A 5" RNA element promotes dengue
virus RNA synthesis on a

circular genome
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The mechanisms of RNA replication of plus-strand RNA viruses are still unclear. Here, we identified the first
promoter element for RNA synthesis described in a flavivirus. Using dengue virus as a model, we found that
the viral RdRp discriminates the viral RNA by specific recognition of a 5’ element named SLA. We
demonstrated that RNA-RNA interactions between 5’ and 3’ end sequences of the viral genome enhance
dengue virus RNA synthesis only in the presence of an intact SLA. We propose a novel mechanism for
minus-strand RNA synthesis in which the viral polymerase binds SLA at the 5’ end of the genome and
reaches the site of initiation at the 3’ end via long-range RNA-RNA interactions. These findings provide an
explanation for the strict requirement of dengue virus genome cyclization during viral replication.
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Plus-strand RNA viruses cause numerous human, ani-
mal, and plant diseases, including hepatitis, encephali-
tis, and hemorrhagic fevers. Following viral infection, a
rapid amplification of the viral genome from one single
molecule to tens of thousands of copies occurs in only a
few hours, which could lead to cell damage and disease.
This process is catalyzed by viral-encoded RNA-depen-
dent RNA polymerases (RdRps) in combination with
other viral and cellular factors. Viral RdRps efficiently
amplify viral RNAs but do not copy cellular mRNAs
and, therefore, must discriminate these RNA molecules
in the cytoplasm of the infected cell.

After viral entry, the genome of plus-strand RNA vi-
ruses directs the synthesis of viral proteins, and, once the
viral polymerase and other essential proteins are synthe-
sized, the viral RNA is copied, starting from the 3’ end,
to generate a complementary minus-strand RNA that, in
turn, is transcribed into new molecules of plus strand.
RNA elements that regulate the level, polarity, and tim-
ing of RNA synthesis are present within both the minus-
and plus-strand templates. These elements include pro-
moters that bind the viral polymerase, as well as enhanc-
ers and repressors that modulate polymerase access to
the sites of initiation (Song and Simon 1995; Dreher
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1999; Sullivan and Ahlquist 1999; Olsthoorn and Bol
2002; Pogany et al. 2003; Ranjith-Kumar et al. 2003; Ray
and White 2003; Grdzelishvili et al. 2005). Promoters are
generally found at the 3’ termini in both the plus- and
minus-strand RNAs. However, cis-acting RNA struc-
tures have been also found at the 5’ end or within the
coding region of viral genomes. In the case of alphavi-
ruses, a promoter element essential for minus-strand
RNA synthesis was found at the viral 5 UTR (Niesters
and Strauss 1990; Frolov et al. 2001). Furthermore, a clo-
verleaf structure present at the 5’ end of the poliovirus
genome was shown to be essential for both plus- and
minus-strand RNA synthesis (Andino et al. 1990;
Gamarnik and Andino 1998; Herold and Andino 2001},
while a cis-acting replication element (CRE) located in
the coding region of the viral RNA serves as a template
for Vpg uridylation, which is a primer for genome repli-
cation (McKnight and Lemon 1998; Paul et al. 2000;
Rieder et al. 2000). Therefore, even though plus-strand
RNA viruses share fundamental similarities in the RNA
replication process, these viruses have evolved an array
of mechanisms to ensure efficient and specific genome
amplification. How the viral polymerases discriminate
viral from cellular RNAs and where the signals are that
modulate RdRp activity are questions that remain
largely unanswered for many medically important plus-
strand RNA viruses. Here, we use dengue virus (DV), an
important human pathogen, as a model to investigate
the mechanism of specific viral RNA amplification.

2238 GENES & DEVELOPMENT 20:2238-2249 © 2006 by Cold Spring Harbor Laboratory Press ISSN 0890-9369/06; www.genesdev.org



DV is a member of the Flaviviridae family together
with yellow fever (YFV), West Nile (WNV), Japanese
encephalitis (JEV), and hepatitis C (HCV). DV infec-
tions can produce clinical illness ranging from dengue
fever (DF), a nonspecific flu-like syndrome, to a severe
and sometimes fatal dengue hemorrhagic fever (DHF)
(Gubler 1998). The World Health Organization contin-
ues reporting outbreaks of severe forms of the disease
in the Americas and Asia. Despite the wide morbid-
ity and mortality associated with dengue infections, nei-
ther specific anti-viral therapies nor a licensed vaccine
exist.

The genome of dengue and other flaviviruses is ~11 kb
long and encodes one open reading frame flanked by 5’
and 3’ UTRs (Rice 2001). The ~100-nucleotide (nt)-long
5" UTR of DV shows almost complete sequence conser-
vation among different serotypes. Specific deletions
within this region in the context of DV4 showed an im-
portant role for the 5' UTR during viral replication (Ca-
hour et al. 1995). The ~450-nt DV 3’ UTR lacks a poly(A)
tail but ends in a very conserved 3’ stem-loop (3'SL). A
detailed structure—function analysis of the 3'SL in many
flaviviruses revealed that it is absolutely required for vi-
ral replication (Brinton et al. 1986; Men et al. 1996;
Proutski et al. 1997; Rauscher et al. 1997; Zeng et al.
1998; Elghonemy et al. 2005; Tilgner et al. 2005; Yu and
Markoff 2005). Another essential RNA element for viral
replication, the conserved sequence CS1, is present up-
stream of the 3’SL (Men et al. 1996). This element con-
tains the cyclization sequence CS that is complementary
to a sequence at the 5’ end present in all mosquito-borne
flavivirus genomes (Hahn et al. 1987). 5'-3’ long-range
RNA-RNA interactions have been proposed to be nec-
essary for RNA replication of DV, WNV, Kunjin virus,
and YFV (Khromykh et al. 2001; Corver et al. 2003; Lo et
al. 2003; Alvarez et al. 2005b). Interestingly, de novo
RNA synthesis with recombinant DV RdRp is greatly
enhanced when the RNA templates contain the 5’ and
3'CS complementary sequences (You and Padmanabhan
1999; You et al. 2001). More recently (Alvarez et al.
2005b), we identified a second pair of complementary
sequences named 5'-3'UAR that is required for DV ge-
nome cyclization and viral replication. Even though cis-
acting elements have been identified to be essential for
flavivirus RNA synthesis, the mechanisms by which
these RNA structures participate in the viral process re-
main unclear.

Here, we discovered an RNA element that recruits the
viral RdRp at the 5’ end of the DV genome and promotes
RNA synthesis at the 3’ end through long-range RNA-
RNA interactions. Using infectious DV RNAs and viral
subgenomic replicons, we demonstrated an essential role
of this RNA element during viral RNA amplification in
infected cells. We propose the first mechanism for mi-
nus-strand RNA synthesis described in a flavivirus, in
which the promoter element functions from the 5’ end of
a circular viral genome. Because similar 5'-3' long-range
interactions were observed in many viral RNA genomes,
the mechanism proposed for DV may represent a wide-
spread strategy for viral RNA replication.

Mechanism of dengue virus RNA synthesis

Results

An RNA element present at the 5' end of DV genome
promotes specific RNA synthesis

To gain insight into RNA recognition by DV RdRp, we
first characterized the RNA synthesis activity of a re-
combinant protein corresponding to the polymerase do-
main of the viral protein NS5 (amino acids 270-901,
NS5pol). Using a poly(C) RNA as template, the recom-
binant NS5pol showed high RNA synthesis activity, in
agreement with previous reports (Selisko et al. 2006).
RNA homopolymers, like poly(C), are efficient but non-
specific templates for many viral RdRps. Thus, we ana-
lyzed whether NS5pol could discriminate secondary or
tertiary structures present in natural RNAs. To this end,
we compared RNA synthesis by the viral polymerase
using different templates: (1) a subgenomic DV RNA,
which encodes for the viral structural proteins flanked
by the complete 5’ and 3’ viral UTRs (5'-3’'DV RNAJ; (2)
a cellular mRNA (Bglobin mRNA); and (3) an unrelated
viral RNA (5’HCV RNA). We observed that 5'-3'DV
RNA was 10- and 50-fold more active as template for
RNA synthesis than the cellular or the unrelated viral
RNAs, respectively (Fig. 1A). To identify viral RNA ele-
ments recognized by NS5pol, we generated two RNA
molecules carrying the 5’-terminal or the 3’-terminal se-
quences of the 5'-3'DV RNA molecule. We observed a
remarkable preference (100-fold) for the template carry-
ing the 5'-terminal sequences (5'DV RNA) than for the
RNA template containing the 3’ end sequences (Fig. 1A).

To more precisely map the RNA elements responsible
for the high 5'DV template activity, we made a set of
deletions and mutations within this molecule. The pre-
dicted 5'DV RNA secondary structure, which is highly
conserved among different flaviviruses, consists of a
large stem-loop (SLA) that includes a side loop and a
second short stem-loop (SLB) terminating in the trans-
lation initiator AUG (Fig. 1B). The 5’CS sequence, which
is complementary to the 3'CS present at the 3’ end of the
viral genome, is present within the coding sequence of
the capsid protein following the AUG. We performed
deletions and mutations of each of these 5’ elements
(SLA, SLB, and 5’CS) and tested the template activity by
quantifying the radiolabeled RNA products (Fig. 1C). We
used a well-characterized assay in which template-
length RNA products of negative polarity were demon-
strated for DV RdRp activity (Ackermann and Padma-
nabhan 2001; Nomaguchi et al. 2004). We found that
substitutions of specific nucleotides within SLB or 5'CS
yielded RNAs that were very active as templates (MSLB
and MCS RNAs). Similar results were obtained by com-
plete deletion of SLB or 5'CS (ASLB and ACS RNAs) or
deletion of both regions (ASLB-ACS RNA) (Fig. 1C). In
contrast, mutations within SLA or deletion of the com-
plete domain nearly abolished RNA synthesis (MSLA
and ASLA RNAs). These results strongly suggest that the
SLA present at the viral 5 UTR contains signals that
promote specific RNA synthesis by DV RdRp.

To further analyze the ability of SLA to promote RNA
synthesis in the context of nonviral sequences, we gen-
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Figure 1. RNA discrimination by NS5pol is mediated by an RNA structure present at the 5’ end of the DV genome. (A) In vitro RdRp
activity of the viral NS5pol using cellular and viral RNA templates. Schematic representations of the RNAs used are indicated on the
Ieft: (5'-3'DV) Subgenomic RNA encoding DV structural proteins flanked by the viral 5" and 3’ UTRs, (5'-3'8Glo) mRNA encoding
Bglobin, (5'HCV) 220-nt RNA of HCV 5’ UTR, (3'DV) 454-nt DV 3’ UTR, and (5'DV) 5’-end 160 nt of DV genome. RNA polymerase
activity was carried out as described in Materials and Methods. (B) Schematic representation of the predicted secondary structure of
an RNA encompassing the first 100 nt of the DV genome obtained by Mfold algorithm. Stem-loop A (SLA), stem-loop B (SLB), and the
complementary sequence (5’CS) within the viral coding sequence are indicated. (C) Requirement of SLA for NS5pol activity in vitro.
Analysis of radiolabeled RNA products in denaturing 5% polyacrylamide gels synthesized by NS5pol. 5’'DV RNAs with mutations
within SLA, SLB, and CS (MSLA, MSLB, and MCS) or deletions of the complete structures (ASLA, ASLB, ACS, and ASLB-CS) were used
at 300 nM as templates. (D) In vitro RNA synthesis by DV NS5pol using unrelated RNA templates encoding firefly luciferase preceded

or not by DV SLA (SLA-Luc and Luc, respectively). RNA polymerase activity was expressed as described in A.

erated RNAs containing the coding sequence of lucifer-
ase fused or not to the SLA structure at the 5’ end of the
molecule. Using these RNAs as templates for in vitro
NS5pol activity, we observed that RNA synthesis was
>10-fold higher when the RNA contained the SLA,
strongly suggesting that the SLA structure is sufficient
to promote RNA synthesis by the viral RARp even in the
context of nonviral sequences (Fig. 1D).

SLA is an essential element for DV RNA amplification
in transfected cells

Viral replication in infected cells involves a complex ma-
chinery formed by several viral and cellular factors;
therefore, it became crucial to investigate the role of SLA
in the context of DV infections. To this end, we em-
ployed a full-length ¢cDNA clone of DV type 2 (Kinney et
al. 1997). We generated recombinant infectious RNAs
with specific mutations that disrupted the predicted
structure or changed the nucleotide sequence of SLA at
the viral 5 UTR. Five DV RNA mutants were designed
(Fig. 2A): (1) a mutant with a 3-nt substitution at the
bottom of SLA that disrupted the predicted stem (MS10),
(2) a mutant with a 6-nt substitution at the bottom of
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SLA that maintained the stem structure (MS11), (3] a
mutant with a 3-nt substitution within the side loop of
SLA (M342), and (4) two mutants each carrying two
nucleotide substitutions at the top loop of SLA (ML338
and ML340). Equal amounts of in vitro transcribed RNAs
corresponding to the wild type and mutants MSIO,
MS11, M342, ML338, and ML340 were transfected into
BHK cells. Infectivity of the RNAs was assessed by im-
munofluorescence assays (IFA) using specific anti-DV 2
antibodies and by characterization of recovered infec-
tious viruses. Cells transfected with the wild-type DV
RNA showed positive IFA at day 1, and nearly 100% of
the monolayer was antigen-positive at day 3 (Fig. 2B). At
day 4, cells showed extensive cytopathic effect and death
(data not shown). Cells transfected with MS10 RNA
were IFA-negative up to day 8, and no infectious viruses
were recovered during this time. In contrast, almost
100% of the cell monolayer transfected with MS11 RNA
was positive at day 3 (Fig. 2B), suggesting that base-pair-
ing at the bottom of SLA is required for viral replication
regardless of the nucleotide sequence at these positions.
The M342 RNA was infectious, and the isolated viruses
replicated similarly to the wild type. In contrast, trans-
fections with the two mutant RNAs with substitutions
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Figure 2. Stem-loop A is required for DV replication in BHK cells. (A) Schematic representation of specific mutations within SLA are
indicated with arrows, and the nucleotide changes are shown for each mutant MS10, MS11, ML338, ML340, and M342. (B) Expression
of DV proteins in cells transfected with wild-type and mutated viral RNAs was monitored by IFA. (C) Sequence of revertant viruses
obtained after transfecting BHK cells with full-length DV RNA carrying the mutations ML338 and ML340 at the top loop of SLA. (Bold)
Nucleotide substitutions of ML338 and ML340 RNAs, (gray circles) sequences of revertant viruses, Rev 338 and Rev 340.

at the top of SLA (ML338 and ML340) yielded viruses
with a significant delay in replication (Fig. 2B). To deter-
mine the nucleotide sequence of these replicating vi-
ruses, RNA was purified from isolated viral particles and
used for RT-PCR and sequence analysis. Interestingly,
the sequences of the viruses recovered from cells trans-
fected with mutants ML338 and ML340 differed from
the input RNA sequences. Reversion to the wild-type
sequence was observed at position 32 in mutant ML338
and at position 30 in mutant ML340 RNA (Rev 338 and
Rev 340; Fig. 2C). These sequences were found in three
independent transfections, suggesting that the original
mutations at the top of SLA ML338 and ML 340 yield
nonreplicating RNAs, and only revertant viruses were
rescued in cell culture. Altogether, these results indicate
that mutations that disrupt the stem or the top loop of
SLA impaired DV replication, while mutations within
the stem that maintain the structure (at least in the po-
sitions tested) or mutations within the side loop did not
alter significantly viral replication.

The DV genome is translated in the infected cell by a
cap-dependent mechanism. In this process, the small
subunit of the ribosome scans through SLA and SLB to
reach the initiator AUG codon. Therefore, the finding
that SLA plays an important role during viral replication
could be attributed to a function of this RNA element in

translational regulation and/or in further steps of viral
replication. In order to discriminate the role of SLA in
translation or RNA synthesis, we used a recently devel-
oped DV replicon system (Alvarez et al. 2005a). This
RNA replicon includes a firefly luciferase reporter gene
(Luc) replacing the viral structural proteins. After trans-
fection of replicon RNA, the levels of Luc activity
peaked between 8 and 10 h, reflecting translation of the
input RNA (Fig. 3A). RNA synthesis can be detected by
an exponential increase of Luc after 20 h of transfection.
As a control to ensure that replicon RNA amplification
was mediated by the viral replicase, a replication-defec-
tive RNA was designed by mutating the essential GDD
motif of NS5 (RepMutNS5). This control RNA was effi-
ciently translated but was not replicated (Fig. 3A).

In the context of the replicon system, we generated
RNAs carrying the mutations described above for the
infectious clone (RepMS10, RepMS11, RepM342,
RepML338, and RepML340; Fig. 2A). Quantified amounts
of all in vitro transcribed RNAs, as well as a Renilla Luc
mRNA serving as a transfection control, were trans-
fected into BHK cells, and both Luc activities were moni-
tored. The normalized Luc signal at 10 h was used to
evaluate translation efficiency, while the Luc signal
measured at 72 h was used to assess RNA amplification.
The levels of Luc at 10 h were not significantly different
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Figure 3. Stem-loop A is required for DV replicon RNA am-
plification in BHK cells. (A) Time course of luciferase activity
showing the replication of the DV replicon in BHK cells.
The times used to assess translation of input RNA or
RNA amplification are shown by arrows. (B) Translation
and RNA replication of wild-type and mutant DV replicons car-
rying mutations within SLA described in Fig. 2A (MS10, MS11,
M342, ML338, and ML340) and the replication-incompetent
MutNS5 were evaluated in BHK cells. Normalized luciferase
levels are shown in logarithmic scale for each replicon RNA
(DVRep) as indicated on the right. (C) In vitro NS5pol activity
using 5'DVRNA templates corresponding to the first 160 nt of
the DV genome with specific mutations around SLA. 5'DV
RNAs with mutations within the stem of SLA (MSI10 and
MS11), the top loop of SLA (ML338 and ML340), and the 5'DV
RNAs carrying the sequences from the revertant viruses (Rev
338 and Rev 340) as indicated on the top were used at 300 nM
concentration as templates for the in vitro activity of viral
NS5pol.

between cells transfected with RepWT or mutant RNAs
(Fig. 3B). In contrast, RNA amplification of replicons car-
rying modifications within the stem or the top loop of
SLA (RepMS10, RepML338, and RepML340) was unde-
tectable (Fig. 3B). In addition, mutations that changed
the sequence but not the structure of the stem and mu-
tations within the side loop of SLA (RepMSI11 and
RepM342) yielded replicons that amplified their RNAs
as efficiently as the RepWT. These results are consistent
with the observations made with the infectious clones
and indicate that alterations in the sequence or structure
of SLA directly compromised viral RNA amplification
without affecting protein synthesis.
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To further investigate the role of SLA during viral
RNA synthesis, we analyzed the in vitro template activ-
ity of RNA molecules corresponding to the first 160 nt of
the genome of recombinant viruses MS10, MSI11,
ML338, ML340, and M342 along with RNAs with the
sequences of the isolated viruses with reversions within
the top loop of SLA, Rev 338 and Rev 340. RNA synthe-
sis by NS5pol was determined by quantifying radiola-
beled RNA products. Template activity of MS10 RNA
was eightfold lower than that observed with the wild-
type sequences, while MS11 displayed ~80% of wild-
type activity (Fig. 3C). RNA synthesis promoted by
ML338 or ML340 RNAs was very inefficient, about 20-
and 30-fold lower, respectively, than that measured for
the wild-type template. In contrast, Rev 338 and Rev 340
RNAs were excellent templates, indicating a striking de-
pendence of the NS5pol activity on the SLA sequence
and a direct correlation with the in vivo observations
(Fig. 3C). These results suggest that the in vivo nonrep-
licating phenotypes of ML338 and ML340 RNAs can be
explained by a lack of NS5 activity and that single
nucleotide reversions within the SLA are sufficient to
restore promoter activity.

DV NS5pol is an RNA-binding protein that interacts
with the 5' end of the viral genome

We have previously demonstrated using AFM that a
model RNA molecule carrying the 5’ and 3’ end se-
quences of the DV genome is capable of acquiring a cir-
cular conformation mediated by specific RNA-RNA in-
teractions (Alvarez et al. 2005b). Here, in an attempt to
analyze binding of NS5pol to the RNA, we visualized the
model RNA molecule in the presence or absence of
NS5pol. We prepared samples containing RNA or
NS5pol, or both together and examined individual mol-
ecules using tapping mode AFM in air. The apparent vol-
ume of the viral 5’ and 3" UTR region (shown by an
arrow in Fig. 4A) was determined by analysis of a large
number of molecules. In agreement with previous mea-
surements (Alvarez et al. 2005b), the apparent volume in
the absence of NS5pol was 150 = 30 nm?® while in the
presence of NS5pol it was 300 + 50 nm?, consistent with
binding of NS5 to the RNA (Fig. 4). In addition, under
conditions in which NS5pol and the RNA were in a 5:1
molar ratio, ~70% of the RNA molecules were decorated
with the viral protein, providing evidence for DV
NS5pol-RNA interaction.

To further investigate the RNA-binding ability of DV
NS5pol, we performed electrophoretic mobility shift
(EMSA) and filter-binding assays using different radiola-
beled RNAs and purified NS5pol protein. We synthe-
sized two RNA probes corresponding to the 5’ end 160 nt
(5'DV) or the last 106 nt (3’SL) of the viral genome. These
RNAs were incubated with increasing concentrations of
NS5pol, and the interactions were analyzed on native
polyacrylamide gels. A well-defined and stable heparin-
resistant complex was observed when the viral protein
was incubated with the 5'DV probe (Fig. 5A), while no
complex formation was detected with the 3’SL probe
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Figure 4. Visualization of RNA-NS5pol interaction by AFM. Twenty microliters of samples containing RNA (Ing/uL) and/or NS5pol
(0.4ng/nL) was deposited on freshly cleaved mica for imaging analysis. (A) A representative RNA molecule in a circular conformation
is observed (Alvarez et al. 2005b). This 2.3-kb RNA contains the 5’ and 3’ end sequences of DV flanking the sequence of the luciferase,
which is annealed to a 1633-nt antisense RNA. In this RNA, the viral sequences at the 5’ and 3’ ends of the molecule remain as
single-stranded overhangs and mediate RNA cyclization by long-distance RNA-RNA contact (arrow). (B) A representative image
showing individual molecules of purified NS5pol. (C) A representative image obtained with a sample containing both RNA and the
viral NS5pol. The arrow indicates the polymerase bound to the RNA. Image sizes are 400 nm x 400 nm.

(Fig. 5B). To better define the RNA element recognized
by the polymerase at the viral 5’ end, we designed two
additional RNA probes: one containing a deletion of SLA
(5’DVASLA probe) and a second one carrying a deletion
of SLB and CS (SLA probe of 130 nt) containing the com-
plete SLA structure. Binding of NS5pol to the 5"DVASLA
was undetectable, while binding to SLA probe was
readily observed (Fig. 5C,D), indicating specific recogni-
tion of SLA by the viral polymerase. In addition, to com-
pare the binding affinity of NS5pol to the 5'DV and the
SLA, we used EMSA and filter-binding assays. The dis-
sociation constants (K s) obtained for the two complexes
were similar: 17 nM for the NS5pol-5'DV and 16 nM for
the NS5pol-SLA using the filter-binding assay (Fig. 5E),
and 10 and 8 nM, respectively, using the EMSA assay,
showing high affinity of NS5pol for the viral RNA. These
results indicate that the viral NS5pol is an RNA-binding
protein that interacts with the 5’ SLA but not with the 3’
end of DV RNA.

Dissecting the role of long-range RNA-RNA
interactions in the DV genome during RNA synthesis

It has been previously proposed that interactions be-
tween the 5’ and 3’ ends of the flavivirus genome could
constitute the structure recognized by the polymerase
during minus-strand RNA synthesis (Ackermann and
Padmanabhan 2001; You et al. 2001; Nomaguchi et al.
2004; Alvarez et al. 2005b). In addition, it has been re-
ported that RNA elements at the 5’ end of DV genome,
besides the CS sequence, enhance in vitro polymerase
activity (You et al. 2001). However, molecular details of
how the 5'-3’ communication promotes flavivirus RNA
synthesis remain unclear. Taking into account (1) that
SLA is an essential element for DV NS5pol specificity
and activity, (2) that SLA is located at the 5’ end of the
genome, and (3) that the viral polymerase must initiate
RNA synthesis using the 3’ end of the viral RNA as
template, it is reasonable to propose that long-range
RNA-RNA interactions could play a role in positioning
the 3’ end of the template near the SLA promoter at the
5’ end of the viral genome.

Two pairs of complementary sequences, 5-3'UAR
and 5'-3'CS, are necessary for DV genome cyclization
(Fig. 6A). To investigate how the long-range RNA-RNA
interactions participate during RNA synthesis by
NS5pol, we first analyzed the ability of SLA RNA, with-
out or with the cyclization sequences present at varying
distances, to promote RNA synthesis. To this end, we
designed RNAs carrying the SLA followed by 100-, 500-,
or 2000-nt-long unrelated sequences (SLA-100, SLA-500,
and SLA-2000 RNAs; Fig. 6B). The highest template ac-
tivity was observed with the shortest RNA used (SLA-
100 RNA; Fig. 6C). Increasing the length of the RNA
template from 100 to 500 or to 2000 nt resulted in three-
and sixfold reduction in RNA synthesis, respectively
(Fig. 6C). Incorporation of one pair of cyclization se-
quences, 5'-3'UAR or 5'-3’CS, did not increase template
activity (SLA-UAR-2000 and SLA-CS-2000 RNAs). In
contrast, incorporation of both 5'-3’CS and 5'-3'UAR
cyclization sequences greatly increased SLA-500 or the
SLA-2000 RNA template activity (Fig. 6C). In these
cases, the template efficiency was similar to the effi-
ciency observed with the SLA-100 RNA. Therefore,
while shorter RNAs were better templates in the ab-
sence of the cyclization sequences, the level of RNA syn-
thesis was independent on RNA template length in the
presence of the cyclization sequences. Furthermore, the
template activity of an RNA molecule competent for
cyclization but with specific mutations at the top of SLA
(Mut SLA-UAR-CS-2000) was almost abolished, indicat-
ing that the cyclization sequences per se do not promote
RNA synthesis (Fig. 6C).

To further analyze the requirement for sequence
complementarity within both CS and UAR in the in
vitro system, we designed SLA-UAR-CS-2000 RNA mol-
ecules with specific mutations in UAR or CS. We syn-
thesized RNAs carrying substitutions in 5"UAR or 5’CS,
and in both 5'-3'UAR or 5'-3'CS, which were predicted
to disrupt or reconstitute the 5'-3' complementarity, re-
spectively. The 5'UAR and the 5'CS mutants contained
3- and 4-nt substitutions, respectively (80-ACAGAGCA
CAUCUGUG and 134-UCCAAAUGAUA). These muta-
tions were shown previously to abolish RNA-RNA
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Figure 5. DV NS5pol binds to 5’ end sequences of the viral genome. (A) EMSA showing the interaction between the 5'DV RNA probe,
corresponding to the first 160 nt of the DV genome (schematically represented on the Ileft), and the purified NS5pol. Uniformly
32P-labeled 5'DV RNA (0.1 nM, 30,000 cpm) was titrated with increasing concentrations of NS5pol from O to 240 nM. (B) EMSA
showing the lack of interaction between the 3'SL RNA probe corresponding to the last 106 nt of the DV genome and the purified
NS5pol. (C) EMSA showing the lack of interaction between the 5’DV RNA probe with a deletion of SLA (5'DVASLA probe, Ieft) and
the purified NS5pol. (D) EMSA showing the interaction between SLA probe and purified NS5pol. The binding reactions were as
described in A. (E) Interaction of NS5pol with the 5'DV and the SLA probes monitored by a filter-binding assay. Uniformly 3*P-labeled
RNA (0.1 nM) was incubated with increasing concentrations of NS5pol. (Left) RNA probes bound to each membrane as a function of
NS5pol concentration visualized by Phosphorlmaging. “Bound” indicates RNA-protein complexes retained in the nitrocellulose
membrane, and “free” denotes the unbound probes retained in the nylon membrane. (Right) Quantification of the percentage of RNA
probe bound was plotted as a function of NS5pol concentration, and Equation 1 was fitted.

complex formation in RNA-binding assays (Alvarez
et al. 2005b). Mutations within 3'UAR and 3'CS
were designed to restore complementarity (3'UAR
10634-CACAGAUCGUGCUGUGU and 3'CS 10618-
UAUCAUUUGGA). As shown in Figure 6D, mutations
in 5'UAR or 5'CS decreased template activity four- and
fivefold, respectively, while reconstitution of sequence
complementarity restored RNA synthesis to near wild-
type template levels, confirming that sequence comple-
mentarity and not the nucleotide sequence per se is im-
portant to enhance RNA synthesis.

We have previously reported that CS complementarity
is necessary for in vivo DV RNA amplification (Alvarez
et al. 2005a); however, the requirement for 5'-3' UAR
interaction during RNA synthesis has not been exam-
ined. Therefore, we introduced mutations within 5’ and
3" UAR to disrupt or reconstitute the RNA-RNA inter-
actions in the context of the replicon system, and tested
the ability of these RNAs to replicate in BHK cells. Be-
cause the 5'UAR is located within the very conserved
SLB, mutations were incorporated at both sides of the
stem to avoid altering the predicted stem-loop structure
(Fig. 6E). In addition, compensatory mutations were in-
troduced within the 3'SL to restore base-pairings. We
designed two RNA mutants with substitutions within the
5'UAR (5"UARMutl and 5'UARMut2 RNAs) to disrupt
complementarity, and double mutants (5'-3'UARMutl
and 5'-3'UARMut2 RNAs| to restore RNA-RNA inter-
action. Replicon RNAs corresponding to the wild type
and the 5UARMutl, 5UARMut2, 5'-3'UARMutl, 5'-
3'UARMut2, and NS5Mut were transfected into BHK cells
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together with the mRNA encoding Renilla luciferase.
Translation of the input RNA corresponding to the Rep
wild type and mutants was very efficient (data not
shown). In contrast, viral RNA synthesis showed a strict
requirement for base-pairing around UAR (Fig. 6E). No
RNA amplification was detected with the 55UARMutl,
5'UARMut?2, or the MutNS5 RNAs; however, restitu-
tion of UAR complementarity restored RNA synthesis.
The RNA amplification of the double mutants was effi-
cient, although it did not reach wild-type Rep levels,
suggesting an additional role of the wild-type nucleotide
sequences for an efficient process in vivo.

Altogether, the in vitro assays for DV RdRp showed
that template activity becomes cyclization-sequences-
dependent as the length of the RNA increases and that
both pairs of complementary sequences are required to
enhance RNA synthesis, which is strictly dependent on
an intact SLA. In addition, RNA amplification becomes
absolutely dependent on the complementary regions in
the context of a self-replicating 10-kb-long RNA.

SLA promotes trans initiation by NS5pol at the viral
3" UTR

5'-3" RNA-RNA interactions were observed between
two RNA molecules carrying the end sequences of the
DV genome in the absence of proteins (You and Padma-
nabhan 1999; Alvarez et al. 2005b), and these interac-
tions were able to support RNA synthesis from two sepa-
rate RNA molecules (Ackermann and Padmanabhan
2001; You et al. 2001). Therefore, we wondered whether
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Figure 6. Role of long-range 5-3' RNA-
RNA interactions during DV RNA synthe-
sis. (A) Schematic representation of the DV
genome showing the location and nucleo-
tide sequence of the complementary regions
5'UAR, 5'CS, 3'CS, and 3'UAR. The loca-
tions of stem-loop A (SLA), stem-loop B
(SLB), and 3’ stem-loop (3'SL) are also indi-
cated. (B) Schematic representation of RNA
molecules used as templates for the viral
NS5pol RdRp activity. RNAs carrying the
viral SLA followed by unrelated sequences
of 100, 500, or 2000 nt are labeled SLA-100,
SLA-500, and SLA-1000, respectively. Incor-
poration of the 5'CS, 5"UAR, or 5'CS-5"'UAR
in the SLA-2000 yielded the SLA-CS 2000,
SLA-UAR 2000, or SLA-UAR-CS 2000
RNAs, respectively. The MutSLA UAR-CS
2000 corresponds to the respective RNA
with a 4-nt substitution at the top of SLA
(CAGA was replaced by AGAC). The white
and black boxes shown at the 3’ of the mol-
ecules represent the 3'UAR and 3'CS re-
gions, respectively. (C) In vitro RNA synthe-
sis by the viral NS5pol using RNA templates
described in B. The RdRp assay was carried
out as described in Materials and Methods.
(D) In vitro RNA synthesis by the viral
NS5pol using the RNA template SLA-UAR-
CS 2000 described above, carrying specific
mutations at 5'-3'UAR or 5'-3’CS regions
that disrupted or reconstituted base-pair-
ings. RNA mutants within 5’UAR or 5'CS
(5’UARMut and 5'CSMut), which generated
three and four mismatches when hybridized
with the 3'UAR and 3'CS, respectively, and
double mutants at the 5" and 3’ regions (5'-
3'UARMut and 5'-3'CSMut RNAs), which
compensated complementarity, were used
as templates for polymerase activity. RdRp
activity for the viral NS5pol was determined
for each template and expressed as described
in A. (E) DV replicon RNA amplification in
BHK cells requires 5'-3'UAR complementar-
ity. RNA synthesis of DV replicons with spe-
cific mutations within 5"UAR (5'UARMutl

and5'UARMut2, left) or double mutations at 5’ and 3'UAR (5'-3'UAR-Mutl and 5'-3'UARMut2) that restored complementarity was
evaluated by reporter activity 72 h after RNA transfections into BHK cells and compared with wild-type and replication-incompetent
(MutNS5) replicons. Normalized luciferase levels were obtained using a control RNA encoding Renilla luciferase that was cotrans-
fected with each replicon RNA. The normalized luciferase activity is shown in logarithmic scale. (F) SLA promotes RdRp activity of
the viral NS5pol in trans. (Left) Schematic representations of the RNA templates used; (right) a denatured polyacrylamide gel showing
the radiolabeled products from in vitro RdRp activity using NS5pol (6 ng/uL) and 300 nM of the templates described at the top of the
gel. Arrows indicate the mobility of the full-size products of 454 and 160 nt. Mobilities of RNA markers (Mk) are also indicated on the

right.

the SLA could function in trans to promote RNA syn-
thesis of an RNA molecule containing only the viral 3’
end sequences. To that end, we determined NS5pol ac-
tivity using the following RNA templates: (1) a 160-nt
RNA containing the 5'-terminal DV sequences corre-
sponding to the SLA-UAR-CS (5'DV RNAJ; (2) an RNA
bearing the 454-nt viral 3’ UTR (3'DV RNA); (3) the two
RNA molecules together, 5'DV and the 3'DV; and (4)
two RNA molecules as in 3, with the 5'DV containing a

mutation within SLA (MSLA; 30-CAGA was changed to
AGAC). Analysis of the radiolabeled RNA products in-
dicated that the 5'DV was an efficient template yielding
a 160-nt-long product, while the 3’'DV was inactive (Fig.
6F). However, when the two templates were present,
NS5pol was able to synthesize two RNA products, one of
160 nt and the other of 454 nt (Fig. 6F). In addition, no
NS5pol activity was detected when the 5'DV template
with a mutation in SLA was used together with the 3'DV
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molecule. These results indicate that the 5’DV with an
intact SLA could promote RNA synthesis in trans from
the inactive 3'DV template.

Discussion

We found that DV RdRp discriminates viral RNAs by
specific recognition of a novel RNA element at the 5’
end of the viral genome. Based on our findings and pre-
vious reports, we propose a new model for DV minus
strand RNA synthesis in which the viral polymerase rec-
ognizes the 5’ end of the RNA, and through long-range
RNA-RNA interactions the 5" promoter and the 3’ end
of the genome are brought together to facilitate RNA
synthesis (Fig. 7).

It has been previously proposed that the 5'-3’ hybrid-
ized complementary sequences present in the DV ge-
nome constituted the promoter for RNA synthesis (Ack-
ermann and Padmanabhan 2001; You et al. 2001;
Nomaguchi et al. 2004; Alvarez et al. 2005b). Here, we
demonstrated that these sequences do not promote viral
RNA synthesis per se and that the RNA element respon-
sible for this activity is the SLA structure. Importantly,
the 5’ location of the promoter explains the need for
long-range 5'-3’ communication found in dengue and
other mosquito-borne flaviviruses (Khromykh et al.
2001; Corver et al. 2003; Lo et al. 2003; Alvarez et al.
2005b). The folding prediction of the 5'-3' interacting
DV RNA shows that the bottom half of the highly con-
served 3'SL opens while the upper half is retained

3

3 (+)

e e, —
A 7 5 (-)

Figure 7. Model for DV minus strand RNA synthesis. The viral
genome circularizes in the absence of proteins mediated by 5’
3' UAR and 5'-3’ CS hybridization. The viral RdRp binds to a 5’
stem-loop (SLA), and by long-range RNA-RNA interactions the
polymerase is transferred to the site of initiation at the 3’ end of
the genome.
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(Supplemental Fig. S1A). Therefore, the 5'-3' UAR inter-
action could have a role in modulating the 3'SL structure
during the initiation of RNA synthesis. In this case, be-
sides bringing the 3’ end of the RNA near the 5’ pro-
moter, the long-range interaction could make the 3'-ter-
minal nucleotides of the viral genome available for the
viral RdRp. Interestingly, a recent report identified novel
complementary sequences that were essential for repli-
cation of tick-borne encephalitis virus (Kofler et al.
2006). These sequences located upstream of the initiator
AUG and at the bottom of the 3’SL resembled the 5'-3’
UAR sequences of DV, providing evidence of structural
changes around the 3'SL during RNA replication of both
mosquito- and tick-borne flaviviruses.

Using RNA-binding assays, we found that the viral
polymerase does not interact with sequences corre-
sponding to the 3’ terminus of the viral genome; instead,
the binding was specific to the SLA RNA (Fig. 5). In
addition, we observed interaction of NS5pol with an
RNA-RNA complex formed between the 5’ and 3’ ends
of the viral genome, suggesting that NS5pol recognizes
SLA even in the context of interacting 5’ and 3’ end viral
sequences (Fig. 4; Supplemental Fig. S1B). The apparent
K, of the complex NS5pol-RNA when the 5DV RNA
was interacting with the 3’SL was 12 nM (Supplemen-
tary Fig. S1C,D). This affinity was similar to that ob-
served for the complexes NS5pol-SLA and NS5pol-5'DV
(Fig. 5), suggesting that 5'-3’ interactions do not modify
the binding affinity of NS5pol-RNA in these experimen-
tal conditions.

While it is not surprising to find a core promoter for
RNA synthesis at the 3’ end of a viral genome, it is
intriguing why certain plus-strand RNA viruses such as
DV developed mechanisms in which essential elements
for RNA replication are located at the 5’ end of the RNA.
Genome cyclization may provide several advantages for
viral replication, including (1) a control mechanism to
amplify only full-length templates, (2) coordination of
translation and RNA synthesis by overlapping signals at
the 5" and 3’ ends of the genome, (3) increasing RNA
stability, (4) locating the viral polymerase or accessory
proteins of the replication complex at the appropriate
start site, and (5) controlling the levels of minus strand
RNA synthesis. Regarding this last possibility, hybrid-
ization of the plus-strand with the nascent minus-strand
RNA would not allow cyclization to occur, providing a
mechanism to limit the levels of minus-strand RNA
made. As with other plus-strand RNA viruses, the
amount of minus-strand in infected cells is ~10- to 100-
fold lower than plus-strand, and it is likely that its syn-
thesis is regulated during RNA replication. Moreover, if
the minus-strand RNA is not free in the flavivirus-in-
fected cell, as previously reported (for review, see West-
away et al. 2003), we expect that NS5 should be able to
use the double-stranded RNA (RF) as template for plus-
strand amplification, presumably using a viral NS3 heli-
case activity. Based on our observations that SLA was
able to function in trans to promote RNA synthesis (Fig.
6F), and due to the fact that the 3’ end of the minus
strand is in contact with the 5’ end of the plus strand in



the RF, we speculate that SLA could also function as a
promoter in trans for plus strand RNA synthesis. Inter-
estingly, the crystal structure of NS5 identified the RNA
cap methyl transferase (MT) and a novel GTP-binding
site at the N terminus of the protein (Egloff et al. 2002).
Therefore, interaction of the NS5 MT subdomain with
the cap structure, which is right next to SLA, and bind-
ing of the RdRp subdomain to SLA could be a coordi-
nated event with functional significance during flavivi-
rus RNA replication.

Taken together, our data support a novel mechanism
for DV minus-strand RNA synthesis that involves a pro-
moter element present at the 5’ end of the genome. The
identified promoter binds the viral RdRp and facilitates
template recognition at the 3’ end of the genome via
long-range RNA-RNA interactions. Since similar inter-
actions have been found in other viral RNA genomes,
the model proposed here may shed light on general strat-
egies for RNA virus replication.

Materials and methods

RNA template preparation

RNAs were obtained by in vitro transcription using T7 RNA
polymerase (90 min, 37°C) and treated with RNase-free DNase
I to remove templates. The RNAs were purified using the
RNeasy Mini Kit (Qiagen Inc.) to remove free nucleotides and
quantified spectrophotometrically, and their integrity was veri-
fied by electrophoresis on agarose gels. All numbers given below
in parentheses refer to nucleotide positions of DV2 16681 in-
fectious cDNA clone (GenBank accession no. U87411; Kinney
et al. 1997). Nucleotide sequences of primers used for PCRs are
listed in Supplemental Table 1.

RNA template 5'-3'DV corresponding to the viral 5’ and 3’
UTRs flanking the coding sequence of the structural proteins
was obtained from the full-length DV ¢cDNA clone by digestion
with Hpal. The 6305-bp fragment was ligated to generate a new
plasmid, pDVAHpa. The PCR fragment obtained using
pDVAHDpa as template and primers AVG 1 and AVG 5 was then
used as template for in vitro transcription to obtain 5'-3'DV
RNA. The 5'DV and 3'DV RNAs were also obtained using PCR
fragments from pDVAHpa using primers AVG 1-AVG 130 and
AVG 2-AVG 5, respectively. The 5’HCV RNA (nucleotides
1-220 of HCV 1b) was obtained from a PCR using primers AVG
242-AVG 243. Mutations and deletions within 5'DV RNA
(ASLA, ASLB, ACS, ASLB-ACS, MSLA, MCS, MSLB, MS10,
MS11, ML338, and ML340) were obtained by PCR and overlap-
ping PCRs as described in Supplemental Table 2. To obtain the
5'DVRNAs with the sequences of the revertant viruses Rev 338
and Rev 340, we performed RT-PCR using as templates the
TRIZOL-extracted RNA from the supernatant of transfected
cells with ML338 and ML340 RNAs, respectively, using primers
AVG 1 and AVG 130 in both cases. Luc and SLA-Luc DNA
templates to transcribe the respective RNAs were obtained
from plasmid pGL5'3'DV described elsewhere (Alvarez et al.
2005b), using primers AVG 107-AVG 426 and AVG 1-AVG 426,
respectively. To obtain RNAs SLA 100, SLA 500, and SLA UAR-
CS 2000, the plasmid pGL5'3'DV was used to generate PCR
products using the primers AVG 1-AVG 130, AVG 1-AVG 426,
and AVG 1-AVG 5, respectively. To obtain RNAs SLA 2000,
SLA CS 2000, and SLA UAR 2000, three new plasmids derived
from pGL5'3'DV were constructed: pGL5'3'DVASLBACS,
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pGL5’3'DVACS, and pGL5'3'DVASLB. These plasmids were
generated digesting the pGL5'3'DV with Sacl and AatlIl and in-
troducing a PCR fragment corresponding to SLA, SLA-SLB, or
SLA-CS, respectively. Finally, SLAMut-UAR-CS 2000 DNA
was generated by overlapping PCR with primers AVG 485 and
AVG 486 to obtain a DNA fragment that was cloned between
Sacl and Sphl sites in the plasmid pGL5’3'DV.

AFM sample preparation and imaging

The 2.3-kb model RNA molecule that encodes the luciferase
gene flanked by the 5" and 3’ UTRs of DV hybridized with an
antisense RNA of 1.6 kb corresponding to the luciferase coding
sequence was obtained as previously described (Alvarez et al.
2005b). Samples were prepared in buffer A containing 20 mM
Hepes (pH 7.9) and 4 mM MgCl,. Buffer A and MilliQ water
were filtered before use, employing a 0.02-um pore size (An-
otopl0, Whatman). RNA and purified NS5pol samples were di-
luted in buffer A to 1 ng/uL and 0.4 ng/uL, respectively. In all
cases, 20 puL of the samples was deposited onto freshly cleaved
muscovite mica. After 5 min, samples were gently washed with
0.5 mL of milliQ water to remove molecules that were not
firmly attached to the mica, and then blown-dried with nitro-
gen. Tapping mode AFM was performed using a Nanoscope III
Multimode-AFM (Digital Instruments, Veeco Metrology) as pre-
viously described (Alvarez et al. 2005b).

RdRp in vitro assay

To amplify the sequence of DV NS5pol protein (nucleotides
8377-10270), we used a PCR product obtained from the infec-
tious cDNA clone of DV2 16681. The PCR fragment was cloned
into a pQE30 expression vector, which carries the N-terminal
six-histidine tag, and purified from Escherichia coli soluble frac-
tion using affinity chromatography on a His-trap Niquel-agarose
column (Amersham). Purified NS5pol was stored until use in
40% glycerol-containing buffer at -80°C. For AFM analysis, a
fraction of the protein was stored in 10% glycerol.

The in vitro standard RdRp assay was performed in a total
volume of 25 pL in buffer containing 50 mM Hepes (pH 8.0); 10
mM KCI; 5 mM MgCl,; 2 mM MnCl,; 10 mM dithiothreitol; 4
U RNase inhibitor; 500 pM (each) ATP, CTP, and UTP; 10 uM
[a-32P] GTP; 0.5 ng of template RNA; and 0.15 pg of recombi-
nant purified NS5pol. The reaction was carried out for 30 min at
30°C and was stopped by adding a denaturing solution to a final
7% (w/v) trichloroacetic acid (TCA) and 50 mM H,PO, at 0°C.
The TCA-precipitated RNA was then collected by vacuum fil-
tration using a V-24 apparatus carefully adding the mixture onto
the center of a Millipore filter (type HAWP, 0.45-pm pore size).
The filters were washed eight times with 5 mL each of cold 7%
(w/v) TCA-50 mM H,;PO, and dried, and then the radioactivity
was measured. For PAGE analysis of the RNA products, the
standard mix was the same as the one described above except
that the reaction was ended by phenol extraction followed by
ethanol precipitation. The RNA products were resuspended in
TBE containing formamide (80%) and heated for 5 min at 65°C.
The samples were then analyzed by electrophoresis on a 5%
denaturing polyacrylamide gel-6 M urea and visualized by au-
toradiography or Phosphorlmaging analysis.

RNA-binding assays

RNA-NS5 interactions were analyzed by electrophoretic mobil-
ity shift assays (EMSA) and filter-binding assays (FBA). Uni-
formly 3>P-labeled RNA probes were obtained by in vitro tran-
scription using T7 RNA polymerase and purified on 5% poly-
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acrylamide gels—-6 M urea. For this analysis four different probes
were designed. The 5'DV probe (nucleotides 1-160), 3'SL probe
(nucleotides 10617-10723), SLA probe (nucleotides 1-130 from
template pGL5'3’DVASLBACS), and 5'DVASLA probe (nucleo-
tides 72-160) were obtained using PCR fragments with the
primers described in Supplemental Table 2 and in vitro tran-
scription.

The binding reactions contained 5 mM Hepes (pH 7.9), 25
mM KCI, 2 mM MgCl,, 3.8% glycerol, 0.12 mg/mL heparin, 0.1
nM 32P-labeled probe, and increasing concentrations of NS5pol
(0, 1, 5, 10, 15, 20, 25, 80, 160, and 240 nM). RNA-NS5 com-
plexes were analyzed by electrophoresis through native 5%
polyacrylamide gels supplemented with 5% glycerol.

For FBA, Nitrocellulose (Protran BA 85, Whatman-Schleider
& Schuell) and Hybond N+ nylon (Amersham Bioscience) mem-
branes were presoaked in 5 mM Hepes (pH 7.9) and assembled in
a dot-blot apparatus. A 20-uL aliquot of each protein-RNA mix-
ture was applied to the filters and rinsed with 100 pL of 5 mM
Hepes (pH 7.9). Membranes were air-dried and visualized by
autoradiography. The macroscopic binding constants were esti-
mated by nonlinear regression (Sigma Plot), fitting Equation 1:
Bound % =Bound,,,, - [Prot] / (K4 + [Prot]), where Bound % is
the percentage of bound RNA, Bound,,,, is the maximal per-
centage of RNA competent for binding, [Prot] is the concentra-
tion of purified NS5pol, and K} is the apparent dissociation con-
stant.

Construction of recombinant DV and replicons

The plasmid pDVRep containing the firefly luciferase in place of
DV structural proteins was previously described (Alvarez et al.
2005a). Plasmids pDVRepMS10, pDVRepMS11, pDVRepML338,
pDVRepML340, and pDVRepML342 were generated by replac-
ing a SacI-Sphl fragment from pDVRepWT with the respective
fragment containing the mutation obtained by overlapping
PCR, using a similar strategy as the one described in Supplemental
Table 2. To generate full-length DV ¢cDNAs with the same muta-
tions as the ones described for the replicon (pDVMSI10, pDVMSI 1,
pDVML338, pPDVML340, and pDVML342), the same strategy as
the one described for the replicons was used.

To generate pDVRep 5'UAR Mutl and 5'UAR Mut2, a PCR
product carrying the desired mutations was obtained by over-
lapping PCR using primers AVG194-AVG351 and AVG350-
AVGS84 for 5UAR Mutl and primers AVG194-AVG347 and
AVG346-AVG84 for 5’UAR Mut2. Recombinant plasmids were
obtained by replacing a SacI-Sphl fragment from pDVRepWT
with the fragment generated by PCR. Compensatory mutations
in the 3’ UTR were obtained by overlapping PCR using primers
AVGI90-AVG353 and AVG352-AVG263 for 5'-3'UAR Mutl
and primers AVG90-AVG349 and AVG348-AVG263 for
5'-3'UAR Mut2. pDVRep 5'-3'UARMutl and pDVRep 5'-
3'UARMut2 were generated by cassette substitution between
AfIIT and Xbal sites in pDVRep 5'UARMut 1 and pDVRep
5'UARMut 2, respectively.

To obtain infectious and replicon DV RNAs in vitro transcrip-
tion by T7 RNA polymerase in the presence of m’GpppA, a cap
analog was used as previously described (Alvarez et al. 2005b).
RNA transcripts (3 ng) were transfected with Lipofectacmine
2000 (Invitrogen) into BHK-21 cells. For sequencing analysis,
TRIZOL-extracted RNAs from 200 pL of supernatants were
used for reverse transcription, PCR amplification, and sequenc-
ing using an ABI 377 (Applied Biosystems).
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