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Abstract 

The Zika virus (ZIKV) genome encodes a polyprotein that can be post-translationally processed into 

functional viral proteins. The viral protease is indispensable in the maturation of viral proteins. The Zika 

protease comprises of two components crucial for catalysis. The N-terminal region of NS3 contains the 

catalytic triad and approximately 40 amino acids of NS2B that are essential for folding and protease 

activity. NS2B is a membrane protein with transmembrane domains that are critical for the localization of 

NS3 to the membrane. In this study, we expressed and purified full-length NS2B from ZIKV in E. coli. 

Purified NS2B was then reconstituted into lyso-myristoyl phosphatidylglycerol (LMPG) micelles. It was 

found that compared to wild type NS2B, NS2B C11S mutation in LMPG exhibited dispersed cross peaks in 

the 1H-15N-HSQC spectrum, thereby suggesting the feasibility for structural characterization using solution 

NMR spectroscopy.  
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Zika virus (ZIKV) is a member of flaviviridae family and is considered as a global threat because of its 

relation to medical conditions such as microcephaly in newborn children and Guillain-Barré syndrome in 

adults [1, 2]. ZIKV can be transmitted not only by infected mosquitos, but through other pathways as well. 

This is the key difference between ZIKV and the other members of the flaviviridae family, such as Dengue 

(DENV) and West Nile viruses [3]. There is an urgency in the development of vaccines and antivirals to 

prevent the occurrence viral infections despite the various challenges such as lack of potent small-

molecule inhibitors and effective vaccines faced along the way [4]. 

ZIKV genome RNA is first translated into a polyprotein before being further processed into three structural 

and seven nonstructural (NS) proteins. Four of the NS proteins are membrane proteins in the replication 

complex [5]. Of the NS proteins, the NS2B-NS3 protease is responsible for cleaving the joints of 

NS2A/NS2B, NS2B/NS3, NS4/NS4A, and NS4A/NS5 proteins. This makes it an attractive target in the 

development of an antiviral as protease inhibitors against viruses such as human immunodeficiency virus 

and hepatitis c virus have been developed [6, 7]. The viral protein NS2B-NS3 is a two-component protease 

composed the N-terminal region of NS3 and the cytoplasmic region of NS2B. NS3 contains an active triad, 

formed by amino acids H51, D74 and S135, that is required to catalyze proteolytic activity. NS2B is involved 

in the folding, enzymatic activity and membrane localization of NS3 [8, 9]. In addition to forming a tight 

complex with NS3, NS2B is also suspected to form homo-oligomers that might be important for viral 

replication and particle formation [10]. The C-terminus of NS3 has also been shown to exhibit molecular 

interaction with membrane protein NS4B [11]. Furthermore, NS2B might play a role in mediating the 

formation the replication complex, which is critical for viral replication [12], on the cell membrane as it 

interacts with other viral membrane proteins such as NS2A, NS4A and NS4B [13]. 
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Structural study on membrane proteins is challenging due to the difficulty in obtaining sufficient protein 

samples as well as challenges in crystallization. Despite the success of previous studies in structural 

characterization of membrane proteins of organisms from the flavivirdae family [9, 14-21], there is still no 

available literature on the structural studies of full-length NS membrane proteins. In view of this, we have 

previously attempted to express and purify full-length DENV NS2B, with success, for structural studies 

using NMR spectroscopy [9, 19]. Although the proteins from ZIKV share high sequence homology with 

those of the DENV, structural characterization of these proteins is still required for elucidating the viral 

replication mechanism and in developing antivirals.  

In this study we have successfully produced full-length NS2B from ZIKV in E. coli cells, that unlike DENV 

NS2B, was produced with a fusion tag introduced at the N-terminus. Purified protein can be reconstituted 

in detergent micelles, paving the way for structural characterization via solution NMR spectroscopy. Our 

current study will be useful for elucidating the structure of full-length NS2B from ZIKV.  

Materials and methods 

Protein production 

The gene encoding the full-length NS2B of ZIKV (GeneBank:HQ234500.1) was synthesized (Genscript) and 

cloned into the NcoI and XhoI sites of pET29b. The resulting plasmid encodes for a protein composed of 

an N-terminal S-tag formed by residues KETAAAKFERQHMDS [22], a thrombin cleavage site, NS2B, and a 

6-residue histidine tag at the C-terminus. To test the role of the full length NS2B in regulating protease 

activity of NS3, a construct (NS2BFL-NS3pro) with the N-terminal region (1-177) of NS3 was fused at the 

C-terminus of NS2B [18, 20]. The E. coli BL21 (DE3) competent cells were subsequently transformed with 

the successfully cloned plasmid. The transformants were used to inoculate either LB or M9 media and 

grown at 37 °C and 200 rpm. Expression of the protein was induced with the addition of Isopropyl β-D-1-

thiogalactopyranoside (IPTG) to 1 mM when the optical density of the cell at 600 nm (OD600) reached 0.6-
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1.0. The culture was then induced for 12-18 h at 18 °C and 200 rpm. E. coli cells were harvested by 

centrifugation at 8,000 ×g for 10 min at 4 °C.  

Protein purification 

Harvested cells were suspended in a buffer that contained 20 mM Tris-HCl, pH 7.8, 300 mM NaCl, and 2 

mM β-mercaptoethanol. The suspended cells was first disrupted via sonication, in an ice bath. The cells 

and cell debris were removed by centrifugation at 5, 000×g and 4 °C for 10 min. The supernatant was then 

mixed with 1% lyso-myristoyl phosphatidylglycerol (LMPG) followed by centrifugation at 18, 000 ×g and 

4 °C for 20 min. The supernatant and loaded on a gravity column packed with Ni2+-NTA resin that was 

equilibrated with the same buffer. The resin was subsequently washed with 10 column volumes of 

washing buffer comprised of the following: 20 mM Tris-HCl, pH 7.8, 300 mM NaCl, 0.1% LMPG, 20 mM 

imidazole, and 2 mM β-mercaptoethanol. The recombinant protein was eluted with an elution buffer that 

made up with 500 mM imidazole, 0.1% LMPG, and 2 mM β-mercaptoethanol. The eluted fractions were 

further separated by size-exclusion chromatography on a SuperdexTM 200 Increase 10/300 GL (GE) column 

with the following buffer: 20 mM sodium phosphate, pH 6.5, 0.1% LMPG and 1 mM DTT. The entire 

experiment was carried out at 4 °C, with the final purified protein concentrated to about 0.5 mM using a 

concentrator with a molecular weight cutoff of 3 kDa. The sample was frozen in liquid nitrogen and stored 

at -80 °C.  Purification of NS2BFL-NS3pro was carried out using the same method. Protein concentration 

of NS2B was determined using the by measuring the absorbance at 280 nm (A280) using extinction 

coefficient which was estimated to be 16500 M-1 cm-1 (http://protcalc.sourceforge.net/cgi-bin/protcalc). 

Cross-linking experiment 

To evaluate whether NS2B in LMPG micelles can form oligomers, cross-linking using glutaraldedyde (GA) 

was carried out using the method previously described [23, 24]. Purified NS2B and C11S were both 

prepared in a buffer that comprised the following: 20 mM Sodium phosphate, pH6.5, 0.1 mM DTT and 
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0.1% LMPG. The reaction mixture was set-up to consist of 50 M of protein and 16 mM GA that was 

diluted from a 25% stock. Both reaction mixtures were incubated at room temperature for 10 min before 

analysis by SDS-PAGE. 

NMR experiments  

Transverse relaxation optimized spectroscopy-(TROSY)-based multidimensional experiments including 

HNCACB, HNCOCACB, HNCA, HNCOCA and HNCO experiments were collected for backbone resonance 

assignment [9, 13]. The experiments were carried out on two Bruker magnets with proton frequencies of 

600 and 700 MHz, respectively. The experiments were carried out at 313 K. Data was collected using 

Topspin (version 2.1), processed with NMRPipe [25], and finally visualized using NMRView [26]. To quickly 

identify the flexibility of the amino acids, data from the steady-state nuclear Overhauser effect (hetNOE) 

was also collected with and without presaturation of 3 s [27, 28].  

 

Results 

Production of NS2B in E. coli 

Obtaining proteins in milligram quantities is the first step for structural studies; in order to obtain proteins 

for structure characterization, the full-length ZIKV NS2B was overexpressed in E. coli cells. Unlike DENV 

NS2B, ZIKV NS2B can be expressed with an S-tag introduced into the N-terminus (Fig. 1). This was achieved 

by cloning the gene encoding the full-length NS2B into pET29b using the NdeI and XhoI restriction 

enzymes. The resulting recombinant protein comprised of an N-terminal S tag, NS2B and a C-terminal 6 

×Histidine tag (Fig. 1). Using such an expression system allowed for the recombinant protein to be 

overexpressed in E. coli and reconstituted into LMPG micelles (Fig. 1). A protein band corresponding to 

twice the size of NS2B observed on the SDS-PAGE, which suggests the formation of NS2B dimers.  To 

evaluate whether full length NS2B overexpressed in E. coli is able to regulate the protease activity of NS3, 
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we overexpressed a construct containing full length NS2B and N-terminal 177-amino acid region of NS3 

(NS3pro). The joint of NS2B and NS3 in this construct is the native cleavage site of ZIKV protease. This 

construct was able to be purified from E. coli and its cleavage during protein purification suggested that 

the full length NS2B was able to regulate the protease activity of NS3 (Fig. 1C).  

Production of NS2B C11S in E. coli 

Sequence alignment of NS2B from DENV serotype 4 and ZIKV revealed a unique cysteine residue present 

in the ZIKV NS2B construct (Fig. 2). This additional cysteine amino acid (C11) in ZIKV NS2B is suspected to 

contribute to the formation of a disulfide bond during its purification. Although a reducing agent was 

present in the SDS-PAGE sample loading buffer, the formed bisulfate bonds during protein purification 

might not be broken as the sample was not heated before SDS-PAGE. Nonetheless, the sample is not ideal 

as it affects its structure and thus hinders subsequent studies. The solution was to generate a point 

mutation (C11S) in the construct to prevent the formation of disulfide bonds upon expression. Our efforts 

have shown that the mutant ZIKV NS2B C11S can be overexpressed and purified in E. coli under the same 

conditions as that of the wild-type. Furthermore, the purified NS2B C11S mutant existed dominantly as a 

single band in SDS-PAGE (Fig. 1), thereby proving it’s suitability for further structural analysis. Interestingly, 

NS2B of DENV serotype 2 contains a cysteine amino acid in the sequence. No obvious dimer formation 

was observed during protein purification under the same conditions [19]. For both NS2B wild type and 

C11S mutant, approximately 3-4 mg protein could be obtained from a one-liter M9 culture of E. coli cells.  

Cross-linking of NS2B in micelles 

Several studies have shown that NS2B is able to form oligomers on the cell membrane, of which is crucial 

for its viral replication property. As such, the possibility of purified NS2B forming oligomers in LMPG 

micelles was probed. In the presence of cross-linker chemical GA, both NS2B wild-type and C11S mutant 

were found to form oligomers (Fig. 3), indicating that LMPG micelles could be used for evaluating the 
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function of NS2B in vitro. It was also noted that the results of this experiment showed no significant 

difference between wild-type and C11S mutant. This result suggests that the formation of a disulfide bond 

at the unique cysteine residue of ZIKV NS2B is not required for the formation of oligomers.  

Solution NMR spectra of NS2B in LMPG micelles 

NS2B contains a cytoplasmic region, formed by approximately 40 amino acids, that is crucial for binding 

to NS3. It is challenging to obtain crystals of free full-length NS2B as the cytoplasmic region might not be 

structured in the detergent micelles. In view of this, we tested whether purified NS2B can be subjected to 

solution NMR studies; similar studies have been used to probe structure, dynamics, and membrane 

topology of DENV NS2B with much success. Both NS2B wild-type and NS2B C11S mutant in LMPG micelles 

exhibited dispersed peaks in the 1H-15N-HSQC spectra (Fig. 4). The narrow dispersion of the peaks suggests 

that the proteins mainly contained helical and unstructured regions in LMPG micelles. The 1H-15N-HSQC 

spectrum of NS2B wild-type contained less cross peaks than that of NS2B C11S, which might be due to the 

presence of the dimeric species. In light of this, our focus was realigned with NS2B C11S in order to further 

the study of its structure.  

NMR analysis of NS2B C11S 

There were over 140 cross peaks observed in the 1H-15N-HSQC spectrum of the mutant NS2B. Although 

this number of cross peaks was, based on the protein sequence, within expectations, it should be noted 

that some amino acids exhibited two cross peaks in the spectrum. This was due to presence of multiple 

conformations. Further analysis of the 3D spectra of NS2B C11S also revealed the feasibility for backbone 

resonance assignment. For example, there are 13 and 3 glycine (Gly) amino acids present in ZIKV NS2B 

sequence and cloning tag, respectively. There were 20 cross peaks in the 1H-15N-HSQC spectrum 

corresponding to Gly amino acids based on the 3D HNCA experiment (Fig. 5). The number of the Gly cross 

peaks is more than expected, which might be due to the presence of multiple conformations. Sequence 
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assignment can be carried out for amino acid residues A14-A19 (Fig. 5). It has been noted that it is time 

consuming to carry out the backbone resonance assignment due to the presence of multiple 

conformations. Further assignment is ongoing for this protein.  

Dynamic analysis of NS2B C11S in micelles 

The cofactor region of NS2B is highly dynamic in the absence of NS3 [29]. In the full-length NS2B, this 

region is also disordered in the absence of NS3 [9]. We carried out hetNOEs experiment for purified NS2B 

C11S (Fig. 6). The amino acids from the cofactor region of NS2B are very flexible as positive NOEs were 

observed. This result is consistent with our recent structural study and similar to DENV NS2B [15]. As 

amino acids that are flexible will exhibit cross peaks with no signal or negative signals in the hetNOEs 

experiment, these amino acids can be assigned to the regulatory region or other regions that are not 

buried in the micelles. This result will be helpful for guiding the backbone resonance assignment.  

Discussion 

Obtaining the structure of a protein at the atomic level is useful for understanding its function and 

designing potent inhibitors. NS2B is a regulator of the protease activity of NS3. As such, structural studies 

on NS2B are focused on the short sequence that binds to NS3 and does not include the transmembrane 

domains [4]. Past studies have shown that NS2B might play an important role in viral replication by 

forming a complex with itself and other viral proteins [3, 10]. The location of NS2B on the membrane is 

crucial for the localization of NS3 to the membrane as well [10]. All these data strongly suggest that the 

transmembrane domains of NS2B play a role in regulating viral replication. Further structural analysis of 

full-length NS2B will be useful in evaluating both structure and function. In this study, we have shown that 

ZIKV NS2B was able to be expressed and purified in detergent micelles, thereby allowing for further 

structural studies to be carried out for the NS2B obtained in this study.  
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NS2B from members of the flaviviridae family was found to be able form oligomers, indicating that NS2B 

might have other functions [10]. Sequence analysis also revealed that ZIKV NS2B has a unique cysteine 

residue present in its protein sequence. This cysteine can indeed lead to the formation of a disulfide bond 

during protein purification (Fig. 1). To prevent such an event, a C11S mutant was made and exhibited only 

one band in the SDS-PAGE. We also demonstrated that both NS2B wild-type and C11S mutant can form 

oligomers in the presence of GA reagent (Fig. 3). The result indicates that NS2B can form dimers or trimers. 

As both constructs formed similar cross-linking results, the unique cysteine residue found on ZIKV NS2B 

might not be important for its oligomerization, but it might be close to the dimerization interface as NS2B 

of DENV serotype 2 with a cysteine residue at a different position did not form dimers during protein 

purification [30]. Nonetheless, obtaining NS2B in LMPG micelles have made it feasible to carry out 

biochemical and biophysical studies to better understand its function and structures.  

Solution NMR spectroscopy has been used as a powerful tool to determine structures of membrane 

proteins [30]. Quite a few membrane proteins have been studied using this method. NS2B contains less 

than 200 amino acids, making it suitable for NMR studies [9]. To carry out these NMR studies, artificial 

membrane systems such as micelles and bicelles are required [31, 32]. In this study, we have obtained 

isotopically labeled NS2B from E. coli and successfully demonstrated that LMPG micelles can serve as a 

membrane-mimicking system for NMR studies (Fig. 5). Similar to DENV NS2B, we demonstrated that the 

amino acids from the cofactor region of NS2B were dynamic in the absence of NS3 (Fig. 6) [29]. Owing to 

the good spectra exhibited by the NS2B C11S mutant (Fig. 5), backbone resonance assignment has thus 

become feasible. Further study of the membrane topology of NS2B will be possible.  

In summary, we have demonstrated that NS2B of ZIKV can be expressed, purified and reconstituted in 

LMPG micelles. It was also proven that the C11S mutant is more suitable for structural studies than the 
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wild-type. NS2B in LMPG micelles exhibited dispersed cross peaks in the NMR spectra, thereby improving 

the possibility of successful structural studies on ZIKV NS2B using solution NMR spectroscopy.  
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Figure Legends 

 

Figure 1. Purification of NS2B from ZIKV. A. Diagram of the constructs used in this study. The S, NS2B and 

H indicate the N-terminal S-tag, NS2B of ZIKV and C terminal tag with six histidine amino acids. NS3pro 

indicates the N-terminal 177 amino acids of NS3 harboring the protease active site. An open arrow 

indicate the protease cleave site and the black arrow indicates the thrombin cleavage site.  B. Purification 

of wild-type NS2B from E. coli. C. Purification of NS2B C11S mutant from E. coli. M.W. is the SDS-PAGE 

molecular weight standard. T indicates the total cell lysate. L indicates the proteins solubilized in LMPG 

micelles. E1 indicates the purified fractions from the Ni-NTA resin. G1 indicates the purified protein from 

gel filtration chromatography.  
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Figure 2. Sequence alignment of NS2Bs of ZIKV (zNS2B), DENV serotype 2 (2NS2B) and DENV serotype 4 

(4NS2B). A. Sequence alignment of the NS2B from different viruses. Cysteine residues are highlighted in 

red. B. Predicted membrane topology of ZIKV NS2B based on the available topology of DENV NS2B. The 

Serine amino acid that was mutated from Cysteine is highlighted in yellow. The first two amino acids 

including Methionine and Gly do not belong to NS2B and are highlighted in yellow.  
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Figure 3. Cross-linking of purified NS2B. Purified NS2B and C11S mutant were mixed with GA, separately. 

The samples were then analyzed by SDS-PAGE. Bands corresponding monomeric, dimeric, and trimeric 

NS2B were observed and indicated with “*”.  
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Figure 4. 1H-15N-HSQC spectra of wild-type NS2B (left panel) and C11S (right panel). The purified protein 

in LMPG micelles were concentrated to 0.5 mM and subjected to NMR analysis. The data were collected 

at 40 °C.  
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Figure 5. NMR analysis of NS2B C11S mutant. A. 1H-15N-HSQC of NS2B C11S. The cross peaks 

corresponding to Glycine amino acids are labeled numbers which is not the sequence number. Some 

Glycine amino acids exhibited double cross peaks in the 1H-15N-HSQC spectrum, which might be due to 

multiple conformations. B. Assignment of amino acids A14 to A19. The connection of Cα chemical shifts 

are indicated as lines.  
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Figure 6. Dynamics of NS2B C11S in LMPG micelles. The hetNOEs experiment was collected as described 

in Materials and Methods. The spectra of C11S before (reference) and after saturation (NOE) were 

obtained. All the cross peaks in the reference spectra are positive and shown in black. The positive and 

negative cross peaks in the NOE spectrum are shown in red and green, respectively. Compared to the 

reference spectrum some amino acids exhibited cross peaks with low signal intensities or negative signals, 

which are dynamic in solution.  
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