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Abstract

Zika virus (ZIKV) encodes a precursor protein (also called polyprotein) of about 3424 amino acids 

that is processed by proteases to generate 10 mature proteins and a small peptide. In the present 

study, we characterized the chemical features, suborganelle distribution and potential function of 

each protein using Flag-tagged protein expression system. Western blot analysis revealed the 

molecular weight of the proteins and the polymerization of E, NS1, and NS3 proteins. In addition, 

we performed multi-labeled fluorescent immunocytochemistry and subcellular fractionation to 

determine the subcellular localization of these proteins in host cells. We found that 1) the capsid 

protein colocalizes with 3 different cellular organelles: nucleoli, Golgi apparatus, and lipid droplet; 

NS2b and NS4a are associated with the Golgi apparatus; 2) the capsid and NS1proteins distribute 

in both cytoplasm and nucleus, NS5 is a nuclear protein; 3) NS3 protein colocalizes with tubulin 

and affects Lamin A; 4) Envelope, PrM, and NS2a proteins co-localize with the endoplasmic 

reticulum; 5) NS1 is associated with autophagosomes and NS4b is related to early endosome; 6) 

NS5 forms punctate structures in the nucleus that associate with splicing compartments shown by 

SC35, leading to reduction of SC35 protein level and trafficking of SC35 from the nucleus to the 

cytoplasm. These data suggest that ZIKV generates 10 functional viral proteins that exhibit 

distinctive subcellular distribution in host cells.
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1. Introduction

The recent outbreak of the Zika virus (ZIKV) has attracted attention worldwide and ZIKV 

infected cases are now spreading from the Americas to many other countries and its 

infection might be linked to some severe medical sequelae (Mlakar et al., 2016; Petersen et 

al., 2016; Weaver et al., 2016). The recent reports that Zika virus infection is probably 

associated with microcephaly of the neonates and Guillain–Barré syndromes (GBS) in adults 

spurred researchers to seriously reevaluate the medical significance of this agent as a 

pathogen (Mlakar et al., 2016; Petersen et al., 2016; Costa et al., 2016; Oehler et al., 2013). 

Since its first isolation from an infected monkey in 1947 in Uganda, only a few studies had 

been taken before the recent outbreak in Brazil. Detailed information about ZIKV that can 

be acquired via in depth investigation at the molecular, epidemical, and clinical levels will be 

critical for the elucidation of its role as a pathogen of serious diseases in humans.

The ZIKV, together with the West Nile virus, Yellow fever virus, Japanese encephalitis 

virus, Dengue fever virus, and many other viruses, forms the genus Flavivirus that belongs 

to family Flaviviridae (Wikan and Smith, 2016; Plourde and Bloch, 2016). The family 

Flaviviridae consists of many other viruses that have been summarized in a 2010 review 

(Bollati et al., 2010). A growing number of strains of ZIKV have been isolated from > 60 

countries (Ramos da Silva and Gao, 2016; Dick et al., 1952). In earlier studies, it was 

determined that it causes only a mild arthropod-borne disease in humans, known as Zika 

fever, and so it had been rarely taken into clinical consideration seriously until recent 

epidemic outbreaks. The first ZIKV was isolated from a monkey and it is known that ZIKV 

can be transmitted to humans via mosquito bite or occasionally by sexual contact (Ramos da 

Silva and Gao, 2016; Boorman and Porterfield, 1956; Haddow et al., 1964; Marchette et al., 

1969; Musso et al., 2015). It was then isolated from humans in Nigeria many years later 

(Moore et al., 1975). Since 2007, ZIKV-caused epidemic outbreaks with different scales 

have occurred in Micronesia, French Polynesia, Cook Island, and Easter Island, ZIKV has 

become an emerging arbovirus (Musso et al., 2014). More recently, a pandemic of ZIKV 

infection occurred in South America. ZIKV infection has been related to the increasing 

number of cases of microcephaly and GBS in the areas of epidemics (Ramos da Silva and 

Gao, 2016; Stratton, 2016). Recent studies using mouse models demonstrated that ZIKV 

infection directly inhibited neuron stem cell proliferation, which supports the hypothesis that 

ZIKV is causatively related to microcephaly (Aliota et al., 2016; Hickman and Pierson, 

2016; Lazear et al., 2016; Rossi et al., 2016; Werner et al., 2016). Phylogenetic studies have 

led to the classification of the ZIKVs into Asian and African lineages (Faye et al., 2014; 

Lanciotti et al., 2016). The recent cases of microcephaly and GBS linked to ZIKV are 

mostly, if not all, caused by Asian strains (Weaver et al., 2016). During the evolution of 

ZIKV, the virus developed new molecular relationships with factors of host cells (Faye et al., 

2014; Qin, 2016; Singh et al., 2016; Shen et al., 2016; Wang et al., 2016). It is likely that 
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interactions of viral proteins and viral genomic RNA with host factors determine the fate 

and/or efficiency of infection, pathogenicity, transmission, and epidemic potential.

This family of viruses has an enveloped, icosahedral capsid that contains a single stranded 

RNA genome (about 11,000 nucleotides) with positive sense (Faye et al., 2014). Therefore, 

the infected viral RNA can be directly translated to a large polyprotein precursor, which is 

co- and post-translationally processed by viral and cellular proteases into structural and 

nonstructural proteins. The three structural proteins are critical for the formation of envelope 

and capsid, and the seven nonstructural (NS) proteins play important roles in virus 

replication. The three structural proteins are envelope, E; membrane precursor, PrM; and 

capsid C. The seven nonstructural (NS) proteins include NS1, NS2a, NS2b, NS3, NS4a, 

NS4b, and NS5. The molecular features, subcellular trafficking with host cells and 

biological functions of each viral protein of ZIKV remain largely unknown. These 

information are important to understand ZIKV infection/replication and virus-host 

interactions. Due to the lack of highly specific antibody against each viral protein of ZIKV, 

the present study aims to clone and express 10 ZIKV viral genes using mammalian Flag-

tagged expression vector. Upon overexpression of each FLAG-tagged ZIKV protein, we 

characterized their chemical features and subcellular localization. We identified some novel 

functions of the ZIKV proteins.

2. Results

2.1. Molecular cloning and expression of the viral proteins

We selected ZIKV MR766 strain as a representative study because it has been widely used 

in recent studies. Kuno and Chang performed a comparative analysis of the genomic 

sequences of MR766 strain together with other flaviviruses and indicated that MR766 

genome encodes a protein precursor with a length of 3424 aa that is cleaved to generate 10 

functional proteins as shown in Fig. 1A (Kuno and Chang, 2007; Cai et al., 2016; Armstrong 

et al., 2017). We cloned them into the pcDNA3 vector for their production in mammalian 

cells. Every ZIKV protein is tagged with FLAG for two reasons: (a) short tag minimizes the 

risk of affecting the function of the protein, (b) good anti-Flag antibody is available for 

western blot, immunostaining and immunoprecipitation studies. All the cloned plasmids 

were confirmed by Sanger sequencing. To determine whether the proteins can be expressed, 

we transfected the plasmids into HEK293T cell for 24 h, whole cell lysate samples were 

applied to western blot assay using anti-FLAG antibody. As shown in Fig. 1B, all 10 

proteins were detected by anti-FLAG antibody and the molecular weight of each viral 

protein was mostly close to the predicted size according to the number of the translated 

amino acids. When we exposed the same membrane of the western blot for a longer time, 

some of the ZIKV proteins (E, NS1, NS3, and NS5) show bigger or smaller bands that may 

be caused by post-translational modification and/or potential degradation/cleavage (data not 

shown).

To determine whether dimerization or polymerization occurred to ZIKV viral proteins, we 

performed the western blot assay for the samples in SDS-lysis buffer with or without reducer 

(beta-mercaptoethanol). As shown in Fig. 1C, the upper bands (shown by arrows) of E, NS1, 

and NS3 can only be seen in the blots of samples without beta-mercaptoethanol. When the 
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reducer (beta-mercaptoethanol) was added in the samples, the upper band disappeared. No 

such a difference was seen for NS5 (last panel of Fig. 1C). Therefore, E, NS1, NS3, but not 

NS5 can be polymerized.

2.2. Subcellular localization of ZIKV proteins in Vero cells after transfection

It is important to know the protein’s localization in cells because proteins exert their 

functions largely in a specific subcellular location. First, we wondered whether the proteins 

could have any nuclear localization signals (NLS). To address this, we analyzed the aa 

sequences of ZIKV proteins using a Mapper cNLS software (Kosugi et al., 2009). This 

bioinformatics analysis resulted in the recognition of NLS in 4 of the ZIKV proteins: capsid, 

NS1, NS3 and NS5 as listed in Table 1. Next, we transfected the plasmids into Vero cells for 

24 h and the cells were fixed and permeabilized for immunocytochemistry (ICC). As shown 

in Fig. 2, NS5, presented with punctate structures - is only found in the nucleus, which is 

consistent with a recent report (Grant et al., 2016). Capsid and NS1 are found in both 

cytoplasm and nucleus. Capsid protein forms domain-like patterns in the nucleus. PrM, 

envelope, NS2a, NS2b, NS3, NS4a and NS4b distribute only in cytoplasm. NS3 does not go 

into nucleus despite the presence of putative NLS sequence.

To further confirm the function of the putative NLS within 4 viral proteins as described 

above, we performed site-mutagenesis assay and generated pcDNA3-flagCdNLS, pcDNA3-

flagNS1dNLS, pcDNA3-flagNS3dNLS1, pcDNA3-flagNS3dNLS2, or pcDNA3-

flagNS5dNLS followed by immunocytochemical analysis in Vero cells. As shown in Fig. 3, 

C protein formed domain-like structure in the cytoplasm, but no longer localized in the 

nucleus (Fig. 3A); NS5 formed dots only in the cytoplasm (Fig. 3C) and NS1 diffused only 

in the cytoplasm (Fig. 3B). Again, both wt and mutated NS3 distributed only in the 

cytoplasm (data not shown). Therefore, the predicted NLSs for C, NS1, and NS5 proteins 

are correct but the NLS within NS3 does not affect its cytoplasmic distribution.

2.3. ZIKV C protein associates with Golgi apparatus in the cytoplasm and co-localizes with 
nucleoli in the nucleus

Recent structural studies on ZIKV reached an agreement that ZIKV virion structure is like 

that of DENV (Kostyuchenko et al., 2016; Sirohi et al., 2016). According to the structure of 

the viral particle of DENV (Rey et al., 1995), each viral particle contains three E protein 

monomers in the asymmetric unit of the virus, and both membrane (M) and E proteins are 

associated with host-derived lipid bilayer. Multiple copies of C protein form the 

nucleocapsid core that is located inside the lipid bilayer (Jones et al., 2003). Therefore, C 

protein may be important for assembly of ZIKV. To characterize the function of the ZIKV C 

protein, we transfected pcDNA3-flagC into Vero cells. Then, multi-labeled ICC was 

performed to show the relationship between C protein and host subcellular markers 

including Calregulin (ER), Giantin (Golgi), SC35 (splicing compartment), and Tubulin 

(spindle and microtubule). Interestingly, in many cells, the capsid domains co-localize with 

nucleoli in the nucleus and with Golgi apparatus in the cytoplasm as shown in Fig. 4A–F. To 

better visualize the relationship of the three components: nucleoli, viral capsid protein, and 

Golgi apparatus that was stained by Giantin, a matrix protein of Golgi apparatus (Linstedt 

and Hauri, 1993), we separated and merged different colors. Clearly, the capsid protein 
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colocalizes with the nucleoli (Fig. 4C, F). We can also see that the capsid protein in the 

cytoplasm partially overlaps with Golgi apparatus. The observation of localization of the C 

protein with the nucleoli in the nucleus and with Golgi apparatus in the cytoplasm inspires 

our future investigation of whether the C protein plays roles in viral protein transportation 

and ribosome assembly. The third pattern distribution of C protein is the dot-like structure in 

the cytoplasm, which can be seen in all the transfected cells. To determine whether any 

cellular organelles colocalize with the C protein dots, we co-stained the cells with anti-Flag 

for C protein in red and with BODIPY 500/510 for lipid droplet (LD) in green (Fig. 4D–F). 

As can be seen in the Fig. 4D–F, the C protein dots in the cytoplasm all colocalize with LD. 

We then counted 500C protein-positive cells to examine the rate of association of C protein 

with the three cellular organelles. As shown in Fig. 4G, C protein colocalizes with LD in all 

the 500 cells (100%), associate with Golgi apparatus in 350 cells (70%), and colocalize with 

nucleoli in 450 cells (90%). Therefore, we revealed that ZIKV C protein has three different 

association patterns in host cells: nucleoli, Golgi apparatus, and LD.

2.4. ZIKV envelope, PrM, and NS2a proteins co-localize with endoplasmic-reticulum (ER)

ER is the site for synthesis of ZIKV proteins immediately after ZIKV infection. It was also 

detected by electronic microscopy that ZIKV replicates in enveloped organelles, including 

mitochondria and ER (Garcez et al., 2016). Before viral replication, several viral proteins 

must interact with ER. In DENV, NS3, NS4a and NS4b were found to interact with each 

other in ER (Zou et al., 2015). We wondered which protein of ZIKV locates with ER. To 

find out, we transfected ZIKV protein-expressing plasmid into Vero cells for 24 h. We 

simultaneously stained ZIKV protein (in green) and ER protein (Calregulin in red). As 

shown in Fig. 5, envelope (E) protein, PrM, and NS2a colocalize with ER. However, in 

another ICC experiment we didn’t observe that NS3, NS4a and NS4b of ZIKV localized 

with ER (data not shown). Therefore, different flaviviruses have different genomically 

encoded proteins that associate with the ER.

2.5. NS1 associates with autophagy, NS2b and NS4a associate with Golgi apparatus, and 
NS4b is related to early endosome

The same methods were used to determine the subcellular localization of NS1. After having 

tried many different antibodies for the ICC assays, we observed that NS1 colocalizes with 

the microtubule associated protein (MAP) light chain 3 (LC3) using anti-LC3beta antibody 

as shown in Fig. 6A. MAPLC3 is the central protein in the autophagosome biogenesis and 

an important molecular component of autophagy pathway. Therefore, LC3 is the most 

widely used maker of autophagosomes (Bernard et al., 2015). Our revelation that NS1 

colocalizes with autophagosome implies a biological function of ZIKV NS1 through 

interaction with autophagy pathway.

It was previously demonstrated that DENV NS4a protein co-localized with NS4b and NS3 

and showed an ER-like staining pattern by ICC (Zou et al., 2015). We performed ICC and 

demonstrated that there is no association between ZIKV NS4a and ER. Interestingly, we 

found that NS4a co-localizes with the Golgi apparatus as shown in Fig. 6C. Although the 

NS4a is a cytoplasmic protein distributing all over the cytoplasm, it is clear that NS4a 

condensed in the Golgi apparatus and co-localizes with Giantin, a matrix protein of the 
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Golgi apparatus (Linstedt and Hauri, 1993). Our results may suggest that there exist 

differences between DENV NS4a and ZIKV NS4a. In addition, we also found that NS2b 

associates with Golgi apparatus (Fig. 6B). Therefore, ZIKV NS2b and NS4a probably play 

their biological functions through interaction with Golgi components.

We have tried several antibodies to know whether any ZIKV proteins are associated with 

early endosome, but no conclusion can be drawn due to the antibodies used were not good. 

Therefore, we used cotransfection of ZIKV protein-expressing plasmid and pmRFP-Rab5 

that expresses a protein of early endosome. We only found that the NS4b is associated with 

Rab5 that is an early endosomal protein as shown in Fig. 6D.

2.6. ZIKV NS3 associates with tubulin and affects Lamin A

Tubulin is one of the important components of microtubule that is a cytoskeleton and 

essential for cellular mitosis (Weisenberg, 1972). Lamin A is an important component of the 

nuclear lamina, forming a dense fibrillary network inside the nucleus that not only provides 

the mechanical support for cells but also regulates important cellular events such as DNA 

replication and cell division (Gruenbaum et al., 2000). Our ICC experiments for visualizing 

ZIKV NS3 protein showed that NS3 co-localizes with alpha tubulin in transfected Vero 

cells, as shown in the left panel of Fig. 7 (A1–A4). The NS3 protein (A1–A3, green) forms a 

fibrillary structure extended from the centrosome that is shown in red (A1 and A2). As can 

be seen in the Fig. 7, the centrosome is located near the nucleus (A4) and microtubules 

(tubulin) extend outward to the cell periphery, suggesting that NS3 affects the distribution of 

tubulin and centrosome. Another interesting observation is that NS3 affected the nuclear 

lamina as shown in the right panel of Fig. 7 (B1–B5). In the untransfected Vero cells, the 

nuclear lamina smoothly surrounds the nuclear membrane. However, in the NS3-expressed 

cells, the nuclear lamina morphology clearly changed with an extruding site (shown by the 

arrows in Fig. 7B3) that is close to the centrosome. Our results suggest that NS3 may affect 

function of centrosome.

2.7. NS5 associates with SC35

The nucleus is a cellular organelle that contains many protein-composed dot-like functional 

domains. Splicing compartments, needed for gene splicing (Fu and Maniatis, 1992; Fu et al., 

1992) are one such functional domain. To find out whether any nuclear protein associates 

with NS5, we transfected pcDNA3-flagNS5 into Vero cells and simultaneously stained NS5 

with different subcellular proteins. We found that NS5 closely localizes with SC35 in the 

nucleus as shown in Fig. 8. We also observed in the NS5-expressing cells that: 1) SC35 

density is reduced dramatically compared to the nontransfected cells, and 2) SC35 localized 

in the cytoplasm as a domain (shown by the arrows in Fig. 8). These interesting observations 

were further corroborated by nuclear/cytosolic fractionation and western blot analysis. As 

shown in Fig. 8E, the total SC35 level in NS5-expressed HEK 293 T cells is significantly 

lower than that in Mock cells. SC35 was completely localized in the nuclear fraction like 

Lamin A in Mock fractions (Fig. 8F, left) but over 50% SC35 was translocated to cytoplasm 

in NS5-expresing cells (Fig. 8F, right). Therefore, NS5 not only reduces SC35 level but also 

translocates SC35 from nucleus to cytoplasm.
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3. Discussion

The salient finding of this study is the unique subcellular distribution of the 10 ZIKV 

proteins (as summarized in Table 2). Using selected markers for subcellular organelles, we 

found that NS5 is a nuclear protein, that C and NS1 localized in both nucleus and cytoplasm, 

that E protein, PrM, and NS2a are with ER, NS3 in centrosome, NS4a, NS2b and C protein 

in Golgi, and that NS1 is associated with autophagosomes while C protein is also in lipid 

droplet. NS5 promotes the trafficking of the serine/arginine-rich splicing factor SC35 from 

the nucleus to the cytoplasm and reduces the total level of SC35 protein, suggesting that 

NS5 may play important role in regulating the gene splicing process in host cells. It has been 

reported that ZIKV NS5 has proteasome activity, which resulted in degradation of the IFN-

regulated transcriptional activator STAT2 from humans (Grant et al., 2016). Further studies 

are needed to determine whether NS5 also causes degradation of SC35 and to ascertain the 

consequence of NS5-mediated decrease of SC35 in host cells.

Currently, the characterization of ZIKV proteins is usually inferred from other flaviviruses, 

especially DENV. In the present study, we performed the first cloning of all the ZIKV 

proteins for their expression in mammalian cells. The western blot assays using highly 

specific Flag antibody demonstrated that the sizes of most ZIKV proteins are similar to those 

of DENV (Henchal and Putnak, 1990). Using the cNLS Mapper software (Kosugi et al., 

2009), we found that C protein, NS1, NS3 and NS5 have the NLS. Our gene mutation and 

ICC results also confirmed the predictions for C, NS1 and NS5. NS3 is largely a cytoplasmic 

protein, but its effects on Lamin A, a nuclear protein, suggest NS3 has activities in nucleus. 

C protein is structural protein and hence important for viral assembly. We found that it co-

localizes with nucleoli in the nucleus and co-localizes with Golgi apparatus in the 

cytoplasm, suggesting that the C protein is not only a structure of the viron, but also play 

important roles in ribosome assembly for viral gene translation, in transportation of viral 

proteins and in viral RNA-protein interactions. These biological activities of C proteins are 

presently under investigation in our laboratory.

Our ICC results showed that NS3 associates with both tubulin and Lamin A, both of which 

are important for cell division (Dabauvalle et al., 1999; Kim et al., 2008; Kim et al., 2013). 

Lamin A is a nuclear protein and connected to the nuclear membrane by an isoprenyl group 

that is associated with membrane through protein-protein interaction (Reese and Maltese, 

1991). Lamin A is required for early biological activities of cell mitosis by depolymerization 

of lamins (Reese and Maltese, 1991). During mitosis, duplicated centrosomes separate and 

form mitotic spindles with microtubules. The major component of microtubule is tubulin. 

NS3 associates with both tubulin and Lamin A, which suggests an important function of 

NS3 in cell mitosis: inhibitory or enhancive. Most interestingly, NS3 overexpression 

impaired the structure of centrosome. NS3 may contribute to the centrosome damage 

induced by ZIKV as reported recently (Gabriel et al., 2017; Wolf et al., 2017).

Cellular organelles such as ER and Golgi apparatus, exhibit different and important 

functions for viral replication. Viruses need to usurp the cellular machineries for viral 

biogenesis, which may relate to viral permissiveness (Gabriel et al., 2017; Hou et al., 2017). 

These procedures should be completed by viral proteins. Interestingly, we found that capsid 
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and NS4a proteins are associated with the Golgi apparatus, while the NS2a and the envelop 

proteins overlap with ER. The subcellular location of the NS4b has not been characterized 

yet using our currently used approach. Different location of ZIKV proteins in host cells 

suggests a dynamic incorporation of each viral protein during ZIKV assemble, trafficking, 

maturation and production. With the proteins cloned into expressing vectors, we are able to 

investigate the functions for all the ZIKV proteins, especially their activities in causing 

defects of stem cell proliferation/differentiation.

Future work related to this study is to demonstrate the protein distribution in the context of 

ZIKV infection. We are now in the stage of producing specific monoclonal antibodies 

against each ZIKV protein.

4. Materials and methods

4.1. Cell lines, tissue culture and viruses

Vero cells (ATCC® CCL-81™) and HEK 293T (ATCC® CRL-1573™) were purchased from 

ATCC. The cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM) 

supplemented with 10% fetal calf serum (FCS) and penicillin (100 IU/ml)-streptomycin 

(100 μg/ml) and amphotericin B (2.5 μg/ml) (de Bruyn and Knipe, 1988). ZIKV strains 

MR766 (Kuno and Chang, 2007) was obtained from ATCC.

4.2. Molecular cloning

The complete RNA genome and full cDNA sequences encoding the ZIKV proteins can be 

seen in the website (GenBank Sequence Accession: LC002520): http://www.viprbrc.org/brc/

viprStrainDetails.spg?strainName=MR766-NIID&decorator=flavi. We designed DNA 

sequences for each ZIKV protein based on the RNA sequence of ZIKV MR766 strain. The 

FLAG tag (gac tac aaa gac gat gac gac aag) was in-frame fused to the cDNA to form an 

insert fragment that is flanked by a restriction enzyme site: 1) for PrM, NS1, NS2a, NS2b, 

NS4a, and NS4b proteins, we added a BamHI site at the 5′ end and an EcoRI site at 3′ end; 

2) for C and NS5 proteins, we added an EcoRI site at the 5′ end and an XhoI site at the 3′ 
end; and 3) for E and NS3 proteins, we added a BamHI site at the 5′ end and an XhoI site at 

the 3′ end. The DNA fragments were synthesized by Genescript (Piscataway, NJ). After 

purification by gel extraction, the DNA fragments were cloned into pcDNA3 vector that was 

cut with BamHI and EcoRI, EcoRI and XhoI, or BamHI and XhoI. The clones were 

confirmed by DNA sequencing and designated as pcDNA3-flagC (capsid), –flagPrM 

(precursor), –flagE (envelope), –flagNS1 (nonstructural protein 1), –flagNS2a, –flagNS2b, –

flagNS3, –flagNS4a, –flagNS4b, and –flagNS5.

To mutate the putative NLS from protein C, NS1, NS3, or NS5, we employed an overlapping 

PCR method. Briefly, we designed the primers (Table 3) to amplify two fragments with 

desired mutation of each protein, the amplified fragments have overlapping at the mutation 

site. Then the two fragments were gel-purified and used for overlapping PCR to produce the 

fragment with the desired mutation. The fragment was cloned into pcDNA3 resulting in 

pcDNA3-flagCdNLS, pcDNA3-flagNS1dNLS, pcDNA3-flagNS3dNLS1, pcDNA3-

flagNS3dNLS2, or pcDNA3-flagNS5dNLS.
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4.3. Antibodies

Anti-Giantin (ab80864) for visualizing Golgi body, and anti-CoxIV (ab16056) for showing 

mitochondria were purchased from Abcam (Cambridge, MA). Anti-Calregulin (H-107, 

sc-11398) for visualizing ER, anti-EEA1 (sc-365652) for showing endosome, anti-MAP 

LC3beta (sc-271625) to visualizing Autophgosomes, anti-Lamin A (h-102, sc-20680), and 

anti-Tubulin (4G1, sc-58666) were purchased from Santa Cruz Biotechnology (Santa Cruz, 

CA). The anti-ZIKV antibody for immunocytochemistry (ICC) assay was generated from 

the hybridoma cell line, D1-4G2-4-15 (ATCC® HB-112™) in our laboratory. The anti-ZIKV 

antibody for western blot is the immune serum produced from mice in our laboratory. Anti-

FLAG antibody (monoclonal), M2, and the anti-SC35 antibody (S4045) were purchased 

from Sigma.

4.4. Immunocytochemistry (ICC) assay

Immunostaining was performed on cells grown on coverslips after fixation with 1% 

paraformaldehyde (10 min at room temperature) and permeabilization in 0.2% Triton (20 

min on ice) by sequential incubation with primary and Texas red (TR)-labeled secondary 

antibodies (Vector Laboratories, Burlingame, Calif.) for 30 min each (all solutions in PBS).

To visualize lipid droplet (LD), the fixed cells were incubated with BODIPY 500/510 (Life 

Technology Corp. cat# B3824) at a final concentration of 1 μg/ml for 1 h at 37 °C.

Finally, cells were equilibrated in PBS, stained for DNA with Hoechst 33258 (0.5 μg/ml), 

and mounted in Fluoromount G (Fisher Scientific, Newark, Del.).

4.5. Subcellular fractionation

Cells from a 10 cm dish were transferred to 500 μl fractionation buffer [250 mM Sucrose, 20 

mM HEHES (pH 7.4), 10 mM KCl, 2 mM MgCl2, 1 mM EDTA, 1 mM EGTA, 1 Mm DTT, 

and PI cocktail] by scrapping. The cell suspension was passed through a 25 gauge needle 10 

times using a 1 ml syringe. After sitting on ice for 20 min, the cell suspension was 

centrifuged at 720 ×g for 5 min. The pellet contains nuclei and the supernatant contains 

cytoplasm, membrane and mitochondria: (Mlakar et al., 2016) the pellet was resuspended 

with 500 μl fractionation buffer, passed through a 25 gauge for 10 times, and centrifuged at 

720 ×g for 10 min. The supernatant was discarded and the pellet was resuspended in TBS 

with 0.05% SDS. This is the nuclear extract fraction; (Petersen et al., 2016) the supernatant 

was used for the cytoplasmic fraction.

4.6. Immunoblot analysis

Proteins were separated by sodium dodecyl sulfate-7.5% poly-acrylamide gel 

electrophoresis (Munch et al., 1992) (10 to 20 μg loaded in each lane), transferred to 

nitrocellulose membranes (Amersham Inc., Piscataway, NJ), and blocked with 5% nonfat 

milk for 60 min at room temperature. Membranes were incubated overnight at 4 °C with 

primary antibody followed by incubation with a horseradish peroxidase-coupled secondary 

antibody (Amersham Inc.) and detection with enhanced chemiluminescence (Pierce, 

Rockford, Ill.), according to standard methods. Membranes were stripped with stripping 
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buffer (100 mM β-mercaptoethanol, 2% SDS, 62.5 mM Tris-HCl, pH 6.8), washed with 

PBS-0.1% Tween 20, and used to detect additional proteins.

4.7. Confocal microscopy

Cells were examined with a Leica TCS SPII confocal laser scanning system. Two or three 

channels were recorded simultaneously and/or sequentially and controlled for possible 

breakthrough between the fluorescein isothiocyanate and Texas Red signals and between the 

blue and red channels.
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Abbreviation

ZIKV Zika virus

C Capsid

Env Envelope

NS proteins nonstructural

Ctr Centrosome

Mito Mitochondria

ER Endoplasmic reticulum

Golgi Golgi apparatus

ICC Immunocytochemistry

WB western blot
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Fig. 1. 
Expression of the ZIKV proteins that are detected by western blot. A. Genomic structure and 

gene production of ZIKV (MR766 strain, GenBank Sequence Accession: LC002520). AUG: 

translation start codon; UAG: translation stop codon; NCR: noncoding RNA sequence; nt: 

nucleotide; Aa: amino acid; B. Western blot assay to examine ZIKV proteins. The ZIKV 

protein-expressing plasmids were transfected into HEK 293T cells for 24 h. The whole cell 

lysate samples were applied to run a PAGE and the transferred membrane was blotted with 

anti-FLAG antibody. The names of the protein were shown on the top and the size marker 

was shown on the left. C. western blot assay to examine the protein polymerization. 

HEK293T cells were transfected with the plasmid-expressing ZIKV protein E, NS1, NS3, or 

Hou et al. Page 14

Gene. Author manuscript; available in PMC 2017 December 14.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



NS5 for 24 h. The whole cell lysate samples were collected in a SDS-lysis buffer with or 

without reducer (beta-mercaptoethanol) and examined for ZIKV protein using anti-FLAG 

antibody. The experiments have been performed for more than 3 times, one representative is 

shown.
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Fig. 2. 
ICC for Visualizing the localization of ZIKV proteins in Vero cells. Vero cells were 

transfected with the ZIKV protein-expressing plasmid for 24 h. Then, the cells were fixed 

and permeabilized for ICC. The expressed ZIKV protein was stained with anti-FLAG 

antibody in green. For each protein, there are two panels, left panel shows the ZIKV protein 

only in green, and the right panel shows both the nucleus (in blue by DAPI) and the protein. 

PrM: precursor membrane; C: capsid; E: envelop; NS: nonstructural. Scale bar: 15 μm. (For 

interpretation of the references to color in this figure legend, the reader is referred to the web 

version of this article.)
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Fig. 3. 
The localization of NLSs mutated ZIKV-encoded proteins. The overlapping PCR method 

was employed to mutate the putative NLS from protein C, NS1, NS3, or NS5. The primers 

used for the overlapping PCR were shown in Table 3. The fragments generated by 

overlapping PCR contain the desired mutation, were gel-purified and cloned into pcDNA3 

resulting in pcDNA3-flagCdNLS, pcDNA3-flagNS1dNLS, or pcDNA3-flagNS5dNLS. The 

plasmid pcDNA3-flagCdNLS (A), pcDNA3-flagNS1dNLS (B), or pcDNA3-flagNS5dNLS 

(C) was transfected into Vero cells for 24 h. The merged color of the protein (red) and DAPI 

(blue) was shown in the left panel, and the protein alone (red) was shown in the right panel. 

ICC was performed to stain the transfected proteins using anti-FLAG antibody in red. DAPI 

staining was to show the nucleus. Scale bar: 15 μm. (For interpretation of the references to 

color in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. 
ICC for showing the localization of capsid protein that colocalizes with nucleoli in nucleus 

and Golgi apparatus or lipid droplet (LD) in cytoplasm. Vero cells were transfected with 

pcDNA3-flagC. After 24 h, the cells were fixed and ICC was performed to show the 

relationship between C protein and cellular proteins. A: merged colors of C protein (green), 

Giantin (Golgi in red) and DAPI (blue); B: merged C (green) and DAPI (blue); C: merged C 

and (green) and Giantin (red). D: merged C (green), lipid droplet (LD in red) and DAPI 

(blue); E: merged LD (red) and DAPI (blue); F: merged C protein (green) and DAPI (blue). 

Scale bar: 10 μm. G. Quantitating the association of C protein with LD, nucleoli, and Golgi 

apparatus. Five hundred C protein positive cells were counted for the colocalization of C 

protein with LD, nucleoli, and Golgi apparatus. (For interpretation of the references to color 

in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. 
ICC to show that ZIKV PrM, envelope and NS2a proteins in cells after transfection. Vero 

cells were transfected with pcDNA-flagPrM, pcDNA-flagE, or pcDNA3-flagNS2a for 24 h. 

The cells were simultaneously stained with anti-FLAG antibody to show ZIKV protein (in 

green) and ER protein (Calregulin in red). The nuclei were shown by DAPI. Scale bar: 10 

μm. (For interpretation of the references to color in this figure legend, the reader is referred 

to the web version of this article.)
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Fig. 6. 
ICC to characterize the localization of NS1, NS2b, NS4a and NS4b localizes in cells after 

transfection. pcDNA3-flagNS1 (panel A), pcDNA3-flagNS2b (panel B), or pcDNA3-

flagNS4a (panel C) was transfected to Vero cells for 24 h. ICC was performed to show the 

association between ZIKV proteins in green and LC3beta (marker of Autophagosome) or 

Giantin (marker of Golgi apparatus) in red. D. Vero cells were cotransfected with 

pcDNA3flagNS4b and pmRFPRab5 for 24 h, anti-FLAG antibody was used show NS4b in 

green and the early endosome protein Rab5 is in red. The nuclei were shown by DAPI. Scale 

bar: 10 μm. (For interpretation of the references to color in this figure legend, the reader is 

referred to the web version of this article.)
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Fig. 7. 
ICC to show the NS3 protein association with tubulin and with Lamin A. A. Vero cells were 

transfected with pcDNA3-flagNS3 for 24 h. ICC experiments were performed for 

visualizing ZIKV NS3 protein (in green) and tubulin in red (A1–A4). The nuclei of the cells 

were shown by staining with DAPI (A1 and A4). B. ICC for showing NS3 in green and the 

nuclear lamin A in red. The arrows in B3 are to show the sites that were affected by NS3. 

Scale bar: 10 μm. (For interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.)
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Fig. 8. 
ICC to show that NS5 associates with SC35. pcDNA3-flagNS5 was transfected into Vero 

cells for 24 h. A–D: ICC was performed to simultaneously stained NS5 in green (A and D) 

and SC35 in red (A, B, and D). The arrows were to show that SC35 localized to cytoplasm 

as a domain. The nuclei were shown by DAPI. Scale bar: 10 μm. E. Vero cells were 

transfected with pcDNA3 (mock) or pcDNA3flagNS5 for 24 h, the whole cell lysates were 

applied to run western blot assay to determine the level of SC35, NS5, and tubulin. F. Vero 

cells were transfected with pcDNA3 (mock) or pcDNA3flagNS5 for 24 h, the whole cell 
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lysates and cell fractions (cytoplasm and nuclear plasm) were prepared and were applied to 

run western blot assay to determine the level of SC35, NS5, Lamin A (nuclear protein) and 

tubulin (cytoplasmic protein). (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.)
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Table 1

Nuclear localization signals of ZIKV proteins.

Capsid RKERKRRGADT

NS1 RLKRAHLIEM

NS3 RRVLPEIVREAIKKRLRTV

KYGEKRVLKPRWMDARVCSDHAALKSFKE

NS5 ELGKRKRPRVCTKEEFINKVRSN

The Aa sequences of the ZIKV proteins were input into cNLS Mapper software, the NLS sequences with high score > 5 were recorded and listed in 
the table.
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Table 2

Characterization of ZIKV proteins.

Name Size: Aa
(kDa)

Cellular distribution Subcellular location

C 122 (14) Cyto. & Nuc. Golgi apparatus, LD, and nucleoli

PrM 168 (19) Cyto. Endoplasmic reticulum, centrosome

sEnv 504 (54) Cyto. Endoplasmic reticulum

NS1 352 (40) Cyto. & Nuc. Autophagosome

NS2a 226 (24) Cyto. Endoplasmic reticulum

NS2b 130 (14) Cyto. Golgi apparatus

NS3 617 (69) Cyto. Co-localize with Tubulin, centrosome

NS4a 127 (14) Cyto. Golgi apparatus

NS4b 251 (27) Cyto. Early endosome

NS5 903 (103) Nuc. Co-localize with SC35

Env: envelope; C: capsid; LD: lipid droplet; PrM: membrane precursor; NS: nonstructural protein; Cyto: Cytoplasm; Nuc: Nucleus.
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Table 3

Primers for the Mutation of Nuclear Localization Signal (NLS) of ZIKV Protein.

For C protein:

ZIKV C EcoRI_Fw: CCG GAATTC ATG GAC TAC AAA GAC GAT GAC

ZIKV C XhoI_Rv: CCG CTC GAG TTA TGC CAT GGC TGT

ZIKV C NLS del101-104 DN: 5′ AATGCTAGGAAAGAGGGCGCAGACACCAGC 3′

ZIKV C NLS del101-104 UP: 5′ GCTGGTGTCTGCGCCCTCTTTCCTAGCATT 3′

For NS1 protein:

ZIKV NS1 BamHI_Fw: CGC GGATCC ATG GAC TAC AAA GAC GAT GAC

ZIKV NS1 EcoRI_Rv: CCG GAA TTC TTA CGC TGT CAC CAT TGA

ZIKV NS1 NLS del211-214 DN: 5′ GTGAAAAGAATGACACATGGGCCCACCTGATTGAGATG 3′

ZIKV NS1 NLS del211-214 UP: 5′ CATCTCAATCAGGTGGGCCCATGTGTCATTCTTTTCAC 3′

For NS3 protein:

ZIKV NS3 BamHI_Fw: CGC GGATCC ATG GAC TAC AAA GAC GAT GAC

ZIKV NS3 XhoI_Rv: CCG CTC GAG TTA TCT TTT TCC AGC GGC GAA

ZIKV NS3 NLS1 del214-216 DN: 5′ ATAGTCCGTGAAGCCATACTCCGGACAGTGATCTTG 3′

ZIKV NS3 NLS1 del214-216 UP: 5′ CAAGATCACTGTCCGGAGTATGGCTTCACGGACTAT 3′

ZIKV NS3 NLS2 del587-591 DN: 5′ TGGACAAAGTATGGAGAGCCGAGATGGATGGATGCT 3′

ZIKV NS3 NLS2 del578-591 UP: 5′ AGCATCCATCCATCTCGGCTCTCCATACTTTGTCCA 3′

For NS5 protein:

ZIKV NS5 EcoRI_Fw: CCG GAATTC ATG GAC TAC AAA GAC GAT GAC

ZIKV NS5 XhoI_Rv: CGG CTC GAG TTA CAA CAC TCC GGG TGT GGA

ZIKV NS5 NLS del388-391 DN: 5′ CTGTGGAAGGAGCTGGGGCCACGCGTCTGCACCAAA 3′

ZIKV NS5 NLS del388-391 UP: 5′ TTTGGTGCAGACGCGTGGCCCCAGCTCCTTCCACAG 3′

C: capsid; NS: nonstructural; DN: down; UP: up.
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