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The E protein of most flaviviruses is modified by Asn-linked glycosylation at residue 153/154 and in the case
of the four dengue virus (DENV) serotypes by a second glycan at residue 67. However, the absence of E protein
glycosylation among numerous natural isolates of different flaviviruses suggests that the glycan, per se, is not
critically important in the virus life cycle. Consistent with this notion, we show that ablation of both glycans
from the DENV-2 E protein reduces but does not prevent growth of the variant in mammalian and mosquito
cells. We found a pronounced and opposing effect of glycan ablation on two stages of the virus growth cycle:
infectivity and release. Loss of either of the two DENV E protein glycans markedly enhanced infectivity of
variants for mosquito cells at the expense of efficient virion release. The variants also displayed reduced release
in mammalian cells, which was more prominent for viruses lacking the Asn 67-linked glycan than for those
lacking the Asn 153-linked glycan, without a marked change in infectivity. Mutations, which compensated for
the defect in virus morphogenesis associated with ablation of the Asn 67-linked glycan in mammalian cells but
interestingly not in mosquito cells, were identified at the glycosylation acceptor motif and a second site in E
protein domain II. The dueling influences of infectivity and release on virus growth affected by the glycans may

explain the plasticity in E protein glycosylation among the flaviviruses.

The mature flavivirus particle is composed of an ~11-kb
plus-strand RNA genome packaged by the viral capsid (C)
protein into a host-derived lipid bilayer and surrounded by 180
copies of two integral membrane proteins, membrane (M) (8
kDa) and envelope (E) (54 kDa). The E protein covers most of
the virion surface and contains receptor-binding sites, the fu-
sion peptide, and the majority of epitopes recognized by anti-
bodies against the virus particle. Cryo-electron microscopy
(Cryo-EM) of flavivirus particles shows an icosahedral organi-
zation consisting of 30 rafts, each composed of 3 E protein
dimers with an antiparallel orientation and lying flat on the
virus surface (18). The E protein has a 3-domain structure: a
central domain (DI) flanked on one side by an elongated
dimerization domain (DII) and on the other by an immuno-
globulin-like domain (DIII), which makes the highest protru-
sion from the otherwise smooth particle surface (33, 38). The
E protein of most flaviviruses is N-link glycosylated at residue
153/154, although the absence of the carbohydrate in some
flaviviruses or natural flavivirus isolates (1, 2, 4, 32, 37, 44)
shows that optimal stability and function can be achieved with-
out glycan attachment. Furthermore, loss of the Asn 153-
linked glycan observed during mosquito cell adaptation of den-
gue virus (DENV) suggests that its absence is associated with
a selective growth advantage in some cell types, which may be
related to an altered fusion phenotype (15, 23). The glycan at
Asn 153 on DI extends laterally across the interface of the
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metastable E protein dimer and covers the fusion peptide at
the distal end of DII on the dimer partner (33, 34, 38). This
stabilization of the dimer by the oligosaccharide is consistent
with the property of loss-of-glycan mutants, which fuse with
target cell membranes at higher pH and display lower stability
at mildly acidic pH (3, 11, 23). Several reports on West Nile
virus (WNV) suggest that the Asn 154-linked glycan is a viru-
lence determinant (3, 26, 40, 42). This contrasts with an in-
crease in neurovirulence of DENV-4 when the Asn 153-linked
glycan is ablated (16).

DENV differs from all other flaviviruses in that its E protein
contains two N-linked glycans, one at Asn 153 and a second at
Asn 67 in E protein DII, which is uniquely present in all strains
of the 4 DENV serotypes. One of the physiological functions
of the Asn 67-linked glycan may be its involvement in virus
attachment to the C-type lectin DC-SIGN, expressed on
dendritic cells and a subset of macrophages (34, 35), thus
conferring virus tropism to monocyte/macrophage-derived
cells thought to play a role in DENV pathogenesis (45).
Cryo-EM of DENV binding to DC-SIGN shows that attach-
ment is solely through the interaction of the Asn 67-linked
glycan with the carbohydrate recognition domain of DC-SIGN,
and it is proposed to exclude involvement of the second E
protein glycan (36). Further on the role of the Asn 67-linked
glycan as a potential DENV tropism determinant, two recent
reports describe an essential function of the carbohydrate in
virus growth in mammalian cells (5, 35). They show that abla-
tion of the glycan abolishes growth of DENV-2 in mammalian
cells and reduces growth in mosquito cell culture. While infec-
tion and viral macromolecular synthesis occurred in mamma-
lian cells, virus release was severely defective in the absence of
E protein glycosylation at Asn 67 (35). This loss-of-glycan-
mediated defect in virus release was only marginally apparent
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following ablation of the Asn 153-linked glycan and was species
or cell type dependent, since in mosquito cells secretion of the
DENV-2 E protein lacking either the Asn 67- or Asn 153-
linked glycan was comparable to that of wild-type (wt) E pro-
tein, albeit recombinant expression vectors rather than viral
infections were employed (35). The importance of the carbo-
hydrate on the E protein and/or its dimerization partner, prM,
in efficient morphogenesis/release of virus or subviral particles
has also been described for other flaviviruses (8, 12, 17) and is
consistent with the proposition that glycan interaction with
endoplasmic reticulum (ER) chaperones facilitates these
stages of the virus life cycle.

The studies on flavivirus E protein glycan ablation did not
critically address whether removal of the carbohydrate, per se,
or associated E protein structural changes accounted for the
observed growth phenotypes. The latter scenario is supported
by the existence of natural flavivirus isolates devoid of E pro-
tein glycosylation. Therefore, we hypothesized that the re-
ported deleterious effects on growth of DENV associated with
glycan ablation can be complemented by compensatory muta-
tions, rendering glycan addition redundant for growth. We
describe here the production of DENV-2 variants lacking ei-
ther one or both E protein glycans that are viable and stable in
mosquito vector and mammalian host-derived cell lines and
report on the opposing influences of the E protein glycans on
virus infectivity and release.

MATERIALS AND METHODS

Cells. African green monkey kidney (Vero) and baby hamster kidney (BHK-21)
cells were maintained at 37°C in medium M199 (Gibco) plus 5% fetal calf serum
(FCS) and Glasgow’s minimum essential medium (Gibco) supplemented with tryp-
tose phosphate broth (Sigma-Aldrich) and 5% fetal calf serum, respectively. Aedes
albopictus (C6/36) mosquito cells were grown at 28°C in minimum essential medium
supplemented with nonessential amino acids (Gibco) and 10% fetal calf serum.

Plasmids. Construction of a chimeric plasmid comprising the prM-E coding
regions of DENV-2 strain PUO-218 in DENV-2 NGC full-length infectious
c¢DNA (pDVWS601) (10) has been described (24). A chimeric plasmid encoding
the prM-E coding regions of DENV-2 strain 16681 (GenBank accession number
u87411) in the NGC full-length cDNA clone was constructed using a 2.4-kb
synthetic cDNA fragment (GenScript) flanked by the restrictions sites Bsp1407
(nucleotide [nt] 171) and Nhel (nt 2544). To introduce amino acid substitutions
into the E protein, a fusion PCR approach was employed (20). Plasmid
PACprMES5’ (24), which encodes prM and the NH,-terminal quarter of E, was
used for introduction of changes at the Asn 67-linked glycosylation acceptor site,
whereas plasmid pGEMED3’, encoding the remaining COOH-terminal E protein
sequence (24), was used for introducing changes at the Asn 153-linked glycosyl-
ation acceptor site. Full-length DENV-2 plasmids were generated by ligating
three DNA fragments from a pACprMES’ plasmid derivative, a pGEME3’
plasmid derivative, and the pDVWS601 plasmid, respectively, as described pre-
viously (24). To produce loss-of-glycan variant E proteins of strain 16681, the
cloned synthetic cDNA fragment was used as template DNA for mutagenesis. All
full-length plasmid constructs were verified by sequencing the entire prM and E
protein genes (24).

A full-length Murray Valley encephalitis virus (MVEV) cDNA clone (21) was
used for the introduction of a T155A change to abolish N-linked glycosylation in
the E protein. The full-length West Nile virus (WNV) (strain Kunjin, MRM61C)
c¢DNA clone, FLSDXpro HDVr (29) contains no N-linked glycosylation site in
the E protein. A laboratory-derived glycosylated variant of Kunjin virus, strain
MRM 61C, was used as a source of cDNA for introduction of an F156S change
(CTT to CTC) into the WNV (KUN) full-length cDNA clone by substitution of
an ~1.2-kb ¢cDNA fragment flanked by Mfel (nt 269) and Sacll (nt 1478)
restriction endonuclease sites.

RNA transcription and electroporation of BHK-21 cells. Plasmids containing
the full-length DENV-2 cDNAs were digested with Xbal and transcribed using
T7 RNA polymerase, and full-length RNA transcripts were electroporated into
BHK-21 cells as described previously (21), with the following modifications. For
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determination of electroporation efficiency, 200 wl, 20 wl, or 2 pl of electropo-
rated cells (25 ml at 4 X 10° cells/ml) were plated on Vero cell monolayers in
6-well trays (3.5 X 10° cells/well; Nunc) and incubated for 3 h, and agar overlay
medium comprising M199 medium, 1% agar (BD Biosciences), 0.02% DEAE-
Dextran (Sigma), and 2% FCS was added. Neutral red (0.02% in Hanks’ bal-
anced salts solution; 1 ml) was added at 5 to 7 days postinfection (p.i.), and
plaques were counted after overnight incubation. Plaques were picked after 7
days and amplified on C6/36 cell monolayers (2 X 10° cells in 35-mm tissue
culture dishes; Nunc) for generation of working stocks. For determination of
intracellular DENV-2 RNA levels, BHK-21 cells (1 X 107) were washed twice
after electroporation by centrifugation (800 X g for 5 min), removal of super-
natant, and resuspension in growth medium (10 ml). Live cells were counted and
seeded in 35-mm tissue culture dishes (1 X 10° cells/dish); total cellular RNA
and supernatants were collected at indicated times postelectroporation for anal-
ysis of DENV-2 RNA content by quantitative reverse transcription-PCR (qRT-
PCR) (see below).

Infectivity determinations by flow cytometry. Infectivity of virus stocks was
measured using a fluorescence-activated cell sorter (FACS)-based assay, as de-
scribed previously (22). Briefly, Vero cells were fixed in ice-cold 75% ethanol for
0.5 h and stained with NS1 protein-specific monoclonal antibody (MAD), 4G4
(6), followed with fluorescein isothiocyanate (FITC)-conjugated anti-mouse Ig;
C6/36 cells were fixed in 2% paraformaldehyde-phosphate-buffered saline (PBS)
for 0.5 h on ice, permeabilized in 0.5% saponin-PBS for 10 min at room tem-
perature, and stained as described above. Dose response in the FACS assay was
examined using 3-fold serially diluted virus samples for infection: linearity was
observed between 3% and 40% infection rates, while at higher virus doses the
infection rates achieved underestimated virus infectivity.

Specific infectivity determinations. Virus released from infected C6/36 cells
(multiplicity of infection [MOI] of ~0.1) was collected between 70 and 72 h p.i.
in fresh growth medium, which was added to the infected monolayers following
two washes with medium, and cellular debris was removed by centrifugation
(8,000 X g, 5 min). Infectivity for Vero cells was determined by plaque assay;
50% tissue culture infective dose (TCIDs,) assays using C6/36 cells were per-
formed by infecting monolayers in 96-well trays (1 X 10* cells/well) using serially
diluted virus (8 wells per dilution). Cells were incubated for 5 days and fixed in
acetone-methanol (1:1 [vol/vol]), and enzyme-linked immunosorbent assay
(ELISAs) were performed using an NS1 protein-specific MAb, 4G4 (6), for
detection of virus-infected cells, as described previously (27). Virion RNA con-
tent in 2-h virus release stocks was determined by real-time RT-PCR following
treatment of virus stocks with RNase (see below).

Real-time RT/PCR. Infected culture supernatants (100 wl) were treated with
RNase (20 pg/ml, 30 min at 37°C), and virion RNA was extracted using Trizol
(Invitrogen) for quantitation of viral genome copy numbers by qRT-PCR (20,
24). A plus-strand DENV-2 RNA standard was generated from Xbal-linearized
pDVWS601 infectious clone DNA, using T7 RNA polymerase and a trace
amount of [PHJUTP for determination of the yield of RNA transcript (39). The
RNA standard was treated with DNase I (Roche), purified, and resuspended in
water as described previously (20). Serial dilutions of the in vitro-transcribed
DENV-2 RNA were performed to yield standards of 10, 10°, 10%, and 103> RNA
copies/pl. Reverse transcription was performed at 43°C for 90 min in a 10-pl
mixture containing 2 pl sample RNA, Expand reverse transcriptase (Roche),
RNase inhibitor (Invitrogen), 10 mM deoxynucleoside triphosphate (ANTP), 10
pmol downstream primer (5'-AGC GTC TCT CCT ATG TTG CCA GTT —3'),
10 mM dithiothreitol and the manufacturer’s recommended buffer conditions.
Real-time PCR was performed using IQSybr qPCR mixtures (Bio-Rad) and 0.2
nM downstream and upstream primers (5'-GGG AAG GAA ATC CAG GGA
GGT T —3’) under cycling conditions of 95°C for 3 min for 1 cycle and 95°C for
30's, 63°C for 30 s, and 72° for 60 s using 40 cycles. Each RNA sample was tested
in duplicate, and virion RNA content was determined by extrapolation from the
standard curve generated within each experiment.

Quantitation of DENV minus-strand RNA. For quantitation of minus-strand
RNA, mixtures (5 pl) comprising RNA sample (2 pl; extracted as described
above) and the upstream tagged DENV-2 primer (10 pmol; 5'-CTC ATG GTG
GCG AAT CAG TTC TAA GGA AAT CCA GGG AGG TT-3') were dena-
tured at 80°C for 5 min and immediately placed on ice for 10 min. Enzyme mix
(5 pl) comprising Expand reverse transcriptase (Roche), 10 mM dNTP, and
RNase inhibitor (Invitrogen) was added to each tube and incubated at 50°C for
1 h. The samples were diluted by the addition of 30 pl PCR-grade water (Sigma-
Aldrich) and then inactivated at 90°C for 10 min prior to qRT-PCR using the
DENV-2 downstream primer (0.2 nM) and the tag primer (0.2 nM; 5'-CTC ATG
GTG GCG AAT CAG TTC T-3') and conditions as described above. The
minus-strand DENV-2 RNA standard was generated from a plasmid comprising
pGEM-5Zf+ and a 3.9-kb fragment flanked by Nsil and AatII sites from the
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TABLE 1. Biological properties of recombinant DENV-2 with
PUO-218 or NGC strain structural proteins lacking
the Asn 67-linked, Asn 153-linked, or both
E protein glycans

Specific infectivity

Electroporation  Plaque
Virus efficiency (PFU/  size Vero cells C6/36 cells
ug RNA) (mm) (genomes/ (genomes/
PFU) TCIDy,)
Expt 1
rPUO (parent) 1.5 x 10° 3 885 £215 4,900 = 1,500
rPUO.N67D 1.1 % 10° 2 1,250 = 250 615 * 295
rPUO.N67Q 1.5 x 10° 2.5 1,600 = 500 490 * 230
rPUO.T69A 1.1 x10° 1.5 1,800 = 1200 440 = 160
rPUO.T69L 1.5 % 10° 3 2,150 =+ 450 615 * 235
rPUO.T69V 2.5 x10° 3 NT* NT
rPUO.T69V/ 1.3 x 10° 0.5 1,850 = 150 190 = 60
N124S/T155A
Expt 2
rNGC (parent) 5.6 X 10* 2 NT NT
NGC.T69A 2.0 X 107 1-3 NT NT
INGC.T155A 3.6 X 10° 1 NT NT
rPUO (parent) 9.5 x 10* 4 1,500 =230 4,900 = 140
rPUO.T155A 33 x10° 1.5 3,200 *+ 950 48 +49

“ NT, not tested.

DENV-2 NGC strain (nucleotides 4696 to 8571), using T7 RNA polymerase and
[PH]UTP as described above, and serially diluted to 10°, 10%, 10%, and 10° RNA
copies/ul to set up a standard curve in each experiment. Negative controls
included a “no RNA” control, “no cDNA” control, and a corresponding plus-
strand RNA (107 copies/ul); this last control was always below the detection limit
(10° minus-strand RNA copies) for the assay.

Metabolic labeling, immunoprecipitation, and SDS-PAGE. Metabolic labeling
of proteins was performed by starving BHK-21 or Vero cells (infected and
uninfected control) for 0.5 h by replacement of the growth medium with 1.0 ml
of methionine- and cysteine-free minimal essential medium (MEM) (Gibco).
After removal of medium, 0.5 ml of methionine- and cysteine-free MEM con-
taining 100 wCi of Tran®S-label (ICN)/ml was added to the cell monolayers,
followed by incubation for 2 h. For chases, the monolayers were washed with
PBS, and MEM containing 5% FCS was added for 1 h. Lysis, immunoprecipi-
tation using monoclonal antibody (MAb) 4G2 (kindly provided by J. Aaskov,
Queensland University of Technology, Australia), SDS-polyacrylamide gel elec-
trophoresis (PAGE), and fluorography were as described previously (43), with
the modification in some experiments of addition of a mammalian protease
inhibitor cocktail (Biosciences) to the lysis buffer to prevent partial E protein
degradation, reflected in the appearance of a dimer band in SDS-PAGE profiles.
For endoglycosidase digestion, the immunoprecipitated samples were incubated
in 17 pl of a buffer containing PNGaseF (1 U; Roche) in 50 mM sodium
phosphate (pH 7.0), 0.5% NP-40 (Sigma-Aldrich), and 10 mM EDTA for 3 h at
37°C prior to gel loading.

RESULTS

Recovery from mammalian cells of DENV-2 variants lacking
the E protein Asn 67-linked glycan. Glycosylation at Asn 67
in the E protein of the four serotypes of DENV is unique
among the flaviviruses. Two recent studies using the DENV-2
16681 strain showed that ablation of Asn 67-linked glycosyla-
tion prevented virus growth in mammalian cells due to a defect
in virus morphogenesis/release (5, 35). However, these inves-
tigations did not establish whether loss of glycosylation per se
or a structural alteration to the E protein specific to the intro-
duced amino acid substitution (N67Q) accounted for the
growth-defective phenotype. We addressed this issue by intro-
ducing different residues varying in size and chemical proper-
ties at position 67 (N67D; N67Q) or 69 (T69A, T69L, and
T69V) in the E protein of DENV-2 strain PUO-218 in order to
prevent glycan addition. To generate these variants, the chi-
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meric NGC/PUO-218 prM-E derivative (24) of the full-length
infectious cDNA clone of the DENV-2 NGC strain (10) was
used. Introduction of all infectious clone-derived wt and mu-
tant RNAs into BHK cells by electroporation yielded viable
virus. The loss-of-Asn 67-linked glycan variants did not mark-
edly differ from the results for the parent NGC/PUO-218 chi-
mera (rPUO) in electroporation efficiency measured by infec-
tious center assays of transfected BHK cells on Vero cell
monolayers (Table 1). However, plaque size differences were
noted, with rPUO.T69V and rPUO.T69L producing wt-size
plaques (~3 mm), while the rPUO.N67Q, rPUO.N67D, and
rPUO.N69A variants gave rise to smaller plaques (2.5, 2.0, and
1.5 mm, respectively) (Table 1).

To confirm loss of the Asn 67-linked glycan from the E
protein of the variants, electroporated BHK-21 or infected
Vero cells were metabolically labeled, and the E proteins were
immunoprecipitated from cell lysates and analyzed by SDS-
PAGE with or without prior treatment with the glycanase
PNGase F. Consistent with ablation of Asn 67-linked glycosyl-
ation, the variant E proteins showed faster mobility during
electrophoresis than the fully glycosylated rPUO control.
Moreover, PNGase F treatment resulted in identical electro-
phoretic mobility between rPUO and variant E proteins (Fig. 1
and data not shown).

Sequence analysis was performed on plaque-purified virus
stocks of rPUO.N67D, rPUO.N67Q, rPUO.T69A, rPUO.T6IL,
and rPUO.T69V. The genotypes of each of the variants, except
that of rPUO.T69A, were stable and showed the introduced
mutations in the absence of additional changes in the prM-E
protein genes. Only propagation of rPUO.T69A on Vero cell

PUO-218 E protein
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FIG. 1. E protein glycosylation status for DENV-2 wt and loss-of-
glycan variants in infected cell lysates. Infected Vero cells and an
uninfected control were metabolically labeled from 21 to 24 h p.i., and
the E protein was immunoprecipitated from cell lysates using MAb
4G2, followed by treatment with or without PNGaseF and electro-
phoresis on a 15% SDS-polyacrylamide gel. The DENV-2 E protein in
cell lysates is sensitive to partial degradation by proteases, which can
give rise to an E protein dimer band in SDS-PAGE profiles.
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TABLE 2. Pseudoreversions and suppressor mutations selected
in the E protein of 2 strains of DENV-2 lacking the
Asn 67-linked glycan

Variant (bold) or mutant Growth in Nucleotide Amino acid
derived therefrom mammalian cells change” change®
rPUO.T69A Yes Aj41 > G Thrgy — Ala
rPUO.T69A/N124S Yes Ay — Thrgy — Ala

Azp7 > G Asng,, — Ser
rNGC.T69A No Ay — Thrgy — Ala
INGC.T69V Yes Aj41 > G Thrgy — Val

Ciap — T silent
rNGC. T69A/K126T Yes Aj41 > G Thrgy — Ala

1313 7 Lys 5, — Thr

“ Numbering from the 5'-terminal nucleotide in the DENV-2 NGC ge-
nome (9).
® Numbering from the N-terminal residue in the E protein.

monolayers gave rise to plaque size heterogeneity. Sequencing
of a large plaque confirmed the presence of the T69A mutation
originally introduced but uncovered the additional N124S mu-
tation in DII of the E protein (Table 2). The smaller plaques
obtained for rPUO.T69A showed the expected sequence with-
out additional changes in the prM and E protein genes.
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Growth and replication in BHK cells of DENV-2 variants
lacking the Asn 67-linked glycan. The growth kinetics in BHK
cells of the loss-of-Asn 67-linked glycan variants was deter-
mined by quantitation of viral genome copies released into the
extracellular fluid. To guard against potential differences in
specific infectivity between the wt and variants, infection of
BHK cells was by in vitro-synthesized genomic RNA transfec-
tion. This resulted in infection of a similar number of cells (9
to 15%) for each of the viruses, demonstrated by NS1 protein-
specific staining and flow-cytometric analysis at 20 h after elec-
troporation (Fig. 2A). Growth of the variants rPUO.T69L and
rPUO.T69V was comparable to that of the wt in terms of
plateau virus titers reached at 3 and 4 days after transfection,
although the growth kinetics was marginally slower, with ~5-
fold-lower virus titers on days 1 and 2 p.i. (Fig. 2B). In contrast,
the growth of 2 variants, rPUO.T67D and rPUO.T69A, was
significantly poorer and virus titers produced were 50- and
100-fold reduced, respectively, relative to the parent. The vari-
ant rPUO.N67Q demonstrated an intermediate growth phe-
notype, which was reduced by ~5-fold relative to that of the wt
virus (Fig. 2B).

The second site mutation, N124S, was identified in the E

—a— rPUO
—a— rPUO.N67D
—a— rPUO.N67Q
--o-- rPUO.T69A
--e-- rPUO.T69L
6 --v-- rPUO.T69V
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Time (day post-electroporation)
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o /
©
o /
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(o))
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O rPUO.N67D
B rPUO.T69A/N124S

FIG. 2. Growth properties of loss-of-glycan variants relative to rPUO parent virus in mammalian cells. (A) FACS histograms showing BHK-21 cells
electroporated with 1 pg wt or variant RNA transcripts (solid lines) or left untreated (dotted line) and stained with anti-NS1 MAb 4G4 at 20 h after
electroporation, as described previously (22). The percentage of NS1-expressing cells is shown in the panels. (B and C) Virion-associated RNA release
from BHK cells electroporated with PUO parent or loss-of-glycan variant RNA transcripts is shown. Supernatant samples were collected at the indicated
time points, and virion-associated DENV-2 RNA was measured by quantitative real-time RT-PCR. (D) DENV-2-specific minus-strand RNA in BHK-21
cells electroporated with rPUO or representative loss-of-glycan variant RNA transcripts is shown. Total RNA was extracted at 18 h postelectroporation,
and minus-strand DENV-2 RNA was estimated by strand-specific real-time RT-PCR. Error bars indicate the standard error of the mean (SEM) for two
real-time PCR determinations for each sample shown. Representative data from 2 experiments are shown.
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protein of a large-plaque variant derived from rPUO.T69A
(Table 2). To confirm that this additional change compensates
for the deleterious impact of the T69A mutation on growth in
mammalian cells, an infectious cDNA clone for the double
mutant virus, TPUO.T69A/N124S, was produced, and virus
growth was measured by quantitation of virion RNA released
from BHK cells electroporated with genomic RNA, as described
above. The presence of the N124S change in rPUO.T69A/N124S
improved growth by ~100-fold relative to that of the variant
rPUO.T69A, although it remained less efficient than that of
wt virus (Fig. 2C). The N124S mutation did not introduce a
second glycosylation motif at a novel site in the E protein
and did not result in addition of a second E protein glycan,
as expected (Fig. 1).

To test if differences in RNA replication efficiency contrib-
uted to the different growth phenotypes in BHK cells between
the variant and parent viruses, minus-strand RNA synthesis
was quantitated by strand-specific qRT-PCR. This analysis
showed comparable levels of virus-specific minus-stand RNA
between the parent and 3 glycosylation variants at 18 h post-
electroporation (Fig. 2D).

Specific infectivity of loss-of-Asn 67-linked glycan variants
for mammalian and mosquito cells. To assess the impact of
ablation of Asn 67-linked glycosylation on the specific infec-
tivity of the DENV-2 variants for mammalian and invertebrate
cells, particle-to-infectivity ratios were determined using 2-h
virus release stocks collected from infected C6/36 mosquito
cells between 70 and 72 h p.i. RNA genome copy numbers in
virus stocks were determined by qRT-PCR, while TCIDs, and
plaque assays were performed on the virus stocks to assess
infectivity for C6/36 and Vero cells, respectively. We note that
direct comparison of specific infectivity values in the mam-
malian and mosquito cell lines may not be possible, since
different assays were used to measure infectivity, although
infectivity determinations by plaque assay and TCIDs, for
parent DENV-2 strains in Vero cells differ by <2-fold (data
not shown). A particle-to-Vero-cell PFU ratio of 885 was
determined for the parent virus, rPUO, which was only
slightly lower than the ratios calculated for the loss-of-Asn
67-linked glycan variants (1,250 to 2,150) (Table 1). Accord-
ingly, the ablation of E protein glycosylation at Asn 67 reduced
infectivity of Vero cells by at most 3-fold. In contrast, the
particle-to-C6/36-cell TCIDs, ratio found for rPUO (4,900)
was ~10-fold higher than those for the variants (440 to 615),
suggesting that DENV-2 particles lacking the Asn 67-linked
glycan display markedly greater infectivity for mosquito cells
than wt virus.

Effect of ablation of the Asn 67-linked E protein glycan on
virus growth in mosquito cells. Ablation of the Asn 67-linked
E protein glycan significantly enhanced the specific infectivity
of the DENV-2 variants for mosquito cells compared to that of
the wt virus. This property of the loss-of-glycan mutants was
not reflected in enhanced growth in C6/36 cells: on the contrary,
3 variants tested (rPUO.T69A, rPUO.T69V, and rPUO.T69A/
N124S) showed an ~10-fold-poorer particle release in compari-
son to the parent, rPUO (Fig. 3), despite the ~10-fold-higher
specific infectivity for this cell line (Table 1). Figure 3 also shows
comparable growth phenotypes for rPUO.T69A and rPUO.T69V
in the mosquito cell line, which contrast with an ~100-fold dif-
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FIG. 3. Growth of rPUO parent and loss-of-glycan variants in
C6/36 mosquito cells. Extracellular virus titers in culture supernatants
from infected cells (MOI of ~0.2) were measured by quantitation of
virion-associated RNA by qRT-PCR at 48 and 72 h p.i. Error bars
indicate the SEM for two real-time PCR determinations for each
sample shown. Representative data from 2 experiments are shown.

ference in particle release from infected mammalian cells be-
tween the 2 variants (Fig. 2B).

Tolerance to ablation of E protein glycosylation at Asn 67 is
DENV-2 strain dependent. The replication competence in
BHK and Vero cells of loss-of-Asn 67-linked glycan variants of
DENV-2 encoding the PUO-218 strain prM and E proteins
contrasts with the reported replication-defective phenotype of
DENV-2 strain 16681, lacking Asn 67-linked glycosylation due
to an E protein N67Q mutation (5, 35). The latter mutation did
not abolish growth in mammalian cells when introduced into a
NGC/PUO-218 prM-E protein chimeric virus (Fig. 2). To fur-
ther investigate the influence of strain origin of the E protein
on tolerance to loss-of-Asn 67-linked glycosylation, strain
16681 and NGC variants lacking the Asn 67-linked glycan were
produced. The growth kinetics in BHK cells of the chimeric
parent and two loss-of-Asn 67-linked glycan variants encoding
the DENV-2 strain 16681 prM and E proteins in the NGC
backbone were compared, following electroporation of cells
with similar amounts of in vitro-synthesized genomic RNA
(Fig. 4). Relative to that of the parent, r16681, growth of the
variants r16681.T69V and r16681.T69A was reduced by 16-
and >1,000-fold, respectively, highlighting the potent influence
on growth of the type of amino acid introduced at residue 69 to
abolish glycosylation, as was found for PUO-218 E protein
variants (Fig. 2). Growth of r16681.T69V in BHK cells was
similar to that of a mutant lacking the Asn 153-linked glycan
(r16681.T155A) (Fig. 4); consistent with this result, ablation of
the latter E protein glycan in DENV-2 16681 was shown by
others to reduce virus growth by ~10-fold in mammalian cells
relative to that of the parent (5, 35). Ablation of an E protein
glycan moiety in variants r16681.T69V and r16681. T155A was
confirmed by the slightly increased electrophoretic mobility of
the variant relative to the r16681 wt E protein (Fig. 1).

The detrimental effect of the T69A substitution on virus
growth in mammalian cells was more pronounced in the NGC
E protein background than in that of the PUO-218 strain.
Electroporation efficiency for INGC.T69A was reduced by
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FIG. 4. Growth of 16681 parent and variants lacking one or both E
protein glycans in mammalian cells. Virion-associated RNA release
from BHK cells electroporated with 16681 parent or loss-of-glycan
variant RNA transcripts (1 pg genomic RNA) is shown. Supernatant
samples were collected at the indicated time points, and virion-asso-
ciated DENV-2 RNA was measured by quantitative real-time RT-
PCR. Error bars indicate the SEM for two real-time PCR determina-
tions for each sample shown. Representative data from 2 experiments
are shown.

250-fold relative to that of the parent, INGC (Table 1). Fur-
thermore, growth of INGC.T69A in BHK cells was not detect-
able by measurement of RNA genome copy numbers in the
culture medium over a period of 4 days, while electroporation
with a comparable amount of INGC RNA (0.5 pg) gave rise to
a 500-fold increase of virion RNA in the culture supernatant
(data not shown).

Despite the much poorer electroporation efficiency of
rNGC.T69A than that of the NGC parent, the plaques ob-
tained in infectious center assays were not uniformly smaller
than those for INGC (Table 1). Sequence analysis of the entire
prM and E protein genes of plaque isolates failed to identify
progeny virus with the expected genotype but revealed a pseu-
doreversion and a compensatory mutation. Five small-plaque
variants that were sequenced each showed a single nucleotide
change in the E protein gene, resulting in the T69V pseudorever-
sion, while a large-plaque variant derived from the INGC.T69A
mutant retained the introduced amino acid change but had ac-
quired a K126T suppressor mutation in the E protein (Table
2). This second-site mutation created a novel glycosylation
motif in DENV-2 E protein DII with glycan linkage to Asn
124, based on the electrophoretic mobility of the NGC.T69V/
K126T E protein in SDS-PAGE, which corresponded to that of
the wt and was marginally slower than that of the variant
NGC.T155A, which lacked one E protein glycan (Fig. 1).

Growth and replication of DENV-2 variants lacking the Asn
153-linked glycan in vertebrate and invertebrate cells. E pro-
tein glycosylation at Asn153 is not essential for DENV viabil-
ity. While loss of the Asn 153-linked glycan reduced virus
growth in mammalian cells by ~10-fold (5, 35), growth of the
variant in mosquitoes was comparable to that of the wt (5);
furthermore, serial passage of DENV-3 in mosquito cells se-
lected for variants that lack the glycan (23), suggesting that
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FIG. 5. Growth of parent and loss-of-Asn153-linked glycan variants
in mammalian (Vero) and mosquito (C6/36) cells. Extracellular virus
titers in culture supernatants from infected Vero (MOI ~0.01) and
C6/36 cells (MOI ~0.05) were determined by plaque assay and qRT-
PCR, respectively. To ascertain comparable levels of infection for
parent and variant viruses, Vero and C6/36 cell monolayers were
infected in a parallel experiment with a 5-fold higher and identical
virus doses, respectively, harvested at 24 (Vero) and 40 h (C6/36) pi,
and the number of infected cells quantitated by flow-cytometry. Vero
and C6/36 cell infection for the INGC pair ranged from 2 to 3% and
3 to 4%, respectively, and for the rPUO pair from 3 to 5% and 4 to 8%,
respectively. Dotted lines indicate the detection limits of the assays.
Error bars indicate the SEM for two real-time PCR determinations for
each sample shown. Representative data from 2 experiments are
shown.

ablation of Asn 153-linked glycosylation provides a growth
advantage in invertebrate cells relative to the parent virus.
Passage of DENV-2 strain PUO-218 in C6/36 cells also se-
lected for a loss-of-Asn 153-linked glycan variant (T155A mu-
tation) following 5 passages (data not shown). Here we have
introduced the same E protein T155A mutation found in
DENV-2 and -3 mosquito cell passage variants into the
DENV-2 NGC and chimeric NGC/PUO-218 prM-E cDNA
clones to test the influence of loss-of-Asn 153-linked glycosyl-
ation on virus growth and explore the possibility of removing
both glycans from the E protein. The rPUO.T155A and
rNGC.T155A viruses were viable and displayed a BHK cell
electroporation efficiency which did not markedly differ from
that of the respective parents, although Vero plaque sizes were
smaller than those for the parent viruses (Table 1). Ablation of
the Asn 153-linked glycan reduced growth of the variants in
Vero cells by 5- to 10-fold relative to that of the parent viruses
(Fig. 5), while the specific infectivities of the respective pair
differed by only ~2-fold (Table 1 and data not shown). The
growth of INGC in Vero cells was markedly poorer than that
of rPUO (Fig. 5), which was consistent with the plaque size
difference observed (Table 1).

Ablation of E protein glycosylation at Asn 153 resulted in
greatly increased specific infectivity for C6/36 mosquito cells: a
100-fold enhancement of infectivity was found for rPUO.T155A
relative to the parent (Table 1). This enhanced infectivity as a
result of loss of the Asn 153-linked glycan was not reflected in the
growth phenotypes in C6/36 cells for the 2 pairs: INGC and
rNGC.T155A displayed comparable growth, while virus yield
from rPUO.T155A-infected mosquito cell cultures was reduced
by ~10-fold in comparison to that for the parent, where infection
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FIG. 6. Growth of rPUO parent and variants lacking both E pro-
tein glycans in mammalian cells. Virion-associated RNA release from
BHK cells electroporated with PUO parent or loss-of-glycan variant
RNA transcripts (1 ug genomic RNA) is shown. Supernatant samples
were collected at the indicated time points and virion-associated
DENV-2 RNA was measured by quantitative real-time RT-PCR. Er-
ror bars indicate the SEM for two real-time PCR determinations for
each sample shown. Representative data from 2 experiments are
shown.

with rPUO was 2-fold higher than that with rPUO.T155A (Fig. 5).
These data resemble those obtained for the loss-of-Asn 67-linked
glycan variants in C6/36 cells and suggest that the enhancement of
infectivity for the mosquito cells associated with the removal of
either of the two E protein glycans is at the expense of markedly
reduced virion production and/or release.

DENV-2 variants lacking both Asn-linked E protein glycans.
Given the viability of DENV-2 recombinants lacking the Asn 67-
or Asn 153-linked glycans and our identification of E protein
amino acid changes that, at least in part, compensate for the
deleterious effect of Asn 67-linked glycan ablation, the following
variants lacking both glycans were constructed: rPUO.N67Q/
T155A, rPUO.T69A/T155A, and rPUO.T69V/N124S/T155A. In-
fectious virus was recovered only in the form of small plaques (0.5
mm) on Vero cells for rPUO.T69V/N124S/T155A by infectious
center assay after electroporation of BHK cells (Table 1). A
growth assay in BHK cells showed that extracellular DENV-2
RNA levels between 1 and 4 days after electroporation did not
markedly increase for the two variants, rPUO.T69A/T155A and
rPUO.N67Q/T155A but clearly demonstrated growth compe-
tence of variant tPUO.T69V/N124S/T155A: extracellular virion-
associated genomic RNA levels in the culture fluid for the latter
virus rose by ~ 50-fold over a 4-day period but remained
significantly below those obtained for the parent, rPUO (Fig.
6) The DENV-2 variants lacking both E protein glycans
showed even greater enhancement of infectivity for C6/36 cells
than those with single glycan ablation relative to rPUO in the
absence of a marked effect on infectivity for mammalian cells
(Table 1). Thus, a compounding effect of ablation of both E
protein glycans on virion morphogenesis/release in mammalian
cells is apparent, given that the variants were not noticeably
defective in virus macromolecular synthesis (8 to 14% of BHK
cells electroporated with genomic RNA for the different vi-
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ruses in Fig. 6 expressed similar levels of the nonstructural
protein NS1 on the basis of FACS analysis performed at 20 h
posttransfection). The absence of Asn-linked glycosylation in
the E protein of variant rPUO.T69V/N124S/T155A was con-
firmed by immunoprecipitation and SDS-PAGE, showing
faster E protein mobility than the parent and loss-of-single-
glycan mutants (Fig. 1). Sequence analysis of the prM and E
protein genes also confirmed the ablation of both Asn-linked
glycosylation sites and revealed no additional nucleotide
changes. These findings for the DENV-2 strain PUO-218 E
protein were extended to that of the 16681 strain using the
NGC/16681 prM-E chimeric virus. A variant lacking both E
protein glycans, r16681.T69V/T155A, was viable in mamma-
lian cells: (i) the mutant produced plaques on Vero cells, albeit
smaller in size than those of r16681 (1 mm and 2 to 3 mm at 7
days p.i., respectively), (ii) produced progeny virus in BHK
cells over a 4-day growth period, although the yield was greatly
reduced in comparison to that for the parent (Fig. 4), and (iii)
and could be passaged (at least twice) in mammalian cells
without reverting or acquiring a novel glycosylation motif in
the E protein. Taken together, the results show that E protein
glycosylation per se is not essential for DENV-2 growth in
mammalian cells and that the deleterious effect on growth of
glycan ablation can be suppressed, at least in part, by amino
acid changes in the E protein, which do not generate a novel
glycosylation motif.

Dueling effects of E protein glycosylation on infectivity and
virion release. Ablation of either of the E protein glycans
markedly improved the infectivity of DENV-2 variants for
C6/36 cells but failed to enhance virus growth in the insect cells
compared to that of wt virus (Table 1 and Fig. 3 and 5). To
resolve this discrepancy, we infected mammalian (Vero) and
mosquito (C6/36) cell monolayers with the rPUO parent or
loss-of-glycan variants, equilibrating virus input based on ge-
nome copy numbers, and measured the percentage of infected
cells by flow cytometry and virus release into the culture su-
pernatant by qRT-PCR (Table 3). The absence of one of the E
protein glycans resulted in an 18- and 24-fold enhancement of
infection of C6/36 cells with TPUO.T69V and rPUO.T155A

TABLE 3. Effects of loss of E protein glycosylation in different
flaviviruses on infectivity and virus release in mammalian and
invertebrate cells

Virus release = SEM¢

% infection = SEM® ;
(log genome copies/ml)

Virus Strain/variant®
Vero C6/36 Vero C6/36
DENV-2 rPUO 21.8*+12 38+04 82*0.11 85=0.08
rPUO.T69V 30504 68907 80=%=0.08 8.6=0.07
rPUO.T155A 143+06 91620 78%=0.09 95=x0.11
WNV rKUN.Ser; 54 24006 39+05 84%0.09 6.1=0.007
rKUN.Phe, s 30820 935+01 87=*006 72=x0.12
MVEV  rMVEV 276 205  70x02 91%011 7.0=x0.05

rMVEV.S156A 268 *+16 73.0%2.6 9.0*=006 7.6=*0.12

“Vero and C6/36 (5 X 10°) cells in 6-well Nunc plates were infected with
DENV-2 (2 X 10% genome copies), WNV (8 X 107 genome copies), or MVEV
(6 < 10® genome copies). The Virus rKUN.Ser, s, or rKUN.Phe, 54, encodes the
glycosylated or unglycosylated E protein, respectively.

b Percent infected cells was determined by FACS staining of DENV-2-, WNV-,
and MVEV-infected Vero cells collected at 24 h, 22 h, and 22 h p.i.,, respectively,
and infected C6/36 cells collected at 48, 24, and 24 h p.i., respectively.

¢ Virus release was estimated using culture supernatant collected from in-
fected cells at the same time as FACS analysis.
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FIG. 7. Impact of flavivirus E protein glycosylation on virion re-
lease from Vero and C6/36 cells. The efficiency of virion release was
calculated as a ratio of virion-associated genome copies in infected
culture supernatants and the percentage of infection using the values
shown in Table 3. The results were normalized by setting the values for
virion release from cells infected with the parent viruses to 100%.

relative to that of the parent at 48 h p.i. This contrasted with
comparable amounts of virus release between the parent and
the rPUO.T69V mutant, indicating that Asn 67-linked glyco-
sylation is critically important for virus release from mosquito
cells. Deletion of the Asn 153-linked glycan impacted less
dramatically on virion release in C6/36 cells: thus, an ~24-fold
improvement in infection resulted in release of a 9-fold-greater
number of virion-associated genome copies than that for the
parent virus. On the other hand, infectivity for Vero cells
differed by <2-fold between rPUO and the 2 mutant viruses,
and only the ablation of the Asn 67-linked glycan had a no-
ticeably deleterious impact (~2-fold) on virus morphogenesis/
release in the mammalian cell line. Virion release of loss-of-
glycan variants from infected Vero and C6/36 cells as a
percentage relative to parent virus is summarized in Fig. 7.
Generality of infection enhancement for C6/36 cells associ-
ated with loss of E protein glycosylation among mosquito-
borne flaviviruses. The E proteins of MVEV (7, 30) and most
lineage 1 strains of WNV (19, 41) are glycosylated at Asn 154.
Ablation of the glycan, using infectious cDNA clone technol-
ogy, did not markedly impact on infectivity for mammalian
(Vero) cells relative to that of the parent when cells were
infected with inocula adjusted for identical numbers of virion-
associated genome copies (Table 3). In contrast, the same
inocula gave a 10- to 20-fold higher infectivity of mosquito cells
for the loss-of-glycan variants than for the parent. Removal of
the E protein glycan did not markedly (<2-fold) impact on
virus release from Vero cells but reduced release from the
insect cell line infected with the MVEV and WNYV variants, in
comparison to the parent viruses (Table 3 and Fig. 7).

DISCUSSION

The DENV E protein differs from that of all other flavivi-
ruses by the unique presence of a second glycan linked to
residue 67. Recently it was suggested that this glycan is criti-
cally important for DENV growth in mammalian cells due to
facilitating an essential but elusive function required for virus
morphogenesis (5, 35). Our present study clearly shows that
this is not the case. We find that loss-of-Asn 67-linked glycan
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variants of DENV-2 can display efficient growth in mammalian
cells, depending on the amino acid substitution introduced to
abolish glycosylation. Thus, variants with a replacement of Thr
69 (in the Asng,-Threg-Thre, motif) with a larger and more
hydrophobic residue, Val or Leu, retained efficient growth,
while the introduction of an Ala residue at the same site
reduced virus growth by ~100-fold relative to that of the par-
ent. Similarly, a conservative replacement of Asn 67 with Gln
was markedly less detrimental for growth than the nonconser-
vative change to Asp. In addition, a compensatory mutation
(N124S) at a nonadjoining region in the E protein partially
repaired the growth defect of one of the loss-of-Asn 67-linked
variants (T69A) without generating a novel glycosylation ac-
ceptor motif. Accordingly, the function of the Asn 67-linked
glycan in E protein folding and virus morphogenesis is mostly
dispensable for DENV growth in mammalian cell culture in
the presence of compensatory changes at the glycosylation site
or elsewhere in the E protein. Contrary to the interpretation of
Mondotte et al. (35), we did not find that the presence of a
glycan at position 67 was obligatory for efficient DENV release
from mammalian cells.

In addition to the nature of amino acid substitutions intro-
duced to abolish Asn 67-linked glycosylation, we also found
that strain origin of the E protein influenced the impact of
glycan ablation on growth. We noted that a T69A mutation
produced viable virus in BHK and Vero cells in the context of
the PUO-218 and 16681 prM-E protein background, albeit
with a poor growth phenotype, but was lethal in the context of
the E protein of the NGC strain. Surprisingly, an E protein
N67Q mutation, which prevented growth in mammalian cells
of the DENV-2 16681 strain (5, 35), was well tolerated in a
chimeric virus encoding the PUO-218 prM and E proteins.
Furthermore, growth of a T69V loss-of-glycan variant in BHK
cells was >10-fold poorer than that of the parent in the context
of the DENV-2 strain 16681 E protein but comparable to that
of the parent when the mutation was introduced into the PUO-
218 E protein. The E proteins of DENV-2 strains NGC and
16681 differ from that of PUO-218 at 6 and 4 residues, respec-
tively (10, 25). A region in DII, between residues 120 and 126,
appears to be important in attenuating the deleterious effect
on growth associated with ablation of the Asn 67-linked glycan,
given that (i) suppressor mutations were identified at residues
124 and 126 and (ii) this region encompasses the nonconser-
vative amino acid differences between PUO-218 and the other
two DENV-2 strains at residues 120 (Thr and Arg in the
PUO-218 and 16681 strains, respectively) and 126 (Glu and
Lys in the PUO-218 and NGC strains, respectively). This DII
region not only accommodates amino acid residues that are
critical for compensating defects associated with loss of the
Asn 67-linked glycan but also impacts on DENV virulence and
cell surface receptor binding (10, 24).

The second key finding of this investigation was that of the
opposing influences of ablation of either of the two E protein
glycans on infectivity and virion release in C6/36 mosquito cell
infections. The infectivity of the variants for the invertebrate
cell line was increased by up to 100-fold relative to that of wt
virus. However, this infectivity enhancement was at the ex-
pense of a reduction in virion release, with the consequence
that virus growth in C6/36 cells relative to that of wt virus was
either comparable to or poorer than that of variants lacking the
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Asn 153- or Asn 67-linked glycans, respectively. This finding
was extended to two other mosquito-borne flaviviruses, MVEV
and WNV, supporting the generality among flaviviruses of
improved infectivity for C6/36 cells as a consequence of abla-
tion of E protein glycosylation. The latter conclusion is con-
sistent with the results from an earlier study on WNV (12).
Lack of glycosylation at residue 153 in the DENV E protein is
associated with an increase in the fusion pH threshold of ~0.5
U (11, 23). Given that this elevated pH threshold would allow
fusion to occur at physiological pH, there is the possibility that
DENV fusion at the cell surface may give rise to productive
infection in mosquito cells. Cell type dependence of such an
alternative entry mechanism in establishment of productive
virus infection has been reported for another enveloped RNA
virus with a mosquito-vertebrate host cycle (31). Thus, the
requirement for acid-induced activation of the fusion function
of the E protein and entry via the endocytic pathway may be
obviated by the ability of variants deficient in E protein glyco-
sylation to mediated fusion at neutral pH. Some EM studies
have indeed suggested that flaviviruses can fuse at the plasma
membrane (13, 14, 28), although the biological relevance for
this entry route remains unclear. It will also be of interest to
determine whether ablation of the Asn 67-linked glycan gives
rise to an elevated fusion pH threshold, as has been shown for
the Asn 153-linked glycan on DENV E protein (11, 23).

Infection enhancement in mosquito C6/36 cells was accom-
panied by a pronounced reduction of virion release for the
loss-of-glycan variants, in particular when the Asn 67-linked
glycan was absent. This finding differed from the study by
Mondotte et al. (35), which did not show the prominent inhib-
itory effect of Asn 67-linked glycan ablation on virus produc-
tion in C6/36 cells, albeit only secretion of recombinantly ex-
pressed E protein was measured. In mammalian cells, loss of
glycans in the flavivirus E protein can also severely impede
virion release (8, 12, 35); however, our investigation clearly
shows that this deleterious impact of glycan ablation can be
complemented by suppressor substitutions in the glycosylation
acceptor site or elsewhere in DII of the E protein. This has
allowed us, for the first time, to produce DENV-2 variants
lacking both glycans on the E protein which were competent in
growth in mammalian cells, although a compounding effect of
the absence of glycosylation on virus release was apparent in
comparison with variants with single glycan ablation. Growth
competence in mosquito cells of a DENV-2 variant lacking
both E protein glycans has been reported by others (5, 35).
Accordingly, the presence of a glycan, per se, on the E protein
of DENV and that of other flaviviruses is not critically
important for growth in vector and host cells, consistent with
the existence of natural isolates from different members of
the flaviviruses devoid of glycans on their E proteins (1, 2, 4,
32, 37, 44).

In summary, we show that glycosylation of the E proteins of
DENV and that of other flaviviruses strongly influenced two
stages in the virus growth cycle: infectivity and virion release.
While the enhancement effect of glycan ablation on infectivity
was exclusive to a mosquito cell line, the inhibitory effect on
release was apparent in both mammalian and insect cells, al-
though suppressor mutations, which complemented glycan ab-
lation in mammalian cells, had no beneficial effect in mosquito
cells. This dichotomy in the impact of the E protein glycan(s)
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at different stages in the flavivirus life cycle may explain, at
least partly, why different solutions in terms of modification of
the virion surface by glycan addition have evolved among the
members of the flavivirus genus.

REFERENCES

1. Adams, S. C., A. K. Broom, L. M. Sammels, A. C. Hartnett, M. J. Howard,
R. J. Coelen, J. S. Mackenzie, and R. A. Hall. 1995. Glycosylation and
antigenic variation among Kunjin virus isolates. Virology 206:49-56.

2. Beasley, D. W., C. T. Davis, J. Estrada-Franco, R. Navarro-Lopez, A. Cam-
pomanes-Cortes, R. B. Tesh, S. C. Weaver, and A. D. Barrett. 2004. Genome
sequence and attenuating mutations in West Nile virus isolate from Mexico.
Emerg. Infect. Dis. 10:2221-2224.

3. Beasley, D. W., M. C. Whiteman, S. Zhang, C. Y. Huang, B. S. Schneider,
D. R. Smith, G. D. Gromowski, S. Higgs, R. M. Kinney, and A. D. Barrett.
2005. Envelope protein glycosylation status influences mouse neuroinvasion
phenotype of genetic lineage 1 West Nile virus strains. J. Virol. 79:8339-
8347.

4. Berthet, F. X., H. G. Zeller, M. T. Drouet, J. Rauzier, J. P. Digoutte, and V.
Deubel. 1997. Extensive nucleotide changes and deletions within the enve-
lope glycoprotein gene of Euro-African West Nile viruses. J. Gen. Virol.
78:2293-2297.

5. Bryant, J. E., A. E. Calvert, K. Mesesan, M. B. Crabtree, K. E. Volpe, S.
Silengo, R. M. Kinney, C. Y. Huang, B. R. Miller, and J. T. Roehrig. 2007.
Glycosylation of the dengue 2 virus E protein at N67 is critical for virus
growth in vitro but not for growth in intrathoracically inoculated Aedes
aegypti mosquitoes. Virology 366:415-423.

6. Clark, D. C., M. Lobigs, E. Lee, M. J. Howard, K. Clark, B. J. Blitvich, and
R. A. Hall. 2007. In situ reactions of monoclonal antibodies with a viable
mutant of Murray Valley encephalitis virus reveal an absence of dimeric NS1
protein. J. Gen. Virol. 88:1175-1183.

7. Dalgarno, L., D. W. Trent, J. H. Strauss, and C. M. Rice. 1986. Partial
nucleotide sequence of the Murray Valley encephalitis virus genome. J. Mol.
Biol. 187:309-323.

8. Goto, A., K. Yoshii, M. Obara, T. Ueki, T. Mizutani, H. Kariwa, and 1.
Takashima. 2005. Role of the N-linked glycans of the prM and E envelope
proteins in tick-borne encephalitis virus particle secretion. Vaccine 23:3043—
3052.

9. Gruenberg, A., W. S. Woo, A. Biedrzycka, and P. J. Wright. 1988. Partial
nucleotide sequence and deduced amino acid sequence of the structural
proteins of dengue virus type 2, New Guinea C and PUO-218 strains. J. Gen.
Virol. 69:1391-1398.

10. Gualano, R. C., M. J. Pryor, M. R. Cauchi, P. J. Wright, and A. D. Davidson.
1998. Identification of a major determinant of mouse neurovirulence of
dengue virus type 2 using stably cloned genomic-length cDNA. J. Gen. Virol.
79:437-446.

11. Guirakhoo, F., A. R. Hunt, J. G. Lewis, and J. T. Roehrig. 1993. Selection
and partial characterization of dengue 2 virus mutants that induce fusion at
elevated pH. Virology 194:219-223.

12. Hanna, S. L., T. C. Pierson, M. D. Sanchez, A. A. Ahmed, M. M. Murtadha,
and R. W. Doms. 2005. N-linked glycosylation of West Nile virus envelope
proteins influences particle assembly and infectivity. J. Virol. 79:13262-
13274.

13. Hase, T., P. L. Summers, and W. H. Cohen. 1989. A comparative study of
entry modes into C6/36 cells by Semliki Forest and Japanese encephalitis
viruses. Arch. Virol. 108:101-114.

14. Hase, T., P. L. Summers, and K. H. Eckels. 1989. Flavivirus entry into
cultured mosquito cells and human peripheral blood monocytes. Arch. Virol.
104:129-143.

15. Johnson, A. J., F. Guirakhoo, and J. T. Roehrig. 1994. The envelope glyco-
proteins of dengue 1 and dengue 2 viruses grown in mosquito cells differ in
their utilization of potential glycosylation sites. Virology 203:241-249.

16. Kawano, H., V. Rostapshov, L. Rosen, and C. J. Lai. 1993. Genetic deter-
minants of dengue type 4 virus neurovirulence for mice. J. Virol. 67:6567—
6575.

17. Kim, J. M., S. I. Yun, B. H. Song, Y. S. Hahn, C. H. Lee, H. W. Oh, and Y. M.
Lee. 2008. A single N-linked glycosylation site in the Japanese encephalitis
virus prM protein is critical for cell type-specific prM protein biogenesis,
virus particle release, and pathogenicity in mice. J. Virol. 82:7846-7862.

18. Kuhn, R. J., W. Zhang, M. G. Rossmann, S. V. Pletnev, J. Corver, E.
Lenches, C. T. Jones, S. Mukhopadhyay, P. R. Chipman, E. G. Strauss, T. S.
Baker, and J. H. Strauss. 2002. Structure of dengue virus: implications for
flavivirus organization, maturation, and fusion. Cell 108:717-725.

19. Lanciotti, R. S., J. T. Roehrig, V. Deubel, J. Smith, M. Parker, K. Steele, B.
Crise, K. E. Volpe, M. B. Crabtree, J. H. Scherret, R. A. Hall, J. S. MacK-
enzie, C. B. Cropp, B. Panigrahy, E. Ostlund, B. Schmitt, M. Malkinson, C.
Banet, J. Weissman, N. Komar, H. M. Savage, W. Stone, T. McNamara, and
D. J. Gubler. 1999. Origin of the West Nile virus responsible for an outbreak
of encephalitis in the northeastern United States. Science 286:2333-2337.

20. Lee, E., and M. Lobigs. 2008. E protein domain III determinants of yellow



5180

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

LEE ET AL.

fever virus 17D vaccine strain enhance binding to glycosaminoglycans, im-
pede virus spread, and attenuate virulence. J. Virol. 82:6024-6033.

Lee, E., and M. Lobigs. 2000. Substitutions at the putative receptor-binding
site of an encephalitic flavivirus alter virulence and host cell tropism and
reveal a role for glycosaminoglycans in entry. J. Virol. 74:8867-8875.

Lee, E., M. Pavy, N. Young, C. Freeman, and M. Lobigs. 2006. Antiviral
effect of the heparan sulfate mimetic, PI-88, against dengue and encephalitic
flaviviruses. Antiviral Res. 69:31-38.

Lee, E., R. C. Weir, and L. Dalgarno. 1997. Changes in the dengue virus
major envelope protein on passaging and their localization on the three-
dimensional structure of the protein. Virology 232:281-290.

Lee, E., P. J. Wright, A. Davidson, and M. Lobigs. 2006. Virulence attenu-
ation of Dengue virus due to augmented glycosaminoglycan-binding affinity
and restriction in extraneural dissemination. J. Gen. Virol. 87:2791-2801.
Lewis, J. A., G. J. Chang, R. S. Lanciotti, R. M. Kinney, L. W. Mayer, and
D. W. Trent. 1993. Phylogenetic relationships of dengue-2 viruses. Virology
197:216-224.

Li, J., R. Bhuvanakantham, J. Howe, and M. L. Ng. 2006. The glycosylation
site in the envelope protein of West Nile virus (Sarafend) plays an important
role in replication and maturation processes. J. Gen. Virol. 87:613-622.
Licon Luna, R. M., E. Lee, A. Miillbacher, R. V. Blanden, R. Langman, and
M. Lobigs. 2002. Lack of both Fas ligand and perforin protects from flavi-
virus-mediated encephalitis in mice. J. Virol. 76:3202-3211.

Lim, H. Y., and M. L. Ng. 1999. A different mode of entry by dengue-2
neutralisation escape mutant virus. Arch. Virol. 144:989-995.

Liu, W. J., H. B. Chen, and A. A. Khromykh. 2003. Molecular and functional
analyses of Kunjin virus infectious cDNA clones demonstrate the essential
roles for NS2A in virus assembly and for a nonconservative residue in NS3
in RNA replication. J. Virol. 77:7804-7813.

Lobigs, M., I. D. Marshall, R. C. Weir, and L. Dalgarno. 1988. Murray Valley
encephalitis virus field strains from Australia and Papua New Guinea: stud-
ies on the sequence of the major envelope protein gene and virulence for
mice. Virology 165:245-255.

Marsh, M., and R. Bron. 1997. SFV infection in CHO cells: cell-type specific
restrictions to productive virus entry at the cell surface. J. Cell Sci. 110:95-
103.

May, F. J., M. Lobigs, E. Lee, D. J. Gendle, J. S. Mackenzie, A. K. Broom,
J. V. Conlan, and R. A. Hall. 2006. Biological, antigenic and phylogenetic
characterization of the flavivirus Alfuy. J. Gen. Virol. 87:329-337.

Modis, Y., S. Ogata, D. Clements, and S. C. Harrison. 2003. A ligand-binding
pocket in the dengue virus envelope glycoprotein. Proc. Natl. Acad. Sci.
U. S. A. 100:6986-6991.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

J. VIROL.

Modis, Y., S. Ogata, D. Clements, and S. C. Harrison. 2005. Variable surface
epitopes in the crystal structure of dengue virus type 3 envelope glycoprotein.
J. Virol. 79:1223-1231.

Mondotte, J. A., P. Y. Lozach, A. Amara, and A. V. Gamarnik. 2007. Essen-
tial role of dengue virus envelope protein N glycosylation at asparagine-67
during viral propagation. J. Virol. 81:7136-7148.

Pokidysheva, E., Y. Zhang, A. J. Battisti, C. M. Bator-Kelly, P. R. Chipman,
C. Xiao, G. G. Gregorio, W. A. Hendrickson, R. J. Kuhn, and M. G. Ross-
mann. 2006. Cryo-EM reconstruction of dengue virus in complex with the
carbohydrate recognition domain of DC-SIGN. Cell 124:485-493.

Post, P. R., C. N. Santos, R. Carvalho, A. C. Cruz, C. M. Rice, and R. Galler.
1992. Heterogeneity in envelope protein sequence and N-linked glycosyla-
tion among yellow fever virus vaccine strains. Virology 188:160-167.

Rey, F. A, F. X. Heinz, C. Mandl, C. Kunz, and S. C. Harrison. 1995. The
envelope glycoprotein from tick-borne encephalitis virus at 2A resolution.
Nature 375:291-298.

Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
labotatory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, NY.

Scherret, J. H., J. S. Mackenzie, A. A. Khromykh, and R. A. Hall. 2001.
Biological significance of glycosylation of the envelope protein of Kunjin
virus. Ann. N. Y. Acad. Sci. 951:361-363.

Scherret, J. H., M. Poidinger, J. S. Mackenzie, A. K. Broom, V. Deubel, W. 1.
Lipkin, T. Briese, E. A. Gould, and R. A. Hall. 2001. The relationships
between West Nile and Kunjin viruses. Emerg. Infect. Dis. 7:697-705.
Shirato, K., H. Miyoshi, A. Goto, Y. Ako, T. Ueki, H. Kariwa, and I.
Takashima. 2004. Viral envelope protein glycosylation is a molecular deter-
minant of the neuroinvasiveness of the New York strain of West Nile virus.
J. Gen. Virol. 85:3637-3645.

Stocks, C. E., and M. Lobigs. 1998. Signal peptidase cleavage at the flavivirus
C-prM junction: dependence on the viral NS2B-3 protease for efficient
processing requires determinants in C, the signal peptide, and prM. J. Virol.
72:2141-2149.

Vorndam, V., J. H. Mathews, A. D. Barrett, J. T. Roehrig, and D. W. Trent.
1993. Molecular and biological characterization of a non-glycosylated isolate
of St Louis encephalitis virus. J. Gen. Virol. 74:2653-2660.

Wu, S. J., G. Grouard-Vogel, W. Sun, J. R. Mascola, E. Brachtel, R. Putva-
tana, M. K. Louder, L. Filgueira, M. A. Marovich, H. K. Wong, A. Blauvelt,
G. S. Murphy, M. L. Robb, B. L. Innes, D. L. Birx, C. G. Hayes, and S. S.
Frankel. 2000. Human skin Langerhans cells are targets of dengue virus
infection. Nat. Med. 6:816-820.



