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Abstract 

Zika virus NS2B-NS3 protease plays an essential role in viral replication by processing the viral 

polyprotein into individual proteins. The viral protease is therefore considered as an ideal antiviral 

drug target. To facilitate the development of protease inhibitors, we report three high-resolution co-

crystal structures of bZiPro with peptidomimetic inhibitors composed of a P1-P4 segment and 

different P1′ residues. Compounds 1 and 2 possess small P1′ groups that are cleaved by bZiPro, which 

could be detected by mass spectrometry. On the other hand, the more potent compound 3 contains a 

bulky P1′ benzylamide structure that is resistant to cleavage by bZiPro, demonstrating that presence of 

an uncleavable C-terminal cap contributes to a slightly improved inhibitory potency. The N-terminal 

phenylacetyl residue occupies a position above the P1 side chain and therefore stabilizes a horseshoe-

like backbone conformation of the bound inhibitors. The P4 moieties show unique intra- and 

intermolecular interactions. Our work reports the detailed binding mode interactions of substrate-

analogue inhibitors within the S4-S1′ pockets and explains the preference of bZiPro for basic P1-P3 

residues. These new structures of protease-inhibitor complexes will guide the design of more effective 

NS2B-NS3 protease inhibitors with improved potency and bioavailability. 
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1. Introduction 

Zika virus (ZIKV) belongs to the flavivirus genus, which also includes other important human 

pathogens such as Dengue virus (DENV) and West Nile virus (WNV). Although most ZIKV 

infections cause no or very mild symptoms, in the long term, ZIKV infections pose a public health 

threat because of its association with neurological complications amongst infants and adults (Baronti 

et al., 2014; Bell, Boyle, & Petersen, 2016).  Due to the recent outbreak, the World Health 

Organization declared ZIKV a world public health emergency in 2015. Hence, there is still a pressing 

need for antiviral treatments and vaccine development against ZIKV.  

The 11 kb (+)ssRNA genome of ZIKV is first translated into a polyprotein which requires 

both host proteases and viral NS2B-NS3 protease, for cleavage into individual proteins. The non-

structural protein NS3 together with NS2B co-factor is a serine protease (Chambers, Grakoui, & Rice, 

1991; Chambers et al., 1990). The hydrophilic central region of NS2B cofactor is essential for the 

proper folding and enzymatic activity of NS3 and is flanked by N- and C-terminal transmembrane 

regions (Chambers, Nestorowicz, Amberg, & Rice, 1993; Clum, Ebner, & Padmanabhan, 1997; Li, 

Li, Wong, Liew, & Kang, 2015). The NS2B-NS3 protease cleaves the viral polyprotein at 

NS2A/NS2B, NS2B/NS3, NS3/NS4A, and NS4B/NS5 (Cahour, Falgout, & Lai, 1992). As the NS3 

plays an indispensable role in viral replication, it is an attractive antiviral target (Kang, Keller, & Luo, 

2017).  

The active site of NS2B-NS3 is shallow and solvent-exposed, making it challenging for 

development of inhibitors (Erbel et al., 2006; Hammamy, Haase, Hammami, Hilgenfeld, & 

Steinmetzer, 2013; Noble, Seh, Chao, & Shi, 2012). Although peptidomimetic inhibitors with 

nanomolar potency against DENV and WNV were reported, limited availability of protein-inhibitor 

co-crystal structures has hindered the structure-based optimization of these inhibitors (Mueller, Yon, 

Ganesh, & Padmanabhan, 2007; Schuller et al., 2011; Yin, Patel, Wang, Chan, et al., 2006; Yin, Patel, 

Wang, Wang, et al., 2006). Structural studies to complement compound identification by HTS are 

pivotal for the rational development of more effective antivirals using various in silico techniques. 

Due to comparable substrate preferences for multi-basic sequences and structural similarity of ZIKV 
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NS2B-NS3 protease to the DENV and WNV NS2B-NS3, previously reported inhibitors for DENV 

and WNV proteases could potentially be effective against the ZIKV. Previous crystal structures of the 

flavivirus NS2B-NS3 protease have been obtained with constructs containing a glycine-rich artificial 

linker between NS2B and NS3 (Aleshin, Shiryaev, Strongin, & Liddington, 2007; Chandramouli et 

al., 2010; Erbel et al., 2006; Hammamy et al., 2013; Lei et al., 2016; Noble et al., 2012; Noble & Shi, 

2012; Robin et al., 2009). Structures of the inhibitor-free enzymes revealed an open conformation 

where the C-terminal segment of the NS2B cofactor is flexible and disordered. The linked NS2B-NS3 

constructs adopt the closed conformation only when bound with an inhibitor (Aleshin et al., 2007; 

Hammamy et al., 2013; Noble et al., 2012; Robin et al., 2009). Recently, our studies have shown that 

the glycine-rich artificial linker introduces steric hindrance and changes the inhibitor-binding 

mechanism (Phoo et al., 2016). This conclusion has been supported by additional biochemical and 

NMR studies, which also showed that the unlinked construct bZiPro is closer to the native state, has 

higher activity, and is more suitable for the identification of effective inhibitors (de la Cruz et al., 

2011; Kim et al., 2013; Shannon et al., 2016).  

The co-crystal structures of bZiPro with small molecule inhibitors and with di-peptide derivatives 

have been reported (Lei et al., 2016; Li et al., 2018; Li et al., 2017). These inhibitors are also effective 

against other flaviviruses such as WNV and DENV (Koh-Stenta et al., 2015; Lei et al., 2016; Nitsche 

et al., 2017; Weigel, Nitsche, Graf, Bartenschlager, & Klein, 2015). Therefore, structural 

characterization of ZIKV NS3 protease with different inhibitors could also be beneficial towards the 

design of pan-flaviviral NS3 protease inhibitor development. Currently, the structural characterization 

of the ZIKV protease with longer peptide inhibitors is not available. In this study we report three co-

crystal structures of unlinked NS2B-NS3 protease from ZIKV (bZiPro) with different peptidomimetic 

inhibitors occupying S4 – S1′ pockets. These structures shed light on how the longer peptidomimetic 

inhibitors interact with bZiPro and would be helpful towards the structure based design of peptide 

inhibitors.  
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2. Materials and Methods 

2.1 Protein purification 

The bZiPro was purified as previously reported (Zhang et al., 2016). In short, the protein was purified 

in following steps, 1) immobilized metal affinity chromatography (IMAC) using Ni2+-NTA beads 

(Qiagen, USA), 2) His-tag removal by addition of thrombin to the eluted proteins and dialysis against 

gel-filtration buffer containing 20 mM HEPES pH 7.5, 150 mM NaCl, 5% glycerol, 2 mM DTT 

overnight, 3) size exclusion chromatography using HiLoad 16/600 Superdex 75 pg column (GE 

Healthcare, USA). Fractions were collected and concentrated in the gel filtration buffer.  

2.2 Crystallization and structure determination 

The bZiPro:compound complex (molar ratio 1:3) was incubated for 1 hour on ice at the protein 

concentration of 40 mg/ml. 1 µL of the mixture was mixed with 1 µL of reservoir solution (2 M 

ammonium sulfate, 0.1 M sodium acetate trihydrate pH 4.6) and incubated at 18 °C in a hanging-drop 

vapor diffusion experiment. Crystals appeared after two days and were cryoprotected using reservoir 

solution with 20% glycerol before being flash-cooled in liquid nitrogen.  

Diffraction intensities were collected at Australian Synchrotron (Clayton, Victoria) with the MX2 

beamline and Swiss Light Source (Villingen, Switzerland). Diffraction data were indexed and 

integrated using iMOSFLM (Battye, Kontogiannis, Johnson, Powell, & Leslie, 2011) and scaled using 

Aimless (Evans, 2011; Evans & Murshudov, 2013).The solutions for the bZiPro-compound 1/2/3 

complex crystal structures were determined by molecular replacement with the program MOLREP 

and PHASER MR using bZiPro structure as a model (PDB code 5GPI) (McCoy, 2007; Vagin & 

Teplyakov, 2010). The twin laws for the data sets were determined using PHENIX Xtriage (Adams et 

al., 2010). The structure was subjected to iterative rounds of refinement using the PHENIX refine 

with twin law (k, h, -l) applied and manual rebuilding using Coot (Afonine et al., 2012; Emsley & 

Cowtan, 2004). The final data collection and refinement statistics are summarized in Table 1. Figures 

were generated using PyMOL (DeLano, 2004, 2009). 
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2.3 Inhibitor synthesis 

Compounds 1-3 were originally designed as inhibitors of the WNV protease and prepared by solid 

phase peptide synthesis (SPPS) or by SPPS in combination with solution synthesis, as previously 

described (Kouretova et al., 2017). 

2.4 Inhibition assays 

The inhibition assays were carried as previously described (Phoo et al., 2016; Zhang et al., 2016). In 

short 3 nM final concentration of bZiPro was incubated with varying concentrations of inhibitors for 5 

minutes and 30 minutes at room temperature in assay buffer (20 mM Tris pH 8.5, 10% glycerol, 

0.01% Triton X-100, 2mM DTT). Upon addition of the fluorogenic substrate benzoyl-nKRR-AMC 

(assay concentration 10 µM), the initial velocities were measured at 37 °C at λex at 380 nm and λem at 

460 nm every sixty seconds over a period of 12 minutes using Cytation 3 Multimode plate reader 

(BioTek Instruments). Inhibition assays were performed as triplicates. The determined initial 

velocities were normalized (control in absence of inhibitor set to 100 %) and plotted as a function of 

the inhibitor concentrations (Figure 1). The data were analysed by nonlinear regression using 

GraphPad Prism. The IC50 values were calculated by using the Log (inhibitor): normalized response 

function implemented, in GraphPad Prism version 5.0 (GraphPad Software, La Jolla California, 

USA). 

2.5 Mass spectrometry analysis  

The inhibitors were incubated with bZiPro at 10:1 ratio (inhibitor: bZiPro) for 4 hours at 37 °C. The 

same concentration of each inhibitor without bZiPro was prepared as negative controls. Analytical 

reverse phase chromatography was performed using ACQUITY UPLC BEH C18 column, 2.1 X 100 

mm (Waters, USA), thermostated at 65 °C, with an Acquity H-Class UPLC coupled to UPLC PDA 

and QDa Mass Detector (Waters, USA), with Mobile phase A in ultrapure water containing 0.1% 

formic acid and mobile phase B in methanol containing 0.1% formic acid. The mobile phase was 

delivered at a flow rate of 0.4 mL/min with the following gradient: 0 – 2 min, 10 % B; 2 – 4 min, 80 

% B; 4 – 6 min, 80 % B; followed by a return to 10 % B at 9 min. Absorption was measured at 280 
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nm and 260 nm. The QDa ESI source was operated in positive mode, capillary voltage of 0.8 V, cone 

voltage of 10 V, probe temperature at 600 °C, over a scan range of 150 – 1250 m/z at a frequency of 8 

Hz. The chromatograms and mass spectra were acquired and analyzed using Waters Masslynx 4.1 and 

deconvoluted using MaxEnt1. 
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3. Results 

3.1 Inhibition of bZiPro by the peptidomimetic compounds 

We determined the half maximal inhibitory concentration (IC50) of the three peptidomimetic inhibitors 

with different P1′ and P4 groups (Figure 1A-C). The IC50 values of compounds 1, 2 and 3 are found to 

be in low micromolar range, 1.2 ± 0.14 µM, 1.6 ± 0.14 µM and 1.1 ± 0.07 µM respectively (Figure 

1A-C). The Ki values of the inhibitors are calculated based on Cheng-Prusoff equation and they are 

0.047 µM, 0.06 µM and 0.43 µM for compound 1, 2 and 3 respectively (Cheng & Prusoff, 1973).   

Due to the substrate analogue structures containing various P1′ groups, we hypothesized that bZiPro 

might be able to cleave these inhibitors. To investigate this, the molecular weight of the compounds 

before and after incubation with bZiPro was determined using ESI-MS (Figure 2). The analysis 

revealed that compounds 1 and 2 were cleaved after the P1 Arg residue by bZiPro (Figure 2A-D). For 

the peptide 1 the molecular weight was decreased by 113 Daltons after incubation, indicating the 

removal of the C-terminal Gly-Gly-NH2 segment (Figure 2A-B). Incubation of compound 2 with 

bZiPro resulted in a mass increase of 1 Dalton, implying that the C-terminal amide moiety was 

converted to a carboxyl group (Figure 2C-D). In contrast, compound 3 did not show any change in 

molecular weight, suggesting that the Arg-4-Amba bond is resistant to cleavage by bZiPro (Figure 

2E-F). We have determined the IC50 values of the inhibitors with longer incubation time (30 minutes) 

(Figure S1) and found that the IC50 values vary less than 10% for the compound 2 and 3 (Figure S1B-

C). For compound 1, the IC50 value increased two folds when the incubation time was extended to 30 

minutes (Figure S1A). We also synthesized the peptides after cleavage of compound 1 and 2 by 

bZiPro (compound 1B and 2B) and determined their inhibitory potencies after 5 minutes of incubation 

with bZiPro (Figure 1D-E). As expected, the IC50 values are significantly higher than those of the 

compounds before cleavage. The difference is more striking for compound 1 and 1B as the IC50 value 

of compound 1B is 18.4 ± 1.9 µM which is 15 times higher than for compound 1 (Figure 1A and 1D). 

The IC50 value of compound 2B (5.9 ± 0.55 µM) is 3.5 times higher compared to inhibitor 2 (Figure 

1B and 1E). The Ki values of the compound 1B and 2B are 7.13 µM and 2.29 µM respectively.  
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3.2 Crystal structures of ZIKV protease in complex with compound 1, 2 or 3 

The co-crystal structures of bZiPro (C143S) with compounds 1, 2 or 3 were determined at a resolution 

of 2 Å, 1.8 Å and 1.7 Å, respectively (Figure 3A, S1, and S2). The data collection and refinement 

statistics are summarized in Table 1. For all three co-crystal structures, there are four bZiPro 

molecules in one asymmetric unit (ASU) with almost same conformation (RMSD < 0.4 Å for 160 Cα 

atoms). In all three co-crystal structures, only two out of four bZiPro molecules in one ASU are 

occupied by the inhibitor (Figure S4). 

3.3 Detailed interactions between bZiPro and compound 1 

The P1′-P2′ Gly-Gly-NH2 segment of the inhibitor is not observed in the co-crystal structure (Figure 

3B), indicating that bZiPro cleaved compound 1 after the P1 arginine. This observation is consistent 

with the result of mass spectrometry analysis (Figures 2A and 2B). One of the C-terminal carboxyl 

oxygen atoms of P1 Arg interacts with the amide nitrogens of S135 and G133 of the oxyanion hole, 

whereas the second oxygen forms a H-bond to the imidazole nitrogen of His51 in a similar fashion to 

the structure of bZiPro in complex with Acetyl-Lys-Arg-H (Li et al., 2017). Moreover, the P1 amide 

NH forms a close contact to the carbonyl oxygen of G151. Notably, the side chain of S135 is pointing 

away from the negatively charged P1 carboxylate group. One of the terminal guanidine nitrogens of 

P1 Arg interacts with the D129 side chain and carbonyl oxygen of Y130. The P2 Lys binds to the 

carbonyl oxygen of G82 and D83 side chain of NS2B. The P3 Lys side chain makes polar contacts to 

the carbonyl oxygen of F84 and the S85 hydroxyl group of NS2B, while the P3 backbone carbonyl 

oxygen is bound to the hydroxyl group of Y161 and the amide NH of G153. Moreover, the P4 

backbone carbonyl forms two H-bonds to the guanidine group of the P1 Arg (Figure S5A-B). These 

contacts may stabilize the horseshoe-like overall backbone conformation of the bound inhibitor 

(Figure 3B, Figure S5A-B).  

3.4 Detailed interactions between bZiPro and compound 2  

In the co-crystal structure (Figure 3C), the C-terminus of compound 2 was built as carboxyl group, in 

agreement with the mass spectrometry results (Figure 2C-D). The two compounds at each active site 
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interact similarly with bZiPro for P1 and P3 residues. The P2 backbone nitrogen and P4 cap moiety 

adopt slightly different conformations in the two bound molecules of compound 2 (Figure S4A-B, 

Figure S5A-B). In Figure 3, the complex with better electron density map is displayed. The electron 

density maps for both compounds are shown in Figure S4A-B. Out of two compound 2 molecules, 

one of the P2 backbones is similarly oriented as the P2 backbone of compound 1, whereas the other is 

similarly placed as in the compound 3 complex (Figure S4A-B, Figure S5A-B). The first 

conformation interacts with G151, while the second conformation does not. In both conformations, 

the P2-Lys side chain makes contacts with the carbonyl oxygen of G82 and N152 side chain. The P3 

backbone carbonyl oxygen interacts with Y161 and G153 similar to the bZiPro-compound 1 complex, 

while the P3-Lys side chain is bound to the carbonyl oxygen of F84 of NS2B. However, unlike the 

bZiPro-compound 1 complex; no polar contact to the side chain of S85 exists.. The amide bond 

between the P3 Lys and P4 4-GMe-Phac group is rotated and the P4 carbonyl oxygen cannot form any 

intramolecular interaction with the P1 guanidino group as observed in the bZiPro-compound 1 

complex. Instead, the P4 guanidine group interacts with E62 of a neighboring NS2B molecule, which 

might cause the rotation of the P3-P4 amide backbone (Figure 3C, Figure S5B). In contrast, the 

second bZiPro-compound 2 molecule does not contact with the neighboring NS2B molecule and 

forms an intramolecular contact between the P4 and the P1 group (Figure S5C, D). 

3.5 Detailed interactions of bZiPro with compound 3  

In contrast to the two other complexes, the P1-P1′ peptide bond of compound 3 is stable and not 

cleaved by bZiPro as can be observed in the co-crystal structure (Figure 3D) . The electron density for 

the P1′ 4-amidinobenzylamide group is clearly visible; the stability of the inhibitor is also supported 

by the mass spectrometry results (Figure 2C, Figure S4). The P1 Arg residue binds in a similar 

fashion as described in the complexes with compounds 1 and 2. Here, the P2-Arg side chain interacts 

with G82 and S81 of NS2B. Since Arg at P2 residue forms additional interactions with the protease, it 

may be better suited than Lys for the design of substrate-analogue inhibitors of bZiPro. In contrast, 

the P2 backbone does not form any polar interactions to the protease. The backbone carbonyl oxygen 

of P3 Arg forms similar hydrogen bonds with Y161 and G153 as found in the other two complexes. 
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The P4 4-GMe-Phac moiety points out of the substrate binding pocket, whereas its guanidine group 

makes a salt bridge (2.8 Å) to the carboxyl group of D129. Moreover, its phenyl ring partially covers 

the P1 side chain and is probably involved in intramolecular cation-π interactions to the P1 guanidino 

group. This horseshoe-like conformation of the inhibitor backbone is further stabilized by a hydrogen 

bond between the P4 carbonyl oxygen and the guanidine of the P1 Arg residue (Figure S5E-F). The 

P1′ 4-amidinobenzylamide group is  occupying the shallow subpocket next to the S1 site lined by 

V36, V52 and A132-G133, whereas the polar amidine substituent is directed towards the solvent 

(Figure 3D, Figure S5E and F).  

3.6 Comparison of the bZiPro-compound 3 complex with structures of other flavivirus proteases 

bound to various peptidic inhibitors 

 The comparison of the bZiPro-compound 3 complex with previously reported structures of 

DENV, WNV and ZIKV proteases with peptidic inhibitors shows that the overall fold is similar in all 

structures (Figure 4 and Supplementary Table 1). Multiple sequence alignment showed mostly 

conserved S1 pocket residues; therefore, it is not surprising that the P1 Arg from different peptidic 

inhibitors interacts with the same NS3 residues. In contrast, the S2 and S3 pockets are formed by 

residues from both NS2B and NS3. Slightly different residues in the NS2B cofactor sequence 

(residues 80-83) could be the reason for slight variations in the preferred P2 and P3 residues among 

the different flavivirus proteases. The superimposition of bZiPro-compound 3 with the bZiPro-TGKR 

peptide structure shows similar P1 interactions with similar P1-P3 backbone conformation (Figure 

4C). Superimposition of the structure of compound 1, 2 and 3 when bound to bZiPro showed that the 

P4 groups of different inhibitors occupy the S4 pocket in slightly different orientations. This indicates 

that the S4 pocket is not fully occupied and it might be possible to include even larger and/or more 

bulky P4 residues. We speculate that this could improve the potency and cellular permeability of this 

inhibitor type. 
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4. Discussion 

Several structures of the ZIKV protease in complex with dipeptides or small molecule fragments have 

been reported (Lei et al., 2016; Li et al., 2018; Li et al., 2017; Phoo et al., 2016).The two dipeptide 

compounds reported by Lei et al. and Li et al. form covalent but reversible adducts with the catalytic 

serine (Lei et al., 2016; Li et al., 2017). In the known bZiPro and eZiPro structures from former 

studies, the S3 pocket is largely unoccupied (Phoo et al., 2016; Zhang et al., 2016). To explore the 

substrate/inhibitor binding to the all of S1-S4 pockets, we determined the crystal structures of 

unlinked ZIKV NS2B-NS3 protease in complex with three reversible peptidomimetic inhibitors. 

Overall, binding of substrates or inhibitors do not induce significant conformational changes in the 

protease indicated by low RMSD values (Supplementary Table 1, Figure S2, and Figure S3). The P3-

P1 backbones of the three compounds are orientated relatively similarly amongst themselves (Figure 

4A) and to the tetrapeptide TGKR in the eZiPro structure (Figure 4C). At P2 position, an arginine side 

chain can make more contacts with bZiPro as compared with lysine. For P3, both lysine and arginine 

form similar interactions with bZiPro. The different conformations of the used P4 moieties in the co-

crystal structures indicate that the P4 group has a higher degree of conformational freedom. This 

could allow the incorporation of different P4 moieties to improve the potency or drug-like properties. 

Of the three compounds, inhibitor 3 has the strongest potency against bZiPro. Its P4 4-

guanidinomethyl-phenylacetyl-group is shielding the P1 side chain similarly to the 3,4-

dichlorophenylacetyl- group in complex with the WNV protease (Figure 4D) (PDB ID: 2YOL) 

(Hammamy et al., 2013). It is noteworthy that in this WNV inhibitor a trans-(4-

guanidino)cyclohexylamide (GCMA) residue was incorporated as P1 residue, which represents a 

decarboxylated Arg mimetic. Interestingly, the cyclic boronate diester of cn-716 reported by Lei et al. 

also occupies the same shallow S1′ region as found for the 4-Amba residue in the complex with 

compound 3 (Figure 4B) (Lei et al., 2016).  The P1-P1′ bond of compound 3 is not hydrolysable by 

bZiPro which might explain the slightly better potency of this inhibitor. An additional cause for the 

improved IC50 value of compound 3 could be attributed to the P2 Arg side chain, which enables more 
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contacts to bZiPro than P2 Lys, as well as to the N-terminal group in P4 position forming an 

additional salt bridge to the D129 side chain.  

Due to their tribasic P3-P1-segment the used compounds 1-3 possess a limited selectivity and show 

micromolar activity against the WNV and DENV proteases in in vitro assays (Kouretova et al., 2017). 

Moreover, the incorporation of the C-terminal 4-Amba cap in compound 3 also leads to a very potent 

inhibitor of the proprotein convertase furin with an inhibition constant of 57 pM (Kouretova et al., 

2017). Notably, all of these compounds showed negligible efficacy in cell-based assays against WNV 

and DENV, possibly due to poor cellular permeability or insufficient potency (Kouretova et al., 

2017). Moreover, incubation of compounds 1 and 2 with the WNV protease at identical 

concentrations as used in the kinetic measurements, followed by subsequent HPLC analysis revealed 

only a minor cleavage of these derivatives during a period of 4 hours (Kouretova et al., 2017). 

Therefore, it was assumed that the inhibitory potency against the WNV enzyme during the kinetic 

measurement of 20 minutes was mainly caused by the intact compounds and not by the cleaved P4-P1 

product. However, the lack of co-crystal structures for the WNV protease in complex with these 

compounds makes it challenging to predict differences in the binding mode of both compounds in the 

active site of the WNV and ZIKV protease to explain the different cleavage efficiencies. 

In structure-based drug discovery, characterizing the active site of target proteins with various 

compounds is vital for the further optimization of lead structures. In this study, x-ray crystallography 

together with biochemical assays and mass spectrometry analysis was used to characterize the S4-S1′ 

binding pockets of the unlinked ZIKV NS2B-NS3 protease, bZiPro. We have also demonstrated that 

presence of a P1′ group could improve the potency of these petidic inhibitors. Furthermore, we 

conclude that the incorporation of larger hydrophobic P4 groups, for instance a biphenylacetyl 

residue, could improve the cellular permeability of this inhibitor class.  
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Table 1: Data collection and refinement statistics  

 Compound 1 

PDB id: 5ZMQ 

Compound 2 

PDB id: 5ZMS 

Compound 3 

PDB id: 5ZOB 

Data collection 

Wavelength (Å) 1 1 1 

Resolution range (Å) 60.33 - 1.99 (2.04-1.99) 27.42 - 1.80 (1.84-1.80) 42.97-1.70 (1.73-1.70) 

Space group  P 21 21 21   P 21 21 21   P 21 21 21  

Unit cell    

   a, b, c (Å) 60.15, 60.33, 214.07 60.33, 60.35, 214.68 60.42, 60.42, 214.87 

   α,β,γ (°) 90, 90, 90 90, 90, 90 90, 90, 90 

Total no of reflections 302087 (19285) 346043 (17660) 476930(22778) 

Unique reflections  53862 (3829) 37988(2214) 87405(4443) 

Multiplicity  5.6 (5.0) 9.1 (8.0) 5.5(5.1) 

Completeness (%) 98.40% (92.10%) 99.9% (99.6%) 99.94% (100.00%) 

I/σI  10.3 (2.9) 12 (1.5) 9.3(1.7) 

Wilson B factor (Å²) 19.6 19.5 24.6 

CC1/2 0.99 (0.77) 0.99 (0.412) 0.99 (0.90) 

Rmerge
a 0.09 (0.44) 0.109 (1.29) 0.065(0.68) 

Refinement 

Resolution range (Å) 57.91 - 1.99 (2.06 - 1.99) 24.5 - 1.67 (1.70 - 1.67) 46.18 - 1.70 (1.76 - 1.70) 

Rfactor
b 0.1705 0.2079 0.2572 

Rfree
c 0.2012 0.2575 0.2791 

No of non-hydrogen atoms    

   Macromolecules 5615 5708 5801 

   Ligands 78 88 116 
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*Statistics for the highest-resolution shell are shown in parentheses.  

aRmerge =ΣhΣi|Ihi-<Ih>|/Σh,i Ihi, where Ihi is the ith observation of the reflection h, while <Ih> is its mean intensity.  

b Rfactor =Σ ||Fobs| - |Fcalc|| / Σ |Fobs|.  

c Rfree was calculated with 5% of reflections excluded from the whole refinement procedure. 

  

   Water 499 420 243 

RMSD (bonds) (Å) 0.003 0.67 0.002 

RMSD (angles) (°) 0.685 0.003 0.68 

Ramachandran favored 

(%)  

97.0 93.4 94 

Ramachandran allowed 

(%)  

2.9 6.2 5.6 

Ramachandran outliers 

(%)  

0.1 0.4 0.4 

Clash score 5.69 8.03 9.86 

Average B factor (Å²)    

   Macromolecules 21.72 31.01 27.80 

   Ligands 25.64 27.28 25.1 

   Solvent 35.3 34.54 28.40 
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Figure 1. Structures of the inhibitors used in this study along with their half maximal inhibitory 

curves against the NS2B-NS3 protease of ZIKV using 10 µM benzoyl-nKRR-AMC as substrate (pH 

8.5). The NS2B-NS3 protease and the inhibitors were incubated for 5 minutes at room temperature.  

The average molecular weights of the compounds are given below each structure. (A) Compound 1: 

Phenylacetyl-Lys-Lys-Arg-Gly-Gly-NH2 (B) Compound 2: 4-guanidinomethyl-phenylacetyl-Lys-

Lys-Arg-NH2 (C) Compound 3: 4-guanidinomethyl-phenylacetyl-Arg-Arg-Arg-4-

amidinobenzylamide. (D) Compound 1B: hydrolysis product of compound 1 (E) Compound 2B: 

hydrolysis product of compound 2. The error bars represent standard errors.  
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Figure 2. Mass spectra of the compounds before and after incubation with bZiPro determined by ESI-

MS. The chemical structures of the compounds before and after hydrolysis are drawn next to the peak 

in addition to their exact weights. (A – B) Compound 1 is reduced by 110 Da after incubation with 

bZiPro. (C – D) For compound 2, the molecular weight is increased by 1 Da after cleavage of the C-

terminal amide bond. (E – F) The molecular weight of compound 3 remained unchanged before and 

after incubation with bZiPro. 
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Figure 3. Crystal structures of bZiPro in complex with compounds 1, 2 and 3. (A) Overall 

conformation of bZiPro with compound 1, 2 and 3 in the active site. NS2B (magenta) and NS3 

(yellow) are shown as ribbons while the P4-P1 segments of the cleaved compounds 1 (with cyan 

carbons) and 2 (orange), as well as the intact inhibitor 3 (green) are given in sticks representation. (B-

D) The electron density maps and detailed interactions of compound 1 with bZiPro are shown in panel 

(B), of compound 2 in panel (C) and of compound 3 in panel (D). The electron density maps (2mFo-

Fc) in the left panels are colored in blue and contoured at 1σ and the omit map (mFo-Fc) in green 

contoured at 3σ are shown The right panels in show the detailed interactions between the compounds 

and bZiPro. The involved bZiPro residues interacting with the compounds are shown as sticks and are 

labeled.   
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 Figure 4. Superimposed structures of peptidic inhibitors in bZiPro, shown with its backbone in 

cartoon style with the (NS2B colored in magenta and NS3 in yellow). (A) Superimposition of cleaved 

compounds 1 (carbons in cyan) and, 2 (carbons in orange), with the intact inhibitor 3 (in all panels 
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with green C-atoms) in the active site of bZiPro.  Conserved residues contributing to the binding of all 

three inhibitors are labeled. The P3-P1 residues from the three compounds make similar interactions 

with bZiPro, although the P2 Arg is slightly better suited than Lys at this position. The used P4 groups 

adopt slightly different positions indicating that the S4 pocket can be used for further optimization of 

the inhibitor. The P1′ 4-amidinobenzylamide group of compound 3 is not occupying the S1′ pocket 

and points toward the solvent. (B) Superimposition of the bZiPro in complex with -compound 3 with 

the bound structure of the boronic acid inhibitor cn-716 (carbons in light pink, PDB id: 5LC0). (C) 

Comparison of the structure of the bound compound 3 with the peptide TGKR (carbons in blue) after 

ZIKV NS2B-NS3 protease self-cleavage (PDB id: 5GJ4). (D) Comparison of the bound structure of 

compound 3 with the conformation of the bound inhibitor 3,4-dichloro-phenylacetyl-Lys-Lys-GCMA 

in the active site of the WNV protease (carbons in gray), (PDB id: 2YOL). (E) Comparison of the 

bound compound 3 with the structure of benzyol-Nle-Lys-Arg-Arg-H in complex with the- WNV 

protease (inhibitor with carbons in magenta) and with the DENV-3 protease (inhibitor with carbons in 

blue) structure (PDB id: 3U1I for DENV-3, 2FP7 for WNV). (F) Comparison of bound compound 3 

in bZiPro with 2-naphthoyl-Lys-Lys-Arg-H in complex with the WNV NS2B-NS3 protease (carbons 

in orange) (PDB id: 3E90). 
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Highlights 

• Crystal structures of unlinked ZIKV protease (bZiPro) with three peptide inhibitors at 

resolution of 2Å, 1.8Å and 1.9Å. 

• The inhibitor 3 is the longest peptidic inhibitor co-crystallised with flaviviral protease.  

• The susceptibility of the inhibitor for cleavage between P1 and P1'  affects the inhibition 

efficiency of the compound.  

• The structural characterisation of S4-S1 and -S1′ pockets reported here is useful for antivirals 

against ZIKV.  

 


