, NS2B-NS3 processes the synthesized polyprotein, thus 
being indirectly responsible for virus assembly and replication. 
NS2B protein has a transmembrane region attached to the ER 
lipid membrane and a hydrophilic region that interacts with 
the N-terminal of NS3 protein (Figure 3B and C), acting as its 
cofactor. NS2B-NS3 protease is responsible for all cytoplasmic 
cleavages at junctions between NS2A/NS2B, NS2B/NS3, NS3/
NS4A and NS4B/NS5 proteins and within the capsid, NS2A and 
NS4A proteins. In other flaviviruses, NS2B-NS3 also plays several 
roles as being the basis for the formation of virus replication 
complex, interacting with transmembrane protein NS4B and 
NS5 polymerase, and even modulating the pathogenesis and 
host immune cell response [16,56,57,65]. The catalytic site is in 
the N-terminal of NS3 and is basically formed by the triad of 
residues S165, H51 and D75 [15,66,67]. 

Structure characterization of NS2B-NS3 protease have evolved 
after Leung et al. [66] engineered a dengue virus NS2B-NS3 
synthetic fusion construct that remedied the lack of solubility of 
NS2B-NS3 protease. These and other studies were the basis for 
the structure determination of ZIKV NS2B-NS3 protease and of 
other flaviviruses. Some constructs in which hydrophobic regions 
of NS2B and NS3 are deleted have been crystalized and displayed 
strong peptidolytic activity [66]. The organization of three from 
the most popular constructs of NS2B-NS3 – eZiPro, bZiPro, 
and gZiPro – are shown in Figure 3A. The three crystalized 
constructs stabilized in the closed conformation state, even in 
the absence of a substrate or inhibitor. The conservation of the 
closed conformation state could be an important difference 
between ZIKV NS2-NS3 and DENV protease, since in DENV 
the apo protease is in an opened conformation, characterized 
by the unfolding of NS2B cofactor. The conformational state 
in DENV protease is only stabilized when the protein complex 
is bound to a ligand [63]. From these studies, it was possible to 
characterize protease catalytic activity of different constructs and 
to obtain valuable information for experimental screening assays. 

Many pockets involved in the substrate binding and suitable 
for substrate-analogue inhibitor candidate design were identified 
from the crystal structures of flavivirus NS2B-NS3 proteases. 
Two good examples of that are hydrophobic S2 and S3 pockets 
formed by the NS2B β-hairpin (residues 68–99) and the substrate-

binding site of NS3 protease domain [15,57]. One example of 
the application of X-ray crystallography in the search for an 
inhibitor of NS2B-NS3 protease was given by Lei et al. [16], that 
obtained the NS2B-NS3 protease bound to a peptidomimetic 
boronic acidic inhibitor (cn-716) .

NMR spectroscopy has also being used and have provided 
new information on NS2B-NS3 protease structure, dynamics 
and activity. Using NMR 15N-relaxation experiments Zhang et 
al. [65] mapped the molecular dynamic of the unbound and 
bound states of bZiPro construct. Unbound and bound ZIKV 
NS2-NS3 showed similar dynamics, confirming that both 
are in closed conformation. Residues located in the catalytic 
site presented line broadening, possibly due to conformation 
exchange in the unbound state. Another example that shows the 
contribution of NMR to the NS2B-NS3 protease structure-based 
drug discovery efforts was provided by Mahawaththa et al. [68], 
who characterized the conformational equilibrium between the 
closed and opened conformations of NS2B-NS3 protease free 
and bound to three different inhibitors. 

To exemplify the potential of combined approaches on the 
ZIKV NS2B-NS3 protease inhibitor design, we can mention 
a study carried out by Yan Li et al. [56]. They solved the 
structure of the protease in complex with Acyl-KR-aldehyde, 
a dipeptide inhibitor, using X-ray crystallography (Figure 3F) and 
characterized the conformational equilibrium of the complex 
by using NMR spectroscopy. Moreover, they proved that NMR 
could be used as a high-resolution and fast-carrying technique 
for experimental screening of NS2B-NS3 inhibitor candidates, 
validating their strategy with two other compounds (Acyl-K-
Agmatine and Acyl-KR-COOH) (Figure 3G). 

NS5 protein
NS5 is part of flavivirus RNA replication complex. NS5 is the 
largest protein encoded in the flavivirus genome and is the most 
conserved one among viral proteins. This protein plays a crucial 
role in flavivirus replication and is an important target for drug 
development. Structure of full NS5 proteins of ZIKV, DENV 
3, and JEV were solved by X-ray crystallography [18,69,70,71]. 
Based on structural data and on primary sequence analysis, 
the structure of NS5 can be decomposed in two structural 
and functional domains: a RNA methyltransferase domain 
(MTase domain) in the N-terminal and a RNA-depended RNA 
polymerase domain (RdRp domain) in the C-terminal (Figure 
4A and B). ZIKV NS5 has 70% of primary sequence identity and 
possesses a very similar tertiary structure to JEV NS5. Residues 
263–273 are poorly conserved across flaviviruses and form a 
linker between the catalytic domains of NS5. The alignment 
of MTase domain (residues 1–263) of ZIKV and DENV3 NS5 
showed rms value of 0.664 Å and 0.593 Å with JEV NS5. Using 
the RdRp domain (residues 273–896) the rms was 1.120 Å with 
DENV3 and 0.525 Å with JEV (Figure 4C and D). 
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Figure 3. (A) Schematic domain organization of ZIKV NS3. (B), (C) Unlinked NS2B-NS3 protease complex (bZipPro) in close conformation (PDB ID: 5GPI) 
and NS2B-NS3 protease complex (eZipPro) after cleavage also in close conformation (PDB ID: 5GJ4), respectively. Side chains of catalytic residues H51, D75 and 
S135 are colored in magenta. (C) The processed tetrapeptide TGKR from the linker region is colored in orange. (D) Subdomain organization of NS3 helicase 
(PDB ID: 5JMT). (E) Superposition of crystal structures of NS3 helicase free (grey) (PDB ID: 5JMT) and complexed with single-chain RNA fragment (AGAUC) 
(green) (PDB ID: 5GJB). (F) Crystal structure of NS2B-NS3 protease-dipeptide inhibitor complex (PDB ID: 5MRK). (G) 1H-15N HSQC spectra of NS2B-NS3 
protease bZiPro in the absence and presence of dipeptide inhibitor AcKR-H and structure of the bZiPro- AcKR-H complex adapted from [56].
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Figure 4. (A) Schematic domain organization of ZIKV NS5. (B) Structure of ZIKV NS5 (PDB ID: 5FTR). (C) Superposition of NS5 structures of DENV3 (PDB 
ID: 5CCV) and ZIKV (PDB ID: 5FTR). (D) Superposition of NS5 structures of JEV (PDB ID: 4K6M) and ZIKV (PDB ID: 5FTR). (E) Structure of NS5 Mtase 
complexed with SAM-analogue inhibitor sinefungin (PDB ID: 5MRK).

NS5 MTase domain

The ZIKV NS5 MTase domain (residues 1–263) is involved in 
the viral mRNA cap formation, more precisely, it methylates 
the mRNA cap in different positions, what is essential in viral 
replication and for avoiding virus detection by innate immune 

mechanisms [72]. During mRNA methylation, f lavivirus 
MTase binds to ss-mRNA and to the methyl donor S-adenosyl-
L-methionine (SAM). As NS5 MTase domain displays such 
important function in flavivirus replication, it becomes, along 
with NS5 RdRp domain and NS2B-NS3 protease, an important 
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target for drug discovery against f laviviruses [73]. Many 
high-resolution structures of MTase domain from ZIKV NS5 
protein free or complexed with different substrates, cofactors 
and substrate-analog molecules have been solved by X-ray 
crystallography [17,19,74,75]. As other flavivirus MTases, ZIKV 
MTase has a Rossmann fold with seven β-strands surrounded by 
four α-helices. The sequence identities between the ZIKV NS5 
MTase and those from WNV, JEV, MVEV, DENV and YFV are 
70%, 70%, 69%, 61% and 55%, respectively. The superposition 
of ZIKA NS5 structures bound to guanosine triphosphate, 
GTP, S-Adenosyl-L-homocysteine, SAH, and those of other 
flaviviruses showed nearly identical structures [17]. As the 
flavivirus MTases present high sequence identity, structure 
and high conservation of residues in the binding sites of mRNA 
and SAM, it is likely that a given inhibitor, developed for one 
virus, could be effective against a variety of flavivirus MTases. 

The search for MTase inhibitors is generically focused on 
substrate-analogue candidates. Therefore, X-ray crystallographic-
derived high-resolution structures are fundamental to this 
endeavor. The description of the mRNA and SAM binding 
sites, which are highly conserved among flavivirus MTases, is 
especially relevant. It is worthwhile mentioning four sites or 
residue clusters in ZIKV MTase involved in substrate binding: 

•	 mRNA cap-binding site: K13, L16, N17, M19, F24, K28, S150, 
R213 and S215; 

•	 putative RNA-binding site, a positively charged groove: K41, 
K28, R57 and R84; 

•	 SAM-binding site, where SAM is stabilized mainly by 
hydrogen-bonding and van der Waals interactions: S56, G86, 
W87, K105, H110, D131, V132, D146 and I147; and 

•	 K-D-K-E tetrad from catalytic site: K61, D146, K182 and E218. 

Duan et al. [76] aligned the primary sequence of ZIKV MTase 
to 73 flavivirus sequences and noticed that the most conserved 
residues are those located in the substrate binding sites cited 
above (Figure 4D).

Many flavivirus MTase inhibitors candidates were recently 
discovered. RNA-cap and SAM/SAH analogues are being 
designed as well as compounds that binds to allosteric sites 
[73,77]. Good examples of those studies were presented by Jain et 
al. [75]. They developed a SAM analog compound that intrudes 
the RNA cap-binding site through substitution of the original 
SAM methyl group by a 4-fluorophenyl moiety. Benmansour et 
al. [78] showed that a DENV MTase allosteric inhibitor, designed 
by structure-based approach, was also effective against ZIKV. 
What all these studies, and many others not mentioned here, 
have in common is the usage of a structure-based drug discovery 
approach based on X-ray crystallography together with high 
throughput screening (HTS) techniques, as fluorescence-based 
thermal shift assays [79], isothermal titration calorimetry (ITC) 
[80], surface plasmon resonance (SPR) [81], and computational 
approaches. Up to now, no indication of the NMR assignment 
of ZIKV or other flavivirus MTase was presented. Nevertheless, 

as soon as it is available, NMR spectroscopy could also play a 
major role in structure-based drug discovery of flavivirus MTase 
inhibitors as exemplified in the NS2B-NS3 protease (Figure 3G). 

NS5 RdRp domain

NS5 RdRp domains carry out the de novo RNA synthesis of 
one negative polar-sense RNA from a positive template. The 
negative polar-sense RNA is then used for the synthesis of 
positive polar-sense RNA, that later can either be used for protein 
translation or packed in to form infectious virus particles. DENV 
NS5 can interact with viral NS3 and with several host proteins 
as β-importin [58,82,83,84]. Additionally, NS5 behaves as 
antagonist in host interferon response [76,85]. With this variety 
of functions, NS5 RdRp domain is for sure a very important 
target for structure-based antiviral discovery against ZIKV 
and other flaviviruses. 

Structures of the full ZIKV NS5 and of the NS5 RdRp have 
been recently published [17,71,76,86]. They have provided crucial 
information that allowed the comparison of ZIKV NS5 RdRp to 
those from other flaviviruses. ZIKV RdRp domain is structurally 
conserved among flaviviruses and adopts right-hand-shaped 
structure (Figure 4B). Its structure can be decomposed into 
three subdomains: fingers, residues 321–488 and 542–608; 
thumb, residues 715–903; and PALM, residues 489–541 and 
609–714. The catalytic site is located at the intersection of two 
tunnels between the fingers and thumb domains. As in other 
flavivirus, two aspartic acids of the catalytic sites and two Zn+2 
ions are fundamental for the nucleotidyl transfer catalyze carried 
out by NS5 RdRp. In the ZIKV, these two residues are located 
at positions 535 and 665 and the Zn+2 ions are coordinated by 
residues G439, H443, C448 and C451, of the fingers subdomain, 
and H714, C730, C849, of the thumb subdomain [86]. Another 
important region characterized by crystal structures of ZIKV 
NS5 RdRp is the priming loop, formed by residues V785–
D810, which is responsible for allosteric positioning of the 3’ 
terminal of the RNA template in the catalytic site. The nuclear 
localization region (NLS region), that is composed by βNLS 
(residues 316–367) and α/βNLS (residues 368–415), is also located 
in the NS5 RdRp domain. In DENV NS5 RdRp, this region 
mediates interactions with viral NS3 and with several host 
proteins [58,82,83,84]. Duan et al. [76] compared the ZIKV 
NS5 RdRp sequence with 73 different flaviviral sequences and 
identified that the most conserved regions are the priming loop, 
the RNA tunnel and the Zn2+ pocket sites.

As in the case of MTase domain, NS5 RdRp structure-based 
inhibitor discovery studies, based on X-ray crystallography, have 
provided encouraging results. Traditionally, two sites of flaviviral 
RdRp domain are used as inhibitor candidate targets: RNA 
entry tunnel; and the so called “N pocket”, located in the thumb 
subdomain, close to the enzyme active site [76,87,88,89,90]. Noble 
et al. [89] obtained a high-resolution crystal structure of the 
complex of DENV RdRp with the compound NITD107 that binds 
to RNA template tunnel, avoiding the de novo RNA synthesis, 
and using fragment-based screening via X-ray crystallography, 
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they identified many DENV RdRp inhibitors targeting the “N 
pocket” [88]. Duan et al. [76] found out that almost all residues 
of the “N pocket” of the DENV RdRp are sequentially and 
positionally conserved in ZIKV RdRp structure. These results 
are good examples of the contribution of structure biology of 
flavivirus to the antiviral discovery efforts. 

Conclusion and perspectives 
As ZIKV spread around the world, the structure biology 
community combined efforts to obtain the high-resolution 
structures of ZIKV proteins by using state-of-art methodologies 
such as X-ray crystallography, biomolecular NMR spectroscopy 
(NMR) and cryoelectronic microscopy (CryoEM). In a short 
period of time, these efforts provided important structural 
information of ZIKV proteins. 

CryoEM provided near-atomic resolution structures of mature, 
unmatured, free, and antibody-bound ZIKV, contributing 
immensely to the understanding of ZIKV infection and helping 
to compare ZIKV to other further studied flaviviruses, as DENV. 
A good example of this is the higher stability of ZIKV virus 
particle [33,34], which could be associated with its resistance 
in a variety of environments as found in urine, semen, breast 
milk, and saliva [35,36,37,38]. Something that has not yet been 
characterized by CryoEM is the ZIKV nucleocapsid structure, 
which demands further developments in experimental and data 
treatment methodologies. 

X-ray crystallography was historically the most employed 
technique to characterize virus and viral proteins structures. 
For ZIKV, this is not different. Structure of six out of ten 
viral proteins were already obtained by X-ray crystallography 
(protein E, protein C, NS1, NS2B-NS3, NS3 helicase and NS5). 
This set of structures includes free, substrate-bound, substrate 
analog inhibitor-bound and antibody-bound proteins. Highly 
contributing to structure-based drug discovering and vaccine 
developing against ZIKV. X-ray crystallography is being 
extensively used in fragment-based drug development associated 
to HTS techniques and computational approaches. 

NMR spectroscopy allows structural and dynamical 
characterization of proteins in atomic scale. Example of this 
is the application of NMR spectroscopy to characterize the 
conformational equilibrium of NS2B-NS3 protease, consistently 
direct towards a closed state, by NMR relaxation experiments. 
NMR spectroscopy was also used to map substrate and inhibitor 
candidates binding sites by titration experiments. NMR and 
computational techniques can also play an important role 
in ZIKV protein E conformation epitope identification, as 
carried out by Moraes et al. [52] for DENV. Another important 
contribution of NMR can arise from its capacity to characterize 
very dynamic proteins or flexible regions within proteins, as 
in cases in which X-ray crystallography has some limitations. 

Nowadays, state-of-art experiment techniques for protein 
structure determination as CryoEM, X-ray crystallography 

and NMR spectroscopy are providing complementary 
structural and dynamical information for a great number of 
proteins and macromolecular systems as viruses. Combined 
to other experimental and computational methodologies, 
they are contributing to deepen the understanding of ZIKV 
infection, replication and blockade. Experimental and 
theoretical improvements will, together with new protocols 
for sample production, certainly accelerate the ZIKV structure 
characterization and help to answer important remained questions.

Acknowledgements
We acknowledge Elsevier for providing the license to reuse and 
adapt the content of one of its publications under Elsevier and 
Copyright Clearance Center (license number: 4445600704148). 
We gratefully acknowledge Prof. Dr. Mariana Torquato Quezado 
de Magalhães, from the Department of Biochemistry and 
Immunology of Federal University of Minas Gerais (UFMG), 
for reading and reviewing this manuscript.

Abbreviations
ATP: adenosine triphosphate; CryoEM: cryogenic electron 
microscopy; DENV: dengue virus; DI: domain I of protein E; DII: 
domain II of protein E; DIII: domain III of protein E; ER: endoplasm 
reticulum; Fab: fragment antigen-binding; GTP: guanosine 
triphosphate; HCV: hepatitis C virus; HTS: high throughput 
screening; ITC: isothermal titration calorimetry; JEV: Japanese 
encephalitis virus; KUNV: Kunjin virus; MD: molecular docking; 
MTase: methyltransferase; MVEV: Murray Valley encephalitis 
virus; NMR: nuclear magnetic resonance; NS1: non-structural 
protein 1; NS2: non-structural protein 2; NS3: non-structural 
protein 3; NS4: non-structural protein 4; NS5: non-structural 
protein 5; Protein C: capsid protein C; Protein E: glycoprotein E; 
Protein M: membrane protein M; RC: replication complex; RdRp: 
RNA-depended RNA polymerase; RNA: ribonucleic acid; SAH: 
S-adenosyl-L-homocysteine; SAM: S-adenosyl-L-methionine; 
SAXS: small angle X-ray scattering; scFv: single-chain variable 
fragment; SPR: surface plasmon resonance; WNV: West Nile 
virus; YFV: yellow fever virus; ZIKV: Zika virus.

Availability of data and materials
All data generated or analyzed during this study are included 
in this published article.

Funding
This work was supported by the Brazilian Innovation and 
Research Funding Agency (FINEP – grant MCTI/FINEP/
FNDCT 01/2016/01.16.0050.00), by Brazilian National Council 
for Scientific and Technological Development (CNPq – grants 
303785/2014-4 and 426265/2016-5), and by the Foundation of 
Research Support of the State of Rio de Janeiro (FAPERJ – grant 
202.902/2015). JVATiTD publication is supported by CNPq 

http://www.editoraletra1.com.br


Diagramação e XML SciELO Publishing Schema: www.editoraletra1.com.br | letra1@editoraletra1.com.br

Valente and Moraes   J Venom Anim Toxins incl Trop Dis, 2019, 25:e20190013 Page 12 of 14

through Programa Editorial CNPq/CAPES (chamada n. 26/2017, 
processo n. 440954/2017-7). Therefore, all articles published by 
the journal are in part funded by this grant.

Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
APV reviewed the literature and contributed in writing the 
manuscript. AHM reviewed the literature and was the major 
contributor in writing the manuscript. All authors read and 
approved the final manuscript. 

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

References 
1.	 Ye Q, Liu ZY, Han JF, Jiang T, Li XF, Qin CF. Genomic characterization 

and phylogenetic analysis of Zika virus circulating in the Americas. Infect 
Genet Evol. 2016;43:43-9.

2.	 Jun SR, Wassenaar TM, Wanchai V, Patumcharoenpol P, Nookaew I, 
Ussery DW. Suggested mechanisms for Zika virus causing microcephaly: 
what do the genomes tell us? BMC Bioinformatics. 2017;18(Suppl 14):471.

3.	 Musso D, Roche C, Robin E, Nhan T, Teissier A, Cao-Lormeau VM. Potential 
sexual transmission of Zika virus. Emerg Infect Dis. 2015;21(2):359-61.

4.	 Gregory CJ, Oduyebo T, Brault AC, Brooks JT, Chung KW, Hills S, et al. 
Modes of transmission of Zika virus. J Infect Dis. 2017;216(suppl_10):S875-83.

5.	 Abushouk AI, Negida A, Ahmed H. An updated review of Zika virus. J 
Clin Virol. 2016;84:53-8.

6.	 Rey FA, Stiasny K, Heinz FX. Flavivirus structural heterogeneity: 
implications for cell entry. Curr Opin Virol. 2017;24:132-9.

7.	 Mukhopadhyay S, Kuhn RJ, Rossmann MG. A structural perspective of 
the flavivirus life cycle. Nat Rev Microbiol. 2005;3(1):13-22.

8.	 Zhao H, Fernandez E, Dowd KA, Speer SD, Platt DJ, Gorman MJ, 
et al. Structural basis of Zika virus-specific antibody protection. Cell. 
2016;166(4):1016-27.

9.	 Barba-Spaeth G, Dejnirattisai W, Rouvinski A, Vaney MC, Medits I, 
Sharma A, et al. Structural basis of potent Zika-dengue virus antibody 
cross-neutralization. Nature. 2016;536(7614):48-53.

10.	 Dai L, Song J, Lu X, Deng YQ, Musyoki AM, Cheng H, et al. Structures of 
the Zika virus envelope protein and Its complex with a flavivirus broadly 
protective antibody. Cell Host Microbe. 2016;19(5):696-704.

11.	 Cao X, Li Y, Jin X, Li Y, Guo F, Jin T. Molecular mechanism of divalent-
metal-induced activation of NS3 helicase and insights into Zika virus 
inhibitor design. Nucleic Acids Res. 2016;44(21):10505-14.

12.	 Tian H, Ji X, Yang X, Zhang Z, Lu Z, Yang K, et al. Structural basis of Zika 
virus helicase in recognizing its substrates. Protein Cell. 2016;7(8):562-70.

13.	 Jain R, Coloma J, Garcia-Sastre A, Aggarwal AK. Structure of the NS3 
helicase from Zika virus. Nat Struct Mol Biol. 2016;23(8):752-4.

14.	 Tian H, Ji X, Yang X, Xie W, Yang K, Chen C, et al. The crystal structure 
of Zika virus helicase: basis for antiviral drug design. Protein Cell. 
2016;7(6):450-4.

15.	 Phoo WW, Li Y, Zhang Z, Lee MY, Loh YR, Tan YB, et al. Structure 
of the NS2B-NS3 protease from Zika virus after self-cleavage. Nat 
Commun. 2016;7:13410.

16.	 Lei J, Hansen G, Nitsche C, Klein CD, Zhang L, Hilgenfeld R. Crystal 
structure of Zika virus NS2B-NS3 protease in complex with a boronate 
inhibitor. Science. 2016;353(6298):503-5.

17.	 Zhang C, Feng T, Cheng J, Li YY, Yin X, Zeng W, et al. Structure of the 
NS5 methyltransferase from Zika virus and implications in inhibitor design. 
Biochem Biophys Res Commun. 2016;492(4):624-30.

18.	 Zhao B, Yi G, Du F, Chuang YCY-C, Vaughan RCRC, Sankaran B, et al. 
Structure and function of the Zika virus full-length NS5 protein. Nat 
Commun. 2017;8:14762.

19.	 Coloma J, Jain R, Rajashankar KRR, García-Sastre A, Aggarwal AKK. 
Structures of NS5 methyltransferase from Zika virus. Cell Rep. 
2016;16(12):3097-102.

20.	 Brown WC, Akey DL, Konwerski JR, Tarrasch JT, Skiniotis G, Kuhn RJ, 
et al. Extended surface for membrane association in Zika virus NS1 
structure. Nat Struct Mol Biol. 2016;23(9):1-4.

21.	 Song H, Qi J, Haywood J, Shi Y, Gao GF. Zika virus NS1 structure reveals 
diversity of electrostatic surfaces among flaviviruses. Nat Struct Mol 
Biol. 2016;23(5):1-4.

22.	 Xu X, Song H, Qi J, Liu Y, Wang H, Su C, et al. Contribution of intertwined 
loop to membrane association revealed by Zika virus full-length NS1 
structure. EMBO J. 2016;35(20):2170-8.

23.	 Abad-Zapatero C, Abdel-meguid SS, Johnson JE, Leslie AG, Rayment I, 
Rossmann MG, et al. Structure of southern bean mosaic virus at 2.8 Å 
resolution. Nature. 1980;286(5768):33-9.

24.	 Harrison SC, Olson AJ, Schutt CE, Winkler FK, Bricogne G. Tomato 
bushy stunt virus at 2.9 Å resolution. Nature. 1978;276(5686):368-73.

25.	 Jiang W, Tang L. Atomic cryo-EM structures of viruses. Curr Opin Struct 
Biol. 2017;46:122-9.

26.	 Zhang X, Settembre E, Xu C, Dormitzer PR, Bellamy R, Harrison SC, 
et al. Near-atomic resolution using electron cryomicroscopy and single-
particle reconstruction. Proc Natl Acad Sci U S A. 2008;105(6):1867-72.

27.	 Yu X, Jin L, Zhou ZH. 3.88 Å structure of cytoplasmic polyhedrosis virus 
by cryo-electron microscopy. Nature. 2008;453(7193):415-9.

28.	 Jiang W, Baker ML, Jakana J, Weigele PR, King J, Chiu W. Backbone structure 
of the infectious ε15 virus capsid revealed by electron cryomicroscopy. 
Nature. 2008;451(7182):1130-4.

29.	 Zhang X, Ge P, Yu X, Brannan JM, Bi G, Zhang Q, et al. Cryo-EM structure 
of the mature dengue virus at 3.5-Å resolution. Nat Struct Mol Biol. 
2013;20(1):105-10.

30.	 Sirohi D, Chen Z, Sun L, Klose T, Pierson TC, Rossmann MG, et al. The 3.8 Å 
resolution cryo-EM structure of Zika virus. Science. 2016;352(6284):467-70.

31.	 Kostyuchenko VA, Zhang Q, Tan JL, Ng TS, Lok SM. Immature and mature 
dengue serotype 1 virus structures provide insight into the maturation 
process. J Virol. 2013;87(13):7700-7.

32.	 Pokidysheva E, Zhang Y, Battisti AJ, Bator-Kelly CM, Chipman PR, Xiao 
C, et al. Cryo-EM reconstruction of dengue virus in complex with the 
carbohydrate recognition domain of DC-SIGN. Cell. 2006;124(3):485-93.

33.	 Zhang X, Sheng J, Plevka P, Kuhn RJ, Diamond MS, Rossmann MG. Dengue 
structure differs at the temperatures of its human and mosquito hosts. 
Proc Natl Acad Sci U S A. 2013;110(17):6795-9.

34.	 Kostyuchenko VA, Lim EXY, Zhang S, Fibriansah G, Ng TS, Ooi JSG, et al. 
Structure of the thermally stable Zika virus. Nature. 2016;533(7603):425-8.

35.	 Mansuy JM, Dutertre M, Mengelle C, Fourcade C, Marchou B, Delobel 
P, et al. Zika virus: high infectious viral load in semen, a new sexually 
transmitted pathogen? Lancet Infect Dis. 2016;16(4):405.

36.	 Barzon L, Pacenti M, Berto A, Sinigaglia A, Franchin E, Lavezzo E, et al. 
Isolation of infectious Zika virus from saliva and prolonged viral RNA 
shedding in a traveller returning from the Dominican Republic to Italy, 
January 2016. Euro Surveill. 2016;21(10):30159.

37.	 Gourinat AC, O’Connor O, Calvez E, Goarant C, Dupont-Rouzeyrol 
M. Detection of Zika Virus in Urine. Emerg Infect Dis. 2015;21(1):84-6.

38.	 Colt S, Garcia-Casal MN, Peña-Rosas JP, Finkelstein JL, Rayco-Solon P, 
Weise Prinzo ZC, et al. Transmission of Zika virus through breast milk 
and other breastfeeding-related bodily-fluids: A systematic review. PLoS 
Negl Trop Dis. 2017;11(4):e0005528.

http://www.editoraletra1.com.br


Diagramação e XML SciELO Publishing Schema: www.editoraletra1.com.br | letra1@editoraletra1.com.br

Valente and Moraes   J Venom Anim Toxins incl Trop Dis, 2019, 25:e20190013 Page 13 of 14

39.	 Zhang Y, Kostyuchenko VA, Rossmann MG. Structural analysis of 
viral nucleocapsids by subtraction of partial projections. J Struct Biol. 
2007;157(2):356-64.

40.	 Modis Y, Ogata S, Clements D, Harrison SC. Structure of the dengue virus 
envelope protein after membrane fusion. Nature. 2004;427(6972):313-9.

41.	 Zhang Y, Zhang W, Ogata S, Clements D, Strauss JH, Baker TS, et 
al. Conformational changes of the flavivirus E glycoprotein. Structure. 
2004;12(9):1607-18.

42.	 Cruz-Oliveira C, Freire JM, Conceição TM, Higa LM, Castanho MARB, 
Da Poian AT. Receptors and routes of dengue virus entry into the host 
cells. FEMS Microbiol Rev. 2015;39(2):155-70.

43.	 Kozlovskaya LI, Osolodkin DI, Shevtsova AS, Romanova LI, Rogova YV, 
Dzhivanian TI, et al. GAG-binding variants of tick-borne encephalitis 
virus. Virology. 2010;398(2):262-72.

44.	 Chen HL, Her SY, Huang KC, Cheng HT, Wu CW, Wu SC, et al. 
Identification of a heparin binding peptide from the Japanese encephalitis 
virus envelope protein. Biopolymers. 2010;94(3):331-8.

45.	 Su CM, Liao CL, Lee YL, Lin YL. Highly sulfated forms of heparin 
sulfate are involved in japanese encephalitis virus infection. Virology. 
2001;286(1):206-15.

46.	 Watterson D, Kobe B, Young PR. Residues in domain III of the dengue 
virus envelope glycoprotein involved in cell-surface glycosaminoglycan 
binding. J Gen Virol. 2012;93(Pt 1):72-82.

47.	 Wang J, Bardelli M, Espinosa DA, Pedotti M, Ng TS, Bianchi S, et al. 
A human bi-specific antibody against Zika virus with high therapeutic 
potential. Cell. 2017;71(1):229-41.

48.	 Bardelli M, Livoti E, Simonelli L, Pedotti M, Moraes A, Valente APP, et 
al. Epitope mapping by solution NMR spectroscopy. J Mol Recognit. 
2015;28(6):393-400. 

49.	 Pedotti M, Simonelli L, Livoti E, Varani L. Computational docking of 
antibody-antigen complexes, opportunities and pitfalls illustrated by 
influenza hemagglutinin. Int J Mol Sci. 2011;12(1):226-51.

50.	 Simonelli L, Pedotti M, Beltramello M, Livoti E, Calzolai L, Sallusto 
F, et al. Rational engineering of a human anti-dengue antibody 
through experimentally validated computational docking. PLoS One. 
2013;8(2):e55561.

51.	 Asam C, Batista ALL, Moraes AHH, de Paula VSS, Almeida FC, Aglas L, et 
al. Bet v 1--a Trojan horse for small ligands boosting allergic sensitization? 
Clin Exp Allergy. 2014;44(8):1083-93. 

52.	 Moraes AH, Simonelli L, Pedotti M, Almeida FCL, Varani L, Valente AP. 
Antibody binding modulates conformational exchange in domain III of 
dengue virus E protein. J Virol. 2016;90(4):1802-11. 

53.	 Gutsche I, Coulibaly F, Voss JE, Salmon J, d’Alayer J, Ermonval M, et 
al. Secreted dengue virus nonstructural protein NS1 is an atypical 
barrel-shaped high-density lipoprotein. Proc Natl Acad Sci U S A. 
2011;108(19):8003-8

54.	 Scaturro P, Cortese M, Chatel-Chaix L, Fischl W, Bartenschlager R. 
Dengue virus non-structural protein 1 modulates infectious particle 
production via interaction with the structural proteins. PLoS Pathog. 
2015;11(11):e1005277.

55.	 Watterson D, Modhiran N, Young PR. The many faces of the flavivirus 
NS1 protein offer a multitude of options for inhibitor design. Antiviral 
Res. 2016;130:7-18.

56.	 Li Y, Zhang Z, Phoo WW, Loh YR, Wang W, Liu S, et al. Structural 
dynamics of Zika virus NS2B-NS3 protease binding to dipeptide inhibitors. 
Structure. 2017;25(8):1242-50.

57.	 Luo D, Vasudevan SG, Lescar J. The flavivirus NS2B-NS3 protease-helicase 
as a target for antiviral drug development. Antiviral Res. 2015;118:148-58.

58.	 Tay MYF, Saw WG, Zhao Y, Chan KWK, Singh D, Chong Y, et al. The 
C-terminal 50 amino acid residues of dengue NS3 protein are important for 
NS3-NS5 interaction and viral replication. J Biol Chem. 2015;290(4):2379-94.

59.	 Xu T, Sampath A, Chao A, Wen D, Nanao M, Chene P, et al. Structure 
of the dengue virus helicase/nucleoside triphosphatase catalytic domain 
at a resolution of 2.4 A. J Virol. 2005;79(16):10278-88.

60.	 Luo D, Xu T, Watson RP, Scherer-Becker D, Sampath A, Jahnke W, et 
al. Insights into RNA unwinding and ATP hydrolysis by the flavivirus NS3 
protein. EMBO J. 2008;27(23):3209-19.

61.	 Yamashita T, Unno H, Mori Y, Tani H, Moriishi K, Takamizawa A, et al. 
Crystal structure of the catalytic domain of Japanese encephalitis virus 
NS3 helicase/nucleoside triphosphatase at a resolution of 1.8 A. Virology. 
2008;373(2):426-36.

62.	 Mastrangelo E, Milani M, Bollati M, Selisko B, Peyrane F, Pandini V, et 
al. Crystal structure and activity of Kunjin virus NS3 helicase; protease 
and helicase domain assembly in the full length NS3 protein. J Mol Biol. 
2007;372(2):444-55.

63.	 Assenberg R, Mastrangelo E, Walter TS, Verma A, Milani M, Owens RJ, 
et al. Crystal structure of a novel conformational state of the Flavivirus 
NS3 protein: implications for polyprotein processing and viral replication. 
J Virol. 2009;83(24):12895-906.

64.	 Wu J, Bera AK, Kuhn RJ, Smith JL. Structure of the Flavivirus helicase: 
implications for catalytic activity, protein interactions, and proteolytic 
processing. J Virol. 2005;79(16):10268-77.

65.	 Zhang Z, Li Y, Loh YR, Phoo WW, Hung AW, Kang C, et al. Crystal 
structure of unlinked NS2B-NS3 protease from Zika virus. Science]. 
2016;354(6319):1597-600.

66.	 Leung D, Schroder K, White H, Fang N-X, Stoermer MJ, Abbenante G, et 
al. Activity of recombinant dengue 2 virus NS3 protease in the presence 
of a truncated NS2B co-factos, small peptide substrates, and inhibitors. 
J Biol Chem. 2001;276(49):45762-71.

67.	 Lima MCP, Seabra GM. Reaction mechanism of the dengue virus serine 
protease: a QM/MM study. Phys Chem Chem Phys. 2016;18(44):30288-96.

68.	 Mahawaththa MC, Pearce BJG, Szabo M, Graham B, Klein CD, Nitsche 
C, et al. Solution conformations of a linked construct of the Zika virus 
NS2B-NS3 protease. Antiviral Res. 2017;142:141-7.

69.	 Zhao Y, Soh TS, Lim SP, Chung KY, Swaminathan K, Vasudevan SG, et 
al. Molecular basis for specific viral RNA recognition and 2’-O-ribose 
methylation by the dengue virus nonstructural protein 5 (NS5). Proc 
Natl Acad Sci U S A. 2015;112(48):14834-9.

70.	 Lu G, Gong P. Crystal Structure of the full-length Japanese encephalitis 
virus NS5 reveals a conserved methyltransferase-polymerase interface. 
PLoS Pathog. 2013;9(8):e1003549.

71.	 Upadhyay AK, Cyr M, Longenecker K, Tripathi R, Sun C, Kempf DJ. Crystal 
structure of full-length Zika virus NS5 protein reveals a conformation 
similar to Japanese encephalitis virus NS5. Acta Crystallogr F Struct Biol 
Commun. 2017;73(Pt 3):116-22.

72.	 Dong H, Fink K, Züst R, Lim SP, Qin C-F, Shi P-Y. Flavivirus RNA 
methylation. J Gen Virol. 2014;95(Pt 4):763-78.

73.	 Brecher M, Chen H, Liu B, Banavali NK, Jones SA, Zhang J, et al. Novel 
broad spectrum inhibitors targeting the Flavivirus methyltransferase. 
PLoS One. 2015;10(6):e0130062.

74.	 Coutard B, Barral K, Lichière J, Selisko B, Martin B, Aouadi W, et al. 
Zika virus methyltransferase: structure and functions for drug design 
perspectives. J Virol. 2017;91(5):e02202-16.

75.	 Jain R, Butler KV, Coloma J, Jin J, Aggarwal AK. Development of a 
S-adenosylmethionine analog that intrudes the RNA-cap binding site of 
Zika methyltransferase. Sci Rep. 2017;7(1):1632.

76.	 Duan W, Song H, Wang H, Chai Y, Su C, Qi J, et al. The crystal structure of 
Zika virus NS5 reveals conserved drug targets. EMBO J. 2017;36(7):919-33.

77.	 Lim SP, Noble CG, Shi PY. The dengue virus NS5 protein as a target for 
drug discovery. Antiviral Res. 2015;119:57-67.

78.	 Benmansour F, Trist I, Coutard B, Decroly E, Querat G, Brancale A, 
et al. Discovery of novel dengue virus NS5 methyltransferase non-
nucleoside inhibitors by fragment-based drug design. Eur J Med Chem. 
2017;125:865-80.

79.	 Lo MC, Aulabaugh A, Jin G, Cowling R, Bard J, Malamas M, et al. Evaluation 
of fluorescence-based thermal shift assays for hit identification in drug 
discovery. Anal Biochem. 2004;332(1):153-9.

80.	 Linkuvienė V, Krainer G, Chen W-Y, Matulis D. Isothermal titration 
calorimetry for drug design: Precision of the enthalpy and binding constant 
measurements and comparison of the instruments. Anal Biochem. 
2016;515:61-4.

81.	 Neumann T, Junker H-D, Schmidt K, Sekul R. SPR-based fragment screening: 
advantages and applications. Curr Top Med Chem. 2007;7(16):1630-42.

http://www.editoraletra1.com.br


Diagramação e XML SciELO Publishing Schema: www.editoraletra1.com.br | letra1@editoraletra1.com.br

Valente and Moraes   J Venom Anim Toxins incl Trop Dis, 2019, 25:e20190013 Page 14 of 14

82.	 Yap TL, Xu T, Chen YL, Malet H, Egloff M-P, Canard B, et al. Crystal 
structure of the dengue virus RNA-dependent RNA polymerase catalytic 
domain at 1.85-angstrom resolution. J Virol. 2007;81(9):4753-65.

83.	 Ashour J, Laurent-Rolle M, Shi PY, Garcia-Sastre A. NS5 of dengue virus 
mediates STAT2 binding and degradation. J Virol. 2009;83(11):5408-18.

84.	 Best SM. The many faces of the flavivirus NS5 protein in antagonism of 
type I interferon signaling. J Virol. 2016:JVI.01970-16.

85.	 Grant A, Ponia SS, Tripathi S, Balasubramaniam V, Miorin L, Sourisseau 
M, et al. Zika virus targets human STAT2 to inhibit type I interferon 
signaling. Cell Host Microbe. 2016;19(6):882-90.

86.	 Godoy AS, Lima GMA, Oliveira KIZ, Torres NU, Maluf FV, Guido RVC, et 
al. Crystal structure of Zika virus NS5 RNA-dependent RNA polymerase. 
Nat Commun. 2017;8:14764.

87.	 Lim SP, Noble CG, Seh CC, Soh TS, El Sahili A, Chan GKY, et al. Potent 
allosteric dengue virus NS5 polymerase inhibitors: mechanism of action 
and resistance profiling. PLoS Pathog. 2016;12(8):e1005737.

88.	 Noble CG, Lim SP, Arora R, Yokokawa F, Nilar S, Seh CC, et al. A 
conserved pocket in the dengue virus polymerase identified through 
fragment-based screening. J Biol Chem. 2016;291(16):8541-8.

89.	 Noble CG, Lim SP, Chen YL, Liew CW, Yap L, Lescar J, et al. Conformational 
flexibility of the dengue virus RNA-dependent RNA polymerase revealed 
by a complex with an inhibitor. J Virol. 2013;87(9):5291-5.

90.	 Yokokawa F, Nilar S, Noble CG, Lim SP, Rao R, Tania S, et al. Discovery 
of potent non-nucleoside inhibitors of dengue viral RNA-dependent RNA 
polymerase from a fragment hit using structure-based drug design. J Med 
Chem. 2016;59(8):3935-52.

http://www.editoraletra1.com.br



