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Introduction
Dengue fever is a major arthropod-borne viral disease caused 

by the dengue virus that affects humans. Approximately 2.5 million 
people live in areas that are considered to be at-risk for dengue fever, 
and every year occur 50 million infections. Nearly 500,000 dengue 
virus infections progress each year to more severe forms of the disease, 
such as hemorrhagic dengue fever [1]. However, there are no available 
vaccines or effective antiviral against the virus, and the treatment is 
mainly symptomatic.

There are four antigenically related serotypes [dengue-1, -2, -3, 
-4] that are known to cause dengue fever [2]. The dengue virions are
spherical and icosahedral in shape with a positive sense RNA genome
that has a single open reading frame (ORF) that codes for three
structural proteins (C, prM and E) that form the components of the
virion and seven non-structural proteins (NS1, NS2A, NS2B, NS3,
NS4A, NS4B and NS5) that are involved in the replication cycle of
the virus [3,4]. The viral envelope has two transmembrane proteins,
membrane protein M (8 kDa) and envelope glycoprotein E (51-60
kDa), which forms homodimers that extend over the surface of the viral
particle [5]. The interaction between the prM and E proteins is the main
factor that directs the assembly of the virus [6]. In addition, during the
replication cycle, the prM protein acts as a chaperone assisting in the
correct folding of the E protein. After cleavage of the prM protein, the
resulting peptide pr interacts with the E homodimers stabilizing them
and preventing their disassembly [7].

During the virion assembly process, there is an interaction between 
the structural proteins prM and E that results in the formation of 
heterodimers in the endoplasmic reticulum (ER). This occurs in 
conjunction with the encapsidation of genomic RNA by capsid proteins 
and the aggregation of the prM and E proteins in the lipid bilayer of 
the ER to form immature virions. The prM protein is then cleaved to 
M by furins or furin-type proteases in the trans-Golgi network and 
forming mature viral particles [6-9]. The M protein remains in the 
mature viral particle as a transmembrane protein in the coating of E 

protein. This, in turn, undergoes structural changes that are triggered 
by low pH (~ 5.8 to 6.0) and remains associated with the pr peptide, 
which prevents premature membrane fusion under low pH conditions 
[3,7]. This mechanism ensures that the fusion of viral and endosomal 
membranes occurs through an E protein-dependent mechanism under 
acidic conditions.

Both prM and E proteins are type I transmembrane proteins that 
contain a stem region and an anchor region within their C-termini. 
In the dengue virus, the stem and anchor regions of the prM and E 
proteins include two alpha-helices [8]. Previous studies have attempted 
to identify the key determinants for the interaction between these two 
proteins with the intention of defining a common assembly mechanism 
for flaviviruses; however, the interaction between the prM and E 
proteins is not completely understood [6,8,10,11].

The E protein is responsible for cell receptor recognition and for 
the induction of neutralizing antibodies from the host. The E protein 
contains three domains that are composed mainly of β sheets, referred 
to as domain I, which is the central domain, domain II, which is 
involved in dimerization and contains the fusion peptide, and domain 
III, which is involved in receptor binding [7,12]. Therefore, E protein 
has been an attractive candidate for its use in the development of an 
effective and safe recombinant vaccine [13,14].
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Abstract

Several attempts to develop dengue recombinant subunit vaccines have failed due to insufficient levels of expression 
and incorrect folding of the E protein. In order to verify the importance of the precursor membrane protein to the level 
of E protein expression, we constructed two recombinant plasmids by cloning the full-length sequence of the prM gene 
from the dengue-2 and dengue-3 virus strains into a plasmid that expresses a truncated version of the E protein of the 
dengue-2 virus. Next, we evaluated these two constructs for their effect on the levels of E protein expression in vitro. 
Our results showed that both plasmids provided a correct expression of the E protein as E protein expression was 
detected in transfected Vero cells as demonstrated by indirect immunofluorescence and immunoblotting. Densitometry 
analysis of western blots of the cell extracts showed a 67.02% higher expression of E protein in the cells transfected 
with pCID2EtD3prM, indicating that the prM sequence of the dengue-3 virus may be more effective in assisting with the 
correct processing of the E protein. The results of this study may be used to increase the in vitro production of the E 
protein antigen for use in vaccines and for diagnostic purposes.
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In an attempt to develop an effective vaccine against dengue fever, 
the gene of the truncated E protein of the dengue virus-2 strain was 
inserted into the pCI vector without concomitant expression of prM. 
This method effectively reduced the size of the insert, then enabling the 
production of a quadrivalent vaccine in a single construct. The correct 
expression of the truncated E protein has been validated; however, it is 
expressed at a low level. Furthermore, there appears to be a robust and 
specific immune induction by the recombinant clone, but only a small 
percentage of mice that are immunized with the construct develop 
resistance to a subsequent challenge with the dengue-2 virus [15]. 
Based on these results, in this study we sought to improve the protective 
effect of this plasmid by inserting the prM genes of the dengue-2 and 
dengue-3 virus strains to determine the effect of prM expression on 
the expression of the E protein. After verifying the correct cloning 
and expression of the prM and E proteins, we observed an increase of 
67.02% in the expression of the E protein when prM from the dengue-3 
strain was expressed when compared with the prM gene from the 
dengue-2 strain. In addition, we performed structural modeling and 
analysis of the prM proteins from both dengue strains, and we observed 
no significant differences between the two proteins. Our results suggest 
that the prM sequence of the dengue-3 virus is a more effective 
chaperone resulting in an increase in the level of E protein expression. 
Our results offer a novel strategy to improve the expression of dengue 
subunit vaccines and should offer new insight into the development of 
dengue virus vaccines.

Materials and Methods
Cell lines, viruses and plasmids

C6/36 mosquito cells were grown at 28°C in Leibovitz medium 
(HIMEDIA) supplemented with 10% fetal calf serum. Vero cells were 
grown at 37°C under 5% CO2 in MEM medium (Cultilab) supplemented 
with 10% fetal calf serum. The genes of interest were cloned using the 
plasmid pGEM-T easy (Promega Corporation, Madison, WI) and 
inserted into the pCI plasmid expression vector (Promega Corporation, 
Madison, WI) in which the gene for the truncated dengue-2 virus E 
protein had already been inserted. This plasmid was used in previous 
studies under the name pCID2Et [15]. The dengue-2 (New Guinea C 
strain) and dengue-3 (H87 strain) viruses were propagated in C6/36 
cells in Leibovitz medium containing 2% inactivated fetal calf serum.

Cloning of the prM genes

The RNA of dengue-2 and dengue-3 viruses was purified from 500 
µL of supernatant from C6/36 cell cultures infected with the respective 
virus using Trizol reagent (Invitrogen, Gaithersburg, MD) according to 
the manufacturer’s instructions. RNA was reversed transcribed using 
the Superscript Kit (Invitrogen, USA). The prM protein genes were 
amplified in a PCR reaction using the following primers:

5’- CCCGAATTCTAGTGTCATTGAAGGAGCGACAG -3’ 
and 5’- GGGCTCGAGATGGCATGATCATT-3’ for prM/DENV-
2 and 5’-CCCGAATTCATCTGTCATGGATGGGGTAAC-3’ and 
5’-GGGCTCGAGTACACATCGCTCTGTCTCATG -3’ for prM/
DENV-3. PCR reactions were performed for 35 cycles under the 
following cycling conditions: 95°C for 1 minute, 55°C for 2 minutes 
and 72°C for 1 minute. The 540 bp amplicons were separated on a 1.5% 
agarose gel and purified using the Wizard® SV Gel and PCR Clean-Up 
System (Promega Corporation, Madison, WI). Purified amplicons were 
ligated into the pGEM-T easy vector (Promega) using the enzyme T4 
ligase (New England Biolabs, Beverly, MA) as recommended by the 
manufacturer. Plasmids that had the correct inserts were sequenced 

using the MegaBACETM 500 sequencer (GE Healthcare, England). The 
concentrations of plasmids used for sequencing were of 75 to 100 ng/
μL and the concentrations of the specific primers were 2.5 ng in a final 
volume of 3 µL.

Cloning of the prM genes in the pCID2Et expression plasmid

The pGEM-T plasmids containing the prM genes were digested with 
XhoI and EcoRI restriction enzymes at the same time as the pCID2Et 
plasmid. The prM/DENV-2 and prM/DENV-3 genes were then cloned 
separately into expression vector pCID2Et using T4 ligase, according to 
the manufacturer’s instructions (New England Biolabs, Beverly, MA). 
These constructs were named pCID2EtD2prM and pCID2EtD3prM 
(Figure 1).

Analysis of the expression of the prM and E proteins in vitro

Vero cells were transiently transfected with recombinant plasmids 
using calcium phosphate precipitation and chloroquine [16]. Briefly, 
the medium on cultures of confluent Vero cells was refreshed two 
hours before the transfection procedure and maintained at 37°C in the 
presence of 5% CO2. Two different concentrations of the recombinant 
plasmids pCID2EtD2prM and pCID2EtD3prM and the control 
plasmid pCI were used (30 μg and 50 μg). For each concentration, 60 
μL of 2 M CaCl2 and TE buffer (10 mM Tris-HCl, 10 mM EDTA 1; pH 
8.0) was added to achieve a final volume of 480 μL. In a second tube 
for each reaction, 480 μL of 2X HEBS buffer (NaCl 280 mM; HEPES 
50 mM; Na2HPO4 1.5 mM; pH 7.2) was added. The contents of both 
tubes were mixed slowly under gentle agitation and incubated for 45 
minutes. The mixture was added to Vero cell along with 200 μL of 
chloroquine. The cells were incubated for 5 hours at 37°C and after one 
wash with 1X PBS, fresh culture medium was added. The cells were 
incubated for either 48 h or 72 h at 37°C with 5% CO2. Then, the cells 
were analyzed for the expression of the E and prM proteins through 
immunofluorescence assays, immunoprecipitation and real-time PCR 
to detect the levels of mRNA.

SDS-PAGE and immunoblotting

Cell extracts from the transfected cells were immunoprecipitated 
using polyclonal anti-dengue serum as the primary antibody followed 
by separation by 10% SDS-PAGE [16]. After separation, the proteins 
were transferred to a nitrocellulose membrane, which was blocked 
overnight with PBS/Tween 0.5%/3% casein. Then, the membrane was 
washed twice with PBS/Tween 0.5% (PBS-T) and incubated for 2 hours 
at room temperature with agitation in the presence of human anti-
dengue antibody diluted at 1:100 in PBS (immunized human serum). 
After two more washes with PBS-T, the membrane was incubated for 
two hours at room temperature with gentle agitation in the presence 
of anti-human IgG antibody conjugated with horseradish peroxidase 
(Sigma-Aldrich, Germany). Membranes were developed using the 
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Figure 1: Schematic showing the constructs used in this study, pCID2EtD2prM 
and pCID2EtD3prM, after cloning the prM/DENV-2 and prM/DENV-3 genes 
into the expression vector pCID2Et.
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FASTTM DAB peroxidase substrate (Sigma-Aldrich, Germany), as 
recommended by the manufacturer. Protein bands were subjected to 
densitometry analysis using the Image J software (Image Analyzing 
Software, Germany).

Indirect immunofluorescence (IFA)

Vero cells were transfected as previously described. Seventy-two 
hours post-transfection, cells were washed twice with 1X PBS for 
5 minutes and fixed in cold acetone for 15 minutes. The cells were 
incubated with mouse ascitic fluid clonal antibodies (MIAF) against the 
E protein of dengue-2 diluted at 1:10 and kept at 37°C for 1 hour. After 
three washes with 1X PBS for 5 minutes each, the antigen-antibody 
complexes were detected with 30 μL of anti-mouse IgG antibody 
labeled with FITC at a dilution of 1:200 in 1X PBS. After a 1 hour 
incubation for at 37°C, the cells were washed three times with 1X PBS 
for 5 minutes each and analyzed using a fluorescence microscope. With 
the aid of the Image-Pro Plus 4.0 software (Media Cybernetics, USA) 
the fluorescence intensity of FITC in images was analyzed. The cells 
analyzed were delineated with the magic wand tool (range: 20; smooth: 
1), and FITC intensity was plotted in the histograms. The X-axis 
indicates the intensity of green (FITC emission range) and ranges from 
0 to 255, whereas the Y-axis indicates the number of pixels with certain 
intensity and ranged from 0000 to 1000.

Real-time polymerase chain reaction 

RNA was extracted from cells transfected with recombinant 
plasmids and with the pCI control plasmid as previously described. 
Briefly, 2 µg of cDNA from the cell lysates was used in a 25-μL reaction 
that included 2 μM of each primer for the respective prM proteins 
and 12.5 μL of Mastermix SyBr Green PCR (Fermentas). The reaction 
conditions were as follows: 95°C for 10 minutes followed by 40 cycles 
of 95°C for 1 minute, 55°C for 2 minutes and 72°C for 2 minutes. 
Quantification of the expression of each transcript was performed using 
the software Gene Amp 5700 Sequence Detection System Version 1.3 
(Applied Biosystems). As an endogenous control, the β-actin gene was 
used to normalize the transcript levels.

Molecular modeling

To investigate possible structural differences that might be 
associated with different levels of E protein expression, we performed 
prM/DENV-3 homology modeling using the crystal structure of the 
precursor membrane protein (prM) of the dengue-2 virus envelope 
as a template (code PDB: 3C5X C chain) with a 2.2Å resolution [17]. 
To find the prM/DENV-3 sequence, we used the NCBI website (Table 
1). To find and obtain the template structure, we used the database of 
protein structure Brookhaven (PDB). The alignment of sequences was 
performed using the MODELLER v9.9 [18] and ClustalW software. 
The modeling by homology was performed using MODELLER v9.9 
software. A total of 1000 templates were generated and the final 
template was selected based on having the lowest energy conformation 
as calculated by the DOPE application in the MODELLER software. The 
overall stereochemical quality of the end of the prM/DENV-3 template 

was evaluated using the PROCHECK software [19]. The interactive 
view and comparative analysis of structures were performed using the 
Swiss-PDB viewer 4.0.2 software [20]. The images of the structures were 
viewed using the POV-ray 3.62 software.

Results
Sequencing

To confirm the correct cloning, the prM genes of the pCID2EtD2prM 
and pCID2EtD3prM plasmids were sequenced and the sequences were 
analyzed using BLASTn and BLASTx software. We also performed a 
comparative analysis between the two nucleotide sequences through 
the “BLAST two sequences” software to determine the degree of 
identity between the two sequences and a comparative analysis between 
the two amino acid sequences of the prM genes using the “ClustalW” 
software (Figures 2A-2C). For the prM protein of the dengue-2 virus 
strain (prM/DENV-2) insert, there was 98% identity between the 
nucleotide sequence and the corresponding sequence in the wild type 
DENV-2, and 1% of the sequence was gapped. The amino acid sequence 
of our clone showed 97% identity with the precursor membrane prM/
DENV-2 protein and no gaps were present (Figure 2A). Sequencing 
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70Figure 2: (A) Sequences of the cloned inserts in both recombinant clones 
demonstrating the identity compared to the published genome for the dengue 
virus. (B) Comparative analysis between the two nucleotide sequences and 
between the two amino acid sequences for detecting the degree of identity. 
(C) Alignment of the sequences (prM/DENV-2 and prM/DENV-3) to detect the 
degree of identity between the two sequences. This alignment was performed 
using the “BLAST two sequences” software.

Insert BLASTn BLASTx

prM/DENV-2 gb/AF038403.1/AF038403. Identities 473/479 (98%) Gaps 
5/479 (1%).

refNP739582.2 (Membrane glycoprotein precursor Dengue virus 2).
GENE ID: 1494449 DENV gp1 (Polyprotein Dengue virus 2). Identities 97/100 (97%) Positives 
98/100 (98%) Gaps 0/100.

prM/DENV-3 emb/AJ563355.1/DVI563355.  Identities 541/533 (96%) 
Gaps 12/533 (2%)

gb/ACL99113.1 (Polyprotein Dengue virus 3), gb/ACL99114.1 (Polyprotein Dengue virus 3).
Identities 76/130 (58%) Positives 86/130 (66%) Gaps (1/130) 0%

Table 1:   BLASTn nucleotide alignment and BLASTx translated sequence alignment of the prM/DENV-2 and prM/DENV-3 inserts.
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and alignment of the prM protein of the dengue-3 virus strain prM/
DENV-3 insert revealed 96% identity with the corresponding wild type 
sequence of DENV-3, and 2% of the sequence was gapped. The amino 
acid sequence of our clone showed 58% identity with the precursor 
polyprotein of wild type DENV-3 with no gaps (Table 1). Aligning both 
of our clones against one another revealed 70% identity between the 
prM/DENV-2 and prM/DENV-3 proteins with 3% gaps and an E-value 
of 2e-43. Alignment of the amino acid sequences of our cloned inserts 
showed 73% identity with no gaps and an E-value of 9e-28 (Figure 2B).

Expression of the truncated E protein and pCID2EtD2prM 
and pCID2EtD3prM plasmids

To evaluate the expression of the truncated E protein by our plasmids, 
Vero cells were transfected with 30 μg and 50 μg pCID2EtD2prM or 
pCID2EtD3prM plasmid or an empty pCI plasmid. The cell extracts 
were separated using SDS-PAGE and visualized by silver staining. As 
shown in figure 3A, a band was detected with a molecular weight of 

approximately 57 kDa, which corresponds to the expected molecular 
weight of the truncated E protein. To confirm the E protein expression 
by our constructs, an immunoblot was performed using cell extracts of 
transfected Vero cells. The results of the immunoblot revealed a 57 KDa 
band supporting the idea that the truncated E protein of dengue virus-2 
is efficiently expressed from the pCID2EtD2prM and pCID2EtD3prM 
plasmids (Figure 3B). We observed a higher level of expression for the 
pCID2EtD3prM clone. The protein bands obtained were analyzed using 
optical densitometry obtained with ImageJ software (Image Analyzing 
Software, Germany). Densitometry analysis revealed that the protein 
product of prM/DENV-3 increased the expression of the truncated 
protein E by 67.02% when compared with the protein product of 
prM/DENV-2 (Figure 3C). Cells that were transfected with 50 μg of 
either the pCID2EtD3prM or the pCID2EtD2prM clone resulted in 
a positive immunofluorescence IFA demonstrating that the prM/E 
proteins are expressed (Figures 4A-4C). Cells that were transfected with 
pCID2EtD3prM (Figure A’) showed more fluorescent signal than cells 
that were transfected with either the pCID2EtD2prM plasmid (Figure 
B’) or a control plasmid (Figure C’).

Expression of prM proteins by recombinant plasmids
To analyze the efficiency of prM gene transcription in transfected 

cells, we performed a real time PCR reaction using the transcriptome 
of cell extracts. The results showed an increase in the amount of 
messenger RNA after 12 hours of transfection with a greater increase 
in cells that were transfected with the plasmid pCID2EtD3prM (data 
not shown). These results are consistent with the previous results and 
strongly suggest that the prM/DENV-3 insert provides a much higher 
level of expression of the truncated E protein by the dengue-2 virus 
when compared with the prM/DENV-2 insert (data not shown).

Molecular modeling and structural analysis
Homology modeling is usually the method of choice when there is 
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a clear homology ratio between the sequence of the target protein and 
at least one known structure. This approach produces reasonable results 
based on the assumption that the tertiary structures of two proteins are 
similar as long as their sequences are related [21].

To assess the validity of 3C5X as a structural model for prM/DENV-
3, we examined the sequence homology. Alignment revealed 74% 
identity between prM/DENV-3 and 3C5X (Figure 5). Figure 6 shows 
the Ramachandran plot [22] for the final prM/DENV-3 model. The 
percentage of residues resting in the favored regions of a Ramachandran 
plot is one of the best parameters to verify the stereochemical quality of 
a protein model, assuming that a good model should have more than 
90% of residues in allowed regions [19].

The quality of the structural model for prM/DENV-3 was also 
evaluated by comparing the predicted structure with the 3C5X model 
structure through the superposition of the atoms and the evaluation 
of the mean square deviation. Figure 7 shows the superposition of 
our proposed prM/DENV-3 structure and the prM/DENV-2 template 
(PDB code: 3C5X C chain). The root mean square (RMS) deviation of 
C α between the homologous structure (prM/DENV-3) and the model 
is 0.21Å, which encourages the validity of our proposed structure and 
suggests similarity between our structure and the model structure 
3C5X.

Discussion
E protein plays important roles during the life cycle of the dengue 

virus, including cell receptor binding and entry into the host cell via 
membrane fusion. An unusual feature of this protein is that its activities 
are regulated through the interaction with another viral protein, the 
prM protein [11]. The prM/pr protein acts as a chaperone assisting the 
correct conformational folding of the E protein and binds to the tip 
of the E protein. In addition, prM undergoes a conformational change 
under low pH conditions to allow the rearrangement of E protein on 
the surface of the virus and allows access to furin processing. After 
furin cleavage, the pr peptide remains associated with the E protein 
preventing it from inducing premature fusion and stabilizing the E 
protein homodimers and preventing the dissociation of E protein 
monomers [3,7].

Studies on dengue virus and other flavivirus have shown that the 
coexpression of the prM protein is necessary for the correct E protein 
expression [15,23]. Some studies have suggested that the concomitant 
expression of the prM and E proteins of the dengue-3 virus results in 
higher levels of E protein expression than coexpressing the prM and E 
proteins in dengue-2 virus [24-26]. These results suggest that protein 
prM of the dengue-3 serotype is more effective in assisting processing of 
the E protein. In addition, Guirakoo and colleagues have demonstrated 
that for the Murray Valley encephalitis virus, virions containing 
non-processed prM protein were more acid-resistant than those that 
contained the processed mature form of prM. This suggests that prM 

protein prevents irreversible conformational changes in protein E 
during the maturation of the virions under acidic conditions [26].

Ocazionez and Fonseca have proposed that a possible reason for 
the low level of protection conferred by DNA vaccine against DENV-2 
was a weak immune system activation resulting from the insufficient 
secretion of the truncated E protein due to a lack of prM protein [15]. 
To investigate this hypothesis, the genes of the prM protein of dengue-2 
and dengue-3 viruses were inserted into the pCID2Et plasmid, 
which expresses the truncated E protein of the dengue-2 virus. The 
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Figure 5:  Alignment performed using the MODELLER software. 3C5X is the 
sequence of the mold structure of the prM protein of the dengue-2 virus (C 
Chain - code PDB: 3C5X). prM/DENV-3 served as the target sequence. The 
alignment resulted in 74% similarity as calculated using ClustalW software.

Figure 7: Structural superposition of the model and target structures. Ribbon 
representation as executed using the Swiss-PDB Viewer and rendered with the 
POV-ray. The mold structure of the prM protein of the dengue-2 virus is presented 
in black (C Chain - code PDB: 3C5X) and the structure model is presented in 
gray (prM/DENV-3). The RMSD between both carbons is 0.21Å.
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plasmids created were called pCID2EtD2prM and pCID2EtD3prM, 
respectively. 	

The sequences of the inserts displayed a high degree of identity 
with the respective wild type genes. For pCID2EtD2prM, we observed 
98% identity with the wild type dengue-2 prM sequence, and for 
pCID2EtD3prM, we observed 96% identity with the wild type dengue-3 
prM sequence. The prM/DENV-2 insert had 97% identity with the wild 
type amino acid sequence and 98% similarity, while for the prM/DENV-
3 insert, the amino acid sequence identity and similarity were 76% and 
86%, respectively, between residues when compared to the wild type 
sequence. An alignment between the sequences of the dengue-2 and 
dengue-3 prM proteins revealed that 71% of their nucleotide sequences 
were identical. Furthermore, alignment of the amino acid sequences 
from both serotypes revealed 70% identity and 84% similarity. An 
alignment of the sequences of the inserts of the prM proteins of 
the dengue-2 and dengue-3 serotypes revealed 70% identity in the 
nucleotide sequences. Alignment of the translated sequences revealed 
75% identity and 91% similarity between the protein sequences. These 
data show that prM/DENV-2 and prM/DENV-3 proteins expressed by 
the recombinant plasmids have greater sequence similarity among them 
than that found between the prM proteins of DENV-2 and DENV-3.

Both constructs were capable of expressing the E protein in 
Vero cells. Vero cells were transfected with either of the constructs 
(pCID2EtD2prM and pCID2EtD3prM) and cell extracts were 
collected. Cell extracts were separated by SDS-PAGE analysis, which 
revealed a protein band of 56-57 KDa, which is the expected size of 
the E protein. These results were confirmed by an immunoblot, in 
which bands corresponding to the E protein were observed. A more 
evident band was observed for samples that were transfected with the 
pCID2EtD3prM construct. Densitometry analysis revealed a 67.02% 
increase in the E protein expression level in samples transfected with 
the plasmid containing the prM/DENV-3 insert. This suggests that the 
prM protein of the dengue-3 virus is a more efficient chaperone for E 
protein processing than the prM protein of dengue-2. The expression 
of the structural E protein of the DENV-2 was also verified through 
indirect immunofluorescence. Vero cells transfected with the pCI vector 
displayed no fluorescence, whereas cells that were transfected with 50 
μg of either recombinant plasmid displayed significant fluorescence.

Based on these results, it is possible to infer that the prM protein 
of the dengue-3 virus is more efficient in assisting with E protein 
processing. The increased rate of E protein expression may be the result 
of increased cleavage of prM/DENV-3 compared with prM/DENV-2, 
which would result in a greater degree of protection from E-protein-
dependent premature membrane fusion. This would culminate in an 
increase in the secretion of the E protein.

The interactions between prM and E guide the assembly and 
secretion of the viral particle. During the translation of the viral 
polyprotein, prM is the first protein to be translocated into the lumen 
of the endoplasmic reticulum and subsequently acts as a chaperone for 
the proper folding of the E protein. Moreover, cleavage by furin, which 
is present in the trans-Golgi, releases the N-terminal pr peptide, which 
remains attached to the terminus of domain II of the E protein and 
protects it from premature fusion under the acidic conditions found 
in the cellular secretory pathway [7,17,27]. Thus, the prM/DENV-3 
protein may have cleavage sites that are more accessible to furin, which 
would facilitate formation of the pr protein resulting in protection of 
the E protein from immature fusion and resulting in higher expression 
levels of E protein. Differences in the cleavage pattern of prM have 
been identified between the prM proteins of different flaviviruses 

[27]. In this study, the authors tested the influence of the amino acid 
residues located near the furin cleavage site. The resultant engineered 
viruses showed that the prM protein of the Japanese encephalitis virus 
was more susceptible to cleavage, whereas the prM protein from the 
tick-borne encephalitis virus was more resistant to cleavage by furin. 
However, for the strains of dengue virus analyzed in this study, there 
was no difference in the consensus sequence required for processing by 
furin in the Golgi (Arg-Xaa-(Lys/Arg)-Arg) or in the proximal residues 
that may favor furin cleavage. The constructs in the present study may 
show the importance of the proximal residues because it has been 
previously reported that the amount of basic residues present favors the 
interaction with furin [27].

Differences between the residues crucial for interaction between 
the prM protein and the E protein may also be important. The residues 
Asp63 and Asp65 of the prM protein have been shown to interact with the 
His244 residue of the E protein [7,17]. The dengue-2 prM insert codes 
for an asparagine residue at this position, while the same position in the 
dengue-3 prM insert codes for a threonine residue. This indicates that, 
although prM/DENV-2 may have a greater affinity for the E protein 
of the same serotype, the prM/DENV-3 protein may be more readily 
processed and thus more effective at protecting the E protein from 
premature fusion during the exocytic cellular pathway. This would lead 
to a higher level of protein E detection. However, more experiments 
are necessary to determine which residues are crucial to explain the 
differences revealed by our study.

Recently, several studies have attempted to increase the expression 
of the E protein of the dengue virus in DNA vaccines or in heterologous 
systems with the goal of producing antigens on a large scale for 
diagnostic purposes and/or vaccines. Our findings provide a novel 
method to increase the expression level of the E protein, which can be 
used to help develop vaccines and other treatments for dengue fever.
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