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Abstract 1 

The recent outbreak of Zika virus (ZIKV) infection has caused global concern due to its 2 

link to severe damage to the brain development of foetuses and neuronal complications 3 

in adult patients. A worldwide research effort has been undertaken to identify effective 4 

and safe treatment and vaccination options. Among the proposed viral and host 5 

components, the viral NS2B-NS3 protease represents an attractive drug target due to 6 

its essential role in the virus life cycle. Here, we outline recent progress in studies on the 7 

Zika protease. Biochemical, biophysical and structural studies on different protease 8 

constructs provide new insight into the structure and activity of the protease. The 9 

unlinked construct displays higher enzymatic activity and better mimics the native state 10 

of the enzyme and therefore is better suited for drug discovery. Furthermore, the 11 

structure of the free enzyme adopts a closed conformation and a preformed active site. 12 

The availability of biophysical data for a fragment hit and peptide inhibitors, as well as 13 

the attainability of soakable crystals suggest that the unlinked construct is a promising 14 

tool for drug discovery.   15 
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Zika Virus 1 

Zika virus (ZIKV) is a member of mosquito-borne flavivirus genus which contains 2 

important human pathogens such as dengue virus (DENV), West Nile virus (WNV), 3 

Japanese encephalitis virus (JEV) and yellow fever virus. ZIKV came to the attention of 4 

the general public in 2015, when a large outbreak occurred in Brazil and rapidly spread 5 

to other countries in the region [1]. This particular flavivirus had been known since 1947, 6 

but was considered fairly benign causing mild disease in about 20% of infected people 7 

with symptoms including fever, malaise and sometimes a rash and/or conjunctivitis [2]. 8 

The first public health concerns emerged in 2007 when an outbreak on the Micronesian 9 

island of Yap showed that neurological disorders seemed to increase during a Zika virus 10 

outbreak [3].  11 

During the 2015 epidemic in South America, clusters of microcephaly and neurological 12 

disorders were reported [4] and tentatively linked to the circulation of the ZIKV, 13 

prompting the Director-General of WHO to declare a Public Health Emergency of 14 

International Concern [2]. Since then the association between laboratory-confirmed Zika 15 

virus infections and microcephaly has been strengthened [5] but still further 16 

epidemiological evidence is needed to finally prove the connection. 17 

It is currently unclear what turned a relatively benign virus into a pandemic threat, but 18 

experts have been pointing out that immune enhancement by pre-existing heterologous 19 

anti-flavivirus antibodies may be involved in the complications associated with ZIKV 20 

infections [4]. Evidence that supports this hypothesis was recently reported by Bardina 21 

et al. who showed that mice with ZIKV infections receiving Dengue-positive donor 22 

plasma showed increased morbidity and mortality [6]. Given the complications of ZIKV 23 

infection and the potential damage to the public heath, effective treatment options 24 

including vaccines and pharmacological interventions are pursued by academia and 25 

industry all around the world.   26 

 27 

Vaccine and Drug Development 28 
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Large outbreaks of viral infections invariably lead to discussions about the best medical 1 

countermeasures. Prophylactic vaccines have successfully been developed against 2 

yellow fever virus and Japanese encephalitis virus infections, and Institute Butantan 3 

(Brazil) has announced a collaboration with the NIH for an expedited Zika vaccine 4 

development program [7]. Several other Zika vaccine candidates are advancing towards 5 

clinical development [8]. Unfortunately the development of such a vaccine might be 6 

complicated by the well-known tendency of the flavivirus genus for antibody-mediated 7 

enhancement of infection. As a consequence, such a vaccine will require a careful 8 

evaluation of safety parameters and risk-benefit analysis for the affected region, 9 

potentially leading to extended and costly clinical trials [7]. 10 

Antiviral drugs have successfully been used to treat hepatitis C virus (HCV) infections 11 

and screening of existing antiviral libraries might lead to a rapid breakthrough for an 12 

antiviral to treat ZIKV [9, 10]. Development of a specific Zika-antiviral will however take 13 

several years since a drug candidate will have to pass through the standard clinical 14 

development. In this review we will discuss the prospects for a ZIKV NS2B-NS3 15 

protease inhibitor and the possibility of developing a broad-spectrum flavivirus antiviral, 16 

which might be especially attractive in the current situation where dengue or West Nile 17 

infections may be responsible for the complications seen in the recent ZIKV outbreak. 18 

 19 

Flaviviral NS2B-NS3 Protease 20 

The Zika virus genome contains a protease that is essential for the replication of the 21 

virus. This protease performs the posttranslational processing of the polyprotein into the 22 

three structural (C, prM, and E) and the seven non-structural proteins (NS1, NS2A, 23 

NS2B, NS3, NS4A, NS4B, and NS5) that are required to complete the virus life cycle 24 

and produce progeny viral particles (Fig. 1A, Key Figure). For all the members of the 25 

flavivirus genus, this processing is conserved and performed by the viral and host 26 

proteases. The chymotrypsin-like viral protease is made up of two components, namely 27 

the membrane protein NS2B and the N-terminal domain of NS3 which harbours the 28 

catalytic triad (H51, D75, and S135)(Fig. 1B). The central cofactor region 29 
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(approximately 40 residues) of NS2B is required for both correct folding and catalytic 1 

activity of the protease.  2 

Although the natural form of the dengue protease harbouring full-length NS2B and the 3 

N-terminal region of NS3 has been expressed and purified from Escherichia coli, the 4 

presence of detergent micelles in the system limits its application in structural studies 5 

and inhibitor screening [11, 12]. The non-covalent interactions of these two viral proteins 6 

to form the all-important active site have posed a challenge for flavivirus drug discovery, 7 

since in vitro assays and structural studies are usually performed without a membrane 8 

component leading to uncertainty on how to mimic the natural conformation of the 9 

enzyme complex (Box 1).  10 

For DENV, WNV, and JEV viral proteases, the structures were determined using a 11 

single-chain construct with the NS2B cofactor region linked to the NS3 protease region 12 

through a glycine-rich (Gly4SerGly4) linker (Reviewed recently [13, 14]). These studies 13 

identified a dual function for the NS2B cofactor region, stabilizing the correct protein fold 14 

of the core structure via NS2B 45-67 as a beta-strand and forming part of the substrate 15 

binding pocket (S2 pocket) via NS2B 68-96 beta-hairpin structure [15-18] (Fig. 1). Given 16 

the high sequence identity (~30-80%), the structures of these flaviviral proteases are 17 

very similar. Generally, the protease adopts two major conformations: the open 18 

conformation of the enzyme where the NS2B cofactor region is disordered and the 19 

active site is not completely formed; or the closed conformation where the NS2B 20 

cofactor is fully engaged with the NS3 protease for inhibitor recognition at the P2 21 

position, allowing catalytic activity of the enzyme (Fig. 1 and 2).  22 

 23 

Consideration of Various Constructs for Inhibitor Discovery 24 

NMR studies suggest that a dengue virus protease complex formed by co-expression of 25 

NS2B and the NS3 protease domain (without a linker) is more stable and predominantly 26 

existing in the closed conformation, even in the absence of a ligand[19]. The importance 27 

of these findings for drug discovery is still controversial. However, for the dengue virus 28 

NS2B-NS3 protease it has never been possible to obtain multiple inhibitor-protein 29 
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complexes for computer aided design, a strategy that was successfully used for HCV 1 

protease drug discovery. The active protease has been produced in a bacterial 2 

expression system and the enzyme’s specificity for synthesized FRET-type substrate 3 

libraries has been profiled [20, 21].  4 

Three ZIKV protease constructs have been reported which exhibited different enzymatic 5 

kinetics (Box 1). The unlinked construct bZiPro has slightly higher KM value and five 6 

times higher kcat value (5.30 ± 0.35 s-1) than the linked one gZiPro (1.07 ± 0.05 s-1) and 7 

is a more efficient enzyme[22]. A recent biochemical study also shows that linked and 8 

unlinked proteases exhibit different enzymatic activities [23]. In this study, the unlinked 9 

protease was slightly different and likely the result of autoproteolysis at the junction of 10 

NS2B cofactor and G4SG4 linker of the linked construct. The unlinked protease has a KM 11 

value of 49.25 ± 1.91 µM and a kcat value of 0.95 ± 0.01 s-1 whereas the linked has a 12 

KM value of 61.03 ± 0.18  µM and a kcat value of 0.20 ± 0.02  s-1 [23]. The differences in 13 

the absolute values of the kinetic parameters between the two studies are mainly due to 14 

different substrates used as Phoo et al. used Bz-nKKR-AMC whereas Kuiper et al. used 15 

Pyr-TGKR-AMC [22, 23].In both cases, the unlinked protease has a higher kcat value 16 

and is more efficient than the linked protease, which also suggests that the protease is 17 

sensitive to the artificial linker between NS2B and NS3. Although the gZiPro is active in 18 

the enzymatic assays, the flexible linker may affect the access of the inhibitor to the 19 

active site and therefore interfere with the catalysis (Fig. 1). It has also been 20 

demonstrated recently that the gZiPro tends to favour the open conformation in solution 21 

[24]. The bZiPro construct would be more preferred for structure based antiviral inhibitor 22 

discovery for the following reasons: The structures were determined to very high 23 

resolution; The closed conformation offers the ready-to-bind active site which can be 24 

readily soacked or co-crystalized with inhibitors; Complex structures of bZiPro with a 25 

small fragment compound, peptide and reverse peptide inhibitors are available; The 26 

protein also displays very well resolved NMR profiles and majority of the residues have 27 

been assigned in the 1H-15N- heteronuclear single quantum coherence spectroscopy 28 

(HSQC) spectrum, making solution NMR based screening straightforward  (Fig. 1) [22, 29 

25, 26]. 30 
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Membrane associated NS2B-NS3 is another in vitro construct for inhibitor screening 1 

and characterization (Fig. 1F). The relative orientation of the protease to the membrane 2 

may impact inhibitor access. The C-terminal tail of NS2B may also interact (and 3 

interfere) with the protease post NS2B-NS3 junction cleavage. Similar protease 4 

constructs have been reported for dengue protease [19, 27, 28]. It was also noticed that 5 

there is a conserved NS2B-NS3 dimer interface which is mediated by a set of polar 6 

contacts from both NS2B cofactor and NS3 [22, 29, 30]. The dimerization may be 7 

further driven by the membrane association of the polyprotein in the in vivo membrane-8 

rich environment where the effective local concentration of the replicative enzymes is 9 

very high. Indeed, full length trans-membrane protein NS2B from dengue virus 10 

dimerizes in a cell-based assay [31]. However, the biological significance of the 11 

dimerization has yet to be demonstrated. Cross-validation with these different protease 12 

constructs may help remove false positive hits in compound screening campaigns and 13 

map the binding mode in the absence of a complex structure.  14 

 15 

Crystal Structures of ZIKV NS2B-NS3 Protease 16 

Several groups have reported structures of the protease as a free enzyme and inhibitor-17 

bound complexes (Table 1, Fig. 1 and 2) [22, 25, 26, 29, 30, 32]. Solution NMR studies 18 

revealed additional information about the structural dynamics of the enzyme upon ligand 19 

binding [24-26, 29, 32]. To this end, three constructs - gZiPro, eZiPro, and bZiPro - have 20 

been studied enzymatically and structurally (Fig. 1B and Box 1). Similar to the earlier 21 

flaviviral linked NS2B-NS3 proteases, gZiPro has been captured in a closed 22 

conformation in the presence of a covalently bound boronate dipeptide inhibitor (Fig. 23 

1E)[30]. In the free gZiPro, the C terminal half of the NS2B cofactor is disordered and 24 

the associated regions on NS3 are also not folded properly. The overall folding of the 25 

enzyme remains an open conformation as a large number of residues are missing in the 26 

structure (Fig. 1F) [29, 32]. Overall, the open and closed conformations of gZiPro are 27 

very similar to other flaviviral proteases of the same construct design and refreshed our 28 

memory of the earlier work done on other flaviviruses [13, 14]. 29 
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eZiPro was designed to mimic the native form of NS2B-NS3, which is achieved by 1 

removing the NS2B trans-membrane regions and remaining a native NS2B-NS3 2 

cleavage site (Fig. 1B and Box 1). As a result, the protein cleaves itself during sample 3 

preparation. The crystal structure of fully cleaved eZiPro reveals a closed conformation 4 

where the last four residues of NS2B occupy the protease active site while the NS3 N 5 

terminal residues are released (Fig. 1D). This structure captures for the first time a post-6 

proteolytic state of the enzyme during viral polyprotein processing, reveals the 7 

interactions made by the carboxylic end of NS2B with the protease active site and 8 

suggests an auto-inhibitory role for the NS2B C-terminal peptide at the NS2B-NS3 9 

junction following self-cleavage. The requirement of positively charged residues for the 10 

P1 and P2 sites is evident (Fig 2A). One interesting difference between ZIKV protease 11 

and the protease from other flaviviruses such as dengue virus or West Nile virus is the 12 

presence of Gly128 in the TGKR peptide (a Lysine in dengue NS2B-NS3 protease). 13 

Gly128 incompletely fills the S3 pocket and this structural information can be used to 14 

design tighter specific inhibitors [22].  15 

To better mimic the protease function in situ, the un-linked protease (bZiPro) was used 16 

for structural studies. Interestingly, the structure of bZiPro was captured in a closed 17 

conformation, which appears to contain a preformed stable substrate binding pocket 18 

(Fig. 1C). [26]. It was also demonstrated that this closed conformation does not undergo 19 

further significant conformational changes upon substrate or inhibitor binding. It is worth 20 

noting that the crystal structure of a closed conformation of a free enzyme without any 21 

bound inhibitor has never been reported before for any flaviviruses. Previous structural 22 

studies of the flaviviral proteases suggest that substrates (or competitive inhibitors) 23 

induce conformational changes of NS2B cofactor (residues 62-96) to fold closely to the 24 

active site and participate in ligand binding. However previously reported protease 25 

crystal structures were all determined with the linked construct. Although being flexible 26 

and disordered in all structures, the glycine-rich linker may cause some steric hindrance 27 

or interference for the enzyme to fold properly while the linked protease remains stable 28 

in the presence of a strong inhibitor [13, 14]. 29 

 30 
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Protein Dynamics of Zika NS2B-NS3 Protease in Solution 1 

Solution NMR studies have been carried out to understand the structure and dynamics 2 

of flaviviral proteases in solution. The first study was performed on West Nile protease, 3 

in which the protease was shown to exist predominantly in the closed conformation in 4 

solution using NMR spectroscopy [33]. As the chemical shifts of the amide proton and 5 

the amides are sensitive to the environment surrounding the residues, the 6 

conformational exchanges can be monitored using 1H-15N-HSQC. Dissociation 7 

exchanges between NS2B and NS3 occur in West Nile protease, which leads to line 8 

broadening of cross peaks in the1H-15N-HSQC spectrum [33]. Further studies were 9 

carried out for dengue protease and the open conformation was found to be dominant in 10 

the linked protease [34]. Upon binding to an inhibitor, the closed conformation in both 11 

West Nile and dengue proteases is stabilized, which gives rise to nicely dispersed cross 12 

peaks in the spectra. Using a co-expression system, the unlinked dengue protease 13 

complex was produced [19]. This novel protease construct was confirmed to be in the 14 

closed conformation in solution and exhibited nicely dispersed cross peaks in the 1H-15 

15N-HSQC spectrum, giving rise to the prediction that the artificial linker might affect 16 

protein dynamics to alter the populations of the open and closed conformations [19].  17 

Based on the available knowledge, the three distinct Zika protease constructs were 18 

made and characterized by NMR spectroscopy [22]. The three constructs exhibited 19 

similar patterns in the 1H-15N-HSQC spectra. While the data suggests that the protease 20 

from all constructs have similar folding (Fig. 3), small differences in the NMR spectra 21 

provide further insights. Especially, chemical shifts differences observed between 22 

gZiPro and bZiPro suggest that the glycine-rich linker affects the environment of  23 

several residues through direct interactions and allosteric effects [22]. A binding 24 

experiment with a small protein bovine pancreatic trypsin inhibitor (BPTI) also suggests 25 

that the linker could affect large-molecular weight inhibitors entering the active site. 26 

Although the linked protease construct (gZiPro) exhibited measurable enzymatic 27 

activities, NMR binding studies reveal that the linked protease does not appear to bind 28 

well to BPTI - a potent inhibitor against both West Nile and dengue proteases [22, 35]. 29 

NMR studies on the unlinked Zika protease (bZiPro) provide complementary information 30 
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to the X-ray structures. The unlinked protease has an open active site and exhibits 1 

obvious interaction with a weak peptidic inhibitor (IC50>100 µM, Kd in µM range), after 2 

which the protease conformation is stabilized to generate a well-defined 1H-15N-HSQC 3 

spectrum (Fig. 3). The Zika protease also forms a complex with the TGKR peptide 4 

verified by both NMR studies and crystal structure [22]. In addition, NMR studies have 5 

shown that unlinked Zika protease binds to a small chemical fragment EN300. Unlike 6 

peptidic inhibitors, fragment binding does not caused significant changes in the 1H-15N-7 

HSQC spectrum because it binds only part of the S1 pocket and is away from the 8 

NS2B-NS3 binding interface [26]. The linked gZiPro exhibits clear chemical shift 9 

differences for many residues when the 1H-15N-HSQC spectra of bZiPro and gZiPro are 10 

compared upon binding to a dipeptide inhibitor [35]. Another study suggests that 11 

exchanges might be present in the linked protease (gZiPro) because both open and 12 

closed conformations can be observed in solution [24]. Taken together, all these 13 

protease constructs are well folded in solution despite different dissociation events 14 

observed between NS2B and NS3 in the bZiPro and gZiPro constructs. Inhibitors or 15 

substrates can further stabilize protease conformations in solution. The residues from 16 

the N-terminal region of NS3 are flexible and detached from the active site after 17 

cleavage. Presence of the glycine linker affects the chemical environments of residues, 18 

which might affect inhibitor binding and sample homogeneity [35]. The unlinked 19 

protease (bZiPro) is suitable for screening inhibitors with different molecular weights 20 

and potencies.  21 

 22 

Finding ZIKV NS2B-NS3 Protease Inhibitors 23 

Developing inhibitors against proteases of flaviviruses has been of great interest for 24 

researchers from both academia and industry. Several potent inhibitors against West 25 

Nile and dengue proteases have been developed, but none of them has entered into 26 

clinical trials because they lack cellular activity and exhibit poor pharmacokinetics [14, 27 

36, 37]. The design of protease inhibitors with good oral bioavailability is often difficult 28 

and the flat and highly charged active site of flavivirus NS2B-NS3 proteases increases 29 
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the challenges of inhibitor design [38]. These difficulties can be mitigated by structural 1 

studies as has been demonstrated by the development of HCV protease inhibitors [39].  2 

The best starting point for the drug discovery of serine proteases are usually the 3 

substrate peptides [38]. Such peptides can be turned into nanomolar inhibitors through 4 

the addition of electrophilic warheads like boronic acids [30] or -keto amides [40]. 5 

While this technique provides very potent inhibitors, it has no effect on the key 6 

challenges of peptidic inhibitors, namely cellular activity and oral pharmacokinetics. The 7 

only available strategy to turn polar peptides into potential drugs is the stepwise 8 

transformation into peptidomimetics which have reduced molecular weight and 9 

improved properties. Such optimizations benefit greatly from co-crystal structures with 10 

inhibitors, in fact it is not unusual that during such a project 20-30 enzyme inhibitor 11 

structures are used to facilitate computational drug design. 12 

As mentioned previously, this strategy could not be employed for the dengue or West 13 

Nile NS2B-NS3 proteases since X-ray crystal structures of the closed conformation 14 

without an inhibitor could not be obtained. Furthermore it was never possible to 15 

crystallize multiple structures of related peptides to study the effect of reducing the 16 

peptide content for the potent peptide inhibitors. This is very different for the Zika NS2B-17 

NS3 protease. After a relatively short time the research community has produced 18 

multiple structures of different forms of the protease and very importantly protease 19 

structures without inhibitors have become available [22, 25, 26, 29, 30, 32]. As a 20 

consequence, the availability of reproducible, strongly diffracting and soakable crystals 21 

augurs well for Zika virus drug discovery [26]. Nevertheless the literature on DENV 22 

protease inhibitors suggests that the design of cell permeable ZIKV protease inhibitors 23 

will be challenging [14, 41-43].  24 

The search for small molecular weight compounds of flaviviral NS2B-NS3 protease 25 

inhibitors has been fraught with difficulties. While many authors have reported the 26 

identification of weak inhibitors from high throughput screening (HTS), further 27 

optimization has invariably been unsuccessful. In a recent report, HTS against a library 28 

containing more than 40, 000 compounds identified some inhibitors of the HCV 29 

NS3/NS4A protease. Ten of the identified inhibitors exhibited activities against the ZIKV 30 
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protease. Further biophysical and structural studies confirmed the binding for the 1 

available compounds, which provides a structural basis for compound optimization [29]. 2 

Another study identified bromocriptine to be an inhibitor of ZIKV protease in vitro and 3 

the authors proposed that combination of bromocriptine and interferon could be a 4 

potential treatment for ZIKV infection [44].  5 

Fragment-based drug discovery (FBDD) has only rarely been used for protease drug 6 

discovery because of the challenges of obtaining information about the active site 7 

interactions of such weak binding compounds. Surprisingly a fragment hit (EN300) was 8 

identified and was confirmed to bind to the protease active site by crystallography [26]. 9 

This observation is encouraging because it again suggests that the Zika NS2B-NS3 10 

protease is well suited for studying the molecular recognition of inhibitors. 11 

The major hurdle for cellular activity is membrane permeation, which is mainly impeded 12 

by high molecular weight and high charge/polarity of the ZIKV inhibitor. This is a 13 

standard problem for protease inhibitors that mimic substrate peptides. In order to solve 14 

this problem for example CaCO2 cell permeability would be a useful preclinical assay. 15 

In addition any ZIKV cellular assay (qRT-PCR viral yield or plaque assay) would be 16 

useful to gage the cellular activity of the compounds. Brecher et al. recently reported a 17 

conformational switch assay based on the split luciferase complementation to monitor 18 

the conformational change of NS2B and to characterize candidate allosteric inhibitors, 19 

which represents a convenient cell based assay for compound screening [45]. 20 

 21 

Concluding Remarks  22 

HTS campaigns, virtual screening and peptidomimetics have been used to design 23 

dengue protease inhibitors. That no inhibitor has reached the clinical stage so far for 24 

dengue is probably due to the low druggability of the active site. Although the Zika 25 

protease is structurally similar to the dengue protease, accumulated structural studies 26 

suggest that there is a greater likelihood that Zika protease inhibitors can be developed. 27 

Recent progress in biophysical studies on Zika protease highlights its key advantages 28 

over the dengue and West Nile proteases for designing antivirals. First, detailed 29 
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structural and biochemical studies have been carried out for the three distinct protease 1 

constructs, which answers the questions raised from the West Nile and dengue 2 

protease structural studies [13, 14]. The open conformation is not suitable for structure-3 

based drug design as it is only observed for the linked proteases. Second, structures of 4 

the protease-substrate complexes are available, which was not achieved for either the 5 

West Nile or dengue proteases. Third, FBDD is promising for the Zika protease as a 6 

fragment hit was identified and verified by biophysical and structural studies. Such 7 

progress was not made for dengue and West Nile proteases. Fourth, the unlinked 8 

protease is likely to be an ideal construct for structure-based drug design because it is 9 

been demonstrated to exist in the closed conformation and possess an open active site 10 

accessible to different types of inhibitors ranging from high molecular weight (BPTI) 11 

inhibitors to low molecular weight fragments. Last, eZiPro structure represents a native 12 

conformation of the protease-product complex. This construct might have more useful 13 

applications such as screening fragment hits targeting different sites. Structure-based 14 

drug discovery can be a very practical strategy to develop inhibitors, and has great 15 

potential for its application in developing inhibitors of ZIKV (see Outstanding Questions).  16 
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Glossary 1 

• Serine Proteases (or serine endopeptidases) are enzymes that cleave peptide 2 

bonds in proteins, which serine serves as the nucleophilic amino acid at the 3 

(enzyme's) active site. They are found ubiquitously in both eukaryotes and 4 

prokaryotes. For flaviviral proteases, Ser135 from NS3 protein is the catalytic serine. 5 

• Peptidomimetic inhibitors are derived from the protease cleavage sites. This type 6 

of protease inhibitors contains basic residues which facilitate its interactions with 7 

NS2B-NS3 protease. To enhance the inhibitor activity, additional reactive group and 8 

chemical modifications are usually required.   9 

• Small molecular weight inhibitors are low molecular weight (< 900 daltons) 10 

organic compounds that inhibit the protease activity.  11 

• High-throughput screening (HTS) is a method used in drug discovery. Using 12 

robotics, data processing/control software, liquid handling devices, and sensitive 13 

detectors, high-throughput screening allows a researcher to quickly conduct millions 14 

of chemical, genetic, or pharmacological tests in order to rapidly identify active 15 

compounds. The lead compounds serve as starting points for drug design and for 16 

understanding the interaction or role of a particular biochemical process in biology. 17 

• Fragment-based drug design (FBDD) is a method used for finding lead 18 

compounds as part of the drug discovery process. It is based on identifying small 19 

chemical fragments, which may bind only weakly to the biological target, and then 20 

growing them or combining them to produce a lead with a higher affinity. FBDD can 21 

be compared with high-throughput screening (HTS). In HTS, libraries with up to 22 

millions of compounds, with molecular weights of around 500 Da, are screened, and 23 

nanomolar binding affinities are sought. In contrast, in the early phase of FBDD, 24 

libraries with a few thousand compounds with molecular weights of around 200 Da 25 

may be screened, and millimolar affinities can be considered useful. 26 

  27 
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Box 1. Protein Constructs of ZIKV NS2B-NS3 Protease 1 

A single-chain construct where the NS2B cofactor region is linked to NS3 protease 2 

region through a glycine-rich (Gly4SerGly4) linker has been used for earlier flaviviral 3 

protease studies. For all reported structures using this construct design, the free 4 

enzyme has been captured in an open conformation where the NS2B catalytic cofactor 5 

region is disordered and the active site is not completely formed. Enzyme-inhibitor 6 

complexes form the closed conformation where the NS2B cofactor is fully engaged with 7 

NS3 protease for inhibitor recognition at P2 position.  8 

When structural work on Zika virus NS2B-NS3 protease started, three different protein 9 

and protein complexes were examined (Fig. 1) [22]. The first one is using the traditional 10 

approach to connect the central cofactor region of NS2B to the NS3 protease domain 11 

via the nine-residue Gly4SerGly4 linker, providing a single-chain protein which was 12 

named as gZiPro. The second approach highlights the enzymatic self-cleavage of the 13 

NS2B-NS3 junction. This “eZiPro” construct is cleaved during protein expression 14 

providing an unlinked protein complex [22]. Finally “bZiPro” stands for a bivalent 15 

protease consisting of two separate polypeptide fragments 45-96 of NS2B and 1-177 of 16 

NS3 co-expressed and assembled in bacteria [22]. All three proteases fold as 17 

monomeric globular proteins and are catalytically active in solution. However, owing to 18 

the differences of the constructs, the protease activity and kinetic parameters of the 19 

three proteases are different. Based on the available data, bZiPro design seems to offer 20 

several advantages for structure based inhibitor development: (1) The free enzyme 21 

maintains the closed conformation in solution and in crystals; (2) The active site is 22 

preformed and fully accessible to inhibitors of different sizes and binding affinities; (3) 23 

High resolution crystal structures of free enzyme and compound-bound complexes are 24 

available. (4) Most protein residues are well resolved in both crystal structures and in 25 

2D-NMR assignment.     26 
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Table 1. ZIKV NS2B-NS3 protease structures a  

Design 
PDB 
code 

Ligand Resolution Reference 

eZiPro 5GJ4 TGKR peptide 1.84 Å [22] 

gZiPro 

5LC0 Boronate dipeptide inhibitor 2.7 Å [30] 

5T1V - 3.1Å [46] 

5GXJ - 2.6 Å [32] 

bZiPro 

5GPI 
- 

1.58 Å   [26] 
KKGE reverse peptide 

5H4I benzimidazol-1-ylmethanol  2.0 Å [26] 

5H6V Acyl-KR-aldehyde 2.42 Å [25] 

a Structures of proteases from other flaviviruses have been summarized earlier  [13, 14].  1 
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Figure Legends 1 

Figure 1. ZIKV polyprotein and NS2B-NS3 protease.  (A) The ten viral proteins are 2 

shown in different colors and the cleavage sites for the NS2B-NS3 protease and host 3 

proteases are marked with solid arrows and hollow arrows, respectively.  (B) The 4 

protease cleavage sequences are shown for the three constructs of the NS2B-NS3 5 

protease. The representative crystal structures of (C) bZiPro free enzyme, (D) eZiPro, 6 

(E) gZiPro-inhibitor complex, and (F) gZiPro free enzyme. Color scheme follows (B). 7 

The missing inter-domain residues are shown as dotted lines. One dot corresponds to 8 

one missing residues in the crystal structures. (G) Membrane associated model of ZIKV 9 

NS2B-NS3 Protease. The transmembrane region of NS2B was based on the NMR work 10 

on DENV NS2B [28].  11 

Figure 2. The catalytic site of the ZIKV NS2B-NS3 protease. (A) Essential interactions 12 

between the protease and a dipeptide KR-COOH, using the eZiPro structure as 13 

reference. Key interactions are labelled and NS2B residue labels are underlined. The 14 

negatively charged residue D83 from NS2B from the β-hairpin interacts with the side 15 

chain of P2 residue (K129) in the substrate. Residue R130 in the substrate occupies the 16 

S1 pocket and forms interactions with Y161, D129 and Y130 from NS3. The P3 and P4 17 

residues in the substrate play little role in binding as the S3 and S4 pockets are empty, 18 

which explains the recent finding that the dipeptide inhibitor can exhibit an IC50 in the 19 

nanomolar range against the WNV protease[47].  NS3 protein is colored in yellow and 20 

NS2B in magenta. Hydrogen bonds are shown as dashes. Surface charge density view 21 

of the protease-inhibitor complexes for (B) eZiPro (TGKR-COOH peptide), (C) Boronate 22 

dipeptide inhibitor, (D) KKGE reverse peptide, (E) Acyl-KR-aldehyde, and (F) small 23 

fragment benzimidazol-1-ylmethanol. Positively charged surfaces are in blue and 24 

negatively charged in red. S1-S4 substrate binding pockets are labelled in B. (G) Model 25 

of NS2B-NS3 on a membrane. ZIKV NS2B membrane topology was modelled based on 26 

DENV NS2B [28].  27 

Figure 3. NMR studies on Zika protease. (A) 1H-15N-HSQC spectra of Zika protease. 28 

The 1H-15N-HSQC spectra of bZiPro (red), eZiPro (black), and gZiPro (green) are 29 

shown. The spectra were collected at 37 C [22]. (B) Residues that have exchanges in 30 
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the Zika protease. The crystal structure of bZiPro in complex with Ac-KR-aldehyde (Ac-1 

KR-COH; PDB id 5H6V) is shown. Ac-KR-aldehyde is shown in sticks. NS2B and NS3 2 

are shown in purple and yellow, respectively. Residues exhibiting line broadening in free 3 

bZiPro are highlighted in light blue. (C) bZiPro binds to BPTI [22]. (D) bZiPro binds to a 4 

weak peptide inhibitor Ac-KR-COOH [26]. 1H-15N-HSQC spectra of bZiPro in the 5 

absence (black) and presence (red) of Ac-KR-COOH are shown.  6 
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