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Long-range and local RNA-RNA contacts in viral RNA genomes result in tertiary structures that modulate
the function of enhancers, promoters, and silencers during translation, RNA replication, and encapsidation.
In the case of flaviviruses, the presence of inverted complementary sequences at the 5" and 3’ ends of the
genome mediate long-range RNA interactions and RNA cyclization. The circular conformation of flavivirus
genomes was demonstrated to be essential for RNA amplification. New ideas about the mechanisms by
which circular genomes participate in flavivirus replication have emerged in the last few years. Here, we
will describe the latest information about cis-acting elements involved in flavivirus genome cyclization,
RNA promoter elements required for viral polymerase recognition, and how these elements together
coordinate viral RNA synthesis.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction: flavivirus replication cycle

Flaviviruses comprise one of the three genera within the Fla-
viviridae family; the other two are the Pestivirus and the Hepacivirus.
The Flavivirus genus is divided into three groups based on their eco-
logical characteristics, mosquito-borne, tick-borne, and no-known
vector flaviviruses (Kuno et al., 1998). Among the mosquito-borne
flaviviruses there are important human pathogens such as dengue
virus (DENV), yellow fever virus (YFV), West Nile virus (WNV), Saint
Luis encephalitis virus (SLEV), and Japanese encephalitis virus (JEV).

Flaviviruses are enveloped viruses with a single stranded,
~11kb, positive-sense RNA genome with a type 1 cap
(m7GpppAmp) structure at the 5 end (Cleaves and Dubin,
1979; Wengler and Gross, 1978). The viral RNA encodes a single
long open reading frame (ORF) flanked by highly structured 5’
and 3’ untranslated regions (UTR). The 5 UTRs are about 100
nucleotides long, while the 3’ UTRs are between 350 and 700
nucleotides.

The virus enters the host cell by receptor mediated endocyto-
sis. Upon internalization and acidification of the endosome, fusion
of viral and vesicular membranes allows release of the genomic
RNA into the cytoplasm, which serves as mRNA. Translation of
the single ORF at the rough ER produces a large polyprotein that
is cleaved co- and posttranslationally into the mature proteins.
The N-terminal of the polyprotein encodes the three structural
proteins (C-prM-E), followed by seven non-structural (NS) pro-
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teins (NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5) (Rice et al., 1985)
(Fig. 1). The amino termini of prM, E, NS1, and NS4B are gener-
ated upon cleavage by the host signal peptidase in the ER lumen,
while the processing of most of the NS proteins and the carboxyl
terminus of the C protein is carried out by the viral NS3 serine
protease with the NS2B cofactor in the cytoplasm of the infected
cell.

After translation of the viral RNA, virus-induced hypertrophy
of intracellular membranes occurs, originating structures known
as convoluted membranes and vesicle packets (for review see
Westaway et al., 2003). Viral RNA synthesis occurs in close associa-
tion with cellular membranes inside the vesicle packets in so called
viral replication complexes. The process begins with the synthesis
of a negative strand RNA, which serves as template for the ampli-
fication of additional positive strand genomic RNA. The enzymatic
reaction is catalyzed by the RdRp activity of the viral NS5 protein,
in association with the viral protease/helicase NS3, other viral NS
proteins, and presumably host factors. The newly synthesized RNA
associates to the C protein by a mechanism still unknown. The RNA-
C complex buds into the ER lumen acquiring the lipid bilayer, and
the viral E and prM proteins. Furin-mediated proteolysis of prM in
the trans-Golgi network (Stadler et al., 1997) triggers rearrange-
ment, homodimerization of E, and formation of new viral particles
(Allison et al., 2003).

2. Inverted complementary sequences at the terminal
regions of flavivirus genomes

The presence of 5 and 3’ complementary sequences (CS) in
the genome of flaviviruses was first noticed by Hahn et al., who
defined an original eight nucleotide core sequence conserved
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Fig. 1. Flavivirus genome. On the top, schematic representation showing the coding and untranslated regions (UTRs) of the viral genome. The three structural proteins C,
capsid; prM precursor to membrane protein; E, envelope; and the seven non-structural (NS) proteins NS1-NS2A-NS2B-NS3-NS4A-NS4B-NS5 are indicated. The location of
the complementary sequences 5'-3’ UAR and 5'-3’ CS of mosquito-borne flaviviruses is also shown. The bottom panels show the nucleotide sequences of the complementary
regions 5'-3’ CS and 5'-3’ UAR of dengue virus type 2 (DENV2, Genebank number U87412), West Nile virus (WNV, Genebank number M12294), Japanese encephalitis virus
(JEV, Genebank number NC001437), and yellow fever virus (YFV, Genebank number NC002031); and the 5-3’ CSA of tick-borne encephalitis virus (TBEV, Genebank number
U27495). The grey boxes denote the inverted complementary sequences. In boldface the translation initiator AUG is indicated.

among mosquito-borne flaviviruses (Hahn et al., 1987). The 5’ CS
element was found within the viral ORF, coding for the amino-
terminal part of protein C. The complementary 3’ CS was identified
within the 3’ UTR, just upstream of the conserved 3’ terminal
stem-loop structure (3’ SL) (Fig. 1). The requirement of comple-
mentarity between 5 and 3’ CS elements for viral replication
was demonstrated using infectious clones and replicon systems
of Kunjin virus (KUNV), DENV, and WNV (Alvarez et al., 2005a;
Khromykh et al., 2001; Lo et al., 2003). Mutations at the 5 or 3’
CS regions impaired RNA synthesis without altering translation of
the input RNA, providing the first evidence for a role of genome
cyclization during RNA replication. In these experiments it was
demonstrated that reconstitution of base pairings between 5’ and
3'CS with foreign nucleotide sequences was sufficient to rescue
replicon and viral RNA replication, confirming that complemen-
tarity rather than the nucleotide sequence per se was essential
for RNA synthesis. Using functional assays, the originally recog-
nized 8-nt core CS was extended to 10, 11 and 18 nt for DENV,
WNYV, and YFV, respectively (Alvarez et al., 2005b; Corver et al.,
2003).

Additional complementary sequences between the ends of
mosquito-borne flavivirus genomes, outside of CS, were noticed
using folding prediction algorithms (Hahn et al., 1987; Khromykh
et al.,, 2001; Leyssen et al., 2002; Thurner et al., 2004). A sequence
located just upstream of the translation initiator AUG at the 5’
UTR was found to be complementary to a region present within
the stem of the 3’ SL. This pair of complementary sequence
was named cyclization sequence 5-3' UAR (the name stands

for upstream AUG region) (Alvarez et al., 2005b) (Fig. 1). Using
a similar approach as the one used to study the requirement
of 5'-3’ CS, an essential role of 5'-3' UAR complementarity in
viral RNA synthesis was demonstrated in both DENV and WNV
(Alvarez et al., 2008; Zhang et al., 2008). Mutations within 5’
UAR in the context of infectious DENV RNAs resulted in spon-
taneous revertions that reconstituted 5'-3’ UAR base pairings.
Thus, for mosquito-borne flaviviruses two pairs of complemen-
tary sequences were found to be necessary for viral replication
(Fig. 2).

In the case of tick-borne flaviviruses, two pairs of comple-
mentary sequences, 5'-3’' CSA and 5'-3’ CSB, were observed by
prediction analysis (Khromykh et al., 2001; Mandl et al., 1993).
The 5’ CSA is located upstream of the initiator AUG and is comple-
mentary to the 3’ CSA located within the stem of the 3’ SL, which
is reminiscent of the location of 5'-3’ UAR in the mosquito-borne
flaviviruses. In addition, the 5'-3’ CSB sequences are in similar loca-
tions as the 5-3’ CS. Recent studies, using tick-borne flavivirus
RNAs, demonstrated that 5'-3’ CSA hybridization is essential for
viral RNA synthesis, while no crucial function was connected with
the CSB elements (Kofler et al., 2006). Sequence complementarity
between the ends of the genome of flaviviruses with no-known
vector was also reported. For Modoc virus (MODV), two predicted
cyclization elements were found. At the 5’ end of the genome, these
elements were upstream of the translation initiation codon and in
the coding sequence of the capsid protein. At the 3’ end, the com-
plementary sequences were located upstream and within the 3’ SL
(Leyssen et al., 2002).
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Fig. 2. Sequence and predicted secondary structure of 5" and 3’ terminal sequences of DENV2. On top, structural elements located at the 5’ end of the genome: stem loop
A (SLA), stem loop B (SLB), and capsid region hairpin (cHP) are shown linked by a dash line, representing the viral genome, to the 3'stem loop (3'SL). The bottom structure
shows the changes upon hybridization of the complementary sequences, which results in RNA cyclization. Note that the predicted SLA and cHP are maintained while the SLB

and the 3’ SL changed after 5'-3’ UAR and 5'-3’ CS interaction.

3. Long-range RNA-RNA contacts mediate flavivirus RNA
cyclization

The presence of inverted complementary sequences at the ends
of viral RNAs has been observed not only in flaviviruses, but also in
the negative stranded RNA bunya-, arena-, and orthomyxoviruses
(Flick and Hobom, 1999; Kohl et al., 2004; Mir et al., 2006; Mir and
Panganiban, 2005; Perez and de la Torre, 2003); as well as in the
double stranded RNA rotaviruses (Patton, 2001). These sequences
have been suggested to allow the ends of the genome to asso-
ciate through base pairing, leading to circular conformations of
the RNA. The conformation of the viral RNA, in which the com-
plementary sequences at the ends are hybridized, is known as
panhandle-like structures. The significance of genome cyclization
during viral replication is now beginning to be uncovered in dif-
ferent systems. For instance, in bunyaviruses, the binding of the

nucleocapsid protein to the panhandle structures was shown to
regulate viral encapsidation (Mir et al., 2006; Mir and Panganiban,
2005). In the case of influenza virus, the panhandle is part of the
promoter for RNA replication (Flick and Hobom, 1999). Thus, in
unrelated viruses, RNA cyclization appears to play different roles
during the replication cycle.

Direct interaction between two RNA molecules carrying the 5’
and 3’ terminal nucleotide sequences of a flavivirus genome was
first observed using psoralen/UV cross-linking assays (You et al.,
2001). More recently, an electrophoretic mobility shift assay was
employed to characterize these RNA-RNA interactions (Alvarez
et al, 2005b). Using this method, the contribution of specific
nucleotide sequences on RNA-RNA complex formation was inves-
tigated. In these studies, an RNA molecule containing the first
160 nucleotides of DENV2 was incubated with a radiolabeled RNA
molecule corresponding to the last 106 nucleotides of the viral
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RNA. The two RNA molecules were heat denatured, mixed, cooled
to room temperature to allow folding, and then used in gel shift
assays. Formation of RNA-RNA complexes with slower mobility
were observed only in the presence of Mg2*. RNA titration exper-
iments indicated high affinity between the two RNAs with an
apparent dissociation constant (Ky) of 8 nM. The requirement of
both 5'-3’ CS and 5’-3’ UAR regions for RNA-RNA complex forma-
tion was demonstrated by mutating and reconstituting sequence
complementarity within the predicted cyclization elements. Sin-
gle mismatches within 5'-3’ CS or 5-3'UAR greatly decreased the
affinity between the two RNA molecules (Alvarez et al., 2005b).

The first direct evidence of long-range RNA-RNA interactions
between the ends of a flavivirus RNA was obtained by visualiza-
tion of individual molecules using atomic force microscopy (AFM)
(Alvarez et al., 2005b). This technique is useful to obtain the topol-
ogy of single molecules in different environments (Hansma et al.,
2004; Henn et al., 2001). Because single-stranded RNA molecules
acquire compact tertiary structures that preclude visualization
of intramolecular contacts, the RNAs used in this report were
hybridized with antisense RNA molecules to generate elongated
double stranded segments. This strategy leaves the sequences pre-
sumably involved in long-range interactions as single-stranded
overhangs, allowing RNA-RNA contacts mediated by the viral
sequences of interest. Using tapping mode AFM in air, a model RNA
molecule of 2 kb carrying the 5’ and 3’ terminal sequences of DENV2
were visualized in linear and circular conformations, whereas con-
trol molecules with deletions of 3’ CS and 3’ UAR were only observed
in linear forms. According to the concentration of the sample used
RNA-RNA head to tail dimers were also observed. A similar strategy
was used to demonstrate cyclization of full-length DENV genomic
RNA. In this case, the 10.7-kb RNA was in vitro transcribed from a
cDNA clone. In order to visualize intramolecular interactions, a dou-
ble stranded RNA segment corresponding to the coding sequence
of NS4B and NS5 was used (Fig. 3). AFM analysis of these molecules
revealed both linear and circular conformations of the RNA, similar
to the results obtained with the model molecule.

Although it is possible that binding of cellular or viral proteins
to the ends of the RNA could enhance or disrupt flavivirus RNA
cyclization, the reported studies were performed in the absence of
proteins. Several viral and cellular proteins have been identified to
bind the 5 and/or the 3’ ends of flavivirus genome (Blackwell and
Brinton, 1997; De Nova-Ocampo et al., 2002; Garcia-Montalvo et al.,
2004; Ta and Vrati, 2000). Thus, it remains to be defined whether
these proteins modulate the conformation acquired by flavivirus
genomes.

In vitro transcribed
full-length DENV RNA

Antisense RNA
3.3kb

AFM
—_—

4. Template specificity of flavivirus polymerases

In vitro polymerase activity in cytoplasmic extracts prepared
from infected cells has been demonstrated for WNV, KUNV, DENV,
and JEV. The RdRp activity was associated with heavy cytoplasmic
membrane fractions (Chu and Westaway, 1992; Grun and Brinton,
1988; Takegami and Hotta, 1990; Uchil and Satchidanandam, 2003).
The main enzymatic activity observed in the infected extracts
with endogenous templates was the elongation of already initi-
ated RNA synthesis. The replication complexes were enriched in
NS1, NS2A, NS3, NS4A and contain only about 10% of the NS5
protein (Grun and Brinton, 1987). More recently, data on the com-
position of the replication complexes in flavivirus-infected cells
was obtained by confocal and electron microscopy together with
co-immunoprecipitations using specific antibodies to different NS
proteins and to dsRNA. The results confirmed that proteins NS1,
NS2A, NS3, NS4A, NS5, and for some viruses NS4B co-localize with
dsRNA (Mackenzie et al., 1996, 1998; Miller et al., 2006; Westaway
et al,, 1997). A large fraction of the polymerase was found in
the nucleus of DENV- and YFV-infected cells (Brooks et al., 2002;
Buckley et al., 1992; Kapoor et al., 1995; Miller et al., 2006; Uchil et
al., 2006).

To evaluate template specificity for a flavivirus RdRp, an in
vitro system using DENV-infected mosquito cells with exogenous
RNAs was developed (You and Padmanabhan, 1999). These stud-
ies revealed the requirement of both ends of the viral genome
for polymerase activity. A subgenomic RNA of 770 nucleotides,
carrying the 5’ and 3’ cyclization sequences, was a template for
polymerase activity, while the 3’ UTR alone was not active (You
et al,, 2001; You and Padmanabhan, 1999). Interestingly, addition
in trans of RNA molecules bearing the viral 5’ terminal sequences
was sufficient to allow RNA synthesis using the 3’ UTR molecule
as template. This was the first evidence supporting the idea that
formation of an RNA-RNA complex between the 5’ and 3’ termi-
nal nucleotides of the viral genome was necessary for polymerase
activity. Similar requirements of the cyclization sequences were
observed using in vitro assays with recombinant RdARp from DENV
and WNV (Ackermann and Padmanabhan, 2001; Nomaguchi et al.,
2004).

More recently, using a similar in vitro assay with a recombi-
nant NS5 protein from DENV, the determinants for polymerase
recognition were defined (Filomatori et al., 2006). An RNA of 160
nucleotides corresponding to the 5’ end of the genome was suf-
ficient to confer polymerase specificity. The folding prediction of
this RNA molecule indicated the presence of a large 5’ stem loop

20.00 nm

Fig. 3. Visualization of the DENV genomic RNA by atomic force microscopy. On the left, a schematic representation of the viral genome in a compact conformation and the
strategy used to visualize RNA-RNA contacts. The 10.7-kb RNA molecule was hybridized with an antisense RNA of 3.3 kb resulting in a linear double stranded region with
single-stranded overhands at the 5" and 3’ ends. On the right, a representative image of a single molecule of DENV genomic RNA obtained by tapping mode atomic force

microscopy in circular conformation is shown.
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(named SLA), a short stem loop that contained the 5’ cyclization
UAR sequence (named SLB, Alvarez et al., 2008), a stable stem loop
that participates in start codon selection during viral translation
(cHP, Clyde and Harris, 2006), and the 5’ cyclization CS sequence
(Fig. 2). Deletion of each of these elements indicated that the SLA
was sufficient to promote RNA synthesis even when fused to non-
viral sequences (Filomatori et al., 2006).

The requirement of specific structural elements within the SLA
for viral RNA synthesis was demonstrated in transfected cells using
mutated DENV RNAs (Filomatori et al., 2006 and Lodeiro et al.
unpublished). Specific mutation within the SLA, which impaired
template activity for the recombinant polymerase in vitro, yielded
revertant viruses that restored viral replication. A remarkable cor-
relation between the requirement of DENV SLA sequence/structure
for viral replication in transfected cells and the need of this element
for in vitro polymerase activity was observed.

The in vivo and in vitro data supported the idea that the SLA,
present within the viral 5’ UTR, functions as the promoter element
for the viral polymerase. Recent studies using full-length chimeric
WNV-DENV RNAs showed that the 5’ SL structure of these two
viruses can be exchangeable (Yu et al., 2008). A WNV carrying the
DENV 5’ terminal sequences yielded viable viruses, providing direct
evidence for a common role of the 5’ SL in different flaviviruses.

5. Conserved structures at the 5’ end of flavivirus genomes

The flavivirus 5 UTRs are between 90 and 130 nucleotides in
length. Mosquito-borne flaviviruses tend to have shorter 5" UTRs
than tick-borne flavivirses (Markoff, 2003). In 1988, Brinton and
Dispoto made a comparison between the 5 UTRs of WNV and
SLEV with those of DENV, YFV, and MVEV (Brinton and Dispoto,
1988). While only short regions were conserved among different
viruses, almost complete conservation of nucleotide sequence was
observed among different strains of the same virus. Interestingly,
the predicted secondary structure of the 5’ end of the genome was
similar for all these viruses (Fig. 4). The structure consisted of a
large stem loop with a side loop. In most of the cases, a second
short stem loop could be formed that ended or contained the trans-
lation start codon. The predicted structure of 5’ end sequences of
tick-borne flaviviruses and flaviviruses with no-known vector were
later reported to have a similar structure to that observed in the
mosquito-borne flavivirus genomes (Gritsun et al., 1997; Leyssen
et al., 2002; Mandl et al., 1993). A more recent analysis includ-
ing nucleotide sequences of all flavivirus groups confirmed that
the proximal region of the 5 UTR forms a 5’ SL, called Y-shaped
structure (Gritsun and Gould, 2007).

The conservation of the 5’ SL in unrelated flavivirus genomes
was taken as evidence of its possible role in flavivirus replication.
Cahour and co-workers reported the first functional analysis of the
role of 5 UTR sequences in flavivirus replication (Cahour et al.,
1995). In this study, deletions from 5 to 25 nucleotides were incor-
porated throughout the 5’ UTR by mutagenesis of an infectious DNA
copy of DENV4. The dominant effect of the deletions appeared to
be at the level of RNA synthesis and many of the mutations were
found to be lethal. More recent studies using different flavivirus
genomes, indicated that the 5" UTRs contain at least two essential
RNA elements with distinct functions during viral RNA synthesis:
(a)the 5’ SL, which was proposed to be the promoter for polymerase
recognition and activity and (b) the cyclization sequence located
upstream of the translation start AUG codon (Alvarez et al., 2006,
2008; Filomatori et al., 2006; Yu et al., 2008; Zhang et al., 2008).

The predicted flavivirus 5 SL contains several common elements
(Fig.5). It bears three helical regions (S1,S2, and S3), a top loop, and
a side stem loop. Between S1 and S2 there is at least one unpaired
U in all flaviviruses (Fig. 4). The S1 and S2 regions together are also

called SO and represent one of the most conserved elements within
the 5’ UTR (Gritsun and Gould, 2007). Co-variations within the dou-
ble stranded regions S1 and S2 can be found in several positions in
different flaviviruses, suggesting a selective pressure to maintain
base pairings in those structures. The stem of the side stem loop and
the double stranded region of S3 also show significant co-variation.
However, the sequence and structure of S3 and the side stem loop
show the most variations. Within S3 there are bulges and unpaired
nucleotides in different locations, even in different isolates of the
same virus. For different tick-borne flaviviruses, the length of the
side stem and the size of the side loop are also different. The side
stem-loop structure is formed by a hypervariable stretch of 27
nucleotides (Gritsun et al., 1997). Most of the nucleotide changes
observed within this region were compensated by complementary
substitutions to support the stem. In the case of Powassan virus
(POWV), there is a deletion of the 27 nucleotides (Fig. 4). However,
this deletion does not affect the predicted folding pattern of the 5/
SL structure (Gritsun et al., 1997).

Functional studies performed with infectious DENV RNAs in
transfected cells demonstrated that the Y-shape structure of the
5’ SL is necessary for RNA synthesis. Mutations that opened the
helical regions S1 or S2 give rise to revertant viruses that sponta-
neously reconstitute double stranded region (Filomatori et al., 2006
and Lodeiro et al. unpublished). In addition, reconstitution of the
helical regions with non-viral sequences also re-established viral
replication, suggesting that the structure and not the nucleotide
sequence per se were necessary for viral replication. In contrast,
specific nucleotides at the top loop were found to play a crucial
role for both polymerase activity and viral replication in transfected
cells (Filomatori et al., 2006).

6. Interaction of NS5 with the viral RNA

NS5 is the largest and the most conserved of the flavivirus pro-
teins. It contains an N-terminal methyl transferase domain (MTase)
and a C-terminal RdRp domain. Recently, the structure of the NS5
C-terminal domain of WNV and DENV revealed a classical poly-
merase fold, bearing palm, thumb, and finger motifs (Malet et al.,
2007; Yap et al., 2007). The presence of a priming loop found in
these structures is consistent with a primer-independent (de novo)
mechanism of initiation of RNA synthesis proposed for flaviviruses.
Regarding the MTase domain, using WNV, DENV, and YFV proteins,
it was demonstrated both guanine N7 and ribose 2’-O methyla-
tion (Dong et al., 2007; Egloff et al., 2002; Ray et al., 2006; Zhou et
al., 2007). These activities are involved in formation of the 5’ cap
structure required for translation initiation. The crystal structure of
WNV and DENV MTase domain showed a single binding site for the
methyl donor SAM (Egloffetal.,2002; Zhou et al.,2007). In addition,
a positively charged surface adjacent to the SAM binding site was
proposed to be the recognition site for the capped-RNA substrate.

The viral protein NS5 has the ability to bind RNA with high
affinity. Using mobility shift and filter binding assays, specific
interaction of the DENV RdRp with RNA molecules correspond-
ing to the 5 terminal region of the viral genome was reported
(Filomatori et al., 2006). The protein forms complexes with the
first 160 nucleotides of the viral genome, with an apparent dis-
sociation constant of 10 nM. The presence of the SLA structure was
found to be essential for protein binding to the viral 5’ terminal
region, while the presence of SLB, cHP, and 5’ CS are dispensable
(Fig. 2). Interaction of the WNV NS5 to the viral RNA was recently
reported. Using footprinting experiments, NS5 binding to the 5’ 190
nucleotides of WNV genome was demonstrated, and protection in
different regions of the 5’ SL was observed (Dong et al., 2007).

Atomic force microscopy was also employed to visualize bind-
ing of NS5 to individual RNA molecules carrying the ends of DENV
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genome in circular conformation (Filomatori et al., 2006). In these
studies, model RNA molecules of 2 kb containing the 5" and 3’ ends
of the viral genome were incubated with highly purified recombi-
nant RdRp. The apparent volume of the 5'-3’ interacting regions of
circular RNA molecules, in absence and presence of the viral pro-
tein, were determined by analysis of a large number of molecules.
An increase from 150 to 300 nm3 was reported in the presence of
protein, which is consistent with binding of the viral protein to the
RNA.

Hybridization of the 5’ and 3’ end sequences of the viral genome
mediated by the cyclization elements results in changes around the

235

predicted 3’ SL, however, the 5’ SL remains with a similar structure
as the one predicted for the 5' RNA molecule alone (Fig. 2). Based on
these predictions, binding of the viral polymerase to circular RNA
molecules, observed in AFM, could be a result of protein binding to
the 5’ SL. However, it is possible that this binding is modulated by
RNA structures formed after 5'-3’ interaction.

7. Model for minus strand RNA synthesis

Important progress has been made in recent years in dissecting
the role of cis-acting elements involved in flavivirus RNA replica-
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Fig. 4. Sequence and predicted secondary structure of 5 UTRs from different members of the flavivirus genus. Mosquito-borne flaviviruses: dengue virus 2 (DENV NC001474),
yellow fever virus (YFV, NC002031), West Nile virus (WNV, NC001563), Japanese encephalitis virus (JEV, NC001437), Murray Valley encephalitis virus (MVEV, NC000943),
and Saint Louis encephalitis virus (SLEV, NC007580). Tick-borne flaviviruses: tick-borne encephalitis virus (TBEV, NC001672), Powassan virus (POWV, L06436), and Langat
tick-borne virus (LFTV, NC003690). No-known vector flaviviruses: Modoc virus (MDCV, NC003635), Montana Myotis leukoencephalitis virus (MMLV, NC004119), and Entebbe

bat virus (EBV, NC008718).
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Fig. 4. (Continued ).

tion. Based on information provided by different groups, a model
for DENV minus strand RNA synthesis was recently proposed
(Fig. 6, Filomatori et al., 2006). In this model, the viral polymerase
NS5 binds the promoter SLA at the 5 end of the RNA, ~11kb
away from the 3’ initiation site. Cyclization of the viral genome
through long-range RNA-RNA interactions brings the 3’ end of the
RNA near the polymerase-SLA complex. This conformation of the
RNA allows the polymerase to reach the 3’ end of the genome,
which is used as template for initiation of minus strand RNA
synthesis.

A common feature of the resulting structures predicted after
RNA-RNA hybridization between the ends of flavivirus genomes is
the alteration of the conserved 3’ SL element (Fig. 2). This element
has been shown to be absolutely essential for flavivirus replication
(for review see Markoff, 2003). Upon base pairings between the 5’
and the 3’ cyclization elements, the bottom half of the 3’ SL element
is predicted to open. Based on the conserved location of comple-
mentary sequences at the bottom of the 3’ SL, it has been proposed
that cyclization of the viral RNA could have a dual function in the
mechanism of RNA replication: (i) bring the polymerase-promoter
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Fig.5. Schematic representation of the 5’ stem loop structure of flavivirus genomes.
The regions corresponding to the predicted secondary structures stem 1 (S1), stem
2 (S2), stem 3 (S3), top loop, and side stem loop are indicated.

complex near the 3’ initiation site and (ii) provide the correct con-
formation of the 3’ end of the genome during the initiation process.
Structural changes around the 3’ terminal nucleotides were previ-
ously reported to be essential for other plus strand RNA viruses.
In these cases, melting 3’ end RNA structures was a prerequisite
for polymerase initiation of RNA synthesis (Chen and Patton, 1998;
Olsthoorn et al., 1999; Pogany et al., 2003; Zhang et al., 2004, 2006).

According to the crystal structure of flavivirus RdRp, the tem-
plate channel, which should accommodate the 3’ end of the RNA,
has dimensions that would only permit access to a ssSRNA chain
(Yap etal., 2007). Therefore, it is likely that the 3’ SL unwinds before
entering the template channel of the enzyme. This process could be
aided by the helicase activity of the viral protein NS3 or by cellu-
lar trans-acting factors interacting with the viral 3’ SL. In addition,

5UTR

%
£ Coding sequence

3'SL

o /
5

'CS 3CS

base pairings between 5’ and 3’ UAR of mosquito-borne flaviviruses
or between 5’ and 3’ CSA of tick-borne encephalitis virus are pre-
dicted to open the bottom half stem of the 3’ SL, releasing the 3’
end nucleotides.

The model proposed for DENV involves three essential cis-acting
elements: the 5’ SL promoter, the cyclization regions, and the 3’ SL
structure. The presence of a conserved structure at the 5’ end of fla-
vivirus genomes and the crucial role of genome cyclization reported
for mosquito- and tick-borne flavivirus replication, suggests a com-
mon strategy of RNA synthesis in different members of this genus.
In this regard, using chimeric viruses, a functional compatibility
between the 5’ SL and the viral polymerase of WNV and DENV (Yu
et al., 2008) was demonstrated, providing functional evidence of
conserved cis-acting elements in these two viruses. Further studies
are needed in order to define whether the 5’ SL has a conserved role
in flavivirus RNA synthesis.

8. Perspectives

Despite the recent advances in our understanding the role of
flavivirus genome cyclization, many questions remain. How does
the 5 SL promote RNA synthesis on the authentic 3’ end of the
genome? How does the 3’ SL function during the initiation pro-
cess? Does binding of cellular or viral proteins to the 5’ or 3’ ends
of the RNA regulate the conformation of the viral genome? Another
important question is whether RNA cyclization is necessary for
both minus and plus strand RNA synthesis. Tools to discriminate
the requirements for these two processes are still lacking, which
represent an important challenge to establish the similarities and
differences between these two steps of RNA replication. Although
it was previously shown that alteration of the long-range RNA-RNA
interaction did not affect translation of the input viral RNA, it is pos-
sible that RNA cyclization plays a role in modulating later rounds
of translation. Further studies are necessary to explore whether
RNA cyclization also participates in flavivirus translation and/or
encapsidation.

Fig. 6. Model proposed for DENV RNA synthesis. The viral RNA-dependent RNA polymerase (RdRp) binds to the promoter SLA at the 5 end of the genome. Long-range
RNA-RNA interactions mediate genome cyclization that facilitate polymerase initiation at the 3’ end of the RNA.
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Finally, it is important to highlight that panhandle structures
have been reported for distantly related RNA viruses. It is still puz-
zling why different viruses required RNA cyclization for distinct
processes during viral infection. Perhaps, communicating the 5’ and
the 3’ ends of the RNA provides a general advantage for viral repli-
cation. For instance, it could be a control mechanism to amplify
only full-length templates or a simple strategy to overlap trans-
lation, replication, and encapsidation signals to coordinate these
processes, similar to that reported for picornaviruses (Gamarnik
and Andino, 1998). In this regard RNA-RNA interactions may serve
as molecular switches hiding or exposing signals involved in spe-
cific processes. Dissecting the specific conformations of the RNA
required in each step of the viral life cycle will be necessary to fully
understand these regulatory mechanisms.
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