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Abstract

RNA synthesis and replication of the members of the Flavivirus genus (including dengue, West
Nile and Japanese encephalitis viruses) is regulated by a wide variety of mechanisms and actors.
These include the sequestration of the RNA-dependent RNA polymerase (RdRp) for functions
other than RNA synthesis, regulatory interactions with other viral and host proteins within the
replication complex (RC), and regulatory elements within the RNA genome itself. In this review,
we discuss our current knowledge of the multiple levels at which Flavivirus RNA synthesis is
controlled. We aim to bring together two active research fields: the structural and functional
biology of individual proteins of the RC and the impressive wealth of knowledge acquired
regarding the viral genomic RNA.

1. Introduction

Flaviviruses (genus Flavivirus, family Flaviviridae) are single-strand positive-sense RNA
(+RNA) viruses, which include important arthropod-borne human pathogens such as the
dengue viruses (DENV, serotypes 1-4), West Nile virus (WNV), yellow fever virus (YFV)
and the Japanese, St. Louis, and tick-borne encephalitis viruses (JEV, SLE, and TBEV,
respectively). The Flavivirus genome bears a conserved type-1 RNA cap ("’GpppAz:omG)
at the 5’-end. Upon infection, the genome of ~11 kb is translated into a single polyprotein,
which is processed into three structural and seven non-structural (NS) proteins. The NS
proteins assemble with an array of host factors into membrane-bound replication complexes
(RC) where viral RNA (VRNA) synthesis takes place. The main actor is the RNA-dependent
RNA polymerase (RdRp) NS5, which replicates the genomic +RNA into the uncapped
minus-strand RNA (-RNA). Within the resulting double-strand (ds) RNA replicative form
(RF), the =RNA acts as a template to produce a large excess of +RNA [1-3]. In a replicative
intermediate (RI), several nascent +RNA molecules are synthesized simultaneously from
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and on the same —RNA template. This synthesis is semi-conservative, i.e., the old +RNA is
displaced by the nascent +RNA. The viral capping machinery harbored in NS3 and NS5
caps only newly-synthesized +RNAs [4-6]. Both the process of discrimination between
—RNA and +RNA 5’-ends for capping and the precise timing of the capping process remain
largely undefined. Recently, a model was proposed [3] where the low-level production of
—RNA at early stages of RNA replication occurs in RCs associated with virus-induced
membranes derived from the endoplasmic reticulum (ER) but not yet in fully formed
vesicles. Then, at later stages of RNA replication, 100-nm vesicles that are connected to the
cytosol via small pores [7,8] further protect the RC and the nascent +RNA. The correct
initiation of RNA synthesis is essential for the integrity of the viral genome. The Flavivirus
RdRp initiates RNA synthesis without a primer (primer-independent, or de novo initiation)
over the last 3’-end nucleotide of the template. RNA synthesis always starts with the
formation of the same short primer, pppAG, consistent with strict conservation of the 5’-and
3’-end sequences of all Flavivirus genomes as 5’AG...CU-3’ [9].

In this review, we discuss our current knowledge of the multiple levels at which viral RdRp
activity and specificity are controlled to ensure faithful and efficient RNA synthesis and the
VRNA elements that modulate VRNA replication. We focus on DENV but include when
possible other members of the Flavivirus genus.

2. Regulation of RNA replication by NS5 adopting alternative functions

Unlike many other RNA viruses, such as +RNA viruses from the Nidovirales order or
Togaviridae family, flaviviruses have no obvious stoichiometric control of non-structural
versus structural protein production. The genome is translated as a single viral polyprotein
that has to provide enough copies of structural proteins for viral assembly (180 copies of
envelope protein in each DENV particle [10]). Active viral RdRp activity, embedded in the
Flavivirus NS5 protein, is probably not required in so many copies. It is thus not surprising
that additional functions have been and are still being discovered for NS5.

NS5 plays a direct role in viral defense mechanisms against the host innate immune
response, which is triggered by recognition of VRNA as non-self RNA by intracellular RNA
sensors [11]. This recognition in turn leads to the degradation of vRNA by cellular
exonucleases [2,12] and triggers interferon (IFN) signaling pathways involving signal
transducer and activator of transcription 2 (STAT2) and other defense mechanisms [6]. NS5
inhibits IFN type 1 signaling [13] through the promotion of STAT2 degradation [14,15].

NS5 proteins of YFV and DENV-2 are imported into the nucleus [16,17]. NS5 sequestration
through nuclear import might represent a way to limit or regulate VRNA synthesis, which
takes place in the cytoplasm [18]. At the same time this nuclear import of NS5 may serve to
hijack cellular importins [18]. Nevertheless, substantial differences have been found in the
percentage of NS5 that is directed to the nucleus between different flaviviruses and even
among different DENV serotypes [19,20]. Clearly, more work is needed to clarify the role of
nuclear import of NS5 in flaviviral defense mechanisms and/or regulation of vRNA
synthesis [21,22].
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Despite the alternative functions of NS5 that limit VRNA synthesis, Flavivirus RNA is
produced in excess. One possible reason might be that it saturates the host exonuclease
XRNZ1, which remains trapped and inactivated by the XRN1-resistant subgenomic
Flavivirus RNA (sfRNA) [2].

3. Regulatory elements within the NS5 polymerase domain

Flavivirus NS5 harbors the RdRp activity in its C-terminal domain, designated NS5-Pol in
this review. NS5-Pol (74 kDa) is connected via a flexible short linker to the N-terminal
methyltransferase (MTase) domain (30 kDa), which contains two MTase activities and
possibly a guanylyltransferase activity (GTase), thus incorporating three of the four
reactions necessary to form a type-1 RNA cap at the 5’-end of the nascent +RNA strand
[4,5]). The NS5-Pol domain alone displays de novo RdRp activity [9,23-26]. NS5-Pol and
NS5 follow the same overall RNA synthesis scheme observed for other de novo RNA
polymerases: pppAG synthesis by de novo initiation, a transition phase involving a
conformational change from an initiation to an elongation conformation, followed by
processive elongation [9,27]. Structurally, the existence of two different conformations for
initiation and elongation has been demonstrated for Flaviviridae Hepatitis C (HCV) RdRp
[28]. The X-ray crystal structures of isolated NS5-Pol domains of DENV, WNV and JEV
and of JEV NS5-Pol in the context of full-length NS5 have been determined [19,26,29-31].
They adopt the common right-hand fold of viral RdRps with three subdomains fingers,
thumb and palm (Figure 1). A comparison to the initiation-state and elongation-state
structures of HCV RdRp suggests that the existing Flavivirus RdRp structures are situated in
between, since they present a closed priming loop essential for de novo initiation (see below)
but a rather large distance between the fingers and thumb subdomains that could
accommodate a template/primer duplex [32]. More structures in complex with NTP
substrates, RNA templates or regulatory elements are needed that capture genuine initiation
and elongation structures of Flavivirus RdRps.

RNA synthesis involves small regulatory conformational changes within the active center of
NS5-Pol. The common viral RdRp active site motifs can be considered as basic intrinsic
elements to control RNA synthesis. Flavivirus RdARp motifs A and C (Figure 1B) provide
the two aspartic acid residues implicated in the nucleotidyl transfer catalyzed by two ions (in
vitro MgZ* or Mn?*; in vivo this remains an open question). Motif B seems to be involved in
template binding and translocation [33]. Its second function, and also of motif D, is the
control of NTP specificity [33—-35]. Motif D may also provide the general acid for
nucleotidyl transfer [36]. Motif F is not present in un-stabilized structures of DENV, WNV
and JEV NS5-Pol domains (Figure 1A). Only when stabilized by GTP, ATP, crystal
contacts or the NS5-MTase domain (Figure 1B), it forms the upper part of the NTP entry
tunnel [23,29] as in other viral RdRps. Motif E is found at the end of the NTP tunnel and
might be involved in the correct positioning of the priming nucleotide ATP [37].
Additionally, it is situated at the hinge between palm and thumb subdomains and might act
as a pivot during conformational changes between de novo initiation and elongation states of
NS5-Pol. Motif G was originally defined for primer-dependent RdRps [38]. De novo-
initiating Flavivirus RdRps do not contain a sequence resemblance to motif G. The
corresponding loop (G-loop) was absent in the first NS5-Pol structures [19,30] (Figure 1A)
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and was proposed to be involved in regulation of de novo RdRp activity [19], like the C-
terminal extension of HCV RdRp [28]. In the JEV NS5-Pol structures stabilized by GTP,
ATP or the MTase domain, the G-loop is well-defined and remains far from the active site
(Figure 1B) [23,29]. Whether there is a biologically relevant regulatory conformational
change of motifs F and G from a putative pre-initiation to an initiation conformation
triggered by the incoming template or NTP substrates remains to be clarified [1,32]

Like other de novo-initiating viral RdRps, Flavivirus NS5-Pol has an elaborate thumb
subdomain with a priming loop that closes the active site during initiation (Figure 1)
[19,23,29,30]. This loop provides at least part of an ATP-specific priming site [9]. A
conserved histidine in the priming loop (H798 in DENV-2) might act as a priming platform
against which the ATP stacks upon de novo initiation; however, existing NS5-Pol structures
do not provide enough information on the precise structure of this priming site in the de
novo initiation complex. The ATP-specific priming site enables NS5-Pol to ensure the
conservation of correct Flavivirus genome ends [9].

4. Regulation of RNA synthesis by the NS5 methyltransferase domain

A longstanding question has been whether the NS5-MTase domain regulates the RdRp
activity of NS5-Pol. A prerequisite of regulation is interaction between the two domains.
Genetic and in vitro interaction has indeed been shown for WNV and DENV NS5 MTase
and RdRp domains (see references in [39]). The interaction appears weak and might use
multiple transient interfaces. Indeed, Small Angle X-ray Scattering (SAXS) data showed
that NS5 is mainly extended in solution with just a small subset of compact structures where
NS5-Pol and NS5-MTase form an interface [40]. Concerning the regulation of the RdRp
activity of NS5-Pol by NS5-MTase, in vitro studies comparing steady-state RdRp activities
of recombinant DENV NS5 and NS5-Pol yielded contradictory results (summarized in [39]).
Recently, we and others found consistent stimulatory effects by the DENV NS5-MTase
domain on the overall steady-state RdRp activity of NS5-Pol [26,39]. This stimulation
happens during initiation and elongation, while NS5-MTase does not seem to facilitate the
conformational change between the two steps. Stimulation of de novo initiation is based on
an increase in RNA and priming nucleotide affinity. During the elongation phase, NS5-
MTase increases the affinity for the incoming nucleotide and its incorporation rate [39].

The observed stimulatory effect of NS5-MTase calls for two scenarios. First, the NS5-
MTase may act via a single but flexible interface, which allows the necessary
conformational changes of the NS5-Pol domain during RNA synthesis. This interface might
correspond to the hydrophobic interface between NS5-MTase and NS5-Pol of the recent X-
ray crystal structure of JEV NS5 [23]. In this conformation, the NS5-MTase (MTase 1 in
Figure 2) appears to complete the RNA binding zone near the entrance of the RNA template
tunnel. It might also support RNA binding by promoting the correct conformation of the
RNA template tunnel. The optimal RNA template binding might then cause a long-range
allosteric effect in the specific ATP-binding site involving the priming loop, thus stimulating
de novo initiation. After pppAG synthesis, NS5-Pol is expected to undergo a conformational
change to accommaodate the growing primer-template dsSRNA. The nascent dsSRNA bears a
5’-triphosphate reaching into the solvent. Capping of nascent +RNA occurs with unknown
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choreography. In this scenario with a single interacting site, NS5-MTase is situated far from
the dsRNA exit; and capping should involve an NS5-MTase domain from a second NS5
protein. This might indeed be possible since several NS5 proteins complete +RNA synthesis
on the RI form [3]. The second scenario envisages several binding sites (Figure 2, MTase 1
to 3). The first one, facilitating RNA template binding, may correspond to the JEV NS5
structure discussed above (MTase 1). The structuring of the RNA template tunnel might
then release the NS5-MTase from its binding site. The MTase domain would move to a
second site (MTase 2) where it exerts an allosteric effect on the priming site for de novo
initiation. The flexible linker allows for this binding site to be near the priming loop [28,29].
The priming loop later opens to allow the exit of the nascent dSRNA. The NS5-MTase might
concurrently change position to a third site (MTase 3) to exert its effect on RNA elongation.
In the NS5-Pol elongation-state interaction, the NS5-MTase could receive the 5’-end of
+RNA after its passage towards NS3 (containing RNA triphosphatase activity) and the
formation of the 5’SLA of around 70 nucleotides, which has been shown to be essential for
N7-methylation [4]. In this scenario we may also consider that MTase 2 or 3 is from a
second NS5 molecule, since apparent oligomerization of NS5 within the RC has been shown
[41]. Structural and mutational data studying the existing interface of NS5 and other
interfaces to be discovered in the future will hopefully clarify which scenario is correct.

5. Regulation by viral or host proteins interacting with NS5

All viral NS proteins co-localize with dSRNA to ER membrane-embedded active RCs
[7,8,41]. Among them, only NS3 seems to interact directly with NS5 [8,41], but several
others, such as NS1 [42]), NS2A [43], NS4A [44-47], and NS4B [44,45,48], have been
shown to regulate RNA synthesis, though the molecular mechanisms are still not completely
defined. Apart from NS5, the second main player in the Flavivirus RC is NS3. NS3 harbors
the NS2B-activated viral protease activity at its N-terminal domain (NS3-Pro) and the
NTPase-driven helicase activity at its C-terminal domain (NS3-Hel) [49]. The latter also
contains the 5’-RNA triphosphatase (RTPase) activity and is therefore thought to undertake
the first step of VRNA cap formation at the 5’-end of the genomic RNA [6]. NS3 may thus
influence Flavivirus RNA replication on several levels. First, its own activities are essential
for viral replication [50]. Second, NS3 acts as a central hub within the RC, interacting via its
membrane-bound co-factor NS2B with NS2A, NS4A and NS4B [41]. Third, it may
influence RNA synthesis via its direct interactions with NS5, which have been demonstrated
invivo and in vitro. NS3-Hel and NS5-Pol interact [51-53] via a region of the fingers
subdomain of NS5-Pol comprising its nuclear localization sequence (NLS) and reaching
over to the thumb subdomain (Figure 2) [51,52]. There is evidence that binding between
NS3-Hel and NS5 is enhanced by NS3-Pro [52], probably involving the NS5-MTase domain
[53]. Within NS5-MTase, several negatively-charged residues were proposed to be involved
in the interaction with NS3 [54]. Functionally, regulation of the polymerase activity of NS5
by NS3 has not been demonstrated. In contrast, NS5 seems to positively regulate the
NTPase activity of NS3 [55] and possibly also its helicase and RTPase activities [56].
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RNA replication may also be modulated by host proteins, which interact with the viral RC
components. Numerous studies screening interactions in the context of viral infection have
yielded large numbers of putatively interacting host proteins, not only within the RC (see
references in [57]). Among NS5-interacting host proteins modulating vVRNA replication are
GBF1, a guanine nucleotide exchange factor [57], cyclophilin A, a peptidyl-prolyl
isomerase, [58], and the cellular protein kinase G, which has been shown to phosphorylate
NS5 of mosquito-borne flaviviruses within the NS5-MTase and NS5-Pol domains [59,60].
Other identified host interaction partners of Flavivirus NS5 are heat shock protein Hsp70
[61] as well as elF3L (eukaryotic translation initiation factor 3), Hdj2 (Hsp40 homolog) and
PAZ proteins (reviewed in [3]). Host factors that interact with NS3 and influence RNA
replication are fatty acid synthase (FASN) [62] and caveolin (Cav 1) [63]. The precise
molecular mechanisms underlying the putative regulation of Flavivirus RNA synthesis by
host proteins is under active investigation.

6. Regulation by host proteins interacting with viral RNA

Investigations of host protein-vRNA interactions improve our understanding of the
contributions of host proteins to viral infection. However, mechanisms detailing the role of
host proteins in flaviviral RNA replication are poorly defined and to date, only five host-
derived factors have been demonstrated to directly impact Elavivirus RNA replication
through interacting with VRNA.

Eukaryotic translation elongation factor eEF1A binds to the 3’SL, the large terminal stem-
loop of the 3’UTR (Figure 3B) of several flaviviruses [64], co-localizes to the RC of WNV
and DENV, and was shown to facilitate WNV negative-strand synthesis [65].
Polypyrimidine tract-binding protein (PTB) translocates from the nucleus to the cytoplasm
during DENV infection [66]. Besides interacting with DENV RNA [67], PTB also binds
DENV NS4A and modulates negative-strand RNA synthesis [68]. Another host factor NF90
interacts with the DENV 3’SL and positively regulates DENV replication [69]. The DEAD-
box RNA helicase DDX6, a component of P-bodies and stress granules, has been shown to
interact with DENV2 RNA via binding to the 3’'UTR DB structures (Figure 3B), which are
required for viral translation and replication [70]. Finally, p100 interacts with the DENV
3’SL,and p100 knock-down reduced viral RNA and protein levels in DENV-infected cells
[71].

Additional proteins that bind the DENV 3’-UTR, such as YB1 [72] and PABP [73], have
been shown to play roles in other stages of the viral life cycle. Several other host proteins,
including La, hnRNP-A1, hnRNP-A2/B1, and hnRNP-Q [67,72,73], bind to the DENV
3’UTR, but their exact roles in regulation of VRNA synthesis remain elusive [74].

7. Regulation by cis-acting RNA elements

Efficient viral RNA replication is regulated by conserved sequences and structural elements
in the 5’UTR, capsid-coding region, and 3’UTR (Figure 3). DENV has a relatively short
5’UTR (96 nucleotides [nt] for DENV2) (Figure 3A) consisting of two stem-loops (SLA and

Curr Opin Virol. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Selisko et al.

Page 7

SLB) separated by an oligoU spacer. The DENV NS5 RdRp specifically binds to the viral
genome by interacting with a promoter element in the 5’-end SLA (~70nt), which is
conserved across flaviviruses [75]. Circularization of the genome via long-range RNA-RNA
interactions enables delivery of the NS5 RdRp to the 3’-end of the genome to initiate
negative-strand synthesis [75]. Binding to the SLA alone is not sufficient to induce RdRp
activity, and specific nucleotides in the SLA are necessary to activate the polymerase-
promoter complex for RNA synthesis [76].

The other short stem-loop in the 5’-UTR, SLB (21nt), contains the 5’ upstream of AUG
region 5’UAR (16nt) [77]. DENV RNA replication requires long-range RNA-RNA-
mediated cyclization of the viral genome, which involves at least three pairs of
complementary RNA sequences at both ends of the genome: the 5’- and 3’ cyclization
sequences (5’-3’CS; 11nt) [78], 5’ and 3" upstream of AUG region (5’-3’UAR; 16nt)
[77,79,80], and the 5’ and 3’downstream of AUG region (5’-3’DAR; 6nt) [81,82]. These
form a “zipper” along the panhandle of the circularized vRNA. In addition, the composition
of the sequence downstream of the DENV 5°CS (dCS) element (268nt) in the capsid gene
also influences circularization of the viral genome and hence affects VRNA replication [83].
Furthermore, a capsid-coding region hairpin element (cHP) (21nt) is required for efficient
VRNA synthesis in a sequence-independent manner [84], while it also has an independent
role in translation start site selection [85]. Detailed analysis of the interplay of these 5 RNA
elements with respect to RNA replication revealed that the position of SLA is restricted to
the 5’-terminus of the DENV genome, whereas the 5’UAR, 5’DAR, cHP, and 5°CS form a
second unit that is more flexible in position and likely act jointly to facilitate formation of
the higher-order RNA structure of the circularized DENV genome [82]. Most 5’UTR and
capsid-coding region RNA structures shown in Figure 3A are required for DENV RNA
synthesis, with one exception the conserved capsid-coding region 1 (CCR1) (20nt), an RNA
sequence element that likely modulates assembly [86].

DENV has a relatively long 3’UTR (454nt for DENV2) (Figure 3B), which contains several
important RNA sequences/structures in addition to the three complementary sequences (3’-
CS, 3’-DAR, and 3’-UAR) that are needed for genome circularization and negative-strand
RNA synthesis. The variable region (VR), whose size varies (<50nt to >127nt) depending
on the serotype [87], is located at the very 5’-terminus of the 3’UTR. VR consists of the
hypervariable region (HVR), including three stem-loop structures (SL-I, SL-I1, and SL-111),
and the semi-variable region (SVR) containing two stem-loop structures (SL-1V and SL-V).
The length of HVR and the specific sequence of the SVR impact RNA synthesis [88]. SL-1I
forma a pseudoknot structure that stalls the cellular 5°-3” exonuclease XRN1 to form the
sfRNA [89]. WNV sfRNA interferes with the RNAI antiviral pathway by inhibiting Dicer
[90] and contributes to viral evasion of the type I interferon response [91]. Recent data also
suggest that sSfRNA inhibits XRN1 activity and stabilizes cellular mRNA [12].

The middle part of the DENV 3’UTR forms two dumbbell structures in tandem (DB2 and
DB1,; 68nt), which are required for optimal vVRNA synthesis [92]. The top loops (TLs) (5nt)
of these dumbbells are proposed to interact with downstream pseudoknot (PK) (5nt) regions,
and both TLs are needed for optimal translation [93]. Recently, the TL1/PK2 interaction was
predicted to form an H-type pseudoknot that may participate in regulation of VRNA
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synthesis [94]. The repeated conserved sequences (CS2 and RCS2) (22nt) located within
DB1 and DB2 are highly conserved between flaviviruses [95].

Finally, the 3’-end stem-loop (3’SL) (93nt) is essential for RNA replication and translation
[96-98]. This is the most conserved part of the 3’UTR and includes a small 3’-end hairpin
structure (3’sHP) (14nt), which is essential for replication [81,99], and an adjacent long
stem-loop (79nt). The 3’SL has overlapping sequence with the 3’DAR, and it contains the
entire sequence of the 3’'UAR. The 3’sHP is present only in the linear form of the genome;
alternatively, it can form a duplex with complementary sequences in the 5’UTR via long-
range 5’-3’ interactions [81]. A recent systematic mutational analysis in the DENV 3’sHP
revealed a stricter requirement for specific sequences in the 3’sHP for viral replication in
mosquito cells than in mammalian cells [99]. Maintaining a balance between the circular
and linear forms of the DENV genome is crucial for viral replication [100].

8. Conclusion and perspectives

The aim of this review is to bring together two research fields in Flavivirus RNA
replication. The structural biology of the individual proteins NS3 and NS5 has reached a
stage where further leaps in knowledge will be achieved only when RNASs are included into
structural models. Conversely, the impressive wealth of knowledge of Flavivirus RNA
biochemistry will significantly expand when NS3 and NS5 are included in biochemical/
biophysical assays. The time is ripe to integrate the two approaches to decipher Flavivirus
RNA synthesis. The abundance of potential molecular switches in the 5” and 3’UTRs has to
be matched with the forthcoming multiple structures and conformational changes of NS3,
NS5, and both assembled in an NS3/NS5 complex. Since exposure of VRNA synthesis
intermediates can trigger the host innate immune response, the timing and coordination of
RNA synthesis and capping must be under constant evolutionary pressure, and experiments
in the near future will need to address the timing of events during RNA synthesis. Flavivirus
proteins involved in RNA synthesis together with RNA regulatory elements now represent a
mature field, merging structural biology of macromolecular assembly, RNA structure and
biochemistry, and virology. Importantly, these efforts are directed towards emerging
pathogens, such as DENV, for which preventive and therapeutic options remain challenging,
and the knowledge gained by these studies should contribute to development of innovative
antiviral strategies.
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Entry RNA
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NTP entry

Figure 1. X-ray crystal structures of DENV-3 NS5-Pol and JEV NS5-Pol
Ribbon diagrams generated by PyMOL Molecular Graphics System (Version 1.7

Schrodinger, LLC). A) DENV-3 NS5-Pol (PDB code 4HHJ [31]) with fingers, palm and
thumb subdomains colored in blue, green and red, respectively. The RNA template and NTP
entry tunnels are indicated by arrows, as is the dsRNA exit. The priming loop is shown in
light orange. The active site aspartic acids of motifs A and C are shown in sticks colored
according to the atom type (carbon, yellow; oxygen, red). Motif F and incomplete G-loop
are shown in red and cyan, respectively. B) JEV NS5-Pol (4HDG [23]) in complex with
stabilizing GTP (not shown) showing Motifs A to F in yellow, orange, purple, light green,
red and blue, respectively, and the G-loop in cyan. Motif F is stabilized by GTP but closes
the NTP entry tunnel, and the G-loop aligns the entry of the RNA template tunnel.
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Figure 2. Multi-interface model of Flavivirus NS5 during RNA synthesis, illustrating the
stimulating effects of the MTase domain on the Pol domain

The surface of JEV NS5 (PDB code 4K6M [29]) is shown, with the Pol domain on the left
(red circle) and the MTase domain on the right (green circle labeled MTase 1). The
polymerase domain is seen from above looking down the RNA template tunnel with the
entry to the NTP tunnel on the right and the exit of dSRNA on the left. Fingers and thumb
subdomains are labeled. The Coulombic surface coloring generated by Chimera (http://
www.cgl.ucsf.edu/chimera) shows the positively charged nature of the surface (blue) of the
template tunnel. This positive zone continues on the surface of the MTase domain. This is
especially evident using the electrostatic surface coloring of NS5 (see inset on the right, also
generated by Chimera) The existing structure of JEV-NS5 might represent a structure
adopted by NS5 during RNA template loading, with the MTase extending the RNA binding
area. The following is an attempt to accommodate reverse genetics experiments, observed
conformations in solution, and the topology of RNA capping with novel structural data of
JEV NS5 (see text). After a conformational change, the MTase may adopt a position at the
other side of the Pol domain (MTase 2) near or at the exit of dSRNA and the priming loop,
stimulating de novo initiation. Finally, MTase 3 might be the position of the MTase after a
necessary conformational change of the Pol domain entering the elongation phase. The
MTase would be near the exit of dsRNA. When +RNA is synthesized, the nascent 5’ end
would dissociate from its template, the y~phosphate would be hydrolyzed by NS3, the SLA
structure formed and the diphosphate 5’-end could return to the active site of the MTase to
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be capped. The second and third positions of NS5-MTase are hypothetical but possible
given the flexibility and length of the linker, and are consistent with genetic mapping data.
However, MTase 2 and 3 contacts with NS5-Pol could also be provided by a second NS5
molecule. The binding site identified for NS3-Hel on NS5-Pol (see text) is indicated. It
comprises NS5-Pol elements from the fingers and thumb subdomains near the RNA entry
tunnel. In this position, NS3-Hel may dissociate the RF or remove dsRNA structures from
the RNA genome before RNA template loading.
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Figure 3. Schematic representation of conserved sequences and structures in the DENV
untranslated regions (UTRs) and capsid-coding region

(A) 5’UTR and capsid-coding region. The DENV 5’UTR contains one large stem-loop
(SLA) and one short stem-loop (SLB). The 5’ upstream AUG region (5’UAR) is located
within SLB. Downstream of the start codon, within the capsid-coding region, there are
several cis-acting RNA elements, including a short 5” downstream of AUG region (5’DAR),
capsid-coding region hairpin (cHP), 5’ cyclization sequences (5°CS), conserved capsid-
coding region 1 (CCR1), and downstream of the DENV 5’ cyclization sequence (dCS)
element. (B) 3’'UTR. The 3’UTR begins with a variable region (VR) containing the
hypervariable region (HVR) and semi-variable region (SVR), followed by two dumbbell
structures in tandem (DB2 and DB1), 3’ cyclization sequences (3’CS), 3’ downstream of
AUG region (3’DAR), and 3’ upstream AUG region (3’UAR). The latter two RNA
structures overlap with the 3’ stem-loop (3’SL), which includes a small 3’-end hairpin
structure (3’sHP) and a large stem-loop. The top loops (TLs) of the dumbbells are proposed
to interact with downstream pseudoknot (PK) regions. The 3’UTR nucleotides are numbered
starting from and including the stop codon. Nucleotide humbering is according to DENV?2
strain 16681.
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