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a b s t r a c t

The characteristics of DENV-1 viruses, isolated during the 2001–2002 outbreak in Indonesia were stud-
ied. The secondary structure of the 3′UTR of different DENV-1 strains derived from Indonesian patients
was compared with the 3′UTR of previously described DENV-1 sequences. The complete 3′UTR of DENV-1
vailable online 13 March 2009

eywords:
laviviruses
engue viruses
′UTR

was sequenced from 13 patients suffering from the severe form of dengue virus infection (dengue hemor-
rhagic fever). Prediction of RNA secondary structure of the 3′UTR revealed some previously unidentified
conserved structures in the proximal region of the 3′UTR, the role of which in viral replication is still
unknown. In addition our data suggest that some structural elements previously described in the distal
part of the 3′UTR are partly dependent on the proximal part of the UTR. Our data support the existence of
previously unidentified conserved secondary structures in the proximal part of the 3′UTR and their roles

gated
econdary structure need to be further investi

Dengue viruses belong to the genus Flavivirus of the family
laviviridae. They can be further subdivided into four antigeni-
ally distinct serotypes (DENV-1–4). With an estimated 100 million
nfections and 200 000 deaths per year, mainly among children
Anon., 2004), dengue is the most prevalent mosquito borne
irus and among the most important public health problems
orld-wide.

Flaviviruses are single stranded positive sense RNA viruses cod-
ng three structural and seven non-structural proteins. The genome
f dengue viruses is approximately 11 kb and contains a single open
eading frame, which is flanked by 5′ and 3′ untranslated regions
UTRs). The length of the UTRs varies among different dengue
erotypes (89–101 nt and 432–466 nt for 5′ and 3′UTR, respectively).
he exact function of the UTRs has not been completely eluci-
ated; however several studies have suggested that both the 5′ and
′UTRs of flaviviruses are important for virus replication, transla-
ion and virulence (Alvarez et al., 2005; Mandl et al., 1998; Men et

l., 1996; Proutski et al., 1997, 1999; Zeng et al., 1998). The 3′UTR
f dengue viruses consists of a variable region of approximately
00 nt proximal to the stop codon of the NS5 gene and a distal
egion of approximately 300 nt. The secondary structure of the dis-
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tal part of the 3′UTR of dengue viruses and other flaviviruses has
been studied extensively and is shown to contain conserved struc-
tural elements among all flaviviruses, although some differences
have been observed between mosquito and tick-borne flaviviruses
(Hahn et al., 1987; Proutski et al., 1997; Rauscher et al., 1997). Those
structures are believed to play an important role in the synthe-
sis of minus strand RNA and consequently in virus replication. The
3′distal part of the UTR forms a long stable hairpin (Hahn et al., 1987;
Proutski et al., 1997; Rauscher et al., 1997; Zeng et al., 1998), which
stabilizes viral genome and enhance initiation of translation. The
proximal part of the 3′UTR shows a high degree of sequence varia-
tion, however, the structural elements of this region have not been
extensively described.

In this study we characterized the secondary structure of
the 3′UTR of DENV-1 strains isolated from Indonesian patients
and compared them with the structure of the 3′UTR of DENV-1
strains available in GenBank (accession numbers available from
the authors upon request). To this end, we used the Genetic Algo-
rithm (GA) incorporated in the STAR program, which is also able
to predict pseudoknots. The validity of the predictions obtained
by this program has been described elsewhere where experimen-

tal data confirmed in silico predictions (Gultyaev et al., 1995;
van Batenburg et al., 1995). Our computations were executed
with default settings of population size 10 and standard growth
increments. During validation of our predictions the same strains
were modeled with a different algorithm (mFOLD available from

http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
mailto:b.martina@erasmusmc.nl
dx.doi.org/10.1016/j.virusres.2009.02.016
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Fig. 1. Effect of the proximal DENV-1 3′UTR to the formation of structural elements in the distal part. The Abidjan strain is depicted in this figure: (A) wild type sequence; (B)
29-nt deletion introduced in silico. Only the conserved structural elements ILH (identified in this study) and the long stable hairpin (LSH, reference 9) are shown with arrows.
The formation of a pseudoknot (pk) is highlighted and shown with an arrow (B).
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he internet at: http://bioweb.pasteur.fr/seqanal/interfaces/mfold-
imple.html) with similar results (not shown). In order to obtain
ore accurate predictions using short sequences, we initially iden-

ified the structural elements of the proximal part (first 100 nt
f the 3′UTR) using 37 DENV-1 strains. In order to simulate the
atural folding of the RNA, in a second step analysis we mod-
led the structure of the complete 3′UTR of the same 37 DENV-1
trains.

Two regions, A and B of structural elements were identified.
irst, we identified the structural elements formed in Region

(immediately downstream of the stop codon) of the DENV-1
′UTR. This region shows the highest degree of sequence variability
nd consequently structural variability. There was only one stem
oop (structure A3, Fig. 1A) that was considered semi-conserved
mong DENV-1 strains since it was present in 31 DENV-1 strains
Supplementary Table 1). Region B was defined as a structurally
onserved region, when studied on the population or individual
evel and could be displayed as an internal loop hairpin (ILH) (Fig. 1)
Proutski et al., 1997). However, in some instances the internal loop
as lost so that the structural element of Region B was displayed as
relatively long hairpin. Although the structure of this region was

onserved among all but one DENV-1 strains that we tested, the
xact position of the structural element (i.e. ILH or hairpin) varied
lightly among the different strains.

In a second step analysis we predicted the secondary structure
f the complete 3′UTR of the 37 strains of DENV-1. Conserved struc-
ures in the distal part of the 3′UTR as described by Proutski et al.
ere present in all our predictions (data not shown), confirming the

alidity of our models. In addition we observed that some strains
ormed pseudoknots in the region upstream the long stable hair-
in as has been predicted by Olsthoorn and Bol (2001). The ILH
tructure remained the consensus structural element of region B,
ormed by the nucleotides 66–91 (Fig. 1; Supplementary Table 1).
owever, some of the strains that we analyzed displayed a hairpin

nstead of an ILH. A DENV-1 strain from Fujian was the only strain
hat did not posses the ILH or the hairpin in Region B. Instead the
ucleotides of this region base-paired with nucleotides in the distal
art of the UTR. This finding suggests that Region B is structurally
onserved among DENV-1 strains and provides strong evidence of
ts existence in vivo.

Next, we simulated the effect of short and long deletions that
ave been observed in some DENV-1 strains (Nukui et al., 2006
nd in this study) on the maintenance of the different structural
lements. This would indicate the relative importance of such
tructural elements in a particular genetic background (individ-
al level) but also identify structures conserved among DENV-1
ariants (population level). Towards that end, deletions were intro-
uced in silico in all DENV-1 strains used in this study. The results
f these predictions are summarized in Supplementary Table 1.
he conserved structures A3 and B were not influenced when
eletions were introduced, although the nucleotides involved in
he formation of those structures varied between strains. Interest-
ngly, the Fujian strain, which lacked formation of ILH or hairpin
n Region B in the wild type, acquired this after introduction
f both the short or long deletions. The structural element A3
emained semi-conserved, when the complete 3′UTR was modeled
fter introducing the deletions, whereas region B remained con-
erved among all DENV-1 strains although fewer strains displayed
hairpin, instead the ILH was formed (Supplementary Table 1). An

nteresting observation after modeling the complete 3′UTR was the
nfluence that the deletions had in the formation of pseudoknots

Supplementary Table 1; Fig. 1). Some DENV-1 strains lost their
seudoknot after introduction of either short or long deletion and
ome other strains formed a pseudoknot, suggesting that the prox-
mal part may influence the formation of some structural elements
n the distal part of the 3′UTR (Supplementary Table 1).
h 142 (2009) 213–216 215

Next we looked for the presence of the conserved structures A3
and ILH in the variable region of 3′UTR of DENV-2, -3 and -4 strains
that have been deposited in the GenBank (accession numbers avail-
able from the authors upon request). Although the length of the
variable region varied among the different serotypes according to
the total length of the 3′UTR, region A and B was formed also in
the DENV-2 and -3 strains that we analyzed. Similar to DENV-1, the
conserved structure A3 was also found in the majority of DENV-2
and -3 strains, either as a short hairpin or a stem loop, involving
the consensus sequence AGGC. This structure was also found in the
DENV-4 strains that were studied albeit in lower frequency com-
pared with DENV-1, -2 and -3. In region B the ILH was conserved
among DENV-2 and -3. For DENV-4 only 12 strains were available
in the GenBank by the time of data analysis. DENV-4 had differ-
ent characteristics of the 3′UTR compared to the other serotypes.
The 3′UTR of DENV-4 is shorter than the other three dengue virus
serotypes, having an approximately 20 nt shorter variable region.
ILH was conserved in 6 out of 12 DENV-4 strains studied whereas
3 strains were predicted to form a hairpin instead. The remaining 3
strains studied were predicted to form a pseudoknot in the B region.
This tertiary structure was not predicted to occur in the variable
regions of DENV-1, -2 and -3.

The RNA secondary structure of viral genomes and in particu-
lar of the untranslated regions is believed to play central roles in
the viral life cycle, in particular in initiation or enhancement of
translation and replication. The secondary structure of flavivirus
3′UTR’s has been extensively described and the structural elements
of the 3′distal part are well identified (Hahn et al., 1987; Proutski
et al., 1997; Rauscher et al., 1997; Thurner et al., 2004). A con-
siderable amount of experimental data confirms the importance
of this region in flaviviruses life cycle (Alvarez et al., 2005; Chiu
et al., 2005; Mandl et al., 1998; Men et al., 1996; Proutski et al.,
1997). In our study we observed the same structures in several
DENV-1 strains, confirming their conservation. However, little is
known about the proximal part of the 3′UTR (Proutski et al., 1997),
which lie immediately after the stop codon of the ORF. It bears
considerable sequence variability and its structure and importance
have not been well characterized. There was no specific pattern
for the presence or absence of the structural elements identified in
Region A (except A3 which was considered semi-conserved among
DENV-1 strains). Those elements were formed in an interdepen-
dent manner, favoring the formation of A3 and ILH in Region B.
Secondly, we identified the conserved structural elements, imme-
diately upstream of the 3′distal part (Region B). Those elements (ILH
or hairpin) were conserved among 36 of the 37 DENV-1 strains mod-
eled (Supplementary Table 1). The presence of a structural element
in itself does not indicate any functional significance in terms of bio-
logical properties of the virus. If a certain element is present in all
viral strains or is maintained by means of compensatory mutations,
it is assumed to exist. Such a conserved element might be indis-
pensable for virus replication or might influence other biological
properties such as virulence. In contrast, non-conserved elements
are dispensable for virus replication and are likely to influence other
biological properties. To assess the relevance of the conserved struc-
tures A3 and B, we modeled the complete 3′UTR of DENV-2, -3 and
-4. If these structures are important one would expect them to be
conserved among all DENV serotypes. Our predictions confirm the
existence of these structures in the majority of the strains analyzed.
Although there is no evidence of co-variation in region A, we cannot
exclude that this region may influence parameters associated with
virus virulence.
The presence of pseudoknots in RNA structures is considered
to be important for stabilization of the RNA. Alternatively, pseudo-
knots could also affect replication rate of viruses (Bodaghi et al.,
2000). Previously, pseudoknots have been observed in flavivirus
3′UTR and in particular in DENV either in naturally existing strains

http://bioweb.pasteur.fr/seqanal/interfaces/mfold-simple.html
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f all DENV serotypes (Olsthoorn and Bol, 2001) or in truncated
′distal sequences of DENV-3 (Proutski et al., 1997; Shi et al.,
996). In this study some DENV-1 strains formed a pseudoknot
ith nucleotides 178–193. Neither Thurner et al. nor Proutski et

l. reported pseudoknots in naturally occurring DENV-1 strains
Proutski et al., 1997; Thurner et al., 2004). The difference with
he study of Thurner et al. is the algorithm used for prediction
f secondary structures. Although Proutski et al., used the same
A algorithm to predict secondary structures as in this study, they
sed a consensus sequence for each of the flaviviruses that they
escribed in their study. We modeled 37 different strains of the
ame DENV serotype and the pseudoknots were observed in six of
hem. The positive predictive potential of GA was shown by Prout-
ki et al. They were able to predict pseudoknots using the GA by
odeling a truncated 3′UTR of DENV-3 for which the formation of

he pseudoknot was experimentally supported (Shi et al., 1996). In
ddition, experimental data support the existence of pseudoknot
n a DENV-4 strain (Romero et al., 2006), a structure that was also
redicted to exist in three of the strains that we studied (see above).
owever, the existence and functional importance of pseudoknots

n the DENV-1 3′UTR remains to be determined.
The 17-nt and 29-nt deletions identified by Nukui et al. (2006)

ere of particular interest. Those strains must have been circulat-
ng in SE Asia since at least 2001, suggesting that DENV-1 viruses
earing these deletions are viable and able to circulate in a relatively
ide geographic region. However their biological importance is not

lear. Tajima et al. introduced a similar deletion in a molecular clone
f a different DENV-1 strain and showed that this deletion was dis-
ensable for replication of the mutant clone (Tajima et al., 2006).
en et al. also showed that deletion of the proximal part of the

′UTR in a DENV-4 molecular clone did not influence the replica-
ion of the mutant clone (Men et al., 1996). In contrast, deletions
f part of the 3′UTR of other flaviviruses, Kunjin virus or TBE virus
ave been reported to influence replication of the virus (Khromykh
nd Westaway, 1997; Mandl et al., 1998).

We have seen that the influence of the deletions on the RNA
econdary structure seemed to be strain dependent and that might
lso explain the observations of Tajima et al. Indeed in our mod-
ling system, the structure of the proximal part of the 3′UTR of
he strain that Tajima et al. used to prepare the molecular clone
referred as strain “Japan” in Supplementary Table) did not change
fter introduction of either the small or the long deletion. On the
ther hand, some other strains of DENV-1 had remarkable changes
n the stem and loop formation of Region A after introduction of the
eletions (Supplementary Table). Of particular note was the effect
f the deletions in the structure of the distal part of the UTR espe-
ially in pseudoknot formation since their presence or absence in
particular strain was influenced by the introduction of the dele-

ions. These findings suggest that distal and proximal regions of the
′UTR of DENV-1 strains are in some extent dependent and the sig-
ificance of these findings as well as the effects in viral life cycle
arrants further investigation. Studies are ongoing to investigate

he role of these deletions on replication efficiency and tropism in
itro using DENV-1 strains for which deletions are predicted to have
n effect on the conserved structures.
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the online version, at doi:10.1016/j.virusres.2009.02.016.
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