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Uncoupling cis-Acting RNA Elements from Coding Sequences
Revealed a Requirement of the N-Terminal Region of Dengue Virus
Capsid Protein in Virus Particle Formation

Marcelo M. Samsa, Juan A. Mondotte, Julio J. Caramelo, and Andrea V. Gamarnik

Fundación Instituto Leloir-CONICET, Buenos Aires, Argentina

Little is known about the mechanism of flavivirus genome encapsidation. Here, functional elements of the dengue virus (DENV)
capsid (C) protein were investigated. Study of the N-terminal region of DENV C has been limited by the presence of overlapping
cis-acting RNA elements within the protein-coding region. To dissociate these two functions, we used a recombinant DENV RNA
with a duplication of essential RNA structures outside the C coding sequence. By the use of this system, the highly conserved
amino acids FNML, which are encoded in the RNA cyclization sequence 5=CS, were found to be dispensable for C function. In
contrast, deletion of the N-terminal 18 amino acids of C impaired DENV particle formation. Two clusters of basic residues (R5-
K6-K7-R9 and K17-R18-R20-R22) were identified as important. A systematic mutational analysis indicated that a high density of
positive charges, rather than particular residues at specific positions, was necessary. Furthermore, a differential requirement of
N-terminal sequences of C for viral particle assembly was observed in mosquito and human cells. While no viral particles were
observed in human cells with a virus lacking the first 18 residues of C, DENV propagation was detected in mosquito cells, al-
though to a level about 50-fold less than that observed for a wild-type (WT) virus. We conclude that basic residues at the N ter-
minus of C are necessary for efficient particle formation in mosquito cells but that they are crucial for propagation in human
cells. This is the first report demonstrating that the N terminus of C plays a role in DENV particle formation. In addition, our
results suggest that this function of C is differentially modulated in different host cells.

Dengue virus (DENV) is a member of the genus Flavivirus in
the family Flaviviridae, together with other important patho-

gens such as yellow fever virus (YFV), West Nile virus (WNV),
Saint Louis encephalitis virus (SLEV), and Japanese encephalitis
virus (JEV). DENV is the most significant mosquito-borne hu-
man viral pathogen worldwide, infecting more than 50 million
people each year (41). Despite the urgent medical need to control
DENV infections, vaccines and antivirals are still unavailable.

DENV has a plus-stranded RNA genome of about 11 kb. The
single open reading frame encodes a polyprotein that is co- and
posttranslationally processed by host and viral proteases. This
processing yields three structural proteins (C, prM, and E) and at
least seven nonstructural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B, and NS5) (22). The coding sequence is flanked by
highly structured 5= and 3= untranslated regions (UTRs) (11). In
recent years, a number of cis-acting RNA elements that modulate
viral RNA amplification have been identified in the viral genome
(for a review, see reference 38). Viral RNA synthesis is catalyzed by
the RNA-dependent RNA-polymerase activity of the viral protein
NS5 and requires interaction with a 5=-end promoter element (9,
10, 13). During flavivirus morphogenesis, the newly synthesized
viral RNA is recruited by the capsid protein (C). The interaction of
the viral genome with C presumably forms a nucleocapsid core
that buds into the endoplasmic reticulum (ER) lumen, acquiring
membranes together with the structural proteins E and prM (21,
23). The mechanism by which C interacts with the viral RNA
during packaging is still unclear, and little is known about the
structural requirements of flavivirus C proteins for viral encapsi-
dation.

Mutagenesis analyses using different flaviviruses, such as YFV
and tick-borne encephalitis virus (TBEV), have demonstrated a
structural and functional flexibility of the C protein for viral en-

capsidation (19, 20, 31). The flavivirus mature C is a highly basic
protein of 12 kDa that forms homodimers in solution (15, 39).
The first and last �30 residues have a high density of positive
charges, which have been proposed to interact with the viral RNA
(16). Three-dimensional structures of the DENV and WNV C
proteins have been solved by nuclear magnetic resonance (NMR)
and crystallography, respectively (8, 24). These studies indicate
that the monomer contains four alpha helices (�1 to �4). The
region corresponding to the first 21 amino acids of DENV C is
conformationally labile in solution and was cleaved in WNV C
crystals (8). Thus, no structure was assigned to this region of C.
The first 3 helices (�1 to �3) form a right-handed bundle that
constitutes the monomer core, while �4, the longest helix, extends
away from the monomer core. The surface contributed by the
dimers �2-�2= and �1-�1= is largely uncharged and is proposed to
interact with membranes (24, 25). During flavivirus infection, the
C protein is distributed between the nucleus (mainly in the nucle-
olus), and the cytoplasm (6, 32, 33, 35, 40). It has been shown
recently that the cytoplasmic fraction of the DENV C protein ac-
cumulates around host organelles known as lipid droplets (LD)
(32). In this regard, amino acids L50 and L54 of �2 have been
shown to be involved in the association of C with LD (32).

The coding sequence corresponding to the unstructured first
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21 amino acids of C contains RNA elements essential for viral
RNA replication (1, 2, 38). In all mosquito-borne flaviviruses, the
cyclization sequence 5=CS overlaps with a coding sequence of four
amino acids at the N-terminal region of C (12). In addition, a
conserved hairpin structure (cHP) present in the coding sequence
of C is necessary for efficient RNA replication (7). Therefore, in-
vestigation of the role of the N-terminal amino acids of C in viral
particle formation has been limited by the overlapping functions
in this part of the genome. Here, to dissociate the two roles of the
5= end of the DENV genome, we used full-length recombinant
DENV RNAs in which the cis-acting replication elements were
duplicated outside the C coding region. Using this system, a dele-
tion of the highly conserved FNML sequence of C (amino acids 13
to 16) resulted in a virus that replicated and encapsidated effi-
ciently. However, deletion of the N-terminal 18 amino acids im-
paired viral particle formation. This unstructured part of C con-
tains two conserved clusters of basic amino acids. A systematic
mutational analysis indicated that at least two basic amino acids in
each cluster are necessary for infectious particle production in
mammalian cells. Replacement of each of the eight basic residues
at the N terminus of C showed no requirement of amino acids at
specific locations for DENV encapsidation. In fact, replacement of
the N-terminal 20 amino acids by a 10-amino-acid sequence,
which only maintained the number of positive charges, largely
rescued viral particle formation. Interestingly, the requirement for
the N terminus of C was host dependent. While a dramatic reduc-
tion in the level of particle formation was observed in viruses
lacking the basic amino acids at the N terminus of C in mamma-
lian cells, viral particles were produced in mosquito cells. Infec-
tious particle formation in C6/36 cells was reduced about 50-fold
when the C protein lacked the N-terminal region. This observa-
tion contrasted with the undetectable propagation of the same
mutant in human cells.

MATERIALS AND METHODS
Cell lines. A baby hamster kidney cell line (BHK-21) was cultured in
minimum essential medium (MEM) alpha supplemented with 10% fetal
bovine serum. Raji cells (a nonadherent human B cell line expressing
dendritic-cell-specific intercellular adhesion molecule 3-grabbing nonin-
tegrin [DC-SIGN]) were cultured in RPMI 1640 medium supplemented
with 10% fetal bovine serum. A549 cells (a human lung cell line) were
cultured in Dulbecco’s modified Eagle’s medium–Ham F-12 medium
supplemented with 10% fetal bovine serum. C6/36 HT mosquito cells
from Aedes albopictus, adapted to grow at 33°C, were cultured in L-15
medium (Leibovitz’s) supplemented with 0.3% tryptose phosphate broth,
0.02% glutamine, 1% MEM nonessential amino acid solution, and 5%
fetal bovine serum. Media were supplemented with 100 U/ml penicillin
and 100 �g/ml streptomycin.

Construction of recombinant DENVs. Dengue virus mutants were
generated using a DENV type 2 (DENV2) cDNA clone (pD2/IC-
30P-A) (17), with an additional AflII restriction site just upstream of
the polyprotein stop codon and a NotI restriction site at nucleotide 244
(pD2/ICAflII-NotI). The construction of a monocistronic reporter
dengue virus (mDV-R) was described recently (32). To facilitate the
construction of C mutants in the mDV-R cDNA clone (pD2/
ICRenilla2A.AflII-NotI), we generated an intermediate plasmid by di-
gestion of pD2/ICRenilla2A.AflII-NotI with unique SacI-SphI restric-
tion sites. The fragment obtained was cloned into pGEM-T (Promega)
using the same restriction sites. The desired mutations were intro-
duced into the intermediate plasmid by replacing the SacI-NotI frag-
ment of the wild-type (WT) plasmid with the respective fragment
derived from overlapping PCR. The resulting intermediate plasmid

was digested with SacI-SphI, and the fragment obtained was cloned
into pD2/ICRenilla2A.AflII-NotI. The sequences of oligonucleotides
used to introduce mutations in C into the mDV-R clone are listed in
Table 1. The overlapping PCRs were carried out using the external
primers 478 and 488 (Table 1).

To generate DENV Mut Nt1, Mut Nt1.1, Mut Nt1.2, Mut Nt2, Mut
Nt2.1, and Mut Nt2.2, overlapping PCRs were performed using external
primers 101 and 422 and the internal primers listed in Table 1. These
overlapping PCR products were digested and were cloned directly into
pD2/ICAflII-NotI with unique SacI-NotI restriction sites. In the design of
mutants Nt1, Nt1.1, and Nt1.2, the folding prediction of cHP RNA struc-
ture (7) was taken into account to avoid altering hairpin formation.

The plaque morphologies of DENV mutants were characterized by
plaque assays as described previously (1).

RNA transcriptions and transfections. DENV genomic RNA was ob-
tained by in vitro transcription using T7 RNA polymerase in the presence
of an m7GpppA cap analog. The corresponding plasmids were linearized
with XbaI and were purified by phenol-chloroform extraction. RNA in-
tegrity was confirmed in 0.7% agarose gels. RNA transfections were per-
formed with Lipofectamine 2000 (Invitrogen) according to the manufac-
turer’s instructions. For reporter DENVs, 500 ng of RNA transcripts was
transfected into BHK-21, A549, Raji, or C6/36 HT cells grown in 24-well
plates. The Renilla luciferase activity present in cell extracts was analyzed
at the times indicated in the figures, according to the manufacturer’s in-
structions (Promega). The supernatants collected at the times indicated in
the figures were stored at �80°C. For indirect immunofluorescence (IF)
assays and Western blotting (see below), 5 �g of RNA transcripts was
transfected into BHK-21 and C6/36 HT cells grown in 60-mm-diameter
tissue culture dishes.

Immunofluorescence assays. Transfected BHK-21 and C6/36 HT cells
with WT or mutated DENV RNAs were grown in 60-mm-diameter tissue
culture dishes containing 1-cm2 coverslips. At various times posttransfection,
the coverslips were removed, and the cells were fixed with methanol for 20
min at �20°C. To maintain cell viability for a long time, cells were trypsinized
every 4 days, and one-fifth of the total cells and the supernatant were reseeded
in a 60-mm-diameter tissue culture dish containing a new coverslip. For the
detection of viral antigens, a 1:500 dilution of murine hyperimmune ascitic
fluid against DENV type 2 in phosphate-buffered saline (PBS)–0.2% gelatin
was used. Alexa Fluor 488-conjugated rabbit anti-mouse immunoglobulin G
(Molecular Probes) was employed to detect the primary antibody at a 1:500
dilution under the same conditions. Photomicrographs (magnification,
�200) were acquired with an Olympus BX60 microscope coupled to a
CoolSnap-Pro digital camera (Media Cybernetics).

Western blotting. Transfected BHK-21 cells with WT or mutated
DENV RNAs were grown in 60-mm-diameter tissue culture dishes. For
the detection of C protein in BHK cell extracts, cells were harvested 24 and
48 h posttransfection, washed with PBS, and lysed using buffer L (50 mM
Tris, 150 mM NaCl, 2 mM EDTA, 1% Triton X-100, 0.5 mM phenylmeth-
ylsulfonyl fluoride) at pH 7.5. The lysates were centrifuged at 10,000 � g
for 10 min to clear cellular debris and were denatured in buffer S (5%
sodium dodecyl sulfate [SDS], 50 mM Tris [pH 6.8], and 10% glycerol) at
70°C for 15 min. Samples were analyzed under denaturing conditions by
15% SDS-polyacrylamide gel electrophoresis (SDS-PAGE), and Western
blotting was performed using a specific anti-C polyclonal antibody ob-
tained in our laboratory and described previously (32). For the detection
of secreted E protein in BHK cells, 5 ml of medium obtained 48 h post-
transfection was ultracentrifuged at 4°C for 3 h at 140,000 � g. The pel-
leted virus was resuspended in 100 �l of buffer L, and 10 �l of each sample
was denatured and analyzed under denaturing and nonreducing condi-
tions by 10% SDS-PAGE. Western blotting was performed using the spe-
cific anti-E monoclonal antibody (MAb) E18 (30).

Real-time RT-PCR. For the quantification of viral RNA by real-time
reverse transcriptase PCR (RT-PCR), the supernatants of cells trans-
fected/infected with WT or mutated viruses were extracted with TRI-
zol (Invitrogen) at various times. We used an iCycler IQ system (Bio-
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Rad) employing TaqMan technology. The primers and probe were
targeted to amplify nucleotides 10419 to 10493 within the viral 3=
UTR. Each 50-�l reaction mixture contained 3 �l of the RNA sample
and final concentrations of 1� RT-PCR buffer (10 mM Tris-HCl [pH
8.4], 50 mM KCl, 0.01% [wt/vol] gelatin, and 10 mM dithiothreitol
[DTT]), 2.5 mM MgCl2, 250 �M deoxynucleoside triphosphates, 100
nM primer 5= (5=-CCTGTAGCTCCACCTGAGAAG-3=), 100 nM
primer 3= (5=-CACTACGCCATGCGTACAGC-3=), 100 nM probe (5=-/6-
FAM [6-carboxyfluorescein]/CCGGGAGGCCACAAACCATGG/36-
TAMRA [6-carboxytetramethylrhodamine]/-3=), and 100 U Moloney

murine leukemia virus (M-MLV) RT (Promega). PCR amplification and
detection were performed as described previously (1).

RESULTS

The amino acids of the DENV capsid encoded within the cycli-
zation sequence 5=CS are dispensable for viral particle forma-
tion. DENV RNA replication requires inverted complementary
sequences at the 5= and 3= ends of the genome. At the 5= end, the
highly conserved 5=CS encodes amino acids FNML (Fig. 1A and

TABLE 1 Oligonucleotide sequences and mutations introduced

Mutation Primer orientation Primer sequence

mDV-R �FNML F GAAAAACACGCCTAAACGCGAGAGAAACCGCGTG
R TTCTCTCGCGTTTAGGCGTGTTTTTCGCCTTTTTCCG

mDV-R �18 F CCTGGGCCAATGAGAAACCGCGTGTCGACTGTG
R CACGCGGTTTCTCATTGGCCCAGGGTTGGACTC

mDV-R Mut Nt1 F AACCAAGCGGCCGCGGCAGCCAACACGCCTTTCAATATGCTG
R CGTGTTGGCTGCCGCGGCCGCTTGGTTATTCATTGGCCCAGG

mDV-R Mut Nt1.1 F AACCAAGCGGCCAAGGCGAAAAACACGCCTTTCAATATGCTG
R CGTGTTTTTCGCCTTGGCCGCTTGGTTATTCATTGGCCCAGG

mDV-R Mut Nt1.2 F AACCAACGGAAAGCCGCGGCCAACACGCCTTTCAATATGCTG
R CGTGTTGGCCGCGGCTTTCCGTTGGTTATTCATTGGCCCAGG

mDV-R Mut Nt1.1.1 F AACCAAGCGAAAAAGGCGAAAAACACGCCTTTCAATATGCTG
R CGTGTTTTTCGCCTTTTTCGCTTGGTTATTCATTGGCCCAGG

mDV-R Mut Nt1.1.2 F AACCAACGGGCGAAGGCGAAAAACACGCCTTTCAATATGCTG
R CGTGTTTTTCGCCTTCGCCCGTTGGTTATTCATTGGCCCAGG

mDV-R Mut Nt1.2.1 F AACCAACGGAAAGCAGCGAAAAACACGCCTTTCAATATGCTG
R CGTGTTTTTCGCTGCTTTCCGTTGGTTATTCATTGGCCCAGG

mDV-R Mut Nt1.2.2 F AACCAACGGAAAAAGGCGGCAAACACGCCTTTCAATATGCTG
R CGTGTTTGCCGCCTTTTTCCGTTGGTTATTCATTGGCCCAGG

mDV-R Mut Nt2 F CTGGCGGCCGAGGCGAACGCGGTGTCGACTGTGCAACAGCTG
R CACCGCGTTCGCCTCGGCCGCCAGCATATTGAAAGGCGTGTTTTTCGC

mDV-R Mut Nt2.1 F GCCTTTCAATATGCTGGCGGCCGAGAGAAACCGCGTGTCGAC
R CGACACGCGGTTTCTCTCGGCCGCCAGCATATTGAAAGGCGTG

mDV-R Mut Nt2.2 F GCTGAAACGCGAGGCGAACGCGGTGTCGACTGTGCAACAGCTG
R GCACAGTCGACACCGCGTTCGCCTCGCGTTTCAGCATATTGAAAGG

mDV-R Mut Nt2.1.1 F CACGCCTTTCAATATGCTGGCGCGCGAGAGAAACCGCGTGTC
R GTCGACACGCGGTTTCTCTCGCGCGCCAGCATATTGAAAGGC

mDV-R Mut Nt2.1.2 F CACGCCTTTCAATATGCTGAAAGCGGAGAGAAACCGCGTGTC
R GTCGACACGCGGTTTCTCTCCGCTTTCAGCATATTGAAAGGC

mDV-R Mut Nt2.2.1 F CAATATGCTGAAACGCGAGGCGAACCGCGTGTCGACTGTGCAACAG
R GCACAGTCGACACGCGGTTCGCCTCGCGTTTCAGCATATTGAAAGG

mDV-R Mut Nt2.2.2 F GCTGAAACGCGAGAGAAACGCGGTGTCGACTGTGCAACAGCTGAC
R GCACAGTCGACACCGCGTTTCTCTCGCGTTTCAGCATATTGAAAGGC

mDV-R Mut Nt �B F ATGCGGAAAAAGGCGAAACTGAAACGCAGAAACCGCGTGTCGACTGTG
R GCGTTTCAGTTTCGCCTTTTTCCGCATTGGCCCAGGGTTGGACTCGAC

DENV Mut Nt1 F GCAGATCTCTGATGAATAACCAAGCGGCAGCGGCGGCCAACACGCCGTTC
R GCTGCCGCTTGGTTATTCATCAGAGATCTGCTCTCTAATTAAAAAACTG

DENV Mut Nt1.1 F GAATAACCAAGCGGCCAAGGCGAAAAACACGCCTTTCAATATGC
R CGTGTTTTTCGCCTTGGCCGCTTGGTTATTCATCAGAGATCTGC

DENV Mut Nt1.2 F CAACGGAAAGCGGCGGCCAACACGCCGTTCAATATGCTGAAACGCG
R GAACGGCGTGTTGGCCGCCGCTTTCCGTTGGTTATTCATCAGAG

DENV Mut Nt2 F AATTAGAGAGCAGATCTCTGATGAATAACCAACGGAAAAAGGC
R CGTTGGTTATTCATCAGAGATCTGCTCTCTAATTAAAAAACTG

DENV Mut Nt2.1 F CTTTCAATATGCTGGCGGCCGAGAGAAACCGCGTGTCGACTGTGC
R CGGTTTCTCTCGGCCGCCAGCATATTGAAAGGCGTGTTTTTCGCC

DENV Mut Nt2.2 F CGCGAGGCGAACGCGGTGTCGACTGTGCAACAGCTGACAAAGAG
R CACAGTCGACACCGCGTTCGCCTCGCGTTTCAGCATATTGAAAGG

Primer 478 F ATGATAACTGGTCCGCAGTGGT
Primer 488 R ATGGAAGGATCCTCATTACGCCATCACTGTTGGAATCAGC
Primer 101 F TCCAGACTTTACGAAACACG
Primer 422 R GTGTGGTTCTCCGTTACGTGTGG

Samsa et al.

1048 jvi.asm.org Journal of Virology

 on M
arch 26, 2012 by R

oberto S
taneloni

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


FIG 1 DENV reporter system to investigate the structural requirements of C for viral particle formation. (A) Schematic representation of the cis-acting
replication elements located at the 5= end of the DENV genome. The promoter stem-loop A (SLA), the cyclization sequence upstream of the AUG (5= upstream
activator region [5= UAR]), the replication element cHP, and the cyclization sequence 5=CS are indicated. Below, the corresponding region of the DENV
polyprotein with the amino acid sequence FNML encoded by 5=CS is shown. (B) Alignments of nucleotide sequences and amino acids corresponding to 5=CS and
the N terminus of C, respectively, for different mosquito-borne flaviviruses. The amino acid sequence encoded by the 5=CS is shaded. (C) Replication of the
mDV-R and WT viruses. (Top) Schematic representations of WT DENV and the monocistronic DENV reporter construct (mDV-R) showing the duplication of
the cis-acting elements (CAE) and the locations of the luciferase and the viral proteins. (Bottom) (Left) Growth curves comparing the replication of the mDV-R
and WT viruses. (Right) Plaque morphologies of the mDV-R and WT viruses. (D) Stability of the luciferase in the mDV-R genome. (Top) Schematic represen-
tation of the experiment. Transfection of the mDV-R RNA was performed in BHK cells. The supernatant was harvested 3 days posttransfection and was used for
successive passages in fresh cells every 4 days. (Bottom) Luciferase activity was measured in cytoplasmic extracts of cells infected with 100 �l of the supernatants
of transfected cells obtained in each passage.

January 2012 Volume 86 Number 2 jvi.asm.org 1049
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B). It is still not known whether this conserved sequence is
necessary for DENV C function. To investigate the require-
ment for the amino acids present at the N terminus of C with-
out altering DENV genome replication, we used a full-length
viral RNA in which the replication cis-acting elements (CAE)
(Fig. 1A) were duplicated (32). The CAE was fused to a lucif-
erase gene, followed by the complete coding sequence of C and
the rest of the structural and nonstructural viral proteins
(mDV-R) (Fig. 1C). Transfection of the mDV-R RNA resulted
in the production of infectious viral particles. The recombinant
virus carrying the luciferase gene showed a delay in replication
relative to that of the WT virus and a smaller plaque phenotype
(Fig. 1C). In addition, the luciferase gene introduced into the
viral genome was unstable. Luciferase activity decreased in cells
infected with viral stocks obtained in successive passages (Fig.
1D). Therefore, to investigate the ability of a viral mutant to
produce infectious particles, the mDV-R RNA was transfected,
and viral particle production was evaluated in passage 1 (P1)
(Fig. 1D).

In the context of the recombinant construct, a deletion of the
complete C coding region or the FNML sequence was designed.
Viral RNAs corresponding to these deletion mutants (Mut �C
and Mut �FNML) were transfected into BHK cells together with
the WT and the replication-impaired mutant carrying a substitu-
tion in the polymerase NS5 (Mut NS5).

Mut �C mDV-R showed luciferase levels at 4, 24, and 48 h
posttransfection that were indistinguishable from the WT
mDV-R levels, indicating efficient translation and RNA amplifi-
cation (Fig. 2A, left). The Mut �FNML RNA also was translated
and replicated similarly to WT RNA (Fig. 2A, left). These results
confirmed that the C protein is dispensable for RNA synthesis and

indicated that the virus with the duplication of the cis-acting RNA
elements was fully functional. To analyze the production of infec-
tious viral particles, supernatants of transfected cells were col-
lected as a function of time and were used to infect fresh BHK cells
(infection assay). As expected, no luciferase activity was detectable
in cells infected with the medium obtained from cells transfected
with Mut �C RNA. In contrast, cells infected with supernatants
obtained from cells transfected with Mut �FNML RNA showed
WT luciferase levels (Fig. 2A, right), suggesting that the FNML
sequence is not required for C function during viral particle for-
mation. To further confirm this observation, viral propagation
was analyzed by immunofluorescence (IF) as a function of time
after transfection of BHK cells with the WT or Mut �FNML virus.
At 72 h posttransfection, both viruses infected about 80% of the
cell monolayer (Fig. 2B). While the coding sequence of amino
acids FNML contains RNA structures essential for viral genome
replication, the dissociation of this function from the C coding
sequence indicated that these conserved amino acids are dispens-
able for the production of infectious DENV particles.

Two clusters of basic amino acids at the N terminus of C are
necessary for DENV encapsidation. An important feature of the
DENV C protein is the unusually high number of positive resi-
dues. There are 26 basic and only 3 acidic amino acids per 100-
residue subunit. The N-terminal region of DENV C is unstruc-
tured in solution, and besides encoding the conserved FNML
sequence, it contains eight basic residues distributed in two con-
served clusters (R5-K6-K7-R9 and K17-R18-R20-R22) (Fig. 1B).
To investigate the requirement of N-terminal amino acids of C for
viral particle formation, we performed deletions and substitutions
in the context of the mDV-R RNA.

Three mutants were designed. One mutant contained a dele-

FIG 2 Dissociation of cis-acting RNA elements from the capsid coding region indicates that the FNML sequence is dispensable for DENV propagation. (A) (Left)
Luciferase activity as a function of time posttransfection in mDV-R RNA corresponding to the WT, the replication-impaired Mut NS5 mutant, a mutant with the
C coding sequence deleted (�C), and a mutant with amino acids FNML deleted (�FNML). (Right) Luciferase activity measured at 48 h postinfection using 100
�l of supernatants of transfected cells. (B) Images for IF assays showing DENV antigen-positive BHK cells transfected with WT mDV-R or mDV-R �FNML RNA.
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tion of the first 18 amino acids of C (Mut �18), and the other two
mutants carried replacements of the four basic residues in each
cluster. The basic amino acids in Mut Nt1 (R5, K6, K7, and R9)
and in Mut Nt2 (K17, R18, R20, and R22) were each replaced by
Ala (Fig. 3A). Viral RNAs corresponding to the mutants (Mut
�18, Mut Nt1, and Mut Nt2) were transfected into BHK cells
together with three controls: the WT, the encapsidation-impaired
Mut �C construct, and the replication-impaired Mut NS5 con-
struct.

The translation and replication of the viral RNAs correspond-
ing to the mutants Mut �18, Mut Nt1, and Mut Nt2 were similar
to those of the WT (Fig. 3A). During infection, the mature C
protein is released from its membrane anchor sequence, which
precedes prM, by the NS3/2B protease (3, 34, 43). To examine
whether deletions or mutations at the N terminus of C affect pro-
tein expression or processing, the mature viral protein was de-

tected by Western blotting using cytoplasmic extracts of cells
transfected with WT or C mutant RNAs (Fig. 3B). The WT and
mutant proteins were readily detected between 24 and 48 h post-
transfection, corresponding to the mDV-R RNA amplification
step. The faster mobility of Mut �18 C was consistent with the
deletion in this protein. Interestingly, infection of fresh BHK cells
with supernatants of transfected cells showed that deletion of the
N terminus of C or mutation of either of the two clusters of basic
residues impairs viral particle formation (Fig. 3C).

Although it was not possible to include a deletion of the N
terminus of C in an infectious DENV clone, due to undesired
effects on RNA synthesis, analysis of predicted RNA structures
indicated that the Nt1 and Nt2 substitutions were possible. There-
fore, to confirm the encapsidation defects of Mut Nt1 and Mut
Nt2, the corresponding amino acid substitutions were introduced
in the context of the DENV2 16681 clone. Viral RNAs of the WT,
Mut Nt1, or Mut Nt2 were used to transfect BHK cells, and infec-
tion was followed as a function of time by IF. The fact that viruses
without the luciferase gene grow faster in culture should be taken
into account (compare the WT in Fig. 2B with the WT in Fig. 4A).
At 2 days posttransfection, about 50% of the monolayer was pos-
itive for the WT DENV antigen, while about 10% of cells were
positive for the Mut Nt1 or Mut Nt2 antigen. At 3 days posttrans-
fection, most of the monolayer was positive for the WT, while 10%
of cells were positive for mutant DENV antigen (Fig. 4A). To study
whether noninfectious particles or subviral particles were pro-
duced and secreted in cells transfected with Mut Nt1 or Mut Nt2,
cell supernatants were collected and were used to analyze the pres-
ence of viral envelope protein E. While E protein from the WT
virus was clearly detected as two bands, no E protein was observed
at day 2 in the medium of cells transfected with Mut Nt1 or Mut
Nt2 RNA (Fig. 4B).

To investigate whether the Mut Nt1 or Mut Nt2 virus propa-
gated slowly, cells were passed every 4 days and were analyzed by
IF. The IF signal increased gradually as a function of time for both
mutants (Fig. 4A). At 16 days, infectious foci were observed
throughout the monolayer. The propagation of the Mut Nt1 virus
continued to increase, and about 60% of the monolayer was in-
fected at day 40. With mutant Nt2, about 90% of the monolayer
was infected at day 20. These results suggested either a slow prop-
agation of these viruses or reversions by spontaneous mutations.
To analyze these possibilities, viruses recovered from the superna-
tants at 20 and 40 days posttransfection (for Mut Nt2 and Mut
Nt1, respectively) were used to infect fresh cells and generate viral
stocks. Simultaneously, the viral RNA was purified from the me-
dium for sequencing analysis. Infection of fresh cells with the mu-
tant viruses showed very slow propagation of both viruses, similar
to that observed after RNA transfection. In addition, Mut Nt1 and
Mut Nt2 failed to form plaques. Sequencing analysis of viral RNAs
purified from the media indicated that the original substitutions
were maintained in both mutants, and no additional amino acid
changes were detected. The results indicate that viruses carrying
mutations in either of the two clusters of basic amino acids at the
N terminus of C propagate very slowly.

To determine the cause of the slow propagation phenotype of
mutants Nt1 and Nt2, we determined the number of viral particles
produced per cell when the monolayer was more than 80% DENV
antigen positive for the mutants, using for comparison a similar
80% infection with a WT virus. The media of cells transfected with
the WT, Mut Nt1, or Mut Nt2 were collected after 3, 42, and 17

FIG 3 The N-terminal region of C is necessary for the formation of DENV
infectious particles. (A) (Top) Schematic representation of amino acid
changes introduced in the viral C protein. (Bottom) The translation and am-
plification of viral RNAs in mDV-R-transfected cells was followed by measur-
ing luciferase activity. (B) Expression and processing of C protein in trans-
fected cells. Western blotting with DENV anti-C antibodies was performed
using cytoplasmic extracts of cells transfected with the RNAs indicated above
the gel. (C) Luciferase activity of BHK cell extracts infected with supernatants
obtained after transfection as indicated in panel A.
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days, respectively, and were used to quantify the viral genome by
real-time RT-PCR. While by IF the monolayer appeared to be
almost completely infected, cells infected with the WT virus re-
leased 1,000 to 5,000 more viral RNA molecules than cells infected
with Mut Nt1 or Mut Nt2 (Fig. 4C). This result supports the idea
that cells infected with mutant Nt1 or Nt2 release very small
amounts of viral particles into the medium, which explains the
slow propagation of these viruses.

Infectious DENV particle formation requires basic residues
but not a specific sequence at the N terminus of C. We observed
above that amino acids at the N terminus of C play a crucial role in
DENV particle formation (Fig. 3 and 4). To investigate whether
specific amino acids in this region are necessary for C function, a
systematic mutational analysis was performed in the context of the
mDV-R virus. Mutants carrying replacements of basic residues in
the two clusters, including changes of individual amino acids to
alanine and combinations of such changes, were designed (Fig.
5A). The Nt1 mutant, which contained four substitutions, was
divided into 6 new mutants: Mut Nt1.1 and Mut Nt1.2 (each car-
rying double amino acid changes) and four mutants with individ-
ual mutations, Nt 1.1.1, Nt 1.1.2, Nt 1.2.1, and Nt 1.2.2 (Fig. 5A).
Similarly, 6 new viral mutants were designed carrying the substi-
tutions originally included in Mut Nt2: Mut Nt2.1 and Nt2.2
(each carrying double amino acid changes) and four mutants with
individual substitutions, Nt 2.1.1, Nt 2.1.2, Nt 2.2.1, and Nt 2.2.2
(Fig. 5A).

RNAs corresponding to a set of 14 mutants together with 3
controls (the WT, Mut �C, and Mut NS5) were transfected into
BHK cells. Translation and RNA synthesis were evaluated by lu-
ciferase activity as a function of time. The levels of luciferase at 4,
24, and 48 h posttransfection were similar to those observed for

WT RNA (Fig. 5B). To evaluate the amount of viral particles pro-
duced, the medium was collected at 48 h posttransfection and was
used to infect fresh cells. Interestingly, mutation of one of the eight
basic residues to alanine showed only marginal effects on viral
particle formation (Fig. 5C). The combination of two such muta-
tions decreased infectious particle formation about 10-fold. Mut
Nt1.1 was the only mutant that showed a reduction of about 30-
fold (Fig. 5C). These results indicate that the dramatic phenotype
observed with Mut Nt1 and Mut Nt2 cannot be attributed to the
role of specific amino acids and that at least two of any of the basic
residues in each cluster are necessary for efficient DENV particle
formation.

It is possible that the unstructured N-terminal region of C
provides a positively charged environment necessary for protein
function without a requirement for a specific sequence. To exam-
ine this possibility, the N-terminal 20-amino-acid region of C was
replaced by a 10-amino-acid sequence, which maintained only the
number of positive charges (Mut Nt�B) (Fig. 6A). The Mut Nt�B
RNA was transfected along with the controls (WT, Mut �C, or
Mut NS5 RNA) into BHK cells. The translation and synthesis of
Mut Nt�B RNA were as efficient as those of WT RNA (Fig. 6A).
Interestingly, viral particle formation was largely rescued in this
mutant (Fig. 6A, right). To confirm this observation, the propa-
gation of the mDV-R Mut Nt�B virus was assessed by IF as a
function of time. Propagation of the mDV-R Nt�B virus was ev-
ident: the IF-positive signal increased between 48 and 72 h (Fig.
6B). The results indicate that a high density of basic residues is
required, but at the same time, great amino acid flexibility is tol-
erated in this region of C.

In order to search for revertant viruses, the mutants that
showed reduced particle formation by use of the mDV-R system

FIG 4 Impaired propagation of DENV with mutations in basic residues at the N terminus of C. (A) IF assays of BHK cells transfected with WT DENV2, mutant
Nt1, or mutant Nt2 RNAs were performed at different times as indicated. (B) Secretion of envelope E protein from cells transfected with WT or mutated DENV
RNAs. Western blotting of supernatants obtained 48 h after transfection of DENV WT, mutant Nt1, or mutant Nt2 RNAs, as indicated above the gel, was
performed with specific anti-E antibodies. (C) Mutations at the N terminus of C decrease the amount of viral RNA released to the medium of transfected cells.
The amounts of genomic viral RNA secreted into the supernatants of cells (vRNA molecules secreted/cell) transfected with WT DENV, mutant Nt1, or mutant
Nt2 RNAs were determined 3, 42, and 17 days posttransfection, as indicated, by real-time RT-PCR using TaqMan.

Samsa et al.

1052 jvi.asm.org Journal of Virology

 on M
arch 26, 2012 by R

oberto S
taneloni

http://jvi.asm
.org/

D
ow

nloaded from
 

http://jvi.asm.org
http://jvi.asm.org/


were selected, and the respective amino acid substitutions were
incorporated into the infectious DENV2 clone. The Nt 1.1, Nt 1.2,
Nt 2.1, and Nt2.2 viruses were constructed, and the RNAs were
transfected into BHK cells together with the WT control RNA.
Although viral propagation was delayed, all four viruses replicated
in cell culture (Fig. 7). While the WT infected the whole mono-
layer in 2 days, viruses carrying the partial substitutions present in
Nt1.1, Nt1.2, Nt2.1, and Nt2.2 showed DENV antigens in the
whole monolayer between days 4 and 6. The initial delay of repli-
cation of viruses Nt2, Nt2.1, and Nt2.2 (Fig. 7, day 1) suggests a
possible defect in RNA replication. This observation highlights the
usefulness of the mDV-R virus in dissociating RNA replication
signals from the C coding sequence. The Nt1.1, Nt1.2, Nt2.1, and
Nt2.2 viruses displayed small plaques that were more diffuse than
those of the WT (Fig. 7, right). Recovered viruses were passed
twice, and the viral RNA was purified for sequencing analysis. No
spontaneous mutations were selected in the C coding sequence,

and the original mutations were maintained. The lack of success in
rescuing revertant viruses in C might be explained by the failure to
select the RNA with spontaneous mutations into particles.

Taking these results together, we conclude that the sequence of
the N terminus of C tolerates substantial amino acid changes;
however, positively charged residues in this region of C are crucial
for DENV particle formation.

Requirement of the N-terminal sequence of C for DENV en-
capsidation in human and mosquito cells. DENV cycles between
mosquito and human hosts. To extend our studies of the struc-
tural requirements of C during viral encapsidation in mosquito
cells, we examined the replication of the N-terminal mutants of C
in C6/36 cells. Replication of the input mDV-R RNA in mosquito
cells was observed as a function of time between 24 and 72 h (Fig.
8A, compare WT with Mut NS5). Viral RNA amplification in
these cells was delayed relative to that observed in BHK cells (com-
pare Fig. 3A with Fig. 8A).

FIG 5 Two clusters of basic amino acids at the N terminus of C are necessary for DENV particle formation in BHK cells. (A) Schematic representation of amino
acid changes introduced into the viral C protein. (B) Luciferase activity showing the translation and amplification of mDV-R WT and mutant RNA. Mutants in
which RNA replication (Mut NS5) or encapsidation (�C) is impaired are included as controls. (C) Luciferase activity measured in cell extracts 48 h after infection
with 100 �l of supernatants obtained after transfection as indicated in panel B.
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RNAs corresponding to WT mDV-R, Mut �18, Mut Nt1, Mut
Nt2, Mut �C, and Mut NS5 were transfected into C6/36 cells (Fig.
8A). Luciferase levels between 4 and 72 h posttransfection were
similar to those measured for WT RNA (Fig. 8A). To evaluate the
production of infectious particles, the supernatant was collected at
72 h posttransfection and was used for infection assays. Notably,
luciferase activity was detected after infection with the medium
obtained from any of the three N-terminal mutants (Fig. 8B). Mut
�18 produced about 50-fold fewer viral particles than the WT,
while the Nt1 and Nt2 mutations resulted in 30- and 10-fold re-
ductions, respectively (Fig. 8B). Although the N-terminal se-
quence of C appears to be important for viral particle formation,
the phenotypes observed in mosquito cells were less drastic than
those observed with the same mutants in mammalian cells.

To confirm this observation, the propagation of WT DENV
and mutant Nt1 or Nt2 was examined by IF as a function of time
(Fig. 8C). The propagation of the Mut Nt1 and Mut Nt2 viruses
was delayed relative to that of the WT. With both mutants, how-
ever, at day 5, 60 to 80% of the monolayer of C6/36 cells was
infected (Fig. 8C). These viruses were used to infect fresh cells, and
the recovered culture was used for sequencing analysis. As de-
scribed above for mammalian cells, the original mutations intro-
duced into C were maintained, and no additional mutations in the
C coding sequence were selected.

In order to quantify the viral particles released from C6/36
cells, real-time RT-PCR to detect the viral genome was performed
with supernatants at day 5 posttransfection. This analysis indi-
cated that both mutants released about 100-fold less RNA per cell
than the WT (Fig. 8C).

Because mutations and deletions within the N-terminal se-
quence of C had drastic effects on the production of DENV par-
ticles in BHK cells, while the effects of these mutations were much
less pronounced in mosquito cells, viral particle formation by Mut
�18, Mut Nt1, and Mut Nt2 in different human cell lines was
analyzed. A549 and Raji cells were transfected with Mut �18, Nt1,
Nt2, or WT RNAs. As a control, the translation and replication of
the input RNA were determined at 4, 24, and 48 h posttransfection
(Fig. 8D). Infection assays using the supernatants of transfected
cells indicated that deletion of the N terminus of C and mutations
in both clusters of basic residues of the viral protein impair the
formation of viral particles in human cells (Fig. 8E). As observed
in BHK cells (Fig. 4), Mut �18 and Mut Nt1 failed to produce
infectious particles in A549 and Raji cells. In the case of Mut Nt2,
small but detectable amounts of viral particles were observed in
both A549 and Raji cells (Fig. 8E). This observation was interest-
ing, because in BHK cells, no Mut Nt2 particles were detectable.

These results indicate a requirement of the N terminus of C for
efficient DENV particle formation in both mosquito and human
cells. However, this function of C appears to be more important in
human than in mosquito cells.

DISCUSSION

The mechanism by which the C protein recruits the viral genome
during packaging is one of the most obscure steps of the flavivirus
life cycle. Here we investigated structural requirements of DENV
C protein for infectious particle formation. Because the viral ge-
nome is compact and contains overlapping signals and functions,
in this study, we dissociated cis-acting RNA replication elements
from the C coding sequence and found that basic residues within
the unstructured N-terminal region of C are required for DENV
particle formation. This is the first report of mutagenesis analysis
of this region of the DENV C protein in the context of a fully
replicating viral genome.

Mosquito-borne flavivirus C proteins contain two conserved
features in the first �21 residues: (i) a highly conserved amino
acid sequence, F(V/L)NML, and (ii) a large percentage of Lys/Arg
(�30%) (Fig. 1B). We found that the F(V/L)NML sequence is
necessary at the RNA level but that the amino acids are dispensable
for C function (Fig. 2). In addition, the presence of positive
charges at the N terminus of C was determined to be necessary for
viral encapsidation.

A minimal amount of basic residues at the N terminus of
DENV C was found to be crucial for viral particle formation (Fig.
5). It is possible that this region of the protein interacts directly
with the viral genome. In vitro RNA binding experiments have
previously shown RNA binding activity using the first 32 and the
last 26 amino acids of Kunjin virus C protein (16). In contrast,
investigators using a YFV trans-packaging system have reported
that the first 36 residues of YFV C protein were not essential for
viral assembly (31). At this point, the different requirements for
DENV and YFV encapsidation are not clear. It is possible that the
trans-packaging system, which does not provide equimolar
amounts of viral structural and nonstructural proteins, is less sen-
sitive to detect alterations in the C protein. However, we cannot

FIG 6 The encapsidation defect caused by deletion of the first 20 residues of C
can be rescued by a sequence that maintains basic residues. (A) (Top) Sche-
matic representation of Mut Nt�B in which the first 20 amino acids were
replaced by 10 residues that maintained the amounts of Lys and Arg in the WT
protein. (Bottom) (Left) Luciferase activity measured as a function of time
after transfection of BHK cells with WT mDV-R, Mut Nt�B, or control (Mut
NS5 or �C) RNA. (Right) Luciferase activity measured in cell extracts 48 h
after infection with supernatants obtained after transfection. (B) IF assays of
transfected BHK cells with WT mDV-R or Mut Nt�B. IF assays were per-
formed at days 2 and 3 as indicated.
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rule out the possibility that the C proteins of these two flaviviruses
have different requirements. The difference observed in the en-
capsidation of DENV C mutants lacking the N terminus of C in
mosquito versus human cells is particularly interesting (Fig. 8).
Although DENV showed a requirement of basic residues at the N
terminus of C for efficient encapsidation in mosquito cells, the
remarkable reduction in viral particle formation in mammalian
cells suggests a possible role of the N terminus of C in a host-virus
interaction. It has been reported previously that the C protein of
flaviviruses is involved in the induction of apoptosis and the
breakdown of cellular tight junctions (26, 37, 44). A growing
number of host proteins that interact with flavivirus C proteins
have been reported (4, 5, 18, 28). For instance, by use of two-
hybrid systems, several cellular proteins that interact with WNV C
have been identified (29, 42). Less is known about possible inter-
actions between DENV C and cellular proteins, but it is likely that
C interacts with different host factors in infected mosquito and
human cells.

Substitution of any one of the eight basic residues present at the
N terminus of DENV C did not affect viral encapsidation signifi-

cantly, showing that there is no requirement for particular amino
acids at specific positions of the protein. This finding was further
supported by the encapsidation of Mut Nt�B, in which the re-
placement of the first 20 amino acids by a sequence that only
provides positive charges was functional (Fig. 6). The amino acid
sequence flexibility found in DENV C is in agreement with previ-
ous reports on TBEV and YFV (19, 31). Deletions of 4 to 21 resi-
dues in the center of the TBEV C protein yielded viable viruses. A
viral mutant with a 16-residue deletion was found to be highly
attenuated but very immunogenic in adult mice. In another re-
port, deletions of 19 to 30 residues of the hydrophobic region of
TBEV C resulted in viruses with second-site mutations that in-
creased protein hydrophobicity (20). These viruses were also at-
tenuated but were capable of inducing a protective immune re-
sponse in mice. Based on these studies, a strategy of designing live
attenuated vaccines carrying deletions in the C protein was pro-
posed.

In DENV-infected cells, C is distributed between the nucleus
and the cytoplasm. Hydrophobic regions of C appear to be neces-
sary for the association of the protein with ER membranes and LD

WT

Mut Nt1

Mut Nt1.1

Mut Nt1.2

Mut Nt2

Mut Nt2.1

Mut Nt2.2

Day 1 Day 2 Day 4

FIG 7 Delay in the propagation of recombinant DENV2 with partial mutations in the two clusters of basic residues. (Left) IF assays of BHK cells transfected with
WT DENV2, mutant Nt1, mutant Nt1.1, mutant Nt1.2, mutant Nt2, mutant Nt2.1, or mutant Nt2.2 RNAs. IF assays were performed at the times indicated above
the images. (Right) Plaque phenotypes.
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(25, 32). Three putative nuclear localization signals have been pre-
dicted in the DENV C protein (residues 6 to 9, 73 to 76, and 85 to
100) (6). It was originally reported that a bipartite site located
between residues 85 and 100 was the site necessary for the nuclear
localization of DENV C (40). In a different study, two signals,
including amino acids 73 to 74 and 85 to 86, were found to be
involved in the nuclear localization of C in DENV-infected cells;
however, a lack of correlation between the nuclear localization of
this viral protein and the growth properties of viral mutants was
reported (33). Thus, whether C plays a role in the nuclei of in-
fected cells is still unclear. Interestingly, for JEV, amino acids
Gly42 and Pro43 were found to be necessary for the localization of

C protein to the nucleus. Mutations of these residues resulted in a
reduction in the level of JEV pathogenesis in mice and lower titers
in cell culture (27). Because Gly42 and Pro43 are conserved in
different flavivirus C proteins, the question of whether these res-
idues are necessary for the subcellular distribution of DENV C
remains to be addressed.

Two clusters of basic residues at the N terminus of DENV C
were found to be necessary for DENV particle formation (Fig. 5).
Viruses with replacements of Arg and Lys residues in either of the
two clusters were severely attenuated in mammalian cells (Fig. 3
and 4, Mut Nt1 or Mut Nt2). Cells infected with either of these
viral mutants released much smaller amounts of viral particles

FIG 8 Requirement of the N-terminal region of C for DENV particle formation in mosquito and human cells. (A) Luciferase activity showing translation and
amplification of WT mDV-R or mutant �18, Nt1, or Nt2 RNA in C6/36 mosquito cells. RNA replication-impaired (Mut NS5) and encapsidation-impaired (�C)
controls are included. (B) Luciferase activity measured in cell extracts 48 h after infection of BHK cells with supernatants obtained after transfection of WT and
mutant RNAs into mosquito cells. (C) (Left) IF assays of C6/36 cells transfected with WT DENV2 16681, mutant Nt1, or mutant Nt2. IF assays were performed
at 3 and 5 days, as indicated. (Right) The amount of viral RNA secreted into the medium of cells (vRNA molecules secreted/cell) collected 5 days posttransfection
was determined by real-time RT-PCR. (D) Luciferase activity measured as a function of time after transfection of WT and mutated mDV-R RNAs into A549 and
Raji cells. (E) Infectivities of viral particles obtained from human A549 and Raji cells. Luciferase activity was measured 48 h after infection of BHK cells with
supernatants obtained from A549 or Raji cells 48 h posttransfection.
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than cells infected with the WT virus. Interestingly, in different
cell types, the Nt1 mutation was more drastic for viral propagation
than the Nt2 mutation (Fig. 4A, 8B, and 8D). This observation is
consistent with the 30-fold reduction in particle formation ob-
served with the partial substitution of the first cluster in Mut Nt1.2
(Fig. 5C). It is possible that positive charges at the N terminus of
DENV C are necessary for proper interaction with the viral ge-
nome during particle morphogenesis. It is also possible that the N
terminus of C participates in modulating viral RNA folding. An
RNA chaperone activity for WNV, hepatitis C virus (HCV), and
bovine viral diarrhea virus core proteins has been reported previ-
ously (14). A hallmark of active RNA chaperone domains is the
presence of highly basic and flexible protein segments (36). Be-
cause the N terminus of C is intrinsically disordered, it is possible
that it plays a role in modulating the architecture of the viral RNA
during packaging.

In conclusion, a mutational analysis of the N-terminal region
of C in a DENV construct with a duplication of cis-acting RNA
replication signals identified important structural determinants
for virion production. We believe that understanding of the mo-
lecular aspects of DENV encapsidation will aid in the rational
design of new strategies to tackle this important human pathogen.
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