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Abstract

Flaviviruses, such as Dengue, Japanese encephalitis, West Nile, Yellow Fever, and Zika viruses, 

are serious human pathogens that cause significant morbidity and mortality globally each year. 

Flaviviruses are single-stranded, positive-sense RNA viruses, and encode two multidomain 

proteins, NS3 and NS5, that possess all enzymatic activities required for genome replication and 

capping. NS3 and NS5 interact within virus-induced replication compartments to form the RNA 

genome replicase complex. Although the individual enzymatic activities of both proteins have 

been extensively studied and are well characterized, there are still gaps in our understanding of 

how they interact to efficiently coordinate their respective activities during positive strand RNA 

synthesis and capping. Here, we discuss what is known about the structures and functions of the 

NS3 and NS5 proteins and propose a preliminary NS3:NS5:RNA interaction model based on a 

large body of literature about how the viral enzymes function, physical restraints between NS3 and 

NS5, as well as critical steps in the replication process.
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Introduction

The genus Flavivirus is the largest among the family Flaviviridae with 53 different species 

(1). Flaviviruses can be further divided into non-vector, tick-borne and mosquito-borne 

clusters (2,3). Mosquito-borne flaviviruses, such as dengue virus (DENV), West Nile virus 

(WNV), yellow fever virus (YFV) and Japanese encephalitis virus (JEV) have become an 

increasing public health concern over the last decades since their global incidence has grown 

dramatically. For example, WNV was not present in the Americas prior to its introduction in 

New York in 1999. However, it has rapidly spread over the continent and can be found in 

many Western hemisphere countries today (4–6). Another example is the recent emergence 

of Zika virus (ZIKV). ZIKV has been known since the 1950s, but until 2007 no significant 

outbreaks and only few cases had been reported. In 2007, the first large Zika outbreak 

occurred on Yap Island. In 2013–2014, there were outbreaks in four other groups of Pacific 

Islands: French Polynesia, Easter Island, Cook Islands, New Caledonia. The current Zika 

epidemic began in early 2015 in Brazil and is now affecting most countries in Central and 

South America (7,8) and is intruding into North America.

Today, more than half of the world’s population is exposed to at least one flavivirus. In most 

cases, flaviviruses cause flu-like symptoms including fever, headache, muscle and joint pain, 

nausea, vomiting, and rash (9–13). Only a small number of infections result in severe disease 

like high fever, seizures, encephalitis, paralysis, jaundice (YFV), haemorrhage (DENV and 

YFV), coma and ultimately death (9–12). DENV is endemic in over 100 countries, putting 

3.9 billion people at risk of infection. Each year, 390 million dengue infections occur, and 

500,000 patients with dengue haemorrhagic fever require hospitalization, 2.5% of which die 

from the infection (11). YFV is endemic in 47 countries with a combined population of over 

900 million people, resulting in an estimated 200,000 cases and 30,000 deaths each year 

(12,14). JEV is endemic in 24 countries, exposing more than 3 billion to the risk of infection 

and causing 68,000 clinical cases each year. Among those with severe symptoms, the fatality 

rate is especially high with up to 30% (13,600 – 20,400 deaths annually), and 20–30% of 

survivors suffer permanent neurologic or psychiatric sequelae (10). Currently, there are no 

specific antiviral drugs available against flaviviruses, and treatment consists of supportive 

care (9–12). The large numbers of annual cases and fatalities emphasize the need for 

effective antiviral drugs and/or vaccines. In order to develop novel methods of treatment and 

prevention, understanding how flavivirus genome replication functions on a molecular level 

is critical.

Flavivirus genome organization and life cycle

Flaviviruses have a positive-sense, single-stranded RNA genome of approximately 11kb that 

contains a 5’ cap, 5’ and 3’ untranslated regions (UTRs), and a single open reading frame 

(ORF). The ORF codes for a large polyprotein that is co- and post-translationally cleaved 

into three structural (C, prM, E) and eight non-structural (NS1, NS2A, NS2B, NS3, NS4A, 

2K, NS4B, NS5) proteins. The structural proteins form the virus particle and play a role in 

virus entry into the host cell as well as assembly and release of new virions. The capsid 

protein binds the genomic RNA to form the nucleocapsid core, and the E and prM 

glycoproteins are viral surface proteins attached to the host-derived lipid envelope. The non-

Brand et al. Page 2

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



structural proteins form the viral replication complex inside the host cell (15). Only NS3 and 

NS5 are known to possess enzymatic activities. NS3 encodes serine protease (16–18), RNA 

helicase (19,20), nucleotide triphosphatase (NTPase) (21–23) and RNA triphosphatase 

(RTPase) (24,25) enzymatic activities. NS5 encodes methyl- and guanylyltransferase 

(MTase and GTase) (26–28) enzymatic activities as well as an RNA-dependent RNA 

polymerase (RdRp) (29,30). NS2A, NS2B, NS4A, 2K and NS4B are transmembrane 

proteins located within the endoplasmic reticulum (ER) membrane (31–34). Certain regions 

of NS2B, NS4A and NS4B also interact with NS3 and thus anchor the replication complex 

formed by NS3 and NS5 to the ER membrane (35–39). In addition, NS2B serves as an 

essential cofactor for the NS3 protease (40,41) and NS4B blocks interferon α/β signaling 

(42). NS4A induces ER membrane rearrangements that are thought to be involved in 

forming the viral replication compartment (33,43) while NS1 has been suggested to 

participate in genome replication by associating with the luminal side of the replication 

compartment and immune evasion through modulation of host defense mechanisms (44–46).

After virus entry, the viral genome is translated into the viral polyprotein on the rough ER 

(47). NS1, prM and E are translated into the ER lumen, the transmembrane domains of 

NS2A, NS2B, NS4A, 2K, and NS4B are translated into the ER membrane, and C, NS3 and 

NS5 remain in the cytoplasm (15,48). Localization of prM, E and NS1 to the ER lumen is 

ensured by signal peptides within the C-terminal hydrophobic domain of the C protein as 

well as the C-terminal transmembrane domains of prM and E. NS2A, NS2B, NS4A, 2K, and 

NS4B are inserted into the ER membrane due to their hydrophobic nature and multiple 

transmembrane domains. Together, NS2A and NS2B possess five transmembrane domains, 

causing NS3 to be localized on the cytosolic face of the ER membrane. NS5 is also localized 

at the ER membrane towards its cytosolic face, given that NS4A, 2K and NS4B possess a 

total of six transmembrane domains (15). The polyprotein is cleaved into individual viral 

proteins by host signalases inside the ER lumen and the viral protease NS2B-NS3 in the 

cytoplasm (48). The non-structural proteins form the replicase complex in virus-induced 

replication compartments on the ER membrane (49,50). The viral genome is first transcribed 

into a negative sense RNA, thus forming a dsRNA replication intermediate. This 

intermediate then serves as template for the synthesis of a large number of capped (+) 

ssRNA viral genomes (reviewed in (51)). The newly generated viral genomes are then used 

for further translation of viral proteins, generation of sfRNA (52), or association with 

structural proteins and incorporation into new virions which are transported through the 

trans-Golgi network and finally released from the host cell by exocytosis (15).

Viral RNA replication is a major process during the viral life cycle. Whereas negative strand 

synthesis is relatively well understood, the mechanisms of positive strand synthesis and 

capping by the NS3:NS5 replicase complex remains elusive.

Non-structural protein 3

The flavivirus non-structural protein 3 (NS3) is one of the two viral proteins with enzymatic 

activity. NS3 is well conserved among the Flaviviridae with a sequence identity of 

approximately 65% between WNV, DENV, JEV, ZIKV and YFV. The NS3 protein contains 
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two domains, an N-terminal protease domain and a C-terminal helicase domain, which are 

coupled via a short flexible linker (53).

There have been multiple studies on the effect of the NS3 protease and helicase domains on 

each other. Most studies suggest a functional coupling of the two domains based on the 

observation that helicase activity is significantly increased in the full-length protein 

compared to the helicase domain alone (53–57). However, there has also been evidence that 

the presence of the protease domain has little influence on the activities of the helicase 

domain (58,59). These discrepancies might be due to the different nature of the protein 

constructs used in each study or differing experimental conditions.

NS3 structures

The three-dimensional structures of individual domains as well as full-length NS3 proteins 

of various Flaviviruses have been resolved (Figure 1). Different conformations and relative 

orientations of the two domains have been reported (53,54), suggesting that different 

conformational states could exist during virus replication. RNA binding has been shown to 

be one event in the replication cycle that induces a conformational change in the NS3 protein 

(60,61).

NS3 protease domain

The N-terminal third of the NS3 protein constitutes the protease domain, which contains 

four regions of homology with serine proteases. Three of these regions constitute the 

catalytic triad and the fourth plays a role in substrate binding. The strictly conserved 

catalytic triad is formed by residues H51, D75 and S135 (DENV2 numbering) and is located 

in a cleft situated between two beta-barrels (36). In addition to the catalytic residues, the 

substrate binding pocket includes residues D129, F130, Y150, N152 and G153 (DENV 

numbering) (62,63). Substrate specificity has been suggested to be due to an aspartic acid 

residue at the bottom of the binding pocket (62). NS3 cleavage sites within the viral 

polyprotein have the consensus sequence of two basic residues followed by a residue with a 

small side chain, although the exact sequence depends on the cleavage site within the 

polyprotein as well as on the virus (64).

In order to form an active protease, the NS2B cofactor is essential (65). A β-strand of the 

central hydrophilic region of NS2B (residues 51–57, DENV numbering) folds into the N-

terminal β-barrel of the NS3 protease to stabilize it (36). In addition, the C-terminal region 

of NS2B (residues 75–85, DENV numbering) undergoes a conformational change upon 

substrate binding to form a stabilizing β-hairpin that becomes part of the active site (35,36). 

The active NS2B-NS3 protease is required for cleavage at the NS2A/NS2B, NS2B/NS3, 

NS3/NS4A, and NS4B/NS5 junctions (40,66). Furthermore, it has been suggested that the 

cleavage of the C-terminal membrane-spanning segment of the capsid protein that takes 

place after several basic residues could be mediated by the NS2B-NS3 protease (67).

Since the NS2B protein has multiple transmembrane domains in addition to the central 

hydrophilic region that interacts with the NS3 protease domain (32), the NS2B:NS3 

interaction probably tethers NS3 to the membrane, thus anchoring the replicase complex to 

the membrane of the replication compartments (68). In fact, both NS2B and NS3 have been 
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found to be associated with virus-induced membrane structures (50,69), and the membrane 

requirement of the DENV NS3 protease has been shown to be dependent on NS2B, 

suggesting that the localization of NS3 to membranes is mediated by its interaction with 

NS2B (70).

NS3 helicase domain

The C-terminal helicase domain of NS3 harbors three enzymatic activities: RNA helicase, 

nucleoside triphosphatase (NTPase) and RNA triphosphatase (RTPase) (19,23,25). NTPase 

and RTPase activities have been shown to share the same catalytic residues (24,71,72) 

whereas dsRNA unwinding, although driven by ATP hydrolysis, takes place at a distinct site 

known as helical gate (73). The RTPase reaction constitutes the first step in the synthesis of 

the cap structure at the 5’ end of newly synthesized viral genomes, which also serve as viral 

mRNAs, by removing the γ-phosphate from the newly synthesized RNA and generating 5’ 

diphosphorylated RNA (25). The RNA helicase activity unwinds the dsRNA replication 

intermediate in order to release the newly generated viral genome (positive strand) and to 

make the negative strand available as template for another round of viral genome synthesis. 

In addition, the helicase activity removes secondary structures from the viral RNA, 

especially in the 5’ and 3’ untranslated regions (68,74). An unstructured 3’ end is necessary 

for replication complex assembly, and a 5’ protruding end is required for an efficient RNA 

triphosphatase (RTPase) reaction during the synthesis of the cap structure (75). The energy 

required for the helicase activity is derived from nucleotide hydrolysis at the NTPase active 

site, but the mechanism which couples these two activities remains elusive (74). NS3 has 

been shown to hydrolyse the gamma-phosphate of all four NTPs, although preferring 

purines (76).

The NS3 helicase domain is further divided into three subdomains (Figure 1). Subdomains 1 

and 2 contain seven conserved helicase motifs characteristic of DEXH/D box family 

helicases, including Walker A and Walker B motifs (56,55,77). Residues from these 

subdomains form one side of the ssRNA binding tunnel with the other side being subdomain 

3 (60). The access site to this ssRNA binding tunnel is located between the α-helix 2 of 

subdomain 2, the α-helix 6 of subdomain 3 and the β-hairpin protruding from subdomain 2 

toward subdomain 3 (73). This site is also known as the helical gate since this is where 

dsRNA is split into two ssRNA strands. The β-hairpin disrupts base stacking between the 

two strands so that the 3’ end of the negative strand enters the RNA binding tunnel and the 

5’ end of the positive strand is forced to move along the protein’s surface (60,74). After 

going through the RNA binding channel, the 3’ end of the negative strand exits the NS3 

protein close to the junction between subdomains 1 and 3, which is at the opposite side of 

the protein than the helical gate between subdomains 2 and 3 (Figure 1) (60). The dsRNA 

unwinding site is approximately 30Å away from the ATPase catalytic site (73), and it is still 

unclear how RNA unwinding and ATP hydrolysis are coupled (68,74). The NTPase/RTPase 

active site is a basic pocket located close to the interface between the helicase (subdomains 1 

and 2) and protease domains (53). The Walker A motif, more precisely residues G198, K199 

and T200 (DENV2 numbering), as well as the Walker B motif play essential roles in 

substrate binding and coordination of the Mg2+ ion, respectively (58,71,55). Residues R457, 

R458, R460 and R463 (DENV2 numbering) have also been shown to be important for 
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ATPase and RTPase activities (72). The phosphate product generated during NTPase and 

RTPase reactions has been proposed to exit the active site through a channel lined by 

residues P195, A316, T317, P326, A455 and Q456 (DENV numbering) (60).

Two non-structural proteins, NS4A and NS4B, serve as allosteric cofactors for the NS3 

helicase domain. They enhance its activity by reducing the amount of ATP required and by 

facilitating the dissociation of ssRNA, respectively (37,38). Since these two proteins also 

possess transmembrane domains (33,34), their interactions with NS3 likely contribute to 

anchoring the replicase complex to the ER membrane. Moreover, NTPase activity has been 

shown to be enhanced by the presence of ssRNA (19,22,78) and both NTPase and RTPase 

activities have been shown to be stimulated by NS5 (76,78), indicating that allosteric 

interaction between NS3 and other factors have significant effects on NS3 activity.

Non-structural protein 5

The Flavivirus non-structural protein 5 (NS5) is the other viral protein with enzymatic 

activities. It is the largest and most conserved protein among the Flaviviridae with a 

sequence identity of approximately 68% between WNV, DENV, JEV, ZIKV and YFV. Its N-

terminal capping enzyme domain and C-terminal RNA-dependent RNA polymerase (RdRp) 

domain are coupled via a short linker (79).

NS5 structures

Numerous crystal structures of isolated capping enzyme and RdRp NS5 domains as well as 

the full-length protein from multiple Flaviviruses have been solved (Figure 2, Figure 3). 

Some studies reveal a compact structure of the NS5 protein whereas others indicate a more 

extended structure, which suggests that NS5 possesses a certain flexibility regarding the 

relative orientation of the two domains, and that it may undergo conformational changes 

during the RNA replication cycle (79–81). The inter-domain linker seems to play a central 

role in the adoption of different conformations, since it is well-ordered in some crystal 

structures but disordered and without a secondary structure in others (79,81). Moreover, the 

highly conserved GTR sequence of the MTase domain (residues 261–263, DENV 

numbering) next to the linker region has been proposed to act as a pivot between the two 

domains (79).

NS5 capping enzyme domain

The capping enzyme domain of NS5 executes three steps in the synthesis of the 5’ cap 

structure of the viral genome. First, it transfers a GMP to the 5’ diphosphate end of nascent 

viral RNA with its GTase activity (28). In the second and third steps, it methylates the cap 

structure at the N7 position of the guanine as well as at the 2’-O position of the ribose of the 

first nucleotide with its MTase activity, using S-adenosyl-L-methionine (SAM or AdoMet) 

as a methyl donor (26,27). There are two different substrate binding pockets within the 

capping enzyme (Figure 2). These pockets are 12–15Å apart and they are linked by a 

positively charged surface groove that most likely binds the viral RNA during 

guanylyltransferase and methyltransferase reactions (26,82–84). The 5’ diphosphorylated 

RNA (ppRNA) substrate has been shown to be bound by residues F25, K30, R57, K181 and 
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R212 (DENV2 numbering) which are clustered around the base of helix A2, suggesting that 

the ppRNA might enter into the capping enzyme through the groove between helices A2 and 

A3 (85). In addition to ppRNA, the guanylyltransferase reaction requires a second substrate: 

GTP. The GTP binding pocket which includes residues K14, L17, N18, L20, F25, K29 and 

S150 (DENV2 numbering) has been proposed to be the active site for the GTase activity 

(26,82). Interestingly, several residues are involved in binding both GTP and ppRNA, and 

phosphates from GTP and phosphates from ppRNA have been shown to compete for the 

same binding site on the capping enzyme, indicating that the two substrates for the 

guanylyltransfer reaction are bound at different times during capping (85). It has been 

suggested that the enzyme first binds GTP to form a GMP-enzyme intermediate before 

binding ppRNA and catalyzing the transfer of GMP to the RNA (28,85), although the 

precise kinetic parameters of both steps have not been fully determined. The resulting 

GpppRNA is then methylated at the guanine N7 position as well as at the ribose 2’-O 
position to form completely capped m7GpppAmRNA, with the N7-methylation occurring 

prior to the 2’-O-methylation (27,83). In both cases, the methyl donor is SAM which binds 

to a distinct pocket comprising residues S56, G86, W87, T104, L105, D131, V132, I147 and 

Y219 (DENV2 numbering) (26), and the conserved residues K61-D146-K181-E217 

(DENV2 numbering) make up the catalytic tetrad (27). The RNA substrate needs to be 

repositioned between the two methyltransferase reactions, and the GTP binding pocket has 

been suggested to accommodate the RNA cap structure during 2’-O-methylation (83).

NS5 RNA-dependent RNA polymerase domain

The RNA-dependent RNA polymerase (RdRp) domain of NS5 replicates the viral RNA 

genome (30,86). It contains six conserved RdRp motifs and it adopts the canonical right-

hand conformation with thumb, palm and fingers subdomains (Figure 3A) (87,88). The 3’ 

end of the template RNA enters the active site (G662-D663-D664 motif, DENV numbering), 

which is located within the palm subdomain close to the interface with the two other 

subdomains, through a tunnel between the fingers and thumb subdomains. A second channel 

is formed by the fingers and palm subdomain. It also connects to the active site, is 

approximately perpendicular to the first channel, and goes across the entire protein. NTPs 

enter the active site through the back of this channel, and the front of this tunnel would be 

the exit route for the dsRNA product (87–89). However, this exit site is blocked in all 

observed structures, and a conformational change prior to elongation from a closed state to 

an open state would be required to accommodate nascent dsRNA in this exit channel 

(87,89). To date, no NS5 RdRp structures with RNA have been solved, but the RdRp 

elongation complex from poliovirus has been crystallized (90). This structure can be used as 

a template to model the negative strand RNA into the NS5 RdRp domain (Figure 3C). The 

5’ end of the (−) ssRNA is in proximity to the RNA template tunnel whereas the 3’ end is 

close to the dsRNA exit channel. This suggests that the 3’ end of the negative strand, which 

serves as template during positive strand synthesis, is fed into the NS5 RdRp active site 

through the RNA template tunnel and exits the active site though the dsRNA exit channel 

after replication has occurred, thus indicating directionality of RNA replication.

The NS5 RdRp initiates RNA synthesis by a de novo mechanism (91). Residues 782–809 

(DENV numbering) form the priming loop which protrudes from the thumb subdomain 
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toward the active site, thus partially blocking the template RNA tunnel and allowing only 

ssRNA to enter the catalytic site (88,89). Residues W795 and H798, which are conserved 

among Flaviviruses, form stacking interactions with nucleotides and hence provide an 

initiation platform (88,92). H798 forms stacking interactions with the initiating ATP 

nucleotide (92), and W795 binds a GTP molecule at the de novo GTP-binding site (i-1 

position) which is located at a distance of 6–7Å from the catalytic site (89,93). This GTP has 

been shown to be crucial for initiation, since the need of a high GTP concentration during de 
novo initiation has been observed, regardless of the nucleotide sequence of the template 

RNA (94). More precisely, this GTP nucleotide mimics a nascent RNA strand and interacts 

with the initiating ATP to stabilize it at the i position and thus to contribute to the proper 

positioning of its 3’ hydroxyl group which is involved in the formation of a phosphodiester 

bond with the second nucleotide at the i+1 positon (89). Two catalytic magnesium ions, 

which are coordinated by aspartic acid residues at the active site (D533 and D664, DENV 

numbering), hold the phosphates of the incoming nucleotide in place during the nucleophilic 

attack of the 3’-O of the first nucleotide on the α-phosphate of the second nucleotide (87–

89). Once the first phosphodiester bond is formed, the RdRp switches to an open 

conformation and the GTP nucleotide is released from the i-1 position, thus vacating the 

dsRNA exit tunnel and allowing the elongation of the nascent dsRNA. Motif G of the 

fingertip region has been proposed to be involved in translocation of the RdRp along the 

template RNA, but the exact mechanism of translocation remains elusive (89,95).

Protein-protein interactions within the replicase complex

Given that positive strand RNA synthesis and capping requires both NS3 and NS5, and that 

the functions of these two enzymes are supported by the other non-structural proteins, 

multiple interactions between non-structural proteins have been identified. As discussed 

above, NS2B, NS4A and NS4B are cofactors for the NS3 protease and helicase domains, 

and therefore interact with NS3 (35–39). Furthermore, these three proteins anchor NS3 to 

the ER membrane, since they possess transmembrane regions in addition to hydrophilic 

regions that bind NS3 (32–34). None of the small transmembrane non-structural proteins 

interacts with NS5, and NS5 is therefore recruited to the membrane-associated replicase 

complex only via its interaction with NS3 (96).

NS3 and NS5 have been shown to interact in vitro by various binding experiments such as 

pull-down (97–99), ELISA (100,101), surface plasmon resonance (102) and AlphaScreen 

assay (103). Their interaction in vivo has also been confirmed with multiple techniques such 

as co-immunoprecipitation using extracts from infected cells (76,97,100,103,104), yeast-two 

hybrid (98,105), co-localization and bimolecular fluorescence complementation (106). The 

results from these studies demonstrate that there is a direct interaction between NS3 and 

NS5 that does not require any other viral protein (97). Several studies have suggested that 

the NS3:NS5 interaction is mediated by the NS5 RdRp domain (98–101,105) and the NS3 

helicase domain (98,100), although a contribution of the protease domain has also been 

observed (102,103). A schematic NS3:NS5 interaction model in which the interaction is 

mediated by the NS3 helicase subdomain 3 and the NS5 RdRp thumb subdomain has been 

proposed (101). However, the SAXS data on which this model is based is severely biased by 

the artificial covalent fusion of the NS5 320–341 peptide to the C-terminus of the helicase 

Brand et al. Page 8

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



subdomain 3 via a short linker, and data and conclusions from this study might therefore not 

be correct. Furthermore, the proposed model does not address how the two proteins would 

actually work together at the molecular level, and fails to consider RNA as an important 

component of the replicase complex. Further studies with full-length NS3 and NS5 proteins 

as well as the replicative form of viral RNA are needed to elucidate the NS3:NS5 interaction 

within the replicase complex during positive strand synthesis.

Development of a detailed NS3:NS5 replication complex model

Understanding how the components of the replicase complex are associated will help define 

the mechanism of positive strand synthesis and potentially uncover new points for 

therapeutic intervention. However, it has not been explicitly shown that NS3 and NS5 

directly interact during virus replication, primarily due to limitations of tagging the proteins 

within replication compartments while maintaining replication. In addition, it has not been 

clearly demonstrated that the NS3:NS5 interaction is essential for virus replication. 

Nevertheless, the enzymatic activities of both NS3 and NS5 are required for replication, and 

they most likely interact within the replicase complex in order to coordinate their enzymatic 

activities for a more efficient replication.

We developed a preliminary NS3:NS5:RNA interaction model based on the known crystal 

structures as well as enzymatic activities of the two proteins, and we used this information to 

infer how they might interact in order to efficiently coordinate their activities. Homology 

models of full-length NS3 and NS5 were generated on the Swissmodel Server (107) using 

sequences from the African Lineage II West Nile virus strain WN 956 D117 3D (108) and 

pdb files 2VBC of DENV NS3 (53) and 4K6M of JEV NS5 (79) were used as structure 

templates. Homology structures were then imported into PyMOL and hand-manipulated 

such that the 3’ end of the ssRNA in the NS3 protein would feed into the palm domain of the 

NS5 RdRp. The resulting structure is a model of the viral replication complex during 

positive sense RNA synthesis (Figure 4A). The dsRNA replication intermediate is separated 

into two individual strands by the dsRNA passing through the NS3 helicase helical gate, the 

5’ diphosphorylated end of the positive strand being guided into the NS5 capping enzyme to 

undergo GTase and MTase reactions for the formation of a complete cap structure, and the 

3’ end of the negative strand being guided into the NS5 polymerase domain to serve as 

template for the synthesis of a new positive strand of viral RNA (Figure 4B). NS3 and NS5 

interact via their helicase and RdRp domain, respectively. The RNA-binding tunnels of both 

proteins are aligned, and the RNA would act as a rotational axis on the NS3:NS5 interaction. 

Moreover, pulling of RNA through the RdRp domain may pull NS3 into closer proximity to 

the RdRp.

There are multiple positive aspects to our model. Since crystal structures for both NS3 and 

NS5 are known, potential interactions can be easily visualized. The model is based on a 

large body of literature about how the viral enzymes function, and physical restraints 

(ssRNA) as well as critical steps in the replication process were used to guide the 

development of the model. The substrate entry channels for NS3 (ATP) and NS5 

(nucleotides) are on approximately the same side, which would probably be important for 

substrate access to the enzymes if the replicase complex is anchored within the neck of the 
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membranous replication compartment. Finally, the model follows Occam’s Razor and is a 

testable model even in the absence of a co-crystal structure.

There are a few potential caveats to our model. The current model assumes a 1:1 

stoichiometry of NS3 and NS5, but it is possible that the complex is 2:2, 2:1 or some other 

permutation, although it is not currently known due to limitations in the availability to 

resolve the atomic-level structure of the membranous viral replication compartments. In 

addition, the model does not address membrane association of the replication complex, 

although anchoring of NS3 to the ER membrane via NS2B, NS4A and NS4B would be the 

most likely scenario. Finally, both proteins may undergo conformational changes during the 

virus life cycle, and the crystal structures that served as template for our homology 

structures may not be in the right conformation for positive strand RNA synthesis.

Nevertheless, the model we present is a good foundation for the precise characterization of 

the NS3:NS5 interaction. Future studies can use this model as a starting point for long time-

scale all-atom molecular dynamics simulations that can precisely define the dynamic 

interactions between NS3, NS5, and RNA and how the interactions affect the structures of 

the replicase complex components. One of the major limitations of just using 

crystallography is that these structures are static snapshots in time, and may not represent 

physiologically relevant structures or conformations. Additionally, using models as we have 

presented allow for examination using molecular dynamics simulations. These simulations 

can uncover dynamical allosteric interactions between the replicase components using 

rigorous biophysical parameters, interactions which are difficult to trap in crystallography 

experiments. These computational data can then be used to direct mutagenesis analyses of 

recombinant NS3, NS5, and RNA interactions using traditional techniques such as pull 

downs and SPR, and mutations that show effects on the stability of the replicase complex in 
vitro can be introduced into infectious viruses to generate empirically validated models of 

the replicase complex. Data from these experimental studies can be iteratively fed back into 

the interaction model until it most likely represents the actual protein-protein interaction. 

Ultimately, development of an atomic level model of the flavivirus replicase complex may 

lead to the identification of compounds that might interrupt NS3:NS5 interaction or 

allosteric interactions and thus be interesting new candidates for antiviral drug development.
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Figure 1. Structure of the NS3 helicase domain
The crystal structure of the DENV NS3 helicase domain bound to ssRNA (pdb 2jlu) is 

shown. Subdomains 1, 2 and 3 are colored in red, purple and orange, respectively, and RNA 

is colored in blue. The 5’ end of the (−) ssRNA is close to the helical gate where dsRNA is 

separated into individual strands and the negative strand enters the RNA binding tunnel. The 

3’ end of the (−) ssRNA is in proximity to the RNA exit site, from where it will be fed into 

the NS5 RdRp for replication.
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Figure 2. Structure of the NS5 capping enzyme domain
The crystal structure of the YFV NS5 capping enzyme domain bound to GTP and SAH (pdb 

3evd) is shown. The capping enzyme domain is colored in light blue, the catalytic tetrad in 

violet, and GTP and SAH are colored by element. The RNA entry site and substrate binding 

pockets are indicated.
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Figure 3. Structure of the NS5 RNA-dependent RNA polymerase domain
(A) The crystal structure of the JEV NS5 RdRp (pdb 4k6m) is shown. The fingers, palm and 

thumb subdomains are colored in blue, yellow and green, respectively. In the cartoon 

representation, the priming loop is colored in purple and the two catalytic aspartic acid 

residues are shown as magenta colored sticks. In the surface representations, the RNA 

template tunnel and the NTP entry channel / dsRNA exit channel are indicated. (B) The 

structure of the poliovirus RdRp elongation complex after multiple nucleotide addition 

cycles is shown (pdb 3ola). (C) The negative strand from the poliovirus RdRp structure was 

modelled into the JEV RdRp structure. As expected, the 5’ end of the (−) ssRNA is close to 

the entry of the RNA template tunnel and the 3’ end is exiting the active site through the 

dsRNA exit channel.

Brand et al. Page 19

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Brand et al. Page 20

Wiley Interdiscip Rev RNA. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4. Model of the replicase complex formed by NS3, NS5 and viral RNA during positive 
strand synthesis
(A) Front view. (B) Top view. The incoming dsRNA replication intermediate is denatured by 

the NS3 helicase. The 5’ end of the positive strand is guided into the NS5 capping enzyme 

domain active site for the synthesis of the 5’ cap structure. The 3’ end of the negative strand 

flows through the NS3 RNA binding tunnel and then into the NS5 RdRp active site to serve 

as template for the synthesis of a new positive strand.
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