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Flavivirus genomes with deletions in the capsid (C) gene are attractive vaccine candidates, as they secrete highly immunogenic
subviral particles (SVPs) without generating infectious virus. Here, we report that cytomegalovirus promoter-driven cDNA of
West Nile virus Kunjin (KUNV) containing a glycosylation motif in the envelope (E) gene and a combined deletion of alpha
helices 1, 2, and 4 in C produces significantly more SVPs than KUNV cDNAs with nonglycosylated E and various other de-
letions in C.

West Nile virus (WNV) is a flavivirus of the Japanese enceph-
alitis (JE) serogroup with a historical distribution in Africa,

southeast Europe, central and southern Asia, and Australia (as the
predominantly avirulent Kunjin [KUNV] subtype) (1). Viruses of
the JE serogroup are maintained in the natural environment
through a cycle of avian to ornithophilic Culex mosquito infec-
tions (2). In 1999, a virulent strain of WNV was introduced to the
United States in New York City, causing a continent-wide epi-
demic (3, 4). Since this outbreak began, 36,801 febrile cases have
been recorded in the United States by the Centers for Disease
Control and Prevention (CDC), leading to 1,506 human deaths
(information correct as of 11 December 2012 [http://www.cdc
.gov/westnile/statsMaps/cumMapsData.html]). WNV spread
rapidly across the country, with isolations confirmed in all contig-
uous states by 2004, and has spread north into Canada and south
as far as Argentina (1). There are currently no licensed WNV vac-
cines for use in humans.

The WNV genome consists of one positive-sense single-
stranded RNA molecule 11,022 nucleotides in length encoding
one open reading frame (ORF) and flanked by highly structured 5=
and 3= untranslated regions (UTRs) (5). Specific sequences (e.g.,
cyclization sequences [CS]) and structural elements (e.g., capsid
hairpin [cHP]) within the RNA genome of WNV are absolutely
required to facilitate translation and efficient virus replication (re-
viewed in reference 5). Translation of the ORF produces a single
polyprotein greater than 3,000 amino acids (aa) in length which is
cleaved co-and posttranslationally to form each of the mature
viral proteins. The three structural proteins, capsid protein (C),
precursor membrane protein (prM), and envelope glycoprotein
(E), together form the WNV virion, and the seven nonstructural
proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5) are
involved in genome replication, virion assembly, and subversion
of host innate immunity (reviewed in reference 5). Proteolytic
maturation of the structural proteins is tightly regulated at the
C-prM junction. Liberation of mature C by viral NS2B/NS3
(NS2B/3) protease cleavage at the cytosolic face of the endoplas-
mic reticulum (ER) membrane induces a change at the ER lume-
nal face of the polyprotein that promotes efficient signalase cleav-
age of prM. This temporal separation of cleavage events is believed
to promote efficient nucleocapsid incorporation into budding vi-
rions (6, 7), and as prM is required for correct E folding (8), it may

also regulate the secretion of subviral particles. Secretion of viri-
ons and subviral particle (SVPs) also appears to be regulated by
the presence of Asn-linked glycosylation motifs within the E pro-
tein, with particles derived from glycosylated strains transiting the
cellular secretory pathways more rapidly and thus producing
higher extracellular titers (9–11).

Several strategies are currently being pursued to develop effec-
tive vaccines against WNV infection. One of the most promising
approaches concerns the introduction of large internal deletions
within the C gene of flavivirus genomes to generate replication-
competent RNAs that are unable to be packaged into virions while
maintaining secretion of immunogenic SVPs (12, 13). Such pseu-
doinfectious C-deleted vaccines offer the combined benefit of the
safety of noninfectious inactivated or subunit vaccines with the
robust immune response generated by the replication of live vac-
cines (12, 13). The C protein of flaviviruses displays an unusual
degree of flexibility in regard to both sequence composition and
tolerance of internal deletions (14–17). In order to abrogate the
packaging functions of the C protein, most groups have had to
introduce large internal deletions (12, 13); however, even deletion
of up to 30 aa residues in tick-borne encephalitis virus (TBEV) C
(hereinafter designated dC28-57, indicating deletion of residues
28 to 57) leads to spontaneous compensatory mutations elsewhere
in the capsid (either duplication of residues 24 to 27 and 58 to 78
or a K79I mutation), resulting in generation of infectious virus
(15). The only small internal C deletion to effectively ablate the
infectious phenotype excised the internal hydrophobic region in
alpha helix 2, i.e., dC44-59 in WNV (18). However, Schlick et al.
have since demonstrated that deletion of over one-third of the C
gene in a sequence entirely spanning alpha helix 2 (dC39-75) can
be tolerated in WNV, producing an infectious virus (17). In addi-
tion to these concerns, the regions at the start and end of C cannot
be deleted, as sequences within the N terminus encoding the cHP/
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5=CS and within the C terminus corresponding to the NS2B/3
cleavage site must be maintained to ensure RNA replication and
proper processing at the C-prM junction. Our study outlines a
novel approach for generating C-deleted KUNV genomes in
which alpha helices 1, 2, and 4 are removed in two separate seg-
ments and the hydrophilic alpha helix 3 (17) is maintained. The
conservation of this larger cytosolic moiety (alpha helix 3) led to a
significant improvement in SVP secretion compared to that of
constructs with deletions of all alpha helices of C and dC44-59.
Additional improvements to SVP secretion were also observed
upon the incorporation of an Asn-linked glycosylation motif at
N154 of the E protein, a feature of many circulating strains of
WNV and recent isolates of KUNV, corresponding to an NYS
motif at aa 154 to 156 of the E protein (19–21).

Glycosylation of the E protein enhances SVP secretion from
constructs with deletions in C. Glycosylation of the E protein has
been associated with increased virus secretion in several different
flaviviruses (9–11, 22). In order to assess the impact of E glycosy-
lation on SVP secretion from C-deleted WNV cDNAs, we chose to
investigate this parameter in the context of large internal deletions
similar or analogous to those used in the construction of pub-
lished vaccine candidates. The dC18-100 deletion has been uti-
lized previously by our group in a KUNV-based single-round in-
fectious particle (SRIP)-producing DNA vaccine (23), and the
dC33-100 C deletion is similar to that utilized by the Mason group
in their WNV RepliVAX series of vaccines (dC30-101) (24, 25).
Plasmids encoding KUNV genomic cDNA under the control of
cytomegalovirus promoter and containing these large internal de-
letions in C (Fig. 1) were constructed from pKUN1 (23, 26). In
parallel, analogous plasmids containing the glycosylation motif
found within the E protein of other circulating WNV and KUNV
strains (19–21) (NYS, generated by the F156S mutation; desig-
nated gE) were also constructed. To assist in cloning, peptide se-

quences encoded by restriction enzyme sites were inserted in the
center of each deletion (TS for dC18-100 [SpeI] and AAAKKMH
for dC33-100 [NotI and NsiI]) (Fig. 1B). These resulting plasmid
DNAs were transfected into cells alongside fully infectious cDNA
clones pKUN1 (23, 26) and pKUN1/gE (derivative of pKUN1
with an F156S mutation in E, introducing the NYS glycosylation
motif). Culture fluids and cell lysates were harvested at 2 days
posttransfection (dpt) and assayed for the presence of any infec-
tious virions (culture fluid) and for the relative abundance of viral
C and E proteins (culture fluid and cell lysates) (Fig. 2).

Immunofluorescence assays were utilized to demonstrate that
the constructs were able to express the polyprotein efficiently
upon transfection. HEK-293 cells were transfected with equal
amounts of plasmid DNAs using Lipofectamine LTX (Life Tech-
nologies, Carlsbad, CA). At 1 dpt, cells were fixed with 4% (wt/
vol) paraformaldehyde (PFA)– 0.1% (vol/vol) Triton X-100 in
PBS, and at 2 dpt, culture fluid was harvested from parallel wells.
To test for the presence or absence of secreted infectious virus
particles, culture fluid was treated with RNase A (20 �g/ml) and
RQ1 DNase (4 units/ml) for �1 h on ice, diluted 1:10 with RPMI
medium (Life Technologies, Paisley, United Kingdom), and used
to infect Vero cells. At 2 days postinfection (dpi), cells were fixed
with 4% (wt/vol) PFA– 0.1% (vol/vol) Triton X-100 in phosphate-
buffered saline (PBS) as described above. Fixed transfected or in-
fected cells were stained with the monoclonal 3.67G antibody
(recognizing KUNV E) (19), and nuclei were counterstained with
4=,6=-diamidino-2-phenylindole (DAPI). Each of the C-deleted
constructs was shown to replicate efficiently in transfected HEK-
293 cells as judged by strong staining with 3.67G (Fig. 2A) and by
staining with an antibody recognizing double-stranded RNA
(data not shown). As no Vero cells were positive for KUNV E
when incubated with culture fluid from cells transfected with C-
deleted constructs, we concluded that each of the deletions, dC18-

FIG 1 Schematic representations of the constructs used to analyze the roles of E glycosylation and C deletions in SVP production. (A) Plasmids encoding KUNV
cDNA under the control of a cytomegalovirus (CMV) promoter were used to assess the contribution of glycosylation and different C deletions to SVP secretion.
(B) Internal deletions in C constructed and analyzed in this study. Translated amino acid sequences of these deletions are aligned with a representation of C
secondary structure. Additional residues encoded by SpeI (TS), NotI, and NsiI (AAAKMH) restriction sites inserted to facilitate cloning are underlined. KUN
(wt), wild-type KUNV.
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100 and dC33-100, effectively abrogated production of infectious
virions (Fig. 2A).

Western blot analysis of lysates and culture fluids from trans-
fected cells was undertaken to discern KUNV protein expression
and E secretion from constructs (Fig. 2B). Culture fluid was re-
moved from transfected HEK-293 cells 2 dpt, and cells were lysed
with 2� cracking buffer (0.09 M Tris-HCl, 20% [vol/vol] glycerol,
2% [wt/vol] SDS, 0.02% [wt/vol] bromophenol blue) and treated
with 5% (vol/vol) �-mercaptoethanol. Culture fluid was similarly
lysed via the addition of 8� cracking buffer (0.36 M Tris-HCl,
80% [vol/vol] glycerol, 8% [wt/vol] SDS, 0.08% [wt/vol] bro-

mophenol blue; 1 part buffer to 4 parts culture fluid) and treat-
ment with 5% (vol/vol) �-mercaptoethanol. Cell and culture fluid
lysates were denatured at 95°C for 3 min, electrophoresed on 12%
polyacrylamide gels, and transferred to nitrocellulose membranes.
Western blots were probed with 3.67G anti-KUNV E, a rabbit
polyclonal 3E6 anti-WNV C (kindly provided by Tom Hobman),
and monoclonal anti-glyceraldehyde-3-phosphate dehydroge-
nase (anti-GAPDH; Sigma, St. Louis, MO) antibodies. Each of the
plasmid constructs demonstrated robust expression of the KUNV
polyprotein (as determined by anti-KUNV E staining), while C
could only be detected in the lysates of pKUN1- and pKUN1/gE-

FIG 2 C-deletion constructs with glycosylated E secrete significantly more SVPs than corresponding nonglycosylated constructs. (A) Cells transfected with each
plasmid were stained for KUNV E. Culture fluid derived from this transfection was diluted 1:10 and inoculated onto Vero cells for analysis of infectious particle
content via KUNV E staining. Nuclei were counterstained using DAPI. (B) Western blot detection of KUNV E and C protein expression in transfected cell lysate
and E secretion into culture fluid. Blots were stained using antibodies specific for WNV C and KUNV E. Detection of GAPDH was utilized as a lysate loading
control. (C) Capture ELISA to quantitatively compare E/SVP secretion into culture fluid. As all samples were assayed in parallel, controls are the same for Fig. 2
and 3. Results shown in panels A and B are representative of those of at least three independent experiments, while results shown in panel C are averages from at
least three independent experiments. *, significant (P � 0.01 to 0.05); **, very significant (P � 0.001 to 0.01); ***, highly significant (P � 0.001). Mock, mock
transfection. OD405nm, optical density at 405 nm.
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transfected cells (Fig. 2B). The bands corresponding to E protein
for the glycosylation mutants migrated slower than nonglycosy-
lated forms, consistent with previous observations by many
groups (9–11, 27). Secreted E protein could also be detected in
the culture fluid of transfected cells, with nonglycosylated
pKUNdC18-100 appearing to display reduced secretion com-
pared to that of other constructs.

Several groups have demonstrated convincingly that in the
presence of prM, E is predominantly secreted in the form of
prM-E particles rather than as a soluble protein (8, 10, 28); there-
fore, the levels of E detected in the supernatant of HEK-293 cells
transfected with C-deleted constructs can be equated with the lev-
els of SVPs. The relative amount of secreted E protein (i.e., SVPs)
in the culture fluid of transfected HEK-293 cells at 2 dpt (deter-
mined as the optimal time in pilot experiments) was analyzed
quantitatively using capture enzyme-linked immunosorbent as-
say (ELISA). Round-bottom 96-well plates were coated overnight
at 4°C with monoclonal 3.91D ascetic fluid (anti-KUNV E) (19) in
carbonate coating buffer (50 mM Na2CO3, 50 mM NaHCO3; pH
9.6). Plates were subsequently washed with PBST (0.15 M NaCl, 4
mM Na2HPO4, 3.2 mM KH2PO4, 0.05% [vol/vol] Tween 20) and
blocked for 1 h at RT with TNETC buffer (10 mM Tris base, 0.2 M
NaCl, 1 mM EDTA, 2% [wt/vol] casein, 0.05% [vol/vol] Tween
20). Plates were then washed with PBST and incubated with serial
dilutions of culture fluid for 1 h at RT. Following another wash
with PBST, plates were incubated with biotinylated monoclonal
4G2 antibody (cross-reactive anti-flavivirus E) (29) for 1 h at RT.
Plates were subsequently washed with PBST and incubated for 30
min at RT with streptavidin-horseradish peroxidase (HRP) (Life
Technologies, Frederick, MD). After a final wash with PBST, the
plates were developed for 1 h at RT with 2,2=-azinobis(3-ethylben-
zthiazolinesulfonic acid) (ABTS) substrate buffer (40 mM citric
acid, 110 mM Na2HPO4, 10 M ABTS, 0.1% [vol/vol] H2O2), and
absorbance at 405 nm was recorded. Data presented in Fig. 2C
comprise results from the 1:32 dilution (determined as the opti-
mal dilution for analysis of secreted E in these experiments). Com-
paring nonglycosylated constructs, there was significantly more E
protein (i.e., SVPs) secreted into the culture fluid by pKUNdC33-
100 than by pKUNdC18-100 (P � 0.0024). Glycosylation mutants
pKUNdC18-100/gE and pKUNdC33-100/gE secreted signifi-
cantly more E (i.e., SVPs) than their nonglycosylated counterparts
pKUNdC18-100 and pKUNdC33-100 (P � 0.0004 and 0.0319,
respectively). There was, however, no significant difference in the
amount of E (i.e., SVPs) secreted from transfection with
pKUNdC18-100/gE and pKUNdC33-100/gE. Collectively, these
results demonstrate that glycosylation of the E protein (indepen-
dent of the internal C-deletion utilized) enhances the secretion of
E-containing SVPs.

Glycosylation of the viral envelope in our system has led to an
increase in particle secretion, which is in line with other reports
(9–11, 22). It should be noted that glycosylation of the E protein
has been associated with increased pH stability of virions (27);
therefore, it is possible that the increased titers of SVPs noted in
this study are due merely to higher stability. However, the pub-
lished increase in stability was determined solely on the basis of
infectivity (27), which may be related to the induction of prema-
ture fusogenic conformational rearrangements of E rather than
degradation. Even considering this, when the redundant methods
of native (ELISA) and reducing (Western blot) conditions were
used to analyze the culture fluid, each demonstrated an increase in

E content. Thus, bias for a particular conformation of E conferred
by experimental methods is unlikely, and the observed phenotype
can be assumed to be unrelated to protein rearrangements.

In addition to considering the benefit of glycosylation in regard
to SVP production, it is also worth considering the nature of the
immune response to be generated. As circulating medically im-
portant strains of WNV contain glycosylated E (20, 21), it may be
beneficial for the vaccine to elicit immune response against SVPs
containing glycosylated E. However, E glycosylation has also been
identified as a mechanism of immune evasion in JE virus (JEV),
with glycosylated virus failing to generate as strong an immune
response as a nonglycosylated variant (30). The true contribution
of E glycosylation to vaccine efficacy will only emerge upon vac-
cine evaluation in laboratory animals by comparing equivalent
glycosylated and nonglycosylated constructs.

Smaller internal C deletions that preserve alpha helix 3 pro-
mote enhanced SVP secretion. KUNV genomic cDNA plasmids
containing a glycosylation motif in E and different internal C de-
letions (Fig. 1B) were constructed. Internal C deletions were de-
signed to excise the hydrophobic alpha helix 2 (dC44-59) or to
remove alpha helices 1, 2, and the majority of helix 4 (preserving
helix 3; dC24-59 and dC76-96 [designated dC24-59;76-96]) in a
series of two deletions, each applied singly as controls (dC24-59
and dC76-96). To assist in cloning, additional peptide sequences
encoded by restriction sites were inserted in each deletion (TS for
dC76-96 [SpeI]; AAAKKMH for dC24-59 and dC44-59 [NotI and
NsiI]) (Fig. 1B). HEK-293 cells were transfected with equal
amounts of plasmid constructs and cell lysate, and culture fluid
was harvested at 2 dpt and assessed for the presence of viral C and
E proteins by Western blotting and of secreted infectious virus by
infecting Vero cells as described above (Fig. 3). In addition, cells
were also analyzed for E expression by immunofluorescence assay
(IFA) with 3.67G antibody.

Each of the C-deleted constructs was able to productively ex-
press the KUNV polyprotein in transfected cells as determined by
robust detection of E protein (Fig. 3A). Infection of Vero cells with
culture fluid from transfected HEK-293 cells demonstrated that
the only C-deleted plasmid to retain the ability to produce se-
creted virus was the construct pKUNdC76-96/gE (Fig. 3A). West-
ern blotting of the transfected HEK-293 cell lysates confirmed
robust expression of the E protein from each construct (Fig. 3B).
Full-length C protein could only be detected from infectious
pKUN1/gE. The only C-deleted construct to express detectable C
was pKUNdC76-96/gE; however, this was of a smaller size than C
produced by fully infectious pKUN1/gE plasmid, consistent with
the size of deletion. Western blot analysis of the culture fluid from
transfected cells demonstrated that the construct pKUNdC44-
59/gE has a deficiency in the ability to secrete E protein (i.e.,
SVPs).

E protein capture ELISA was performed with the culture fluid
of transfected HEK-293 cells for quantitative assessment of rela-
tive SVP secretion as outlined above. Constructs pKUNdC18-100/
gE, pKUNdC33-100/gE, pKUNdC24-59/gE, and pKUNdC79-
96/gE were not significantly different in their relative levels of E
(i.e., SVP) secretion (Fig. 3C). The plasmid pKUNdC44-59/gE
was less efficient than pKUNdC18-100/gE (and other C-deleted
constructs) in E (i.e., SVP) secretion (P � 0.0004), whereas the
dual-deletion construct pKUNdC24-59;76-96/gE secreted signif-
icantly more E (i.e., SVPs) than pKUNdC18-100/gE (P � 0.0291)
(Fig. 3C). Thus, the noninfectious phenotype and the significantly
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improved E (and hence SVP) secretion of the pKUNdC24-59;76-
96/gE construct make this deletion an optimum candidate for
incorporation into the next generation of C-deleted vaccine
plasmids.

Although the majority of C-deleted cDNAs investigated in our
study proved to be noninfectious, only dC24-59;76-96 demon-
strated significantly enhanced SVP secretion compared to our
previously published dC18-100 large deletion. Our data demon-

strate that while dC44-59 is certainly noninfectious, it appears to
have a deficiency in SVP secretion (Fig. 3). Two other small C
deletions investigated in this study (dC24-59 and dC76-96) indi-
vidually are also not optimal for incorporation into the future
C-deleted vaccine candidates. Although pKUNdC24-59/gE
proved to be noninfectious in this investigation (Fig. 3) and the
similar dC26-56 in yellow fever virus (YFV) is also noninfectious
(16), studies with TBEV (dC28-57) demonstrated that while the

FIG 3 The construct with a double C deletion, dC24-59;76-96, produces a larger amount of SVPs than other C-deletion constructs. (A) Cells transfected with
each plasmid were stained for KUNV E. Culture fluid derived from this transfection was diluted 1:10 and inoculated onto Vero cells for analysis of infectious
particle content via KUNV E staining. Nuclei were counterstained using DAPI. (B) Western blot detection of KUNV E and C protein expression in transfected
cell lysate and E secretion into culture fluid. Blots were stained using antibodies specific for WNV C and KUNV E. Detection of GAPDH was utilized as a lysate
loading control. (C) Capture ELISA to quantitatively compare E/SVP secretion into culture fluid. As all samples were assayed in parallel, controls are the same
for Fig. 2 and 3. Results shown in panels A and B are representative of those of at least three independent experiments, while results shown in panel C are averages
from at least three independent experiments. *, significant (P � 0.01 to 0.05); **, very significant (P � 0.001 to 0.01); ***, highly significant (P � 0.001).
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construct was initially unable to secrete virions, passage in mice
led to the recovery of viable revertants (15). Deletion of alpha helix
4 (dC76-96 in this study) proved to retain the infectious pheno-
type (Fig. 3A), as was also observed with dC77-96 for YFV (16).
While individually, dC24-59 and dC76-96 deletions are not useful
for future vaccine development, combining these two deletions
with the addition of a glycosylation motif in E appears to be the
most optimal option for future vaccine development.

C-deleted constructs with the highest efficiency of SVP secre-
tion display the lowest degree of hydrophobicity within the re-
maining residues of C. To better understand the relationship be-
tween the nature of internal C deletions and the degree of SVP
secretion, Kyte-Doolittle hydropathy plots (31) were generated
using the program PROTEAN (DNASTAR, Inc.) with a window
size of 11 aa (Fig. 4). Wild-type C and dC76-96 are the only forms
of C to retain the hydrophobic region spanning alpha helix 2, and
it appears significant that these were the only constructs demon-
strated to be able to effectively package KUNV genomic RNA into
infectious virions (Fig. 3A). Curiously, these were also the only

two forms of C that could be detected by the rabbit polyclonal 3E6
antibody via Western blotting (Fig. 3B), potentially indicating the
presence of immunodominant epitopes in alpha helix 2. The con-
structs dC33-100, dC24-59, and dC44-59 display an overall more
neutral hydropathy with both hydrophilic and hydrophobic re-
gions. The hydropathy plots of dC18-100 and dC24-59;76-96
demonstrate that these versions of dC have no regions of hydro-
phobicity; they are entirely hydrophilic or neutral. Thus, it is pos-
sible that proteolytic maturation of these internally deleted C pro-
teins by NS2B/3 cleavage from the polyprotein engenders
complete dissociation from cellular membranes, so preventing
nucleocapsid assembly or potential dC-mediated interference
with SVP formation. The increased length of remaining residues
of C in the dC24-59;76-96 deletion compared to that of the dC18-
100 deletion (58 aa as opposed to 24 aa) may thus assist in viral
NS2B/3 protease docking to facilitate C-prM cleavage.

The flavivirus C protein is a logical candidate for the introduc-
tion of deletions that will prevent virus spread yet ensure genomic
RNA replication. Disruption of the C gene prevents the formation

FIG 4 The double C-deletion dC24-59;76-96 construct preserves a larger section of hydrophilic sequence compared to that for other C-deletion constructs.
Kyte-Doolittle plot of the amino acid sequence of KUNV C and dC hydropathy. The plotted values of each residue reflect the average hydrophobicity score of that
amino acid and the subsequent 10 residues. Sequences encoded by SpeI (TS), NotI, and NsiI (AAAKMH) restriction sites inserted in the center of C deletions are
underlined. The C protein alpha helical secondary structure is represented by boxed residues.
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of nucleocapsids yet maintains the ability to generate and secrete
immunogenic, noninfectious SVPs, thus making such C-deleted
genomes attractive vaccine candidates. This study has demon-
strated that the introduction of a F156S mutation in E to force
glycosylation significantly improves SVP secretion irrespective of
the deletion used in C. Additionally, a combined internal deletion
in C (dC24-59;76-96) significantly enhanced the secretion of SVPs
from transfected HEK-293 cells. This phenotype correlates with
the maintenance of a long stretch of hydrophilic amino acids
within the dC24-59;76-96 sequence (Fig. 4). These properties
make the dC24-59;76-96 deletion attractive for incorporation into
future iterations of C-deleted DNA vaccines against WNV and
potentially against other medically important flaviviruses.
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