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ABSTRACT

Recently, several virus studies have shown that protein glycosylation play a fundamental role in the
virus-host cell interaction. Glycosylation characterization of the envelope proteins in both insect and
mammalian cell-derived dengue virus (DENV) has established that two potential glycosylation residues,
the asparagine 67 and 153 can potentially be glycosylated. Moreover, it appears that the glycosylation of
these two residues can influence dramatically the virus production and the infection spreading in either
mosquito or mammalian cells.

The Sanofi Pasteur tetravalent dengue vaccine (CYD) consists of four chimeric viruses produced in
mammalian vero cells. As DENV, the CYDs are able to infect human monocyte-derived dendritic cells
in vitro via C-type lectins cell-surface molecules. Despite the importance of this interaction, the specific
glycosylation pattern of the DENV has not been clearly documented so far. In this paper, we investigated
the structure of the N-linked glycans in the four CYD serotypes.

Using MALDI-TOF analysis, the N-linked glycans of CYDs were found to be a mix of high-mannose,
hybrid and complex glycans. Site-specific N-glycosylation analysis of CYDs using nanoLC-ESI-MS/MS
demonstrates that both asparagine residues 67 and 153 are glycosylated. Predominant glycoforms at
asparagine 67 are high mannose-type structures while mainly complex- and hybrid-type structures are
detected at asparagine 153. In vitro studies have shown that the immunological consequences of infection
by the CYD dengue viruses 1-4 versus the wild type parents are comparable in human monocyte-derived
dendritic cells. Our E-protein glycan characterizations of CYD are consistent with those observations from
the wild type parents and thus support in vitro studies. In addition, these data provide new insights for
the role of glycans in the dengue virus-host cell interactions.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

interaction of DENV with C-type lectins cell-surface like the DC-
specific ICAM3-grabbing non-integrin DC-SIGN/CD209 [7]. So far,

Dengue disease affects more than 250 million people each
year in inter-tropical areas, causing approximately 25,000 deaths,
mainly children [1]. Dengue viruses (DENV) are enveloped fla-
viviruses transmitted by Aedes mosquitoes [2]. During infection,
DENV enters target cells via specific receptors. Both the identifica-
tion and the exact role of these receptors remain not completely
understood [3]. Recently, cell-surface glycosaminoglycans have
been studied [4], TIM and TAM proteins were also identified as
possible entry factors [5]. All these molecules might play a role
for the DENV entry and could be used as receptors to enter dif-
ferent types of cells [6]. Additionally, several studies described the
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DC-SIGN is assumed to be the most important DENV co-receptor
[8], and a target for antiviral therapy. DENV is able to infect many
types of host cells, but some subtypes of human dendritic cells
(DCs) are the primary targets of DENV. In this case, the infection
is mediated partially by the binding of DENV to DC-SIGN.

The DENV particle is composed of three structural proteins:
a capsid (C), a premembrane (prM) and the envelope (E) pro-
teins [9]. These proteins are involved in both the assembly and
the maturation of DENV [10]. The E-protein is associated with
the prM in immature virions [11]. Through the cellular secretion
pathway, the prM-protein is cleaved into M by cellular furin pro-
tease, followed with a E-protein conformational rearrangement.
The E-protein is the major glycoprotein surface [12], responsible
for virus attachment and fusion, and constitutes the primary pro-
tective antigen [13].Itis now acknowledged that N-glycosylation of
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viral proteins plays a central role in virus-host cells receptors and
co-receptors interactions [14]. In this respect, characterization of
the N-glycosylation state of viral glycoproteins becomes necessary
for the understanding of the virus/receptors interaction.

The E-protein contains two potential N-linked glycosylation
sites at asparagine residues Asn67 and Asn153. These glycosylation
sites are strictly conserved between the different dengue serotypes.
The most frequently glycosylation motif observed in the flavivirus
E-protein occurs for Asn153 in domain I, which is located near
the fusion peptide of the opposite E in the dimeric E conforma-
tion of the mature virion [15]. Glycosylation of Asn67 is specific
from DENV and located in domain II. The different serotypes and
host cell systems described in the literature are known to dra-
matically influence the presence of glycans and their glycosylation
patterns. Furthermore, N-glycosylation characterization of DENV
has been reported from lectin interaction studies, exoglycosidase
treatment, mutation experiments, combined with cell infection.
However, none of these studies investigate the complete glycosyl-
ation pattern of DENV.

In this context, some previous studies have demonstrated the
presence of N-linked glycans on both sites for all four serotypes
[16]. The analysis of the N-linked glycans composition on DENV
strongly indicates that the virus has a heterogeneous population
of both high-mannose and complex glycans in mammalian cells.
On the other hand, E-protein is glycosylated at Asn67 and Asn153
for serotype 1 but only at Asn67 for serotype 2, when DENV
is expressed from insect cells [17]. Glycan analysis of a soluble
recombinant E-protein from DENV2 expressed in human embry-
onic kidney cells showed that it bears either complex or hybrid
N-linked glycans with 40% sialylated and 25% fucosylated glyco-
forms [18].

As described above, the presence of N-glycans from the E-
protein could directly be related to its ability to interact with
receptors. DC-SIGN receptor interacts with mannose and fucose-
based oligosaccharides, particularly the Lewis blood group antigen
[7]. In dengue virus, DC-SIGN preferentially binds to the terminal
mannose residues, and this terminal mannosylation of E-protein is
essential for DCs infection [19,20]. Several mutation experiments
have shown that N-linked glycosylation at Asn67 is required for
virus growth in mammalian cells and important for infectivity
[21,22]. Recently, another group revealed that these results were
influenced by the strain origin and the nature of the mutation
[23]. Furthermore, the structure of an intact lipid-envelope virus
DENV2 with the carbohydrate recognition domain of DC-SIGN was
obtained [24]. Their cryoelectron microscopy reconstruction gave
strong evidence for DC-SIGN binding to N-linked glycans at Asn67
of the two neighboring E-proteins. All these results are consistent
and support the key role of the E-protein and glycosylation sites,
mediating interaction with DC-SIGN molecules.

The Sanofi Pasteur tetravalent dengue vaccine (CYD dengue
vaccine) is composed of four chimeric viruses [25] based on the
backbone of the live attenuated yellow fever 17D vaccine, and
expressing the major structural antigens prM and E of each dengue
serotype. The CYD dengue vaccine candidate has been the sub-
ject of an extensive preclinical, clinical and industrial development
[26,27]. Large Phase III efficacy studies in Asia and Latin America
have recently demonstrated its ability to protect against disease
[28,29]. As DENV, the CYD dengue viruses are able to infect human
DCs in vitro, involving the cell-surface DC-SIGN molecules [30].
The CYD dengue viruses can replicate further in human primary
cells such as monocyte-derived dendritic cells, and viremia can be
detected in vivo after immunization, albeit at low levels [26]. Nev-
ertheless, the first cycle of infection will impact subsequent ones
in vivo (depending on its initial level and on the identity of target
cells), and then the nature of the glycosylation obtained in vero cells
has to be considered.

As mentioned above, glycosylation is a critical protein attribute
for the ability of CYD dengue viruses to interact with DC-SIGN,
which consequently needs further characterization. The glyco-
sylation state of the E-protein from each considered serotype
is described in this paper. Since N-glycosylation is dependent
on cells subtype and various culture parameters [31], in-depth
characterization of N-linked glycans from the E-protein of CYD
produced in vero cells is particularly essential. We then con-
sidered the glycosylation state of the E-protein from each
serotype.

In this work, N-linked oligosaccharides of the E-protein after
in-gel deglycosylation have been characterized using mass spec-
trometry. N-glycosylation profiling of the E-protein was performed
using MALDI-TOF, demonstrating that the CYD envelope had a het-
erogeneous pattern. Furthermore, a detailed study of both Asn67
and Asn153 sites was carried out from glycopeptides. The results
show that high mannose glycans are predominant at Asn67 while
mainly complex glycans are detected at Asn153.

2. Materials and methods
2.1. Purification of CYD virus particles

ChimeriVax™-DEN1-4 were produced on serum-free vero cells
on microcarriers in bioreactor at Sanofi Pasteur (Marcy L'Etoile,
France). The viruses were then precipitated on 7% polyethylene
glycol-8000, and after 2 h of incubation at 4 °C, the pellets were col-
lected by centrifugation at 16,000 x g at 4°C for 1 h and suspended
in 50 mM Tris pH 7.5, 75 mM NacCl, 0.1 mM EDTA. The concentrated
virus suspension was loaded onto a 30-50% linear sucrose gradi-
ent in the same buffer and centrifuged for 18 h at 160,000 x g at
4°C in a Beckman SW32 rotor. Sixty fractions of 500 .l were col-
lected and the presence of virus was detected in each fraction by
qRT-PCR targeted yellow fever 17D-NS5 gene [32]. Virions present
in the fractions with the highest titers were pooled and diafiltrated
twice on Amicon 100 kDa to eliminate sucrose and replace by buffer
50 mM Tris pH 7.5, 75 mM NaCl, 0.1 mM EDTA. Purified CYD viruses
were stored at —80°C.

2.2. Protein identification and Isolation of E protein from CYD
virus particules

The proteins from purified CYD virus particules were sepa-
rated using SDS-PAGE after protein reduction and alkylation. Gels
were stained with GelCode® blue stain reagent. Analytical gel
was done with 5 g protein. All detected bands were excised and
identifications were performed. Tryptic digestion was performed
using DigestPro MS robot (Intavis AG Bioanalytical Instruments,
Germany). Excised gel bands were washed alternatively with
50 mM ammonium bicarbonate, pH 8 and acetonitrile. Proteins
were then reduced with 10 mM DTT and alkylated with 55 mM
iodoacetamide and then enzymatically digested with trypsin at
0.01 mg/ml diluted in 25 mM ammonium bicarbonate (Promega,
USA). Samples were incubated at 37 °C during 4 h. Digestion was
stopped by the addition of trifluoroacetic acid (TFA) at a final con-
centration 0.1% (v/v) and the resulting peptides were collected.
The samples were then deposited onto a matrix layer of satu-
rated a-cyano-4-hydroxycinnamic acid solution in acetone and
TFA 0.1% (v/v), as described [33]. Analyses were performed on an
Ultraflextreme MALDI-TOF mass spectrometer in reflectron pos-
itive mode (Bruker Daltonics, Billerica, MA). External calibration
was done in each case using peptide calibrants (Bruker Dalton-
ics, reference 222570). Mass spectra were acquired using sets of
instrument parameters over 800-4000 m/z. Monoisotopic peptide
masses determined by MALDI-TOF were submitted to the MASCOT
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Fig. 1. (A) N-glycans present on CYD-3 E-protein. (B) Batch to batch comparison of N-glycans present on CYD-2 E-protein. The N-glycans from the E-protein were released
by in-gel PNGase F deglycosylation, micropurified and measured by MALDI-TOF positive mode using 2,5-dihydroxybenzoic acid matrix. Detected ions are singly charged
sodium adducts and monoisotopic masses are shown above the peak. For assignments of glycans see Table 1.

program (Matrix Science Ltd.). The recorded peptide masses were
then matched with the masses resulting from theoretical digests
of the protein sequences currently present in the Uniprot or MSDB
databases. A peptide tolerance of 50 ppm was permitted and one
trypsin miss cleavage was considered.

For glycosylation studies, 15 g of protein was loaded. Detected
bands of E-protein were cut and in-gel digested by endoglycosi-
dase peptide-N4-(N-acetyl-[3-D-glucosaminyl) asparagine amidase
F (PNGase F) and/or by trypsin or trypsin/Glu C.

2.3. In-gel deglycosylation of glycoproteins with the
endoglycosidase peptide-N4-(N-acetyl-B-D-glucosaminyl)
asparagine amidase F

A modified version of the protocols reported by [34,35] was
used. Excised gel bands were extensively rinsed with de-ionized
water before equilibration with 20 mM sodium carbonate, pH 7. In
order to remove sodium dodecyl sulfate, the gel was alternately
washed twice with 100% acetonitrile and sodium carbonate buffer.

Table 1

Proposed carbohydrate composition of N-glycans released from the E-protein observed by MALDI-TOF in Figs. 1 and 2.
m/z [M+Na*] experimental m/z [M+Na*] calculated N-glycans composition N-glycans type
1257.448 1257.423 MansGIcNACc;, High mannose
1419.506 1419.476 MangGIcNACc; High mannose
1581.556 1581.529 Man;GIcNAc, High mannose
1743.609 1743.582 MangGIcNAc, High mannose
1905.643 1905.634 MangGIcNACc, High mannose
1460.536 1460.503 GlcNAcy MansGIcNAc; Hybrid
1606.585 1606.560 GIlcNAcy MansGlcNAc; Fucy Hybrid
1622.588 1622.555 Gal; GIcNAc; MansGlcNAc, Hybrid
1647.614 1647.587 Gal; GlcNAc; Mans GleNAc; Fucy Complex
1663.608 1663.582 Gal, GlcNAc; Mans GleNAc, Complex
1809.667 1809.640 Gal, GlcNAc; Mans; GleNAc; Fucy Complex
1850.693 1850.666 Gal; GIcNAcsMan3 GIeNAc, Fucy Complex
1866.688 1866.661 Gal, GlcNAcsMans GleNAc, Complex
2012.744 2012.719 Gal, GlcNAcsMans GleNAc; Fucy Complex
2174.796 2174.772 Gal3GlcNAcs;Mans GleNAc; Fucy Complex
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After a brief exposure to vaccum, the gel was rehydrated with 5
Sigma unit of PNGase F in carbonate buffer and incubated 16 h
at 37°C. Released N-glycans were eluted from the gels by sev-
eral washes with water under sonication, subsequently pooled and
reduced to a low volume for MALDI-TOF analysis. As a control, the
same protocol was performed from excised gel bands but with addi-
tion of carbonate buffer instead of PNGase F. This control sample
was used to identify the experimental false positives deamidated
Asn residues [36].

2.4. In-gel proteolysis of glycoproteins

Enzymatic digestion was done from excised gel bands follow-
ing a modified version of the protocol reported by [34,37]. Excised
gel bands were extensively rinsed with de-ionized water before
equilibration with 25 mM ammonium bicarbonate pH 8, 50% ace-
tonitrile. In order to remove sodium dodecyl sulfate, the gel was
alternately washed twice with 100% acetonitrile and 25 mM ammo-
nium bicarbonate, 50% acetonitrile during 15 min. Then, gel bands
were shrunk by replacement of buffer with 100% acetonitrile,
and exposed briefly to vacuum. The gel bands were swollen in
25mM ammonium bicarbonate containing 12.5 wg/ml of trypsin
(Promega, USA) in an ice-cold bath during 45 min. Then the super-
natant was removed and replaced with digestion buffer without
trypsin to keep the gel pieces wet. Cleavage proceeded at 37°C
for 16 h for trypsin digestion. For the double digest, trypsin diges-
tion was incubated during 4h at 37 °C, and 2 pl of endoproteinase
GluC (Roche, Germany) at 1 mg/ml was added and then incubated
at 25°C during 16 h. Peptides were extracted alternatively with
30% acetonitrile, TFA 0.1% and 80% acetonitrile, TFA 0.1% during
10 min with sonication. The supernatant and extracts were com-
bined and evaporated to 5 I, then diluted with TFA 0.05% before
injection.

2.5. Matrix-assisted laser desorption/ionization time-of-flight
mass spectrometries (MALDI-TOF-MS) of N-glycans

MALDI-TOF spectra were recorded on a Bruker Ultraflextreme in
reflectron positive mode for neutral glycans and in negative mode
for acidic glycans. 2,5-Dihydroxybenzoic acid was used as matrix
and the neutral glycans were detected as singly charged sodium
adducts [38]. 6-Aza-2-thiothymine was used as matrix for acidic
glycans [39] which were detected as negatively singly charged
[M—H]~ species. N-glycans were micropurified by graphite phase
or dowex cation exchange resin prior MALDI-TOF analysis using
dried droplet method.

2.6. Nanochromatography coupled with electrospray mass
spectrometry (NanoLC-ESI-MS/MS) of glycopeptides

The nano-LC/ESI-MS/MS experiments were performed using an
Ultimate HPLC system (Dionex GmbH, Germany) equipped with a
150 mm x 0.075 mm PepMap RP C18 column and a 5 mm x 0.3 mm
preconcentration RP C18 column, which were online coupled to a
Bruker Maxis Q-TOF mass spectrometer or an ion trap HCT. The
mobile phase consisted of a 0.1% formic acid in 2% acetonitrile/98%
water (A) and 0.08% formic acid in 80% acetonitrile/20% water
(B). The sample was diluted with 0.1% TFA and injected. A linear
gradient from 2 to 35.5% B in 90 min was used at flow rate of
250 nl/min. The mass spectrometer was operated in the positive
ion mode in an m/z range of 300-1500 m/z. Peptides were frag-
mented using autoMS/MS over the same scan range with active
exclusion for 1 min and with three precursor ions being selected
per cycle. Detection of glycopeptides was based on the MS/MS sig-
nal of characteristic ions 366, 528 and 690 m/z from fragmented
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Fig. 2. N-glycans present on the E-protein from CYD-1 (A), CYD-2 (B), CYD-3 (C)
and CYD-4 (D). The N-glycans from the E-protein were released by in-gel PNGase
F deglycosylation, micropurified and measured by MALDI-TOF positive mode using
2,5-dihydroxybenzoic acid matrix. Detected ions are singly charged sodium adducts
and monoisotopic masses are shown above the peak. For assignments of glycans see
Table 1.

glycopeptides. Data were manually interpreted and identification
was based on MS and MS/MS measurements. Putative structures
of N-glycans were deduced from composition based on accurate
mass measurements. Data from deglycosylated peptides result-
ing from in gel deglycoyslation and proteolysis were submitted to
the MASCOT program. Identification of peptides containing the N-
glycosylation sites was performed by accurate mass measurements
and MS/MS analysis.

2.7. Sialic acids assay

Sialic acids were released from CYD-2 glycoproteins after 2 h
acetic acid 1% (v/v) hydrolysis at 80°C [40]. High performance
anion exchange chromatographic separation was performed on
a Dionex ICS 3000 system (Sunnyvale, CA, USA). A carbopac
PA10 column with guard column was used and sialic acids
were separated with an isocratic 90 mM sodium acetate-75 mM
sodium hydroxide and detected by pulsed amperometric detec-
tion. Samples were quantified against standard sialic acids
reference.
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Fig. 3. NanoLC-MS/MS experiments from glycopeptides Asn67 site derived from the E-protein digest CYD-1 (A), CYD-2 (B), CYD-3 (C), and CYD-4 (D). Several glycoforms
are identified based on accurate mass measurements and their MS/MS spectra. One possible structure of the glycan species is represented from mass measurements. The
compounds are represented by the symbols (blue rectangle, GIcNAc; green circle, mannose; red triangle, fucose; yellow circle, galactose; red diamond, sialic acid). (For
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3. Results

3.1. SDS-PAGE analysis of the E-protein

Based on mass spectrometry data derived from trypsin diges-

tion, we found out that the major protein from each serotype is
the E-protein, which is the major immunogenic target of the CYD
dengue vaccine. N-glycans resulting from in-gel deglycosylation
of bands corresponding to the E-protein were analyzed first using
MALDI-TOF.

3.2. N-glycosylation profiling of the E-protein

N-glycans profiling from the E-protein CYD-3 (Fig. 1A) showed
a family of high mannose glycans comprised between 5 and 9
mannose residues. The predominant ion peak at m/z 1419.506 cor-
responds to HexgHexNAc; which can be assigned to MangGlcNAc;.
Several other complex or hybrid N-glycans are detected too
(Table 1). Among them, the predominant ion peak at m/z 1809.667
corresponds to HexNAc,HexsHexNAc;Fucy that is most likely
a complex N-glycan. Minor ion peaks at m/z 1460.536, m/z
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Fig. 4. Positive ion CID MS/MS spectra of the parent ion at m/z 1190.15 from CYD-1 E-protein, corresponding to the glycopeptide containing the site Asn67. The identities
of the fragment are indicated above the fragment ion masses. Same fragments are identified from triply (3+) or doubly (2+) charged species and correspond to N-glycan
composition MangGlcNAc,. The compounds are represented by the symbols as in Fig. 3 (blue rectangle, GIcNAc; green circle, mannose; red triangle, fucose; yellow circle,
galactose; red diamond, sialic acid). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

1606.585 and m/z 1622.588 correspond to HexNAc; HexsHexNAc,,
HexNAc;HexsHexNAcyFuc; and HexNAc;HexgHexNAc, respec-
tively, which are hybrid type N-glycans. Most of the detected
N-glycans are biantennary structures while some minor peaks are
triantennary structures. The comparison of several batches from all
serotypes described a similar picture. As observed in Fig. 1B, simi-
lar N-glycosylation profile were obtained from five different CYD-2
batches, and differs only in the relative peaks intensities. In a similar
way, N-glycan profiling from the four serotypes exhibits intensity
differences for the major peaks (Fig. 2). One can imagine that this
last observation could be related to the analysis of underivatized
glycans and/or significant variability of MALDI-TOF signal as it has
been widely reported in the literature.

Comparison of N-glycan profiling from the four serotypes shows
the same pattern of N-glycosylation comprised high mannose,
complex and hybrid glycans (Fig. 2). The results showed high
similarity for the number of N-glycans identified between each
serotype. Some high mannose type glycans like MansGIcNAc,
at mfz 1257.45, MangGlcNAc, at m/z 1905.64 and hybrid type
GIcNAciMansGlcNAcyFucy at m/z 1606.58 are only detected for
CYD-1 (Fig. 2A) and CYD-3 (Figs. 1A and 2C) serotypes. The N-
glycan Gal; GIcNAczMansGIcNAc, at m/z 1704.75 is detected only
for CYD-2 serotype.

Sialylated complex fucosylated and non-fucosylated N-glycans
from CYD-1 and CYD-3 serotypes containing only one N-
acetylneuraminic acid (NeuAc) residue, at m/z 1930.71, m/z
2076.77, and m/z 2441.90 (Supplementary Fig. 1) were also
detected. These peaks could correspond to NeuAc;Gal,GlcNAc;
Man3GIlcNAc,, NeuAc; Gal, GIcNAc; Mans GleNAc; Fucy and NeuAc,
Gal3GlcNAc3Man3GlcNAc, Fucy N-glycans respectively. In addition,
the ion peak at m/z 2092.767 seems to be a hybrid N-glycan
NeuAc; Gal, GlcNAc;MangGIlcNAc,. Based on their composition,
these N-glycans are bi or triantennary structures. MALDI-TOF anal-
ysis of underivatized sialylated N-glycans could lead to the loss of
sialic acids when 2,5-dihydroxybenzoic acid matrix is used. How-
ever, many of these fragmentation problems using MALDI-TOF
can be overcome by a suitable choice of matrix. In our experi-
mental conditions, the use of 6-aza-2-thiothymine matrix instead
of 2,5-dihydroxybenzoic acid increases significantly the detection
of sialylated glycans [38,39]. However, we were unable to detect

sialylated glycans from CYD-2 and CYD-4 serotype suggesting that
the amount of these N-glycans is below the limit of quantification.
Analysis by HPAEC confirmed the presence of N-acetylneuraminic
acid from CYD-2 at a ratio below 0.03 wg per mg of proteins
and no N-glycolylneuraminic acid could be detected (data not
shown).

3.3. Site-specific characterization of glycopeptides from E-protein

Identification of glycosylation site was based on the comparison
of proteolytic peptides obtained with and without PNGase F protein
deglycosylation as a control. For each serotype, peptides contain-
ing Asn67 and Asn153, the two potential glycosylation sites, were
not detected in their non-glycosylated form in the control samples
without PNGase F treatment. On the other hand, peptides contain-
ing both Asn67 and Asn153 glycosylation sites were detected after
PNGase F deglycosylation, suggesting that both non-glycosylated
peptides are eluted from the column. Accurate mass measurements
and MS/MS analysis of the peptides confirmed the conversion of
asparagine to aspartic acid residues following protein deglycosyla-
tion using PNGase F (mass shift of +0.98 Da).

3.4. Glycopeptides derived from Asn67 of E-protein

The main glycopeptides detected containing Asn67, have N-
linked high mannose composed of 4-8 mannose residues, for
serotype CYD-1, CYD-3 and CYD-4 (Fig. 3). N-glycan compositions
are deduced from accurate mass measurements and MS/MS data.
Fig. 4 shows an example of a MS/MS spectrum for the triply charged
precursor (m/z 1190.15), which was identified as the MangGlcNAc;
glycoform at the Asn67 site. The MS/MS spectrum provides direct
evidence for the high mannose-type glycosylation linked to Asn67
site. MS/MS data were obtained for each serotype and confirmed
the presence of various glycoforms at this position Asn67 (Supple-
mentary Table 1).

For CYD-2, high mannose linked to Asn67 glycopeptides showed
less intense signal than complex or hybrid N-linked glycans
(Fig. 3B). Surprisingly, the only glycan family detected for CYD-
3 Asn67 site is high mannose as shown in Fig. 3C. The other
serotypes showed complex and hybrid glycopeptides from Asn67



1366 J. Dubayle et al. / Vaccine 33 (2015) 1360-1368
AM 4+ Pep=137-YSVIVTVHTGDQHQVGNESTE -157
125e4] 1022535 [ 2 N\ AM 3+
, Lg /
1170.656
1.0e4 22
" A
5 3
> 7.5e3 < s
G 1 I ° 1356.892 S &
S 930.462 g oF ’
£ 5.0e3] E
pd |
1068.689 112?132 1202499 D b b by
2:5e3; 98504 991. 967 “1090 694 1222 1155 h 130:204 1423'58‘145% 924
Ll I\ L [ . th " N [ ssarz0 | assser | i 4
900 1000 1100 1200 1300 1400 m/z
/\M 4+
4 1208 86 A
8.0 e57
Pep = 129-VVQPENLEYTIVVTPHSGEEHAVGNDTGK-157
1166.16
_ 6.0e5: } 3z g M 3 B
g 1125 851 / / R \
= H S 2
‘S 4.0e5
£ 1186.91
p g 3 -
2.0e5 /" 1275 - 1500.68 1554 60 160870 ;
1 ’ ]
Vs L l 1314.60 1388.65
uu A anded | RV .1.481'68 ) JWR 1698.69
1100 1200 1300 1400 1500 1600 m/z
AM 4 Pep=137-YTVIITVHTGNQHQVGNDTQGVTAE-161
1113.476 \ /\M 3+ C
1.25e4 / \
» 1.0e4 i 3 =2
& '° 5 b4
> 3 oo o3
B 7.5e3 101,560 1484,209 T
8 s %
f=4
= 5.0e3 ©
1164245
1287.999 F; 2 3
-l
2.5e3'v89 1354247 ¥1435 14 1551,992 /
u‘ jl l 11581 330
A, AN A TV U "W, N | N
900 1000 1100 1200 1300 1400 1500 1600m/z
AMS
] 1001433
2.0e4 4 o A D
g\i Peptide 137-YTVVVTVHNGDTHAVGNDTSNHGVTATITPR-167
8‘1 .5e4 3 : M 4+
(5]
> \ g / \
%1 00a] 7 %p Ti%mz 1049 000 oo
2 °
E g &i
]
0.5e4 &340\972 22 o _'g\;J '\gvi' p] :
842,885 955.811 g 1251540 3
l o cor l / l k 1115074 l 1300.300
L“ A J | 892‘37;] .? “ AL ]l A, Lo J 1115A41001 112151.026 JL A 1 N "
900 1000 1100 1200 1300 m/z

Fig. 5. NanoLC-MS/MS experiments from glycopeptides Asn153 site derived from the E-protein digest CYD-1 (A), CYD-2 (B), CYD-3 (C), and CYD-4 (D). Several glycoforms
are identified based on accurate mass measurements and their MS/MS spectra. One possible structure of the glycan species is represented from mass measurements. The
compounds are represented by the symbols as in Fig. 3 (blue rectangle, GIcNAc; green circle, mannose; red triangle, fucose; yellow circle, galactose; red diamond, sialic acid).
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

serotype, major glycopeptides for Asn153 are high mannose linked

(Supplementary Table 1). These are bi or tri antennary glycans with-
out fucosylation. Complex sialylated glycopeptides derived from
Asn67 are detected from CYD-1 and CYD-2 at very low amounts.

3.5. Glycopeptides derived from Asn153 of E-protein

Major glycopeptides detected for Asn153 for CYD-1, CYD-3 and
CYD-4 serotype contain complex or hybrid linked glycans with
fucosylation and bi-antennary structure (Fig. 5). For the CYD-2

glycan MangGIcNAc, (m/z 1206.86) and a complex-type glycan
Gal,GlcNAcy;Mans GIcNAc, Fucy (m/z 1230). High mannose linked
glycans are detected from all serotypes at Asn153 (Supplementary
Table 2) and consist of 6-8 mannose residues, except for CYD-2
E-protein which has 4-8 mannose residues (Fig. 5B). Complex sia-
lylated glycopeptides are also detected at this position at very low
intensity. Surprisingly, fucosylated glycopeptides were specific for
the Asn153 site and not detected for Asn67.
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4. Discussion

In this study, we compared the glycosylation pattern and the
site specific N-glycosylation of the E-protein from four serotypes
of the CYD dengue vaccine candidate. The glycosylation pattern
was elucidated using MALDI-TOF. The characterization of site
specific N-glycosylation was assessed by nanoLC-ESI-MS/MS. Pre-
vious studies related to N-glycosylation of the DENV were done
using lectin reactivity, virus mutation, or exoglycosidase treat-
ment. So far, no reports of the specific N-glycosylation pattern
of the E-protein using mass spectrometry are mentioned in the
literature. Here, we used a combination of mass spectrometry
methods to biochemically characterized the N-glycosylation of the
E-protein from the dengue vaccine candidates produced in vero
cells.

Analysis of the N-glycan profile of the E-protein by MALDI-TOF
demonstrates a high heterogeneity, with 15 neutral N-glycans and
4 sialylated N-glycans. The presence of high mannose, complex and
hybrid glycans are in agreement with the glycosylation profiles of
glycoproteins produced in vero cells. The main peak corresponds
to high mannose glycan: MangGIcNAc,, as described in previous
studies realized on the wild-type dengue viruses expressed on
mosquito cells [17]. In addition, we detected different complex and
hybrid glycans as previously characterized using the lectin reactiv-
ity experiments on the E-protein expressed in vero cells [20]. The
second more intense peak corresponds probably to a complex fuco-
sylated glycan: Gal,GIcNAc;MansGIcNAc,;Fucy. This glycan was
previously detected using LC and sequential digestion of the soluble
recombinant E-protein expressed in mammalian cells [18]. On the
other hand, we found a very low number of sialylated glycans. Our
data provide a complete glycosylation pattern of the E-protein that
was not assessed previously. The glycan composition is in agree-
ment with the ability of the four CYD dengue viruses to interact
with DC-SIGN as described in the literature [7]. The same global
N-glycosylation pattern is observed for the four serotypes, suggest-
ing that glycans interactions with DCs are similar for the different
dengue virions. These interactions ensure a proper activation of
the DCs by CYD vaccine, as observed in human monocyte-derived
dendritic cells [30,41].

Identification of the N-glycosylation sites and site-specific
glycan micro-heterogeneity were characterized using nanoLC-ESI-
MS/MS. Our data show that both sites, Asn67 and Asn153, are fully
glycosylated, because we did not detect non-glycosylated peptides.
We identified a total of 29 different neutral glycoforms and 6 sia-
lylated glycoforms of the E-protein. As expected, we were able
to detect more glycoforms using nanoLC-ESI-MS/MS than MALDI-
TOF.

Our data demonstrate that the most abundant glycoforms at
each site of the E-protein are different. The main glycoforms at
Asn67 residue are high mannose-type structures, and correspond
to aMangGlcNAC; glycoform. On the other hand, the most abundant
glycoforms at Asn153 residue are complex-type structures, and
corresponds most likely to a Gal, GlcNAc;Man3GlcNAc, Fucy glyco-
form. These two glycans are the ones predominantly detected using
MALDI-TOF. Surprisingly, fucosylated glycopeptides are found at
Asn153 but not at Asn67.

Minor differences in the relative distribution of glycoforms
between serotypes can be observed. These discrepancies may result
from method sensitivity limitation, indicating the importance of
using a complementary approach to fully determine the glycosyl-
ation state of the E-protein. Moreover, the determination of the
relative abundance of the glycoforms at each specific glycosylation
site is very important to elucidate the full glycosylation pattern
of the E-protein. Further studies should be undertaken in order to
determine accurately the relative abundance of each glycoform at
both sites, using several vaccine batches for each serotype.

In summary, our current work provides information on the site-
specific N-glycosylation of the E-protein from CYD-1 to 4. The
composition of the N-glycans identified in this study is in agree-
ment with the structures described for the wild-type dengue virus
in the literature. These data demonstrate that both Asn67 and
Asn153 are glycosylated, and that the main glycoform detected
is able to interact with DC-SIGN receptor, known to be the most
important DENV receptor. In vitro studies have shown that the
immunological consequences of CYD dengue viruses 1-4 infection
versus the wild type parents are comparable in human monocyte-
derived dendritic cells. The E-protein glycan characterization of
CYD is consistent with those from the wild-type parents and thus
support in vitro studies [30,41]. Finally, our mass spectrometry data
bring new insights into the characterization of the role of N-glycans
in the dengue-host cell interaction. The same analysis of the gly-
cans composition can be broadly applicable to different virus in
order to establish a more general function of glycans in the host
infection.
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