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Abstract

Since the beginning of the century, viral infection has become a widespread problem to public health globally.
Recently, the latest newcomer of the Flaviviridae family, the Zika virus, has emerged as a potential global threat
to human health. Due to lack of sufficient data at present, Zika infection has become a major cause of Zika fever,
central nervous system malformations such as microcephaly, severe neuroimmunopathology, fetal abnormalities,
and recently Guillain-Barre syndrome. The lack of genomic as well as proteomic information keeps the Zika virus
under examination by a multitude of researchers. The rapid increase in Zika viral infections has been classified as
a public health emergency by the World Health Organization. Neither preventive antiviral drugs nor effective vac-
cines are available on the market for combating Zika infection. Urgent innovative research is necessary to facilitate
the development of protective and fruitful therapeutic agents, to improve lifespan of individuals throughout the
world. Thus, we present this review to summarize the current research findings for Zika viral infection and to high-
light the importance of computational drug discovery in the development of potent antiviral inhibitors against
the Zika virus. We also anticipate that the information in this review will present a valuable opportunity for the

prediction of efficient novel therapeutic remedies for controlling Zika.

Introduction

In 1947, Zika virus (ZIKV) was detected in the serum of a febrile
sentinel rhesus monkey, found near the Zika forest in Uganda.
Since then, the name of “Zika virus” has been kept on the basis of
the primary location of its isolation region.! ZIKV is now classi-
fied as an emerging arbovirus (arthropod-borne virus) belonging
to the Flaviviruses genus within the Flaviviridae family. and car-
rying a single-stranded positive-sense RNA. In addition to ZIKYV,
the Flaviviruses include dengue virus, yellow fever virus, St. Louis
encephalitis virus, West Nile virus, Japanese encephalitis virus and
tick-borne encephalitis virus.
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ZIKV spreads mainly via infected mosquitoes, like the Aedes
aegypti or the Aedes albopictus species, which are known to be
associated with other disorders such as central nervous system
malformations and Guillain-Barre syndrome, and generally cause
fever, sweating, rashes, vomiting, and pains in muscles and the
back of the eyes. The World Health Organization (WHO) declared
ZIKV as a Public Health Emergency of International Concern in
February 2016, due to the severity of ZIKV infections throughout
the world. Based on WHO reports, more than 84 countries in the
world provided evidence of ZIKA viral infections between April
of 2007 and March of 2017. However, the future status of ZIKV
distribution to the other regions of the world remains a mystery.23

Owing to the limited knowledge of ZIKV’s genomic, proteom-
ic and molecular mechanisms, neither potent drugs nor effective
vaccines are presently available on the market. Thus, the present
scenario has manifested a higher demand for safe and effective
therapeutics to control the effects of ZIKV infection and to im-
prove the quality of life and lifespan of individuals suffering with
ZIKV infection. Developing a novel drug, from laboratory to mar-
ket, takes time as well as money. Computational drug discovery
(CDD) may help to identify a new antiviral therapeutic within less
time and with less cost.

CDD is the most prominent approach currently used to search
for novel drug candidates on a large scale, and it can be further
implemented and optimized by inclusion of experimental and in
vivo studies to validate the identified drug molecule against the
targeted diseases.* Thus, this review presents the cutting edge
knowledge related to ZIKV and its biological targets, and includes
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Table 1. Historical review of the rise of ZIKV!2-14
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Key Events Year
First confirmation of ZIKV in a rhesus monkey near the Zika forest of Uganda 1947
Recognition of a virus in the mosquito Aedes africanus in the Zika forest 1948
Serological evidence from the first human; detection of Zika antibodies in parts of Uganda and the United Republic of 1951

Tanzania

ZIKV identification in various countries, such as Central African Republic, Sierra Leone, Egypt, Tanzania, Gabon, Angola,
Liberia, Ivory Coast, Philippines, Malaysia, India, Pakistan, Thailand, Indonesia, Vietnam and Kenya

First major occurrence of Zika in humans in Yap Islands, Micronesia
In Senegal, first case of sexual contact reported

Identification of Zika infection in other locations, such as Cameroon, Maldives, Philippines and Thailand; the research
community explains the lineages of African and Asian Zika viruses

The second outbreak of Zika is independently detected in French Polynesia, following in the Cook Islands, Chile and
New Caledonia

15 May, the Ministry of Health confirms the presence and rapid circulation of ZIKV in Brazil and the Americas; at the
end of December, local transmission of infection is reported in more than 45 countries, including Aruba, Bonaire,
Cape Verde, Colombia, Curacao, Cost Rica, Dominican Republic, French Guyana, Guatemala, Haiti, Jamaica, Mexico,
Paraguay, Samoa, Saint Martin, Suriname, Tonga and Venezuela; according to reports, outbreaks of ZIKV are also
detected in some European countries, such as Denmark, Germany, Italy, France, The Netherlands, Spain, Switzerland,
United Kingdom and Sweden

February, the World Health Organization declares the ZIKV outbreak to be a Public Health Emergency of International
Concern; March, Bangladesh’s Health Ministry confirms the first case of Zika infection; Singapore’s Ministry of Health
and National Environment Agency announces a total of 90 cases of locally-transmitted ZIKV infection

May, the Ministry of Health and Family Welfare, Government of India has evidence of ZIKV outbreak in Ahmedabad,

1952 to 1984

2007
2008
2010 to 2012

2013 to 2014

2015

2016

2017

Gujarat

Abbreviation: ZIKV, Zika virus.

discussion on the significance of CDD for designing and develop-
ing anti-ZIKV therapeutic agents.

Search and selection criteria for ZIKV therapeutic agent can-
didates

The general approach taken for searching and selection of data for
this review was based upon the keywords of “Zika virus”, “Zika
viral infection”, “Zika forest”, “ZIKV genome”, “Zika outbreak”,
“ZIKV drug targets”, “ZIKV inhibitors” and “computational drug
discovery” using Google search engine, NCBI-PubMed, and
standard scientific journals. We retrieved all selected articles, re-
views and other literature in peer-reviewed journals. This strategy
provided beneficial information about ZIKV, including its func-
tional proteins and the exact role of CDD in the development of
anti-ZIKV inhibitors.

Worldwide outbreak

The first conformation of Zika occurred in a simian near the Zika
forest of Entebbe, at the side of Lake Victoria in Uganda in 1947.
Subsequently, the first case of human infection was found in Ni-
geria, in the year of 1954. Later on, epidemic outbreaks of Zika
infections were reported in various countries, such as Central
African Republic, Sierra Leone, Egypt, Tanzania, Gabon, Philip-
pines, Malaysia, India, Pakistan, Thailand, Indonesia, Vietnam and
Kenya between the years of 1954 to 1983. The first major out-
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break occurred in Yap Island, Micronesia in 2007. Soon after, in
2008, Senegal suffered a remarkable outbreak. From October 2013
to January 2014, the second major outbreak of Zika infection oc-
curred in French Polynesia, followed by outbreaks in the Cook
Islands, Chile and New Caledonia.

In the beginning of 2015, Zika infection was reported near the
Solomon Islands, and that same year a massive outbreak occurred
in Brazil and America, which were confirmed by the Ministry of
Health on May 15, 2015. Finally, at the end of December 2015, local
transmission of infection was reported in more than 45 countries, in-
cluding Aruba, Bonaire, Cape Verde, Colombia, Curacao, Cost Rica,
Dominican Republic, French Guyana, Guatemala, Haiti, Jamaica,
Mexico, Paraguay, Samoa, Saint Martin, Suriname, Tonga and Ven-
ezuela, along with some European countries, like Denmark, Ger-
many, Italy, France, The Netherlands, Spain, Switzerland, United
Kingdom and Sweden. Recently, the Ministry of Health and Family
Welfare of the Government of India has also reported evidence of
ZIKV outbreak in Ahmedabad, Gujarat in May 2017.1:27-11 Rapid
increase in ZIKV infections are expected to come, with a greater
number of cases anticipated in the near future. Before this happens,
however, the scientific research community should come forward
with an essential therapeutic agent to treat ZIKV infections.

A historical overview of ZIKV distribution across the globe is
presented in Table 1.12-14

Transmission

It is believed that Zika infection has quickly spread all over the
world in the relatively short period of time since its discovery.
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Fig. 1. Schematic representation of the ZIKV genome.

Generally, the primary host of ZIKV is humans. Like other dis-
eases, such as Dengue and Chikungunya, the culprit for spread of
ZIKV has been identified as an infected Aedes species mosquito’s
bite, which is now considered the main cause of transmission. Two
subspecies of the Aedes mosquito, 4. aegypti and A. albopictus, are
reported to be major competent vectors for Zika infections.

Asia, Africa, America and Europe, including northern Austria,
France, Germany and Spain, are the major regions for transmis-
sion, concerning both the 4. aegypti and A. albopictus species.
Other than A. aegypti and A. albopictus, various species of Aedes
like A. taylori A. africanus, A. furcifer, A. vittatus, A. polynesiensis,
A. dalzieli, A. hirsutus and A. metallicus have been identified as
other sources of the viral transmission. Generally, humans serve
as the primary host for the sylvatic transmission cycle of ZIKV,
through direct contact (sex), mother to child, blood transfusion or
in some cases through healthcare or laboratory practices. Addition-
ally, the possible reservoirs can be wild animals, including non-pri-
mates and vertebrate species, who transmit through bites. From the
reported research, it has been suggested that saliva is considered
as one of the transmission vectors, having even higher frequency
than blood. Hence, the evidence has thus far suggested these major
reservoirs for the transmission of ZIKV infection globally.!3-7-15-19

Structural genome of ZIKV

ZIKV belongs to the mosquito-borne Flaviviruses family. The first
full-length genome of ZIKV was obtained from an African proto-
type strain named “MR 766, which had come from the sentinel
monkey and was announced in the year of 2007.2° The genome
organization of ZIKV consists of a single-stranded positive-sense
RNA with 10,794 bases making up a single long open reading
frame flanked by two untranslated regions (UTRs; the 5" UTR and
the 3' UTR). The open reading frame encodes for a polyprotein of
3,423 amino acids, with three structural proteins (the capsid (C),
precursor membrane (prM) and envelope (E)) and non-structural
proteins (NSs).

The ZIKV genome has the following order for these encoded
proteins: 5'-C-prM-E-NS1-NS2A-NS2B-NS3-NS4A-NS4B-
NS5-3"21-24 The 3’ terminus forms a loop structure, and the 5’
terminus has a methylated nucleotide cap which allows for cel-
lular translation. The essential functions of genome cyclization
and stabilization are carried out by the UTRs (5" and 3’ terminal
regions) in Flaviviruses, which contain evolutionarily conserved
sequences (CSs). Older research has reported that the CSs (CS1,
CS2 and CS3) may also play significant roles in the ZIKV genome
of MR766, in particular. But, the organization of the CSs differs
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among the various Flaviviruses. ">
Generally, the virion structure of Zika is 40 nm in diameter and
in a spherical shape. It contains an enveloped proteins (E and M),
nucleocapsids (within 25-30 nm in diameter, and surrounded by a
host membrane-derived lipid bilayer), and non-segment regions.
The surface proteins are organized in icosahedral-like symme-
try.12#-26 The entire genomic structural view has been reproduced
from the available information and is shown in Figure 1.%2¢ The
available information on the ZIKV genome may be helpful in pro-
viding a detailed knowledge about the druggable targets in Zika,
helping with the development of future therapeutic agents (drug
or vaccine).

Role of structural proteins and NS proteins

The structural proteins and NS proteins have multi-transmembrane
domains, which allows ZIKV to play an essential role in capsid
formation, replication and assembly of the virus in the host. The

importance of all these proteins, individually, is described be-
low,.20:26-41

C protein

The C protein associates with genomic RNA and is made up of 11
kDa. It functions in viral capsid formation to build a core of the
mature virus particle.

E protein

The largest envelope glycoprotein (E protein, [153 kDa) is the
main virion surface protein and is involved in host cell binding,
membrane fusion, penetration and hemagglutination during the
viral replication cycle. A total of 180 E proteins comprise the ico-
sahedral shell of the virion and represent one of the prime targets
of neutralizing antibodies.

prM protein

Next is the structural protein prM (8 kDa). This protein first pre-
sents in an immature form, but a cellular furin-like protease en-
zyme positioned in the trans-Golgi cleaves it into pr peptide and
M proteins, and releases mature virions from the cell. This protein
forms heterodimers in complex with E protein and provides pro-
tections to E from degradation during assembly of virions.

The NS proteins play key roles during the replication cycle, as
well as in the host immune response. The NS1, NS3 and NS5 pro-
teins are highly conserved and large in form, whereas the NS2A,
NS2B, NS4A, and NS4B proteins are hydrophobic and very small
in form, and may be associated with membranes.

NS1 protein

The glycosylated protein NSI is 46 kDa, with 12 conserved
cysteine amino acid residues, and it has a major responsibility in
viral replication. It connects with the host cell membrane using
glycolipid and forms a homodimer inside the cell. The specific mu-
tations by Asn130 and Asn207 in glycosylation disturbs replication
and production of the virus. NS1 is necessary to begin the synthe-
sis process of the viral RNA genome. The well-developed molecu-
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lar mechanisms of the NS1 protein in the Dengue virus could be
helpful to understand the structural features of NS1 in ZIKV.

NS2A4 and NS2B proteins

NS2A and NS2B are membrane associated proteins of 22 kDa and
14 kDa, respectively, and centered between hydrophobic regions.
However, these proteins are not fully described and no specific
function has been identified for either. They also do not have any
enzymatic motifs identified. NS2A interacts with NS3 and NS5,
while NS2B interacts with the C-terminal protease domain of
NS3. These interactions could be helpful in the packaging and
replication of RNA, and in the cleavage processes of the viral
proteins.

NS3 protein

NS3 is a multifunctional domain protein of 70 kDa, and plays a
central role in the capping and replication processes of ZIKV. The
N terminal of NS3 harbors protease activity, whereas the C ter-
minal harbors poly(A)-inhibited RNA triphosphatase (known as
the RTPase) activity and RNA helicase activity, as well as Mg?*-
inhibited activity. Activities of the NS3 protease and NS3 RNA
helicase are reported to be central to viral replication and survival
of the ZIKV; thus, both could be drug targets for novel antiviral
inhibitors against the viral infection.

NS4A and NS4B proteins

Like NS2A and NS2B, NS4A and NS4B are also small, hydro-
phobic and membrane-associated proteins, being 16 kDa and 27
kDa, respectively. The NS4A protein helps in localization of the
replication complex to the membrane, regulation of membrane
proliferation, and polyprotein processing; whereas, NS4B plays a
significant role in viral replication, along with the NS3 protein.

NS5 protein

NS5 is the largest and most highly conserved protein (103 kDa)
in the ZIKV genome. It is composed of two essential domains,
known as the N-terminal methyltransferase (MTase) domain and
the C-terminal RNA-dependent RNA polymerase (RDRP). Here,
the N-terminal MTase helps in charging the RNA capping modi-
fication and in inhibition of the host innate immune response;
meanwhile, the C-terminal RDRP supports the viral RNA synthe-
sis. NS5 interactions with NS3 help in nuclear localization of the
virus. Recently, the cocrystalized structure of MTase was reported
in complex with S-adenosylmethionine (PDB: SKQR). Thus, NS5
could be a favorable drug target for discovering new inhibitors that
will combat Zika infection in the near future.

Zika as a drug target

Most of the Flaviviruses are pathogenic viruses, causing different
viral infections in humans worldwide. Recently, ZIKV has emerged
as a newcomer to public health concern, eliciting lethal worries. In
comparison with dengue virus and West Nile virus, ZIKV presents
the highest possibility to provide mechanistic insights for novel
drug discovery. With the aid of various computational and ex-
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Fig. 2. Approaches of computational drug discovery.

perimental analyses, it is possible to approve an effective drug or
therapeutic agents which could interfere with viral proteins to treat
the infected patient.*>45 Thus, ZIKV represents the latest drug-
gable target in drug discovery. To date, no drug or vaccine have
been established for treating Zika infections, but there is hope for
the best, with either or both becoming available at the same time to
slow down the Zika threat.

Importance of CDD

Discovering an innovative drug or vaccine to a specific target is
one of the greatest tasks in the field of medicine. The main objec-
tives of drug discovery are to first recognize a novel drug mol-
ecule and then process the lead discovery of definite candidates,
followed by various experimental studies, like pre-clinical and in
vivo. 4648 Therefore, introducing a drug into the market is one of
the most time consuming (taking 10—15 years) and costliest (US
$500-1,000 million) endeavors of drug discovery. Many factors
can be responsible for failure in the early or later stages of this
endeavor, for example poor pharmacological properties, side ef-
fects or lack of effectiveness. Consequently, it is advantageous to
use computational approaches to facilitate the discovery of novel
drug candidates within a short period of time and without spending
much money before proceeding onto experimental clinical trials.

The reported compounds in drug discovery that have been iden-
tified using computational approaches offer an excellent platform
toward the prediction of therapeutic agents.**-5? Thus, the current
scenario of CDD is aimed at a special contribution for the develop-
ment of novel inhibitors in a very short period. CDD has already
had tremendous impact on the understanding of medicinal science.
CDD approaches have yielded excellent and speedy responses in
different stages of antiviral drug discovery, and have helped in
analyses of the biological as well as the medical data. As such,
these methods have become an integral part of medicinal drug
discovery and are believed to be complimentary to experimental
studies.53-55

Herein, we have presented the idea of CDD approaches playing
a role in the discovery of antiviral inhibitors for ZIKV. To date,
there are no approved specific drugs or vaccines to fight against
Zika infection. The major studies on biological targets of ZIKV
(prM, E and NS) and their biological mechanisms using com-
putational approaches, such as homology modelling, molecular
docking, high-throughput virtual screening, in silico absorption,
distribution, metabolism and excretion predictions, and molecu-
lar dynamics simulation may provide an opportunity to lead the
drug discovery process.>*58 The general concept of CDD meth-
ods is shown in Figure 2, and a list of all computational software
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Table 2. Computational software and databases used in drug discovery>®-73
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Computational Approach Software or Server Name

Remarks

Modeller, SWISS-MODEL

AutoDock Vina,
Schrodinger Suite

Homology or molecular modeling

Molecular docking & virtual
screening

Chemical libraries Chembridge, Drug Bank,

Lifechemicals, Maybridge, Zinc

ADME/T Swiss ADME, admetSAR

Molecular dynamics simulation Amber, Desmond, Gromacs

QSAR Schrodinger Suite
MMGBSA Schrodinger Suite

De novo drug design e-LEAD3D

Helps in prediction of protein structure

Docking is utilized for the receptor-ligand interaction and screening
helps in searching for a new compound candidate aimed towards
the specific biological target

Collection of chemical compounds for use in screening

For the prediction of pharmacokinetics and drug likeness properties
of chemical compounds

For obtaining the dynamic behavior and stability of a biomolecular
system

Shows the structural descriptors of a compound
To compute binding free energy

Designing new-fangled from the beginning

Abbreviations: ADME/T, absorption, distribution, metabolism, excretion and toxicity; QSAR, quantitative structure—activity relationship.

available for drug discovery, including databases, is given in Table
2.59—73

Homology modeling is a well-defined process for generat-
ing the structural properties of a biological target.”* Ekins and
colleagues modeled all 15 proteins of ZIKV (NS5, FtsJ, NS4B,
NS4A, HELICc, DEXDc, peptidase S7, NS2B, NS2A, NS1, E
stem, glycoprotein M, propeptide, capsid and glycoprotein E) us-
ing homology modeling methodology,” providing a detailed struc-
tural knowledge of ZIKV for further understanding of its genomic,
proteomic and molecular mechanisms to aid in the development of
drug discovery. Molecular docking is a versatile approach in drug
discovery, and could provide an informational, accruable geometry
and stable interaction of the ligand within the targeted protein. A
challenging task of finding a novel drug candidate can be over-
come by high-throughput virtual screening, which may be helpful
in screening of large chemical libraries based on the structural and
ligand information. At present, many of molecules have been iden-
tified using molecular docking and a virtual screening process for
the NS proteins of ZIKV.

Many drugs may fail in the early or later stages of drug de-
velopment, due to poor pharmacokinetics and toxicity, with high
cost to the industries. Thus, the in silico absorption, distribution,
metabolism, excretion and toxicity properties’ prediction method
can be utilized to find a successful drug without facing any issues
during experimental studies. In drug discovery, molecular dynam-
ics simulation can be used to investigate the internal interactions
of protein-ligand complexes and to access the dynamic behavior
with conformational changes under a physiological environment.
A few more computational approaches, like quantitative structure—
activity relationship (QSAR), MMGBSA and de novo drug design
can be very useful in current drug discovery of ZIKV inhibitors.
QSAR may represent the relations of structural descriptor proper-
ties (electronic, hydrophobic, steric and topologic) of a compound
with biological activity. MMGBSA is valuable for computing the
relative binding free energy for improving the docking score in a
biomolecular system. De novo drug design, which means “from
new or fresh fangled” in the Latin language, allows for process-
ing the new-fangled with desired pharmacological properties from
the beginning.”-%3 Based on informative knowledge, we suggest
that the competing drug discovery task using computational ap-
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proaches will involve higher configuration of a computing facil-
ity, like a graphical processing unit, cluster-based workstation or
supercomputers. Herein, the key principle of CDD approaches can
be illustrated for future drug designing to combat ZIKV infection.

Recent discoveries of antiviral inhibitors for ZIKV inhibition

In the 215 century, discovering a new drug is one of the most
demanding fields of medicinal science, but is necessary to fight
such viral diseases as Dengue, Ebola, human immunodeficiency
virus and influenza. Population growth and environmental vec-
tors present an opportunity to these emerging viruses and should
be recognized as a major warning to civilization. In the race of
these emerging viruses, the latest epidemic newcomer “Zika” has
entered society and established itself as a severe cause of micro-
cephaly, neurological problems and autoimmune disorders.!= But,
there is a reminder from the last 20 years that the antiviral thera-
peutic agents have become a safer means by which to respond to
a viral emergency.

Some of the recent remarkable discoveries of antiviral ther-
apeutics have provided great hope to slowing down the global
spread of ZIKV infection. The first defense against ZIKV is the
inhibition of virus entry into the host cell, and this was success-
fully inhibited by an active compound, epigallocatechin gallate,
derived from a green tea molecule in Vero E6 cells and showing
high antiviral activity. The molecular mechanism of inhibition
was clearly explained by computational studies, using molecu-
lar docking and dynamics simulation processes. Many research-
ers have studied the epigallocatechin gallate as a nutrient-rich
agent without adverse results.835 Another more potent peptide
inhibitor (GQASNGVFVIHWGKFDSFGIAV) from the Japanese
encephalitis virus has a reported IC50 of 3.93 nM for inhibit-
ing ZIKV.8¢ Recently, two zinc molecules, ZINC33683341 and
ZINC49605556, were identified by CDD as effective candidates
against the ZIKV envelope protein for blocking receptor binding,
possibly representing future drug candidates.?’ Finally, nanchang-
mycin, a polyether from Streptomyces nanchangensis, was also
investigated for its ability to inhibit ZIKV using human osteosar-
coma cells (U208S).88
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Table 3. List of effective inhibitors against ZIKV
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Sl. No. Compound/Drug Molecule Mode of Action References

1. Epigallocatechin gallate Inhibition of virus entry into the host cell 84,85

2. GQASNGVFVIHWGKFDSFGIAV Peptide inhibitor for viral infection 86

3. ZINC33683341/ ZINC49605556 Blocking receptor binding 87

4. Nanchangmycin Inhibitor of ZIKV entry 88

5. 6-methylmercaptopurine riboside Inhibit viral replication 89

6. Sofosbuvir Inhibit the polymerase activity of NS5 RDRP 90,91

7. NITD008 Premature termination of RNA synthesis 92

8. Sinefungin Inhibit the methyltransferase activity of viral replication 93

9. Tetrapeptide-boronic acid, berberin, and myricetin  Inhibition of NS2B-NS3 protease activity of ZIKV 94-96

10. Gemcitabine and 5-fluorouracil Blocking pyrimidine biosynthesis 97,98

11. Bortezomib, mycophenolic acid, and daptomycin Inhibits ZIKV 99
(Federal Drug Administration-approved drugs)

12. Obatoclax Reducing acidity of endolysosomal vesicles 100

13. Niclosamide Inhibit ZIKV replication 101

14. T-705 and T-1105 Inhibit ZIKV replication 102

15. Nitazoxanide AntiZIKV potential, probably through targeting 103

of the viral postattachment step

Abbreviations: NS, non-structural protein; RDRP, RNA-dependent RNA polymerase; ZIKV, Zika virus.

De Carvalho and co-workers identified a thiopurine nucleoside
analogue from the prodrug azathioprine®®: 6-methylmercaptopu-
rine riboside as a potent drug to inhibit the viral replication of
ZIKYV, showing its remarkable antiviral activity in both Vero and
human neuronal cell lines. Some other analogues, such as sofos-
buvir and NITDO008, have also been shown as potent inhibitors
capable of inhibiting the polymerase activity of NS5 RDRP and
affecting the premature termination of RNA synthesis, respec-
tively. A potent antifungal and antiparasitic molecule, sinefungin
(a derivative of adenosine), has been reported as a novel inhibitor
toward the inhibition of MTase activity in ZIKV replication.’*-%3

A few potent inhibitors, like tetrapeptide-boronic acid, berberin
and myricetin, have been analyzed computationally as well as ex-
perimentally for their ability to inhibit NS2B-NS3 protease activity
in ZIKV.?4%¢ Two more inhibitors, gemcitabine and 5-fluoroura-
cil, have been reported to impede pyrimidine biosynthesis to exert
ZIKV inhibition.””* In searching for antiviral inhibitors against
ZIKYV, three Federal Drug Administration-approved drugs (bort-
ezomib, mycophenolic acid and daptomycin) have been shown as
effective for the inhibition of ZIKV, which suggests their utility as
future resources for drug designing.®® A list of effective inhibitors
against the druggable targets of ZIKV is presented in Table 3.84-103

Conclusions and future outlook

Globally, people are facing old, newly-developing or redeveloping
viral diseases, and have been since the beginning of the century.
These include Dengue, influenza, chikungunya and human immu-
nodeficiency virus, and now Zika. Previously, Zika was considered
as innocuous, but the speedy outbreak of ZIKV to pandemic status
has become a tantalizing mystery for the world (to find a way to
slow down it). According to WHO, the current scenario represents
Zika as a major challenging concern to public health, and soon it
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may spread over the entire world through its vectors (mainly, the
Aedes mosquito species); this spread may be helped along by trav-
elling of humans worldwide.

Despite enormous research efforts in the last few years, the fol-
lowing questions remain unanswered: “What kind of genetic char-
acteristics does ZIKV have?”; “What are the other vectors that
support Zika virulence?”; and “How do we combat Zika?”. The
pathological and biological mechanisms are still not fully identi-
fied, leaving us with an incomplete understanding of the growth
of ZIKV infection rates. Moreover, many Zika viral structures
are unsolved, mainly for the NS proteins. Many of the molecules
identified as having antiZIKV activity have failed in experimental
testing, and no drug or vaccine has yet been able to come onto the
market. Continued strong research is necessary for developing a
superior drug against ZIKV, with less side effects. Thus, improved
diagnostic techniques and effective therapeutics may be beneficial
to avert Zika infection.

The rapid advancement of computational studies for drug dis-
covery can also help in uncovering the detailed mechanisms of
ZIKV pathogenesis. CDD provides rapid procedures to screen the
relevant information for a new drug, including its pharmacoki-
netic properties and biological effects. The implementation of the
described tools and techniques in this review can be valuable for
identifying and evaluating biological drug targets of ZIKV on the
genomic, proteomic and molecular levels to help push forward the
design of a potent drug candidate. In addition, appropriate preven-
tion of mosquito bites and local vector control could be helpful to
avert infection.

This review has summarized the worldwide outbreak of Zika,
describing the structure of the genome, ZIKV transmission, im-
portant biological proteins, and the developed inhibitors of ZIKV.
Now is the time for researchers, industry, funding agencies and
policy makers to make history in medicinal science by improving
our ability to combat Zika worldwide.

DOI: 10.14218/JERP.2017.00025 | Volume 3 Issue 2, May 2018



Panwar U. et al: ZIKV & CDD

Acknowledgments

The authors SKS and UP acknowledge their gratitude to the
Department of Biotechnology - New Delhi (No. BT/PR8138/
BID/7/458/2013) and to the Alagappa University, Karaikudi,
Tamil Nadu for Alagappa University Research Fellowship (No.
Ph.D./1122/AURF FELLOWSHIP/2015) for financial support.

Conflict of interest

The authors have no conflicts of interest related to this publication.

Author contributions

Conception and performance of the present study and writing of
the manuscript (UP, SKS).

References

(1

(2]

(3]

(4]

[5]

(6]

(71

[10]

[11]

[12]

[13]

[14]

Saiz JC, Vazquez-Calvo A, Blazquez AB, Merino-Ramos T, Escribano-
Romero E, Martin-Acebes MA. Zika virus: the latest newcomer. Front
Microbiol 2016;7:496. doi:10.3389/fmicb.2016.00496.

Routhu NK, Byrareddy SN. Host-virus interaction of ZIKA virus in
modulating disease pathogenesis. J Neuroimmune Pharmacol
2017;12(2):219-232. doi:10.1007/s11481-017-9736-7.

Singh RK, Dhama K, Malik YS, Ramakrishnan MA, Karthik K, Tiwari
R, et al. Zika virus - emergence, evolution, pathology, diagnosis, and
control: current global scenario and future perspectives - a compre-
hensive review. Vet Q 2016;36(3):150-175. doi:10.1080/01652176.2
016.1188333.

Shankar A, Patil AA, Skariyachan S. Recent Perspectives on Genome,
Transmission, Clinical Manifestation, Diagnosis, Therapeutic trate-
gies, Vaccine Developments, and Challenges of Zika Virus Research.
Front Microbiol 2017;8:1761. doi:10.3389/fmicb.2017.01761.
Awasthi S. Zika virus: prospects for the development of vaccine and
antiviral agents. J Antivir Antiretrovir 2016;8:LXI-LXIIl. doi:10.4172/
jaa.1000e130.

Ceron-Carrasco JP, Coronado-Parra T, Imberndn-Tudela B, Banegas-
Luna AJ, Ghasemi F, Vegara-Meseguer JM, et al. Application of com-
putational drug discovery techniques for designing new drugs against
Zika virus. Drug Des 2016;5:e131. doi:10.4172/2169-0138.1000e131.
Dick GW, Kitchen SF, Haddow AJ. Zika virus. I. Isolations and sero-
logical specificity. Trans R Soc Trop Med Hyg 1952;46:509-520.
doi:10.1016/0035-9203(52)90042-4.

Hayes EB. Zika virus outside Africa. Emerg Infect Dis 2009;15:1347—
1350. doi:10.3201/eid1509.090442.

Haddow AD, Schuh AJ, Yasuda CY, Kasper MR, Heang V, Huy R, et al.
Genetic characterization of Zika virus strains: geographic expansion
of the Asian lineage. PLoS Negl Trop Dis 2012;6:e1477. doi:10.1371/
journal.pntd.0001477.

Macnamara FN. Zika virus: a report on three cases of human infec-
tion during an epidemic of jaundice in Nigeria. Trans R Soc Trop Med
Hyg 1954;48:139-145.

Kindhauser MK, Allen T, Frank V, Santhana RS, Dye C. Zika: the ori-
gin and spread of a mosquito-borne virus. Bull World Health Organ
2016;94(9):675-686C. doi:10.2471/BLT.16.171082.

WHO Zika virus. The history of Zika virus. Available from: http://
www.who.int/emergencies/zika-virus/history/en/.

Thomson Reuters. Timeline: Zika's origin and global spread. Availa-
ble from: http://www.reuters.com/article/us-health-zika-origin-time
line/timeline-zikas-origin-and-global-spread-idUSKCN10F2HN.
Wikiland Introduction. Zika virus outbreak timeline. Available from:
http://www.wikiwand.com/en/Zika_virus_outbreak_timeline#/
Timeline.

DOI: 10.14218/JERP.2017.00025 | Volume 3 Issue 2, May 2018

J Explor Res Pharmacol

[15] Weinbren MP, Williams MC. Zika virus: further isolations in the Zika
area, and some studies on the strains isolated. Trans R Soc Trop Med
Hyg 1958;52:263-268. doi:10.1016/0035-9203(58)90085-3.

[16] Staples JE, Dziuban EJ, Fischer M, Cragan JD, Rasmussen SA, Can-
non MJ, et al. Interim guidelines for the evaluation and testing of
infants with possible congenital Zika virus infection - United States,
2016. MMWR Morb Mortal Wkly Rep 2016;65:63—67. doi:10.15585/
mmwr.mm6503e3.

[17] Darwish MA, Hoogstraal H, Roberts TJ, Ahmed IP, Omar F. A sero-epi-
demiological survey for certain arboviruses (Togaviridae) in Pakistan.
Trans R Soc Trop Med Hyg 1983;77:442-445. doi:10.1016/0035-
9203(83)90108-6.

[18] Filipe AR, Martins CM, Rocha H. Laboratory infection with Zika vi-
rus after vaccination against yellow fever. Arch Gesamte Virusforsch
1973;43:315-319. doi:10.1007/BF01556147.

[19] Johnson BK, Chanas AC, Shockley P, Squires EJ, Gardner P, Wallace C,
et al. Arbovirus isolations from, and serological studies on, wild and
domestic vertebrates from Kano Plain, Kenya. Trans R Soc Trop Med
Hyg 1977;71:512-517. doi:10.1016/0035-9203(77)90146-8.

[20] Kuno G, Chang GJ. Full-length sequencing and genomic characteriza-
tion of Bagaza, Kedougou, and Zika viruses. Arch Virol 2007;152:687—
696. doi:10.1007/s00705-006-0903-z.

[21] Faye O, Freire CC, lamarino A, Faye O, de Oliveira JV, Diallo M, et al.

Molecular evolution of Zika virus during its emergence in the twenti-

eth century. PLOS Negl Trop Dis 2014;8:€2636. doi:10.1371/journal.

pntd.0002636.

Hamel R, Liégeois F, Wichit S, Pompon J, Diop F, Talignani L, et al. Zika

virus: epidemiology, clinical features and host-virus interactions. Mi-

crobes Infect 2016;18:441-449. doi:10.1016/j.micinf.2016.03.009.

Rather IA, Lone JB, Bajpai VK, Paek WK, Lim J. Zika virus: an emerg-

ing worldwide threat. Front. Microbiol 2017;8:1417. doi:10.3389/

fmicb.2017.01417.

Dasti JI. Zika virus infections: an overview of current scenario. Asian

Pac J Trop Med 2016;9:621-625. doi:10.1016/j.apjtm.2016.05.010.

Lindenbach BD, Rice CM. Molecular biology of flaviviruses. Adv Virus

Res 2003;59:23-61.

Shi'Y, Gao GF. Structural biology of the Zika virus. Trends Biochem Sci

2017;42(6):443-456. doi:10.1016/j.tibs.2017.02.009.

Wong SS, Poon RW, Wong SC. Zika virus infection-the next wave after

dengue? ) Formos Med Assoc 2016;115(4):226—242. doi:10.1016/j.

jfma.2016.02.002.

Jain R, Coloma J, Garcia-Sastre A, Aggarwai AK. Structure of the NS3

helicase from Zika virus. Nat Struct Mol Biol 2016;23(8):752-754.

doi:10.1038/nsmb.3258.

Lindenbach BD, Thiel HJ, Rice CM. Flaviviridae: the viruses and their

replication. In: Knipe DM, Howley PM, editors. Fields Virology. 5th

ed. Philadelphia, PA: Lippincott, Williams & Wilkins; 2007. p. 1102.

Cox BD, Stanton RA, Schinazi RF. Predicting Zika virus structural biolo-

gy: Challenges and opportunities forintervention. Antivir Chem Chem-

other 2015;24(3-4):118-126. doi:10.1177/2040206616653873.

Nandy A, Dey S, Basak SC, Bielinska-Waz D, Waz P. Characterizing the

Zika virus genome — A bioinformatics study. Curr Comput Aided Drug

Des 2016;12(2):87-97. doi:10.2174/1573409912666160401115812.

Ramharack P, Oguntade S, Soliman MES. Delving into Zika virus struc-

tural dynamics — a closer look at NS3 helicase loop flexibility and its

role in drug discovery. RSC Adv 2017;7:22133-22144. doi:10.1039/

C7RA01376K.

Ryan MD, Monaghan S, Flint M. Virus-encoded proteinases of the

Flaviviridae. J Gen Virol 1998;79(Pt 5):947-959. doi:10.1099/0022-

1317-79-5-947.

Zhang Y, Corver J, Chipman PR, Zhang W, Pletnev SV, Sedlak D, et al.

Structures of immature flavivirus particles. EMBO J 2003;22:2604—

2613. doi:10.1093/emboj/cdg270.

Bollati M, Alvarez K, Assenberg R, Baronti C, Canard B, Cook S, et

al. Structure and functionality in flavivirus NS-proteins: perspectives

for drug design. Antiviral Res 2010;87:125-148. doi:10.1016/j.antivi-
ral.2009.11.009.

[36] Smit JM, Moesker B, Rodenhuis-Zybert I, Wilschut J. Flavivirus cell
entry and membrane fusion. Viruses 2011;3:160-171. doi:10.3390/
v3020160.

[37] Zhu Z, Chan JF-W, Tee K-M, Choi K-Y, Lau SK-P, Woo PC-Y, et al.

[22

[23

(24

[25

[26

[27

[28

[29

[30

[31

[32

[33

[34

[35

49



J Explor Res Pharmacol

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

[50]

[51]

(52]

[53]

(54]

[55]

[56]

[57]

50

Comparative genomic analysis of pre-epidemic and epidemic Zika
virus strains for virological factors potentially associated with the
rapidly expanding epidemic. Emerg Microbes Infect 2016;5:e22.
doi:10.1038/emi.2016.48.

Shiryaev SA, Strongin AY. Structural and functional parameters of
the flaviviral protease: a promising antiviral drug target. Future Virol
2010;5:593-606. doi:10.2217/fv|.10.39.

Sirohi D, Chen Z, Sun L, Klose T, Pierson TC, Rossmann MG, et
al. The 3.8 A resolution cryo-EM structure of Zika virus. Science
2016;352(6284):467—-470. doi:10.1126/science.aaf5316.

Zhao B, Yi G, Du F, Chuang Y-C, Vaughan RC, Sankaran B, et al. Struc-
ture and function of the Zika virus full-length NS5 protein. Nature
Comm 2017;8:14762. doi:10.1038/ncomms14762.

Coloma J, Jain R, Rajashankar KR, Garcia-Sastre A, Aggarwal AK.
Structures of NS5 Methyltransferase from Zika Virus. Cell Rep
2016;16(12):3097-3102. doi:10.1016/j.celrep.2016.08.091.

Chen LH, Hamer DH. Zika Virus: Rapid spread in the western hemi-
sphere. Ann Intern Med 2016;164(9):613—615. doi:10.7326/M16-
0150.

Higgs S. Zika virus: emergence and emergency. Vector Borne Zoonot-
ic Dis 2016;16(2):75-76. doi:10.1089/vbz.2016.29001.hig.

Fauci AS, Morens DM. Zika virus in the Americas - yet another ar-
bovirus threat. N Engl J Med 2016;374(7):601—4. doi:10.1056/NE-
JMp1600297.

WHO Situation Report 2017. Zika virus, March 09th, 2017. [Ac-
cessed 10th March 2017]. Available from: http://apps.who.int/iris/
bitstream/10665/254714/1/zikasitrep-10Mar17-eng.pdf?ua=1.
Kapetanovic IM. Computer-aided drug discovery and development
(CADDD): in silico-chemico-biological approach. Chem Biol Interact
2008;171(2):165-176. doi:10.1016/j.cbi.2006.12.006.

Bajoratha J. Computer-aided drug discovery [version 1; refer-
ees: 3 approved]. F1000Research 2015;4(F1000 Faculty Rev):630.
doi:10.12688/f1000research.6653.1.

Aarthy M, Panwar U, Selvaraj C, Singh SK. Advantages of structure-
based drug design approaches in neurological disorders. Curr

Neuropharmacol 2017;15(8):1136-1155. doi:10.2174/157015
9X15666170102145257.
Wadood A, Ahmed N, Shah L, Ahmad A, Hassan H, Shams S. In-silico

drug design: An approach which revolutionarised the drug discovery
process. OA Drug Design & Delivery 2013;1(1):3.

Panwar U, Singh SK. Structure based virtual screening toward the
discovery of novel inhibitors for impeding the protein-protein inter-
action between HIV-1 integrase and human lens epithelium-derived
growth factor (LEDGF/p75). J Biomol Struct Dyn 2017:1-19. doi:10.1
080/07391102.2017.1384400.

Tripathi SK, Selvaraj C, Singh SK, Reddy KK. Molecular docking, QPLD,
and ADME prediction studies on HIV-1 integrase leads. Med Chem
Res 2012;21(12):4239-4251. doi:10.1007/s00044-011-9940-6.
Tripathi SK, Soundarya RN, Singh P, Singh SK. Comparative analysis of
various electrostatic potentials on docking precision against cyclin-
dependent kinase 2 protein: a multiple docking approach. Chem Biol
Drug Des 2015;85(2):107-118. doi:10.1111/cbdd.12376.

Theodora Katsila, Georgios A Spyroulias, George P Patrinos, Minos-
Timotheos Matsoukasa. Computational approaches in target identifi-
cation and drug discovery. Comput Struct Biotechnol J 2016;14:177—
184. doi:10.1016/j.csbj.2016.04.004.

Selvaraj C, Priya RB, Lee JK, Singh SK. Mechanistic insights of SrtA-
LPXTG blockers targeting the transpeptidase mechanism in Strep-
tococcus mutans. RSC Adv 2015;5:100498-100510. doi:10.1039/
C5RA128698B.

Prabhu SV, Tiwari K, Suryanarayanan V, Dubey VK, Singh SK. Ex-
ploration of new and potent lead molecules against CAAX prenyl
protease | of Leishmania donovani through Pharmacophore based
virtual screening approach. Comb Chem High Throughput Screen
2017;20(3):255-271. doi:10.2174/1386207320666170120164515.
Ekins S, Mietchen D, Coffee M, Stratton TP, Freundlich JS, Freitas-
Junior L, et al. Open drug discovery for the Zika virus [version 1;
referees: 3 approved]. F1000Research 2016;5:150. doi:10.12688/
f1000research.8013.1.

Suryanarayanan V, Singh SK. Assessment of dual inhibition property
of newly discovered inhibitors against PCAF and GCN5 through in

[58

[59

[60

[61

(62

[63

[64

(65

[66

(67
(68
(69

[70
[71

(72
(73
(74
(75

(76

(77

(78

(79

[80

Panwar U. ef al: ZIKV & CDD

silico screening, molecular dynamics simulation and DFT approach. J
Recept Signal Transduct Res 2015;35(5):370-380. doi:10.3109/1079
9893.2014.956756.

Reddy KK, Singh P, Singh SK. Blocking the interaction between
HIV-1 integrase and human LEDGF/p75: mutational studies, vir-
tual screening and molecular dynamics simulations. Mol BioSyst
2014;10(3):526-536. d0i:10.1039/c3mb70418a.

Eswar N, Webb B, Marti-Renom MA, Madhusudhan MS, Eramian
D, Shen MY, et al. Comparative protein structure modeling us-
ing modeller. Curr Protoc Bioinformatics 2006;Chapter 5:Unit-5.6.
doi:10.1002/0471250953.bi0506515.

Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, et
al. SWISS-MODEL: modelling protein tertiary and quaternary struc-
ture using evolutionary information. Nucleic Acids Res 2014;42:252—
258. doi:10.1093/nar/gku340.

Trott O, Olson AJ. AutoDock Vina: improving the speed and accuracy
of docking with a new scoring function, efficient optimization and
multithreading. J Comput Chem 2010;31(2):455-461. doi:10.1002/
jcc.21334.

Daina A, Michielin O, Zoeteb V. SwissADME: a free web tool to
evaluate pharmacokinetics, drug-likeness and medicinal chemistry
friendliness of small molecules. Sci Rep 2017;7:42717. doi:10.1038/
srepd2717.

Cheng F, Li W, Zhou Y, Shen J, Wu Z, Liu G, et al. admetSAR: a com-
prehensive source and free tool for assessment of chemical ADMET
properties. J Chem Inf Model 2012;52(11):3099-3105. doi:10.1021/
ci300367a.

Douguet D. e-LEA3D: a computational-aided drug design web server.
Nucleic Acids Res 2010;38:615-621. doi:10.1093/nar/gkq322.
Schrodinger, LLC, Ney York, NY, 2017. Available from: https://www.
schrodinger.com/.

Schrodinger, LLC, Ney York, NY, 2017. Available from: https://www.
schrodinger.com/desmond.

Amber Software. Available from: http://ambermd.org/.

Gromacs Software. Available from: http://www.gromacs.org/.
Chembridge Database. Available from: http://www.chembridge.com/
screening_libraries/.

Drug Bank Database. Available from: https://www.drugbank.ca/.
Lifechemicals Database. Available from: http://www.lifechemicals.
com/.

Maybridge Database. Available from: http://www.maybridge.com/.
Zinc Database. Available from: http://zinc.docking.org/.

Vyas VK, Ukawala RD, Ghate M, Chintha C. Homology modeling a
fast tool for drug discovery: current perspectives. Indian J Pharm Sci
2012;74(1):1-17. doi:10.4103/0250-474X.102537.

Ekins S, Liebler J, Neves BJ, Lewis WG, Coffee M, Bienstock R, et al.
lllustrating and homology modeling the proteins of the Zika virus
[version 1; referees: 2 approved with reservations]. F1000Research
2016;5:275. doi:10.12688/f1000research.8213.1.

Selvaraj C, Krishnasamy G, Jagtap SS, Patel SKS, Dhiman SS, Kim
Tae-Su, et al. Structural insights into the binding mode of d-sorbitol
with sorbitol dehydrogenase using QM-polarized ligand docking and
molecular dynamics simulations. Biochem Eng J 2016;114:244-256.
doi:10.1016/j.bej.2016.07.008.

Pascoalino BS, Courtemanche G, Cordeiro MT, Gill LHVG, Freitas-Jun-
ior L. Zika antiviral chemotherapy: identification of drugs and promis-
ing starting points for drug discovery from an FDA-approved library
[version 1; referees: 2 approved]. F1000Research 2016;5:2523.
doi:10.12688/f1000research.9648.1.

Suryanarayanan V, Singh SK, Tripathi SK, Selvaraj C, Reddy KK, Karth-
iga A. A three-dimensional chemical phase pharmacophore map-
ping, QSAR modelling and electronic feature analysis of benzofuran
salicylic acid derivatives as LYP inhibitors. SAR QSAR Environ Res
2013;24(12):1025-1040. d0i:10.1080/1062936X.2013.821421.
Tripathi SK, Muttineni R, Singh SK. Extra precision docking, free
energy calculation and molecular dynamics simulation studies
of CDK2 inhibitors. J Theor Biol 2013;334:87-100. doi:10.1016/j.
jtbi.2013.05.014.

Reddy KK, Singh SK, Tripathi SK, Selvaraj C, Suryanarayanan V. Shape
and pharmacophore-based virtual screening to identify potential cy-
tochrome P450 sterol 14alpha-demethylase inhibitors. J Recept Sig-

DOI: 10.14218/JERP.2017.00025 | Volume 3 Issue 2, May 2018



Panwar U. et al: ZIKV & CDD

nal Transduct Res 2013;33(4):234-243. doi:10.3109/10799893.2013
.789912.

[81] Reddy KK, Singh SK, Tripathi SK, Selvaraj C. Identification of po-
tential HIV-1 integrase strand transfer inhibitors: in silico virtual
screening and QM/MM docking studies. SAR QSAR Environ Res
2013;24(7):581-595. doi:10.1080/1062936X.2013.772919.

[82] Huang Po-Ssu, Boyken SE, Baker D. The coming of age of de novo pro-
tein design. Nature 2016;537:320-327. doi:10.1038/nature19946.

[83] Schneider G, Fechner U. Computer-based de novo design of drug-
like molecules. Nat Rev Drug Discov 2005;4:649-663. doi:10.1038/
nrd1799.

[84] Carneiro BM, Batista MN, Braga ACS, Nogueira ML, Rahal P. The green
tea molecule EGCG inhibits Zika virus entry. Virol 2016;496:215-218.
doi:10.1016/j.virol.2016.06.012.

[85] Sharma N, Murali A, Singh SK, Giri R. Epigallocatechin gallate, an ac-
tive green tea compound inhibits the Zika virus entry into host cells
via binding the envelope protein. Int J Biol Macromol 2017;104(Pt
A):1046-1054. doi:10.1016/j.ijbiomac.2017.06.105.

[86] Chen L, Liu Y, Wang S, Sun J, Wang P, Xin Q, et al. Antiviral activity
of peptide inhibitors derived from the protein E stem against Japa-
nese encephalitis and Zika viruses. Antiviral Res 2017;141:140-149.
doi:10.1016/j.antiviral.2017.02.009.

[87] Fernando S, Fernando T, Stefanik M, Eyer L, Ruzek D. An approach
for Zika virus inhibition using homology structure of the envelope
protein. Mol Biotechnol 2016;58:801-806. d0i:10.1007/s12033-016-
9979-1.

[88] Rausch K, Hackett B, Weinbren N, Reeder S, Sadovsky Y, Hunter C,
et al. Screening bioactives reveals nanchangmycin as a broad spec-
trum antiviral active against Zika virus. Cell Rep 2017;18(3):804-815.
doi:10.1016/j.celrep.2016.12.068.

[89] de Carvalho OV, Félix DM, de Mendonga LR, de Aratjo CMCS, de Ol-
iveira Franca RF, Cordeiro MT, et al. The thiopurine nucleoside ana-
logue 6-methylmercaptopurine riboside (6MMPr) effectively blocks
Zika virus replication. Int J Antimicrob Agents 2017;50(6):718-725.
doi:10.1016/j.ijantimicag.2017.08.016.

[90] Bullard-Feibelman K M, Govero J, Zhu Z, Salazar V, Veselinovic M,
Diamond MS, et al. The FDA-approved drug sofosbuvir inhibits Zika
virus infection. Antiviral Res 2017;137:134-140. doi:10.1016/j.antivi-
ral.2016.11.023.

[91] Reznik SE, Ashby JC. Sofosbuvir: an anti-viral drug with poten-
tial efficacy against Zika infection. Int J Infect Dis 2017;55:29-30.
doi:10.1016/j.ijid.2016.12.011.

[92] Deng YQ, Zhang NN, Li CF, Tian M, Hao JN, Xie XP, et al. Adenosine
analog NITDO0O08 is a potent inhibitor of Zika virus. Open Forum Infect
Dis 2016;3(4):0fw175. doi:10.1093/0ofid/ofw175.

DOI: 10.14218/JERP.2017.00025 | Volume 3 Issue 2, May 2018

J Explor Res Pharmacol

[93] Hercik K, Brynda J, Nencka R, Boura E. Structural basis of Zika
virus methyltransferase inhibition by sinefungin. Arch Virol
2017;162:2091-2096. doi:10.1007/s00705-017-3345-x.

[94] Lei J, Hansen G, Nitsche C, Klein CD, Zhang L, Hilgenfeld R. Crystal
structure of Zika virus NS2B-NS3 protease in complex with a boro-
nate inhibitor. Science 2016;353:503-505. doi:10.1126/science.
aag2419.

[95] Rut W, Zhang L, Kasperkiewicz P, Poreba, Hilgenfeld R, Drag M. Ex-
tended substrate specificity and first potent irreversible inhibitor/
activity-based probe design for Zika virus NS2BNS3 protease. Antivi-
ral Res 2016;139:88-94. doi:10.1016/j.antiviral.2016.12.018.

[96] Lim HJ, Nguyen TT, Kim NM, Park JS, Jang TS, Kim D. Inhibitory ef-
fect of flavonoids against NS2B-NS3 protease of ZIKA virus and their
structure activity relationship. Biotechnol Lett 2017;39:415-421.
doi:10.1007/s10529-016-2261-6.

[97] Pascoalino BS, Courtemanche G, Cordeiro MT, Gil LH, Freitas-Junior
L. Zika antiviral chemotherapy: identification of drugs and promis-
ing starting points for drug discovery from an FDA-approved library
[version 1; referees: 2 approved]. F1000Research 2016;5:2523.
doi:10.12688/f1000research.9648.1.

[98] Kuivanen S, Bespalov MM, Nandania J, lanevski A, Velagapudi V, De
Brabander JK, et al. Obatoclax, saliphenylhalamide and gemcitabine
inhibit Zika virus infection in vitro and differentially affect cellular
signaling, transcription and metabolism. Antiviral Res 2017;139:117—
128. doi:10.1016/j.antiviral.2016.12.022.

[99] Barrows NJ, Campos RK, Powell ST, Prasanth KR, Schott-Lerner G,
Soto-Acosta R, et al. A screen of FDA-approved drugs for inhibi-
tors of Zika virus infection. Cell Host Microbe 2016;20(2):259-270.
doi:10.1016/j.chom.2016.07.004.

[100] Varghese FS, Rausalu K, Hakanen M, Saul S, Kimmerer BM, Susi P,
et al. Obatoclax inhibits alphavirus membrane fusion by neutraliz-
ing the acidic environment of endocytic compartments. Antimicrob
Agents Chemother 2016;61(3):e02227-16. doi:10.1128/AAC.02227-
16.

[101] Xu M, Lee EM, Wen Z, Cheng Y, Huang WK, Qian X, et al. Identifi-
cation of small-molecule inhibitors of Zika virus infection and in-
duced neural cell death via a drug repurposing screen. Nat Med
2016;22:1101-1107. doi:10.1038/nm.4184.

[102] Cai L, Sun Y, Song Y, Xu L, Bei Z, Zhang D, et al. Viral polymerase
inhibitors T-705 and T-1105 are potential inhibitors of Zika virus rep-
lication. Arch. Virol 2017;162(9):2847-2853. doi:10.1007/s00705-
017-3436-8.

[103] Cao RY, Xu YF, Zhang TH, Yang JJ, Yuan Y, Hao P, et al. Pediatric drug
nitazoxanide: a potential choice for control of Zika. Open Forum In-
fect Dis 2017;4(1):0fx009. doi:10.1093/0ofid/ofx009.

51



	﻿﻿﻿Abstract﻿

	﻿﻿﻿﻿﻿Introduction﻿

	﻿﻿﻿﻿Search and selection criteria for ZIKV therapeutic agent candidates﻿

	﻿﻿﻿﻿Worldwide outbreak﻿

	﻿﻿﻿﻿Transmission﻿

	﻿﻿﻿﻿Structural genome of ZIKV﻿

	﻿﻿﻿﻿Role of structural proteins and NS proteins﻿

	﻿﻿﻿C protein﻿

	﻿﻿﻿﻿E protein﻿

	﻿﻿﻿﻿prM protein﻿

	﻿﻿﻿﻿NS1 protein﻿

	﻿﻿﻿﻿NS2A and NS2B proteins﻿

	﻿﻿﻿﻿NS3 protein﻿

	﻿﻿﻿﻿NS4A and NS4B proteins﻿

	﻿﻿﻿﻿NS5 protein﻿


	﻿﻿﻿﻿﻿Zika as a drug target﻿

	﻿﻿﻿﻿Importance of CDD﻿

	﻿﻿﻿﻿Recent discoveries of antiviral inhibitors for ZIKV inhibition﻿

	﻿﻿﻿﻿Conclusions and future outlook﻿

	﻿﻿﻿﻿﻿﻿Acknowledgments﻿

	﻿﻿﻿﻿Conflict of interest﻿

	﻿﻿﻿﻿Author contributions﻿

	﻿﻿﻿﻿References﻿


