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ABSTRACT 

Zika virus (ZIKV) serine protease, indispensable for viral polyprotein processing and replication, 
is composed of an NS2B polypeptide that associates with a proteolytic N-terminal fragment of 

NS3 polypeptide (NS3pro) to form NS2B-NS3pro. The larger C-terminal fragment of NS3 

polypeptide contains helicase activity. In the present study, we discovered that ZIKV NS2B-
NS3pro efficiently binds single-stranded (ss) RNA (Kd ~0.3 μM), suggesting that the protease 

may have a novel function. We tested an array of NS2B-NS3pro modifications and found that 
NS2B-NS3pro constructs that adopt the recently discovered “super-open” conformation could 

not bind ssRNA. Likewise, stabilization of NS2B-NS3pro in the “closed” (proteolytically active) 
conformation by substrate-like inhibitors abolished ssRNA binding. Therefore, we suggest that 

ssRNA binding occurs when ZIKV protease adopts the “open” conformation, which could be 
modeled using dengue NS2B-NS3pro in the open conformation. ssRNA binding competes with 

ZIKV NS2B-NS3pro protease activity, likely by shifting the complex into the open conformation. 
Modeling of ZIKV NS3 helicase activity based on homologous crystal structures suggests that 

the open conformation of NS3pro domains provides a positively charged surface contiguous 

with the NS3 helicase domain. Such a positively charged surface is well poised to bind ssRNA, 
providing an explanation for the previously observed requirement of NS3pro for RNA 

processivity by viral helicase. Our structure-function analyses suggest that binding of ssRNA by 
the protease domain of NS3 is likely to be a universal feature of Flaviviridae, given the high level 

of homology between NS3 protease-helicase proteins in this family. 
 

INTRODUCTION 
Zika virus (ZIKV) is a member of the Flaviviridae family that includes West Nile virus (WNV), 

dengue virus (DENV serotypes 1–4), Japanese encephalitis virus, hepatitis C virus (HCV), and 

tick-borne encephalitis virus) among many other human pathogens. Like other flaviviruses with 
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recurrent outbreaks, ZIKV is considered a major global health threat (1,2). ZIKV infection of 

pregnant mothers can cause microcephaly in the fetus (3-5) and infection of adults has been 
linked to the autoimmune neurodegenerative disease Guillain–Barré syndrome (6-8). Currently, 

no effective countermeasures, such as drugs or vaccines, have been approved by the United 
States Food and Drug Administration for the treatment or prevention of ZIKV infection (9-11).  

 Like other flaviviruses, ZIKV is a positive-sense, single-stranded RNA virus. The ~10.8 
kb genome encodes a 3423-amino acid (aa) polyprotein precursor consisting of 3 structural and 

7 nonstructural proteins. Once inserted into the host endoplasmic reticulum (ER) membrane, the 
viral polyprotein is cleaved by a viral protease at cytosol-exposed junctions between 

nonstructural proteins and within the capsid protein C. Host proteases, such as furin and signal 
peptidase, process the polyprotein within the ER (Fig. 1A). 

 
Figure 1. ZIKV polyprotein composition and processing by viral and host cell proteases.  
(A) Processing of ZIKV polyprotein. Positions of cleavage sites for host and viral proteases at the 
junctions between individual viral proteins are indicated by arrows. (B) Transitional equilibrium 
between closed, open, and super-open conformations of ZIKV NS2B-NS3pro, with pockets 
potentially involved in binding of ssRNA or allosteric inhibitors indicated. A peptide-based 
substrate (green ball and stick model) in the protease active center is modeled on the related 
structure of WNVpro + aprotinin (PDB ID 2IJO). 
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 ZIKV NS3 protein is an ~615 aa multifunctional protein exhibiting endopeptidase, RNA 

helicase, RNA triphosphatase, and NTPase activities (12). The N-terminal 170-aa domain of 
NS3 (NS3pro) interacts with a cytosolic 48-aa region of the membrane-anchored NS2B to form 

a highly active serine protease termed NS2B-NS3pro (Fig. 1A) (13). The critical dependance of 
viral propagation on NS2B-NS3pro has made this polypeptide a promising antiviral drug target. 

However, the development of competitive inhibitors is challenging because of the high structural 
homology between the active centers of viral NS2B-NS3pro and multiple cellular serine proteases 

with basic functions (14). The development of allosteric anti-NS2B-NS3pro inhibitors may be one 
way to overcome this obstacle (14,15).  

 Recently, we determined the crystal structure of ZIKV NS3pro with the covalently linked 
NS2B cofactor with 2.5 Å and 3 Å resolution. These structures revealed that NS2B-NS3pro 

adopts a so-called “super-open” conformation (PDB IDs 5TFN, 5TFO, 6UM3, and 7M1V) that is 

clearly distinct from the previously reported proteolytically active “closed” conformation of ZIKV 
NS2B-NS3pro (PDB ID 5LC0) (16). The crystal structure of ZIKV protease in the “open” 

conformation has not been reported, but the structures of DENV and WNV NS2B-NS3pro in the 
open conformation (PDB IDs 2FOM and 2GGV) suggest that ZIKV protease open conformation 

can be modeled from the closed conformation by removing the C-terminal tail of the NS2B 
cofactor from a hydrophobic cleft of NS3pro (17). In addition to the NS2B dissociation, the 

super-open conformation imposes refolding of NS3pro C-terminal residues, which eliminates the 
substrate binding site. Given the apparent continuum of these structural changes, we propose 

that NS2B-NS3pro can dynamically switch between closed, open, and super-open 
conformations (Fig. 1B).  

 The NS3-NS4 protease domain of HCV is distantly homologous to ZIKV NS2B-NS3pro, 

the major differences being the existence of HCV protease domain in a single conformation, the 
distinctive substrate specificities, and a strong positive charge around the active site of NS3-

NS4 protease domain of HCV (18). Several independent studies have demonstrated that the 
protease domain of HCV NS3 binds to ssRNA, and full-length HCV NS3 protein possesses 

better dsRNA processivity than the helicase domain alone (19-21). The isoelectric point (pI) of 
ZIKV NS2B-NS3pro is lower than that of HCV protease, suggesting that it may not have the 

ability to bind RNA; however, the full-length NS3 of the homologous WNV and DENV2 viruses 
also demonstrate significantly better processivity compared with the corresponding helicase 

domains alone (22,23).  
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 In the present study, we demonstrate that the protease domain of ZIKV NS3 binds 

ssRNA with a physiologically meaningful affinity. We also analyzed ssRNA binding to ZIKV 
NS2B-NS3pro in different conformational states, and based on these findings, we propose that 

ssRNA binds the open conformation of NS2B-NS3pro. Finally, we demonstrated that ssRNA 
binding competes with the proteolytic activity of NS2B-NS3pro and with binding of inhibitors, 

providing a novel approach for drug screening. 
 

MATERIALS AND METHODS 
Reagents. Routine laboratory reagents were purchased from Millipore Sigma (St. Louis, 

MO) unless indicated otherwise. Horseradish peroxidase-conjugated donkey anti-mouse IgGs 
and TMB/M substrate were from Jackson ImmunoResearch Laboratories (West Grove, PA), 

SuperSignal West Dura Extended Duration Substrate for ECL was from ThermoFisher (Carlsbad, 

CA) and SurModics IVD (Eden Prairie, MN), and oligonucleotides were synthesized by Integrated 
DNA Technologies (San Diego, CA). 

Cloning, expression, and purification of ZIKV NS2B-NS3pro constructs. DNA 
sequences for the ZIKV constructs were synthesized and codon-optimized for efficient 

transcription in E. coli. The constructs were designed as single-chain two-component products 
lacking the hydrophobic transmembrane domain of the NS2B cofactor. To achieve this, the 

cytoplasmic portion of NS2B (residues 48–94) was linked to the NS3pro domain via a 9-residue 
linker (GGGGSGGGG). To block the proteolytic activity of the construct, where indicated, the 

catalytic Ser135 was substituted with Ala to give the inactive Ser135Ala construct.  
ZIKV NS2B-NS3pro recombinant constructs with N-terminal His tag were used to 

transform competent E.coli BL21 (DE3) Codon Plus cells (Stratagene). Transformed cells were 

grown at 30°C in LB broth containing carbenicillin (0.1 mg/ml). Protein production was induced 
with 0.6 mM IPTG for 16 h at 18°C. Cells were collected by centrifugation at 5000 g at 4°C, and 

the cell pellet was resuspended in 20 mM Tris-HCl buffer, pH 8.0, containing 150 mM NaCl (TBS), 
and sonicated (eight 30 s pulses at 30 s intervals) on ice. The sample was then centrifuged at 

40,000 g for 30 min at 4°C and the constructs were purified from the supernatant fraction using 
Ni-NTA Sepharose equilibrated with TBS containing 1 M NaCl. Impurities were removed by 

washing with the same buffer supplemented with 35 mM imidazole, and the column was 
equilibrated with standard TBS. The beads were co-incubated with thrombin (Sigma Aldrich) to 

cleave the His tag and release NS2B-NS3pro. Fractions containing recombinant protein were 

combined and purified by gel filtration on a S200 26/60 column (GE Healthcare) equilibrated with 
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standard TBS. Fractions containing ZIKV NS2B-NS3pro were concentrated to approximately 10 

mg/ml using 10 kDa-cutoff concentrators (Millipore, Billerica, MA), and then flash frozen in small 
aliquots and stored at –80°C. Purity of the material was checked by SDS-PAGE (12% NuPAGE-

MOPS, Invitrogen) followed by Coomassie staining.  
We generated a series of construct (Mut3, Mut5, and Mut6) that forced ZIKV NS2B-

NS3pro to adopt the “super-open” conformation using the wild-type construct as a template. In 
the Mut3 construct, all three Cys residues in the original sequence were substituted with Ser 

residues (Cys80Ser, Cys143Ser, and Cys178Ser). In the construct with the “super-open” 
conformation only (Mut5), two additional Cys residues were inserted into the Mut3 construct 

(Ala88Cys and Lys157Cys). To obtain a catalytically inactive mutant with the “super-open” 
conformation (Mut6), an additional Ser135Ala was introduced into the Mut5 construct. For 

crystallization purposes, we also created a Mut7 construct containing Leu30Thr and Leu31Ser 

mutations in the Mut5 sequence. Mut7 was designed to minimize ZIKV protease dimerization 
during crystallization. 

The DNA constructs were cloned into pGEX6P1 plasmid using BamH1 and EcoR1 
cleavage sites, resulting in fusion of a GST tag at the N-terminus of the NS2B cofactor. E. coli 

were transformed with the individual recombinant constructs, and protein production was induced 
and the cells were disrupted as described above. The supernatant fraction containing the GST-

tagged constructs were loaded onto Protino Glutathione Agarose 4B (Fisher Scientific) beads and 
impurities were removed by washing with TBS. To cleave the GST tag from the viral protease, 

the beads were co-incubated with 3C protease (Genscript). The NS2B-NS3pro constructs were 
then additionally purified by gel filtration on an S200 26/60 column (GE Healthcare) equilibrated 

with TBS. Purity of the purified construct was analyzed using SDS-PAGE followed by Coomassie 

staining. Purified protease was concentrated to approximately 10 mg/ml using 10 kDa-cutoff 
concentrators (Millipore, Billerica, MA), flash frozen in small aliquots, and stored at –80°C. To 

isolate NS2B-NS3pro complexed with aprotinin or WRPK3, the NS2B-NS3pro constructs were 
incubated with each inhibitor at an equimolar ratio and the protein-inhibitor complexes were 

purified by gel filtration on a S200 Superdex column. 
Fluorescent proteinase activity assay and IC50 determination. The peptide cleavage 

activity assays with purified ZIKV NS2B-NS3pro polypeptides were performed in 0.2 ml TBS 
containing 20% glycerol and 0.005% Brij 35 containing 20 μM of the cleavage peptide 

pyroglutamic acid Pyr-Arg-Thr-Lys-Arg-7-amino-4-methylcoumarin (Pyr-RTKR-AMC) and 10 nM 

enzyme. The reaction velocity was monitored continuously at λex= 360 nm and λem = 465 nm on 

(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprintthis version posted November 28, 2021. ; https://doi.org/10.1101/2021.11.28.470275doi: bioRxiv preprint 

https://doi.org/10.1101/2021.11.28.470275


 

 

a Tecan fluorescence spectrophotometer (Männedorf, Switzerland). To determine the IC50 values 

of the inhibitory compounds, ZIKV NS2B-NS3pro constructs (20 nM) were preincubated for 30 
min at 20°C with various concentrations of compounds in 0.1 ml TBS containing 20% glycerol and 

0.005% Brij 35. Pyr-RTKR-AMC substrate (20 μM) was then added in 0.1 ml of the same buffer. 
IC50 values were calculated by determining the compound concentration required to obtain 50% 

of the maximal inhibition of NS2B-NS3pro activity against Pyr-RTKR-AMC. GraphPad Prism was 
used as fitting software. All assays were performed in triplicate in 96-well plates. 

 
Supplementary Figure 1. (A) NS2B-NS3pro constructs used in this study. All constructs were N-
terminally fused with GST protein or HisTag for purification. NS2B central hydrophilic portion is shown in 
blue and the NS3 protease in green. L = GGGGSGGGG linker between NS2B and NS3pro.  (B) Western 
blot analysis of purified wild-type and Mut7 NS2B-NS3pro proteins. (C) NS2B-NS3pro cleavage 
sequences in flaviviral polyproteins. Cleavage sites in the capsid protein C and at the NS2A/NS2B, 
NS2B/NS3, NS3/NS4A, NS4A/NS4B, and NS4B/NS5 boundaries are shown. ZIKV, Zika (GenBank 
AMB37295); WNV, West Nile virus (GenBank P06935); JEV, Japanese encephalitis (GenBank P19110); 
YFV, yellow fever (GenBank P19901); DENV1–4, dengue serotypes 1–4 (GenBank P33478, P29990, 
P27915, and P09866, respectively). 
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Fluorescence polarization assay of ssRNA/ssDNA binding to ZIKV NS2B-NS3 protease. 
Binding between purified recombinant ZIKV NS2B-NS3pro constructs and either ssRNA or 

ssDNA was assessed using a fluorescence polarization (FP) assay conducted in 0.1 ml of TBS 
containing 1 mM MgCl2 at 25°C for 1 h. Samples of 10 nM 6-carboxyfluorescein-labeled 20-base 

ssRNA (poly-rA or -rU) or ssDNA (poly-dA or -dT) oligonucleotides were incubated with 50 nM to 
50 μM of purified NS2B-NS3pro constructs. Polarization was monitored on a Bruker Daltonics 

fluorescence spectrophotometer (Fremont, CA). Kd values for ssRNA and ssDNA binding were 
calculated by determining the construct concentration needed to reach 50% polarization for 3′-

fluorescein amidite-labeled ssRNA/DNA. All assays were performed in triplicate in 96-well plates. 
GraphPad Prism was used as fitting 

software. 

  
RESULTS 

ZIKV NS2B-NS3pro polypeptide 
binds ssRNA 

To investigate ssRNA and ssDNA 
binding to ZIKV NS2B-NS3pro 

polypeptide, we performed classical FP 
assays in which FAM-labeled ssRNA or 

ssDNA was incubated with NS2B-
NS3pro and binding was detected by a 

change (increase) in FP (24). We found 

that wild-type proteolytically competent 
NS2B-NS3pro, which is capable of 

adopting closed, open, or super-open 
conformations, bound robustly to 

ssRNA. The results of direct binding 
assays and competition assays 

performed in the presence of unlabeled 
ssRNA were in good agreement, both 

giving Kd values of 0.34 µM (Fig. 2A, B). 

An increase in FP signal was also 

 
Figure 2. ZIKV NS2B-NS3pro binds ssRNA and 
ssDNA. Fluorescent polarization assays of (A) FAM-
labeled ssRNA (20 poly-rU) binding to the indicated 
amounts of NS2B-NS3pro, (B) FAM-labeled ssRNA (20 

poly-rU) binding to 1 μM of NS2B-NS3pro in the 

presence of the indicated amounts of unlabeled ssRNA 
(20 poly-rU). (C, D) As for A, B, except experiments 
were performed with FAM-labeled ssDNA (20 poly-dT). 
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obtained upon incubation of NS2B-NS3pro with FAM-labeled ssDNA (Fig. 2C). However, both 

the direct binding and competition assays yielded Kd values for ssDNA that was ~10-fold lower 
than the Kd for binding of ssRNA (~2.0 µM vs 0.3 μM) (Fig. 2C, D). The demonstration that 

unlabeled ssRNA and ssDNA efficiently competed with the FAM-labeled probes with similar 
kinetics (Fig. 2B, D) confirmed the specificity of binding. 

 To investigate ssRNA binding to ZIKV NS2B-NS3pro polypeptide in more detail, we 
generated a set of constructs aimed at probing some key structural and conformational 

requirements (Supp. Fig. 1A). First, we tested a longer construct that contained 182 N-terminal 
residues of NS3 (NS2B-NS3-long) and a 12-aa linker region (171EEETPVECFEPS182) connecting 

the NS3pro domain with the NS3 
helicase domain. NS2B-NS3-long was 

crystallized in the super-open 

conformation (PDB ID 5TFN) and should 
be capable of adopting the closed, open, 

and super-open conformations. 
Surprisingly, NS2B-NS3-long incubation 

with ssRNA or ssDNA did not increase 
the FP signal, indicating a lack of ssRNA 

or ssDNA binding (Fig. 3A). These 
observations suggests that the 12-aa 

linker region modulates ssRNA binding 
to NS2B-NS3pro. 

 Next, we probed the conformational 

requirements of NS2B-NS3pro for 
ssRNA binding. The truncated NS2B-

NS3-short construct contained 160 N-
terminal residues of NS3 (NS2B-NS3-

short) and can adopt only the super-
open conformation due to the lack of aa 

161–170, which are necessary to form 
the closed or open conformations (PDB 

5LC0) (17). FP assays indicated that 

NS2B-NS3-short also failed to bind to 

 
Figure 3. Structural and functional alterations in 
ZIKV NS2B-NS3pro preclude ssRNA binding. (A) 
Modifications of NS2B-NS3pro (see Supplementary 
Figure 1 for details) that prevent efficient binding of 
FAM-labeled ssRNA (20 poly-rU). (B) Inhibition of 
NS2B-NS3pro catalytic activity by aprotinin (~0.15 μM) 
and WRPK3 (covalent inhibitor) blocks ssRNA binding. 
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ssRNA or ssDNA (Fig. 3A), indicating a requirement for aa 161–170 in NS3pro to support ssRNA 

binding. 
 We next tested the NS2B-NS3pro-Mut5 and Mut7 constructs, which were designed to be 

stabilized in the super-open conformation via a disulfide bond between two cysteines introduced 
into the NS3 sequence. We solved the structures of Mut5 and Mut7 and confirmed that both 

mutants adopt the super-open conformation (PDB IDs 6UM3, 7M1V). However, neither of these 
mutants was able to bind ssRNA (Fig. 3A), suggesting that the super-open conformation is likely 

to be refractory to ssRNA binding.  
 We also designed an NS2B-NS3pro construct containing a truncated NS2B (NS2BΔ) 

which lacked 29VALDESGDFSL39, making the protein unable to adopt a closed conformation and 
thus form a proteolytically active complex with NS3 (17). The NS2BΔ-NS3-long construct was 

also unable to bind ssRNA (Fig. 3A).  

 Taken together, these experiments suggest that full-length NS2B-NS3pro polypeptide 
efficiently binds ssRNA and that the tested structural modifications, particularly those that lock 

NS2B-NS3pro in the super-open conformation, eliminated ssRNA binding. Further, the C-terminal 
region of NS3pro and the linker between NS3pro and NS3 helicase appear to modulate ssRNA 

binding.  
 

NS2B-NS3pro substrate-mimicking inhibitors compete with ssRNA binding  
Several groups have demonstrated that binding of protein substrates, peptidomimetic peptides, 

or inhibitor compounds in the protease active center stimulates its transition to a proteolytically 
competent closed conformation (16,17,25-27). This phenomenon has been documented for 

proteases from several Flaviviridae, including WNV (PDB IDs 2IJO, 2YOL) (17,25), DENV-2 (PDB 

ID 3U1J) (26), and ZIKV (PDB IDs 5YOF, 5LCO) (16,27). To determine whether ssRNA can bind 
to ZIKV NS2B-NS3pro in the closed, proteolytically active state, we induced this conformation in 

NS2B-NS3pro using two substrate-mimicking inhibitors; aprotinin, a 70-aa serine protease 
inhibitor, and WRPK3, a synthetic peptide inhibitor that covalently binds to the NS2B-NS3pro 

active center (28). Previous studies demonstrated that these inhibitors bind only to the catalytically 
active NS2B-NS3pro protease in the closed conformation (17,28). 

 ZIKV NS2B-NS3pro was incubated with aprotinin or WRPK3 and the purified complexes 
were tested in the ssRNA FP assays. We observed no ssRNA binding to either of the complexes 

(Fig. 3B). Since the active site of closed ZIKV protease is negatively charged (Fig 1B), direct 

binding of ssRNA to the same site as aprotinin or WRPK3 seems unlikely. Therefore, these results 
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suggest that substrate-mimicking inhibitors eliminate ssRNA binding by inducing and sustaining 

the closed conformation of NS2B-NS3pro, which is incompatible with ssRNA binding. 
 

ssRNA binding inhibits the proteolytic activity of ZIKV NS2B-NS3pro 
The experiments described thus far suggest that ssRNA cannot bind to NS2B-NS3pro constructs 

forced into closed or super-open conformations; by inference, this suggests that ssRNA binding 
occurs only when NS2B-NS3pro is in the open proteolytically inactive conformation. To test this, 

we investigated whether binding of ssRNA interferes with the proteolytic activity of NS2B-NS3pro. 
Indeed, using fluorogenic substrate cleavage assays, we found that binding of ssRNA or ssDNA 

inhibited the proteolytic activity of ZIKV NS2B-NS3 protease with IC50 values of 26.28 ± 1.12 μM 
for ssRNA and 64.75 ± 1.08 μM for ssDNA. These results suggest that binding of ssRNA or 

ssDNA to ZIKV NS2B-NS3 inhibits its proteolytic activity, presumably due to stabilization of the 

polypeptide in the open conformation, which is proteolytically inactive.  
 

ssRNA binding offers new insights into 
the development of novel inhibitors of 

NS2B-NS3pro  
The open conformation of NS2B-NS3pro 

is formed by rearrangement/dissociation 
of NS2B cofactor from the C-terminal half 

of NS3pro, leading to loss of proteolytic 
activity (29). NS2B dissociation uncovers 

a hydrophobic cleft in NS3pro, which 

presents a druggable pocket that is 
relatively conserved between the 

flaviviruses. Previously, we identified 
inhibitors of ZIKV, WNV, and DENV2 NS2B-NS3pro with sub- or low-micromolar IC50 values in 

vitro (13,14). These allosteric inhibitors were designed in silico to bind a region of NS2B-NS3pro 
distant from the proteolytic active site (14,30,31). In addition to demonstrating their potent 

inhibition of several flaviviral proteases, we showed that the inhibitors had no detectable effect on 
host serine proteases (furin and other proprotein convertases) that have a similar substrate 

specificity (13). Here, we tested ssRNA binding to ZIKV NS2B-NS3pro with а sub-library of the 

inhibitors that had previously been characterized for WNV and DENV2 NS2B-NS3pro. We 

 
Figure 4. ssRNA inhibits the proteolytic activity of 
NS2B-NS3pro. Inhibition of ZIKV NS2B-NS3pro 
proteolytic activity by ssRNA (20-rA, left) and ssDNA 
(20-dA, right).  
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discovered that several of these compounds are also potent inhibitors of ssRNA binding to ZIKV 

NS2B-NS3pro (Fig. 5A, bottom) (13). One compound, NSC86314, very effectively inhibited 
binding to NS2B-NS3pro from ZIKV, WNV, and DENV in vitro with low to sub-micromolar IC50 

values (13) (Fig. 5A, bottom). NSC86314 was previously shown to inhibit WNV and DENV2 
replicons in cell-based assays with IC50 values of <50 µM (13,30,31). A global search of docking 

locations on the ZIKV NS2B-NS3pro surface using the SWISSDOCK program 
(www.swissdock.ch) points to novel druggable pockets located outside the active site in the open 

and super-open conformations 
as the docking site in both 

WNV and ZIKV NS2B-NS3pro 
polypeptides (Fig. 5B).  

 To confirm the in silico 

docking results, we co-
crystallized NSC86314 with 

the Mut7 ZIKV NS2B-NS3pro 
construct. Two additional 

mutations (Leu30Thr and 
Leu31Ser) were introduced 

into the membrane-binding 
loop to disrupt/modify the 

dimer interface of NS2B-NS3 
protease. In our previously 

reported structures of NS2B-

NS3pro in the super-open 
conformations, Leu30 and 

Lue31 were inserted into the 
hydrophobic cleft of the C-

terminal β-barrel, preventing 
binding of inhibitors that target 

these areas (PDB ID 6UM3). 
The Mut7 crystal structure was 

solved and refined to a 

resolution of 1.8 Å (PDB ID 

 
Figure 5. Allosteric inhibitors of ZIKV NS2B-NS3pro inhibit 
ssRNA binding. (A) Top, small molecule allosteric inhibitors 
(10 μM) targeting open/super-open conformations of ZIKV NS2B-
NS3pro block ssRNA binding. Fluorescent polarization (%) using 

FAM labeled ssRNA (20 poly-rU). * p<0.05, ** p<0.05, *** 
p<0.0005, **** p<0.0005 by two-tailed unpaired t-test with Welch’s 
correction.  Bottom, IC50 for inhibition of ZIKV, WNV, and DENV2 
NS2B-NS3pro proteolysis by the indicated inhibitors. (B) Crystal 
structure of ZIKV NS2B-NS3-Mut7 protease with the NSC86314 
inhibitor. The position of NSC86314 differs from that predicted by 
docking modeling? with SwissDoc docking software due to 
dimerization of the NS2B-NS3 protease, leading to structural 
constraints in the crystal and inaccessibility of pocket 1.  
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7M1V). The structure revealed that NSC83614 binds to the predicted hydrophobic pocket 2 near 

the C-terminus of NS3pro (Fig. 5B). However, in contrast to the docking model, the dimerization 
of Mut7 and the structural constraints around pocket 1 made it inaccessible for a part of this 

inhibitor  
 We next performed Virtual Ligand Screening (VLS) of the NCI Chemotherapeutic Agents 

Repository to find compounds having a similar scaffold structure to NSC86314 that target the 
open and super-open conformations of NS2B-NS3 protease. One of the compounds identified, 

NSC114428, was able to block both the proteolytic activity of ZIKV protease and ssRNA binding 
(Fig. 5A) in the low μM range.  

 We next tested a series of flavivirus replication inhibitors with activity against ZIKV, WNV, 
and DENV proteases for their ability to inhibit ssRNA binding to ZIKV NS2B-NS3pro (Fig. 5A, 

top). The most potent inhibitors of ZIKV and DENV2 protease activity tended to also be the most 

potent inhibitors of RNA binding. However, this association was not observed for inhibition of 
WNV protease activity, suggesting that the relationship between inhibition of flavivirus proteolytic 

activity and ssRNA binding may be complex (Fig. 5A top). These results provide proof-of-
principle for a new class of allosteric inhibitors that specifically target newly identified druggable 

pockets present in the open and super-open conformations of ZIKV NS2B-NS3pro. Our results 
suggest that such allosteric inhibitors might be able to block both the proteolytic and ssRNA-

binding activities of NS2B-NS3pro from multiple flaviviruses.  
 

Potential caveats and interpretations 
The ssRNA-binding ZIKV NS2B-NS3pro construct was purified via the His tag prior to thrombin-

mediated removal of the tag. In principle, other E. coli proteins could have been co-purified during 

affinity chromatography, and they may have affected our results with respect to ssRNA binding. 
For instance, the heat stable E. coli Hfq protein is known to harbor stretches of His residues and 

may have been co-purified during Ni affinity chromatography, resulting in false-positive RNA-
binding activities (32). However, our purification scheme involved thrombin cleavage of the His 

tag to release ZIKV NS2B-NS3pro, and the thrombin site is absent in E. coli Hfq. Further, Hfq is 
an 11 kDa protein and has IC50 values for ssRNA binding in the low nanomolar range, which is 

inconsistent with our results demonstrating that purified NS2B-NS3pro binding to ssRNA occurred 
with an IC50 value in the submicromolar range and was inhibited by aprotinin, WRPK3, and several 

allosteric inhibitors. Additional experiments will be required to confirm that the open conformation 

of ZIKV NS2B-NS3pro is unable to bind to ssRNA. One approach will be to stabilize and crystallize 
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NS2B-NS3pro in the open conformation, and then confirm or refute ssRNA binding. Ultimately, 

co-crystallization of NS2B-NS3 with ssRNA will be required. 
 

DISCUSSION 
During viral propagation, the N-terminal proteolytic (NS3pro) and C-terminal helicase (NS3 

helicase) domains function within the constraints of a single NS3 polypeptide. NS2B-NS3pro is 
responsible for autoproteolytic cleavage of junction regions between NS2B/NS3 and NS3/NS4A 

proteins bordering NS3 protein during viral polyprotein processing. After this step NS3 protein is 
associated with the ER membrane via NS2B cofactor (4 transmembrane domains) which interacts 

with NS3pro domain and NS4A cofactor (2 transmembrane domains) which interacts with NS3 
helicase domain. Based on our experimental, structural, and modeling studies, we propose that 

NS3pro not only has proteolytic activity but also binds one ssRNA strand, thereby facilitating the 

unwinding of dsRNA generated by viral NS5 RNA-dependent RNA polymerase. We propose the 
existence of a dynamic equilibrium between the closed–open–super-open conformations of 

NS2B-NS3pro. The transition between conformations depends on the coordinated structural 
rearrangement of the C-terminal tail of NS3pro and the linker between NS2B-NS3pro and NS3 

helicase, resulting in progressive loss of interactions between NS3pro and NS2B. 
 In support of our hypothesis, several studies have pointed to the importance of the flaviviral 

NS3 protease domain for proper functioning of NS3 helicase (19-21). The presence of the 
protease domain within full-length HCV NS3 protease-helicase constructs was shown to 

significantly enhance direct and functional RNA binding to NS3 helicase (20). Additionally, the 
presence of the NS3 protease domain contributed substantially to helicase translocation stepping 

efficiency by increasing the efficiency up to 93% per ATP hydrolysis event relative to 20% for the 

single NS3 helicase construct (19,23). Absence of the NS3 protease domain results in 
malfunctioning of NS3 helicase directional movement and the appearance of two opposing 

activities characterized by an ATP-dependent steady state between RNA unwinding and RNA 
annealing processes (21). 

 The linker between the NS3 protease and helicase domains has been demonstrated to 
play a critical role in their activities in the structurally and functionally similar DENV2 NS2B-

NS3pro (22). Mutations in the linker affecting its flexibility and length were crucial for the ATPase 
and helicase activities and also led to significant reductions in viral genomic RNA synthesis (22). 

Given the high negative charge of these 12 aa (171EEETPVECFEPS182), we propose that the 

linker between NS3 protease and helicase domains competes with ssRNA for binding to NS3pro. 
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This may provide an explanation for the lack of ssRNA binding by the NS2B-NS3pro-long 

construct shown here. 
 In crystal structures, the ZIKV protease-helicase linker is disordered (PDB IDs 5TFN, 

5TFO, 5T1V and 6UM3). However, in the closed and open structures of WNV and DENV2 
proteases, the linkers are associated with a conserved region of the protease domain (17). We 

suggest that protease-helicase linker of ZIKV could dynamically  interact with the protease 
domain, and its negative charge might weaken ssRNA binding (e.g. NS2B-NS3pro-long). 

 Published structures of ZIKV protease in the super-open state show that Ser160 is the last 
ordered NS3 residue, whereas this is Gly168 for proteases in the closed and open conformations. 

 The dissociation of NS2B from NS3pro during the transition from closed to open to super-
open conformations changes the isoelectric point (pI) of the NS2B-NS3pro complex. Note that 

the progressive dissociation of NS2B from NS3pro removes the regions containing negatively 

charged residues in a conformation-dependent fashion, leading to an increased pI of the NS2B-
NS3pro complex that should facilitate ssRNA binding. 

 Recent crystal structure of ZIKV NS2B-NS3pro in the super-open conformation with a 
small molecule compound occupying a new pocket (7M1V), suggests it may be feasible to 

specifically target the super-open conformation of NS2B-NS3pro. Molecular probes targeting the 
super-open conformation will help to elucidate the effects of the different NS2B-NS3 

conformational states on the protease and the helicase activities.  
 Further structural and biochemical analyses will be required to elucidate how exactly 

ssRNA binds to NS3pro. Based on the model of dynamic switching between closed–open–super-
open conformations, we propose that NS2B-NS3pro dynamically cycles between binding and 

releasing ssRNA, perhaps assisting NS3 helicase in pulling and unwinding dsRNA. In support of 

this hypothesis, the HCV NS3 protease has been shown to be important for directional movement 
of the NS3 helicase and translocation stepping efficiency in ATP hydrolysis during the viral dsRNA 

unwinding process (20). 
 The C-terminal regions of NS2B cofactors from various flaviviruses contain a conserved 

negative charge (33), which may explain why the productive binding of this fragment by protease 
in a closed state inhibits binding to negatively charged nucleotides. In the crystal structures of 

flavivirus proteases in the open state, the negatively charged fragment of NS2B is either 
disordered or loosely bound to NS3pro surface. Thus, differences in the location of the negatively 

charged NS2B fragment between the open and closed states is consistent with the preferred 

binding of ssRNA to the open conformation. Ongoing studies, including modeling of ssRNA 
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binding to ZIKV NS2B-NS3, will provide insights into the dynamic interactions of the protease and 

helicase domains.  
 The proposed binding of ssRNA to ZIKV NS2B-NS3pro in an open conformation provides 

new insights into the functional cycle of ZIKV RNA processing and viral replication. The 
appearance of pockets in NS2B-NS3pro accessible only in the open and super-open states may 

provide opportunities for the design of novel allosteric inhibitors that simultaneously affect ssRNA 
binding and protease catalytic activity. 

 We believe that these data will facilitate the development of new approaches for the design 
of allosteric inhibitors not only of ZIKV but also of other members of the Flaviviridae family, given 

their high (>70 %) primary sequence homology and high structural similarity. 
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