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Sulphated glycosaminoglycans such as heparin inhibit the early step of dengue virus infection through
interaction with envelope (E) protein. Here, we found that chondroitin sulphate E (CSE), but not CSD,
which contains the same degree of sulphation, inhibited dengue virus (DENV) infection of cells with
adsorption. CSE significantly reduced infectivity of all dengue virus serotypes to BHK-21 and Vero cells.
DENV preferentially bound to CSE immobilised on plastic plates. Also, virus binding to CSE or heparin was
cross-inhibited by soluble CSE or heparin. These findings suggested that common carbohydrate deter-
minants on CSE and heparin could be essential epitopes for interaction of DENV, and may be responsible
for inhibition of the early steps of DENV infection. A recombinant E protein directly bound heparin and
CSE, but not CSD, meaning that interaction of CSE with E protein contributes to the inhibitory action of
this glycosaminoglycan. These observations indicate that a specific carbohydrate structure rather than
polysulphation or addition of negative charges of the glycosaminoglycan molecule would be necessary
for direct binding to DENV E protein. In conclusion, CSE showed antiviral activity as an entry inhibitor
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targeting E protein of dengue virus.
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1. Introduction

Dengue virus (DENV) belongs to the genus Flavivirus, family Fla-
viviridae (Kuno et al., 1998; Mukhopadhyay et al., 2005). DENV
is transmitted by Aedes mosquitoes, and predominantly infects
humans. DENV causes human diseases, such as dengue fever,
dengue hemorrhagic fever and dengue shock syndrome (Gubler,
2002; Halstead, 2007). There are four dengue virus serotypes, type
1 (DENV-1) to type 4 (DENV-4), which have similar clinical mani-
festations and epidemiology in tropical and subtropical regions of
the world where more than two billion people are at risk of infec-
tion (Kuhn et al., 2002; Mackenzie et al., 2004; Weaver and Barrett,
2004; Halstead, 2007).

Flaviviruses are enveloped viruses with an envelope (E) pro-
tein on the surface of the lipid bilayer membrane. The Flavivirus
genome is a single-stranded, positive-sense RNA approximately
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11 kb in length, which contains a single open reading frame encod-
ing a polyprotein (Lindenbach and Rice, 2003; Zhang et al., 2003c).
The polyprotein is posttranslationally cleaved into three struc-
tural (C, PrM and E) and seven non-structural (NS1, NS2a, NS2b,
NS3, NS4a, NS4b and NS5) proteins by host- and viral-derived pro-
teases. Among the three structural proteins, E protein consists of
500 amino acids divided into three functional domains: domain I,
domain Il and domain IIl. Domains Il and IlI contain a fusion peptide
and a cellular receptor binding site(s), respectively (Rey et al., 1995;
Wu et al,, 2003). E protein, which is the major antigen, is consid-
ered to be involved in viral attachment, fusion, neutralisation, host
range and tissue tropism (McMinn, 1997; Crill and Roehrig, 2001;
Chu et al., 2005; Chin et al., 2007; Stiasny et al., 2007).

Flavivirus infection is initiated by the interaction between E
protein and protein, lipid, or carbohydrate host receptor(s) in a
complex extracellular matrix structure (Schneider-Schaulies, 2000;
Lescar et al., 2001; Aoki et al., 2006). The structures and antibody
binding sites of DENV E proteins have been elucidated by X-ray
crystallography and NMR (Modis et al., 2003, 2005; Zhang et al.,
2003Db). These studies provided a structural basis for understanding
the molecular mechanisms of immunological protection and virus
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entry. Several lines of evidence regarding host receptors demon-
strated that heparan sulphate (HS) or the highly sulphated form
of glycosaminoglycan on the host cell surface are essential for the
early stages of flavivirus infection (Chen et al., 1997; Lee and Lobigs,
2000; Mandl et al., 2001; Gemi et al., 2002). Virus particles attached
to the host cell surface enter the cell by receptor-mediated endocy-
tosis. Acidification of the endosomal vesicle causes conformational
changes in E protein, which result in fusion and viral disassembly
(McMinn, 1997; Stiasny et al., 2007).

At present, no specific treatments for DENV infection are clini-
cally available. Control of DENV by safe, low-cost and long-lasting
vaccination has not been established. Therefore, there is a require-
ment for effective antiviral agents and therapeutic concepts for
DENV infection. Although Japanese encephalitis and yellow fever
viruses, which belong to the same family as dengue virus (fam-
ily Flaviviridae), are controlled by specific vaccinations, no licensed
dengue vaccines or anti-dengue agents are clinically available. The
only available disease treatment is supportive therapy. Several
types of antiviral agent have been sought intensively, including
inhibitors against viral replication (Zhang et al., 2003a), posttrans-
lational processing of viral proteins (Courageot et al., 2000; Knox
et al., 2006; Whitby et al., 2005; Wu et al., 2002) and E protein
functions such as membrane fusion (Hrobowski et al., 2005; Poh et
al., 2009) and virus attachment (Aoki et al., 2006; Bai et al., 2007;
Hidari et al., 2008; Marks et al., 2001; Wang et al., 2009; Yennamalli
et al., 2009). Blocking of virus attachment or entry into host cells
is an effective strategy to control virus infection (Altmeyer, 2004).
This type of inhibitor, termed an entry inhibitor, blocks structural
rearrangements of the viral envelope that are essential for viral
infection.

Glycosaminoglycans are unbranched sulphated polysaccharides
expressed widely on the cell surface or in the extracellular matrix
(ECM). There are five different isomers of glycosaminoglycans
based on the sugar components, the extent of sulphation and the
number of repeating units: heparin, HS, chondroitin sulphate (CS),
dermatan sulphate and keratan sulphate. Glycosaminoglycans play
important roles in cell adhesion and growth, maintenance of ECM
integrity and signal transduction (Gallagher et al., 1986; Kjellen
and Lindahl, 1991; Yanagishita and Hascall, 1992; lozzo, 1998). It
has been reported that some viruses utilise glycosaminoglycans as
an initial step to enter host cells (Lycke et al., 1991; Trybala et al.,
1994; Roderiquez et al., 1995). Some glycosaminoglycans with a
high degree of sulphation, such as heparin and highly sulphated
chondroitins, show potent inhibition of flavivirus infection (Chen
et al.,, 1997; Su et al,, 2001). The degree of sulphation has been
suggested to be involved in inhibition of infection (Marks et al.,
2001). However, detailed chemical structures responsible for the
interaction of DENV with host receptors have yet to be elucidated.

In the present study, we examined the anti-dengue virus activ-
ity of sulphated glycosaminoglycans. We also investigated viral
infection and molecular interaction with a number of glycosamino-
glycans, i.e., chondroitin sulphate A, B, C, D and E, heparin, heparan
sulphate and hyaluronic acid.

2. Materials and methods
2.1. Materials

Chondroitin sulphates (CSA, CSB, CSC, CSD and CSE), HS and
heparin were purchased from Seikagaku Corp. (Tokyo, Japan) and
Sigma (St. Louis, MO), respectively. A sensor chip SA was obtained
from GE Healthcare UK Ltd. (Little Chalfont, Buckinghamshire). Cell
proliferation kit (Cat# 11465007001) for MTT assay was purchased
from Roche Diagnostics GmbH (Mannheim, Germany). All other
chemicals were of the highest quality commercially available.

2.2. Cell culture and virus

BHK-21 and Vero cells were cultured at 37 °C under 5% CO; in
Dulbecco’s modified Eagle’s medium (DMEM) with 5% FBS. Aedes
albopictus clone C6/36 cells were grown at 28 °C in Eagle’s minimal
essential medium supplemented with 10% FBS and 0.2 mM non-
essential amino acids. DENV-1 strain, D1/Lao/03, DENV-2 strain,
ThNH-7/93, DENV-3 strain, D3/BDH02-01, DENV-4 strain, ThD4-
17/97 and JEV strain, JaOArS982, were inoculated into C6/36 cells
and the supernatant was harvested on the fourth day of culture
(Igarashi, 1978; Thant et al., 1996). The supernatant was cen-
trifuged, followed by addition of polyethylene glycol 6000 and NaCl
to final concentrations of 8% and 0.5 M, respectively. This mixture
was gently stirred overnight at 4 °C and centrifuged again. The virus
pellet was suspended in 2 ml of STE buffer (0.15M NaCl, 0.1 M Tris
and 0.01 M EDTA, pH 7.2). The virus aliquots were stored at —80°C
before use.

2.3. Inhibition of virus infection by glycosaminoglycans

Virus titres were determined by focus-forming assay using BHK-
21 and Vero cells as described previously (Aoki et al., 2006). The
cells were seeded onto 96-well plastic plates and cultured for 24 h
at 37°C in DMEM supplemented with 5% FBS. After three washes
with serum-free DMEM containing 25 mM HEPES, DENV or JEV
was premixed on ice with glycosaminoglycans at the indicated
concentrations. The virus-glycosaminoglycan premixtures were
immediately inoculated onto the cells for 2 h at 37 °C. After removal
of the virus solution, overlay medium (DMEM containing 1% FBS
and 0.5% tragacanth gum) was added, and plates were incubated
at 37°C for 43 or 19 h for DENV or JEV, respectively. The cells were
fixed and permeabilised with PBS containing 5% paraformaldehyde
and 1% NP-40. Infectious foci were detected with human serum
from dengue hemorrhagic fever patient (anti-dengue antisera), fol-
lowed by HRP-conjugated goat anti-human immunoglobulin. Virus
infectivity was determined as focus-forming units (FFU). The opti-
mal titre of inoculated virus was predetermined, such that more
than 100 foci appeared per well. Anti-dengue antisera used in this
study equivalently react with all serotypes of dengue viruses as
described previously (Hidari et al., 2008).

2.4. Determination of cellular cytotoxicity of glycosaminoglycans
by MTT assay

To evaluate cytotoxicity of glycosaminoglycans against BHK-21
cells, MTT assay was performed according to the manufacturer’s
instruction. Briefly, the cells were seeded onto 96-well plastic
plates and cultured for 24 h at 37°C in DMEM supplemented with
5% FBS. After three washes with serum-free DMEM containing
25 mM HEPES, glycosaminoglycans diluted up to 200 pg/ml with
serum-free DMEM containing 25 mM HEPES were added onto the
cells for 2 h at 37 °C. After removal of the compound solution, the
overlay medium was added, and plates were incubated at 37 °C for
43 h. The cells were incubated with the MTT solution for 4 h. After
this incubation period, the wells were added the solubilisation solu-
tion and incubated overnight at 37 °C under 5% CO5. The solubilised
product was spectrophotmetrically quantified at 550 nm (reference
at 690 nm).

2.5. Cell-surface binding of viruses to cultured cell lines

Direct binding of viruses to cultured cells was performed as
described previously (Aoki et al., 2006). Briefly, cells were seeded
onto 96-well plates and cultured at 37 °C in DMEM supplemented
with 10% FBS. After blocking with DMEM containing 2% BSA, the
plates were incubated at 4°C for 2h in DMEM containing viruses
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(5.0 x 108 FFU/ml). After washing thoroughly, the plates were incu-
bated for 1h at 28°C with human anti-dengue antisera as the
primary antibody, followed by HRP-conjugated Goat anti-human
immunoglobulin as the secondary antibody. The immune com-
plexes were detected by incubation with o-phenylenediamine as a
substrate. The reaction was terminated by addition of 1 N HCI. The
absorbance was measured at 492 nm. The virus binding activity was
determined from the quantity of virus antigens associated with the
cell surface. To determine inhibition of virus binding to cultured
cells, viruses were premixed with glycosaminoglycans at the indi-
cated concentrations. Aliquots of 50 .l of virus-glycosaminoglycan
premixtures were then added for 2 h at 4 °C onto the cultured cells
as described above.

2.6. Solid-phase virus binding assay

The binding activities of viruses for glycosaminoglycans were
evaluated by solid-phase virus binding assay (Aoki et al., 2006;
Hidari et al., 2008). Chemically synthesised glycosaminogly-
cans carrying a hydrophobic residue, phosphatidylethanolamine
(glycosaminoglycan-PE), were used for this assay. Briefly, 100 .l
of glycosaminoglycan-PE diluted in PBS was added to Immu-
lon 1B flat-bottomed microtitre plates (Thermo Fisher Scientific,
Rockford, IL) and incubated for 18 h at4 °C. Glycosaminoglycan-PE-
immobilised wells were blocked for 2h at 28°C with 100 .l of
PBS containing 5% BSA. After washing with PBS, the plates were
incubated for 2h at 4°C with the virus at the indicated titre
(1.25-5.0 x 106 FFU/ml). After washing with PBS, the bound viruses
were detected by sequential incubation with human anti-dengue
antisera and HRP-conjugated goat anti-human immunoglob-
ulin. The virus-binding activity was determined from the
quantity of virus antigens associated with the glycosaminoglycan-
immobilised surface. To determine inhibition of virus binding to
glycosaminoglycan-PE with soluble glycosaminoglycans, viruses
were premixed with glycosaminoglycans at the indicated concen-
trations. Aliquots of 50 wl of virus-glycosaminoglycan premixtures
were then added onto glycosaminoglycan-PE-immobilised plates
for 2 h at 4°C as described above.

2.7. Cloning of the gene encoding DENV-2 E protein

c¢DNA was synthesised from viral RNA that was extracted from
DENV-2 strain, ThNH-7/93, using SuperScript™ First-Strand Syn-
thesis System for RT-PCR (Cat# 11904-018; Invitrogen, Carlsbad,
CA) according to the manufacturer’s instructions. The primers
for polymerase chain reaction (PCR) were designed using the
nucleotide sequence of DENV-2 E protein [GenBank accession
number U31924] (Thant et al., 1996). The sequences of primers
used to amplify a major part of E protein were as follows: forward
primer containing EcoRI site and enterokinase cleavage sequence
(5'-GAATTCGATGACGATGACAAGGAAGCCAAACAGCCTGCT-3'),
reverse primer containing Notl site, FLAG sequence and termi-
nation codon (5'-CAGCCTGGGATTTCGGATCCGATTACAAGGACGA-
CGATGACAAGTAG-3’), corresponding to nucleotide positions
145-162 and 1253-1272 of ThNH-7/93 strain, respectively. PCR
was performed for 30 cycles of denaturation (94°C, 1min),
annealing (57°C, 1min) and extension (72°C, 1min), followed
by incubation at 72°C for 10min in 50-pl reaction mixtures
containing 0.2 mM of each of dNTP, 0.2 uM of each primer, 2 .l
of DENV-2 cDNA as a template, and 2.5units of TaqPlus Long
Polymerase mixture (Stratagene, La Jolla, CA) (Saiki et al., 1985).
The 1299-bp DNA amplified using a combination of primers was
ligated with linearised pGEM-T vector (Promega Corporation,
Madison, WI) according to the manufacturer’s instructions. The
nucleotide sequence of the isolated cDNA clone was confirmed

by sequencing of both strands. Dideoxy chain termination for
sequencing of double-stranded templates was carried out using a
Taq Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied
Biosystems, Foster City, CA) (Sanger et al., 1977). The resultant DNA
and pMAL-p2X vector (New England Biolabs, Ipswich, MA) were
digested with EcoRI and Notl. Both linearised DNAs were ligated
and introduced into E. coli strain J]M 109 for protein expression. As a
result, soluble E protein can be expressed as a recombinant protein
carrying maltose-binding protein (MBP) and FLAG tag sequence
that are fused at the amino and the carboxy termini, respectively.

2.8. Bacterial expression of soluble E protein

In small-scale culture, a single colony of the clone was inocu-
lated into Luria broth (LB) medium supplemented with 100 pg/ml
of ampicillin (LBAmp) and precultured at 37 °C for 14-16 h. Aliquots
of 1 ml of preculture were added to 9 ml of freshly prepared LBAmp
and cultured at the indicated temperature until mid-logarithmic
phase (0.8-1.0 OD at 600 nm). In large-scale culture for purification
of the enzyme, several colonies on the clone plate were inoculated
into 100 ml of LBAmp and cultured at 37°C for 14 h. Preculture
was added to 31 of freshly prepared LBAmp and cultured at 37°C
until mid-logarithmic phase. The protein expression in bacteria was
induced at 23 °C for 6 h in the presence of IPTG at a final concentra-
tion of 0.5 mM.

2.9. Extraction and affinity purification of soluble recombinant E
protein

All operations described below were carried out at 4°C or
on ice. For preparation of soluble fraction, bacterial cell pellets
were suspended in sonication buffer containing 150 mM NacCl,
20mM Tris/HCl, pH 7.5, and protease inhibitor cocktail (Cat#
P8465; Sigma), and pulse-disrupted using an ultrasonifier until the
solution became clear. The solution was centrifuged and the super-
natant was subjected to further purification. The supernatant was
applied to a column of amylose-conjugated agarose (bed volume,
50 ml) equilibrated with sonication buffer. The column was washed
with 10 column volumes of a buffer containing 500 mM NaCl and
20 mM Tris/HCl, pH 7.5. The retained MBP-fused E (MBP-E) protein
was eluted with 3 column volumes of sonication buffer containing
10 mM maltose. Fractions containing MBP-E protein was pooled,
mixed with glycerol to give a final concentration of 20%, and stored
at -20°C until use. Proteins were denatured by heat treatment
under authentic reducing condition, and resolved on 10% separa-
tion gel by SDS-PAGE (Laemmli, 1970). The recombinant protein
resolved on the gel was subjected to staining with Coomassie bril-
liant blue (CBB) reagent or blotting on a PVDF membrane, followed
by detection with anti-FLAG monoclonal antibody (M2) (Sigma, St.
Louis, MO).

2.10. Surface plasmon resonance analysis

All analyses of interactions between glycosaminoglycans and
MBP-E protein were performed at 25 °C on a BIAcore 2000 (BlAcore
AB, Uppsala, Sweden) using a sensor chip SA. For capture of gly-
cosaminoglycans on the sensor chip, glycosaminoglycan isoforms
were biotinylated as described previously with slight modifications
(Nadanaka etal., 2008). Briefly, glycosaminoglycans were dissolved
in phosphate-buffered saline (PBS) at a concentration of 2 mg/ml.
To this solution was equally added 6 mg/ml of Sulfo-NHS-LC-Biotin
(Cat# 21335; Thermo Scientific Pierce, Waltham, MA) dissolved in
PBS. The mixture was incubated for 1h at 37°C. Excess biotiny-
lation reagent was quenched by addition of 1M Tris/HCI (pH 7.5)
and dialysed against several changes of PBS. Sensor chip SA was
conditioned according to the manufacturer’s instructions before
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Chondroitin sulfate (CS) CS MW (x 109) X, X, R, R, R,
CH OR3 A 40 COO H H SOH H
o RO B 20 H COO° H SOH H
C 60 COO H H H SOzH
HNAC n D 35 COO" H SOH H  SOH
HexA GalNAc E 55 COO" H H SO;H SOzH
Heparin/Heparan sulfate (HS)
CH OR4 MW (x10%) X, X, R, R, R; R,
Xz Heparin 5 H COO" SOzH SO;H SOzH" SO;H"
OH 25 COO" H SOsH Ac H SO;H
HNR2 n
HexA GlcN
Fig. 1. Structures of chondroitin sulphate and heparan sulphate glycosaminoglycans used in this study. HexA, glucuronic acid (X; =COO~) or iduronic acid (X, =C0O0~);

GalNAc, N-acetylgalactosamine; GIcN, glucosamine. MW indicates average of molecular weight.

biotinylated glycosaminoglycan immobilisation. Biotinylated gly-
cosaminoglycans diluted in HBS-EP buffer (10 mM HEPES, 0.15M
Nacl, 3.4 mM EDTA, 0.005% surfactant P20, pH 7.4) were injected at
a flow rate of 20 wl/min until around 200-300 RUs as immobilised
ligands. Aliquots of 50 .l of MBP-E or MBP alone at concentrations
of 6.25-50 pg/ml were injected at a flow rate of 20 pl/min onto
the surfaces of the sensor chip and dissociation phase was moni-
tored for 250 s postinjection. The sensor chip was regenerated by
injection of 10 pl of a solution containing 1 M sodium chloride and
40mM sodium hydroxide. Kinetic parameters were obtained by
global fitting of the sensorgrams to a 1:1 (Langmuir) binding model
using BlAevaluation 3.1 software. Three independent experiments
were performed for each glycosaminoglycan.

3. Results
3.1. CSE significantly inhibits DENV infection

In the early stages of infection, E protein on the viral surface
interacts with molecules on host cells and triggers infection. It is
predicted that the interaction of viral particles with glycoconju-
gates is critical for tissue tropism, host range and virulence. We
first examined whether a variety of glycosaminoglycans can inhibit
infection of mammalian cells by DENV and JEV (Fig. 1). Heparin
and highly sulphated heparan sulphates inhibit infection by these
viruses as well as direct virus binding to cells (Chen et al., 1997;
Su et al,, 2001). Table 1 summarises inhibition of virus infection
in the presence of glycosaminoglycans used in this study. This is
the first report that CSE significantly inhibits all serotypes of DENV.
CSE also inhibited JEV infection. Other chondroitin sulphates, such
as CSA and CSC, dermatan sulphate and heparan sulphate did not
show any inhibitory effect up to 30 pg/ml at the final concentration
as described previously (Chen etal., 1997). Any glycosaminoglycans
used in this study did not show cellular cytotoxicity up to 200 pg/ml
at the final concentration in the culture medium. This observation
indicates that CSE did not affect cell viability under our assay con-
ditions, and also suggest that CSE directly prevents virus-host cell
interaction. The degree of inhibition by CSE was similar to that of
heparin. CSD, an isomer with almost the same degree of sulpha-
tion as CSE, did not inhibit virus infection. These findings suggest
that degree of sulphation is not directly related to the inhibitory
activity.

3.2. CSE inhibits DENV binding to the cell surface

To investigate whether CSE inhibits virus binding to the cell
surface, viruses were subjected to cell-surface virus binding assay.
Table 2 summarises the inhibitory activities of glycosaminoglycans
on DENV binding to BHK-21 or Vero cells. As expected, CSE as well
as heparin effectively inhibited all serotypes of DENV binding to
both BHK-21 and Vero cells. DENV binding was inhibited at con-
centrations of CSE and heparin comparable to those in the infection
experiments. Similarly, other chondroitin sulphates, such as CSA
and CSC, dermatan sulphate and heparan sulphate did not show any

Table 1

Inhibition of DENV and JEV infection by treatment with glycosaminoglycans.
Virus ECso & SE (pg/ml)

Heparin CSE

DENV-1 0.76 £ 0.17 0.53 £ 0.10
DENV-2 1.47 + 0.36 3.80 + 0.68
DENV-3 1.89 + 0.50 138 £ 0.33
DENV-4 0.50 £+ 0.13 0.30 + 0.06
JEV 0.77 £0.17 0.93 £ 0.21

Effective concentration 50% (ECsp) means glycosaminoglycan concentration
required to reduce virus infection by 50%. Values indicate averages of ECso. SE means
standard error of data from three independent experiments. Each infection exper-
iment was performed by triplicate measurements as described in Section 2. Other
glycosaminoglycans including CSA, CSB, CSC, CSD and HS did not show inhibitory
effect on virus infection up to 30 pg/ml.

Table 2
Inhibition of DENV binding to cells by treatment with glycosaminoglycans.
Cells Virus ECso & SE (pg/ml)
Heparin CSE
DENV-1 411 + 0.80 1.56 + 0.12
BHK-21 DENV-2 1.51 £ 0.20 413 £ 1.55
3 DENV-3 2.01 £ 0.95 2.17 £ 0.76
DENV-4 10.3 £+ 0.60 11.8 + 2.57
Vero DENV-2 0.32 + 0.08 0.52 + 0.09

Effective concentration 50% (ECsp) means glycosaminoglycan concentration
required to reduce virus binding by 50%. Values indicate averages of ECso. SE means
standard error of data from three independent experiments. Each binding experi-
ment was performed by triplicate measurements as described in Section 2. Other
glycosaminoglycans including CSA, CSB, CSC, CSD and HS did not show inhibitory
effect on virus binding up to 100 p.g/ml.
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inhibitory effect up to 100 pg/ml at the final concentration. These
findings suggest that CSE competitively inhibits DENV binding to
carbohydrate molecules commonly expressed on both BHK-21 and
Vero cells.

3.3. Direct binding of DENV to CSE-immobilised on plastic plates

CSE significantly inhibited infection and adsorption of DENV to
host cells. Next, we determined the direct binding activity of viruses
to glycosaminoglycans. Glycosaminoglycans are not suitable for
direct quantitative virus-binding assays on plastic plates, mainly
due to their high water solubility and hydrophilicity. Previously,
Sugiura et al. (1993) synthesised and applied synthetic CS deriva-
tives covalently linked dipalmitoylphosphatidylethanolamine (PE)
for cell-matrix interaction experiments as novel glycosaminogly-
can probes. These probes were composed of glycosaminoglycan
and carrier phospholipid (glycosaminoglycan-PE) that can lead to
non-covalent binding to plastic plates through the carrier lipid. In
this study, we used 6 different types of glycosaminoglycan-PE to
assay direct binding activities of DENV. DENV-2 showed signifi-
cant binding to both CSE-PE and heparin-PE on plastic plates in
virus and glycosaminoglycan dose-dependent manners, but not to
other glycosaminoglycans, such as CSD (Fig. 2a and b). Similarly,
JEV bound to these glycosaminoglycans on plastic plates (Data not
shown). These results were in good agreement with those obtained
from infection and cellular binding experiments. Taken together,
these observations indicate that the direct interaction of DENV with
CSE prevents virus adsorption to the host cell surface, resulting in
inhibition of virus infection.

3.4. Cross-blocking of the virus-binding to CSE-PE or heparin-PE
by soluble CSE and heparin

CSE as well as heparin competitively inhibited all serotypes of
DENV binding and infection of host cells. In addition, these gly-
cosaminoglycans bound directly to viruses. These findings strongly
suggested that functional structures against DENV-2 adsorption are
shared between CSE and heparin. To investigate cross-reactivity
of CSE and heparin with DENV, we examined virus binding to
CSE-PE or heparin-PE in the presence of soluble glycosamino-
glycans. The binding of DENV-2 to CSE-PE and heparin-PE was
dose-dependently inhibited by the presence of soluble CSE or hep-
arin, but not other glycosaminoglycans, such as CSD. The inhibitory
activity of soluble CSE against DENV-2 binding to both CSE-PE and
heparin-PE was lower than that of soluble heparin (Fig. 3a and b).
Taken together, CSE may share a common carbohydrate determi-
nant for the inhibitory activity with heparin, and affinity of CSE for
DENV-2 is lower than that of heparin.

3.5. DENV-2 E protein directly interacts with CSE

For further investigation of the inhibitory action of CSE, direct
interaction of E protein with CSE was examined by surface plas-
mon resonance (SPR) analysis. A recombinant MBP-E protein was
generated in a bacterial expression system and efficiently purified
by amylase-conjugated agarose column chromatography (Fig. 4).

(@) 06
0.4

0.2

0_0- —r3

0.0 2.0 4.0 6.0

Absorbance at 492 nm

Virus titer (x 108 FFU/ml)

03

02

Absorbance at 492 nm

0.1

0.0 N N N N N s
0.0 0.2 0.4 0.6 0.8 1.0 1.2

Glycosaminoglycan-PE immobilized (ug/ml)

Fig. 2. Binding activity of DENV-2 to glycosaminoglycan-PE. Solid-phase virus
binding assay was carried out as described in Section 2. Wells were coated
with glycosaminoglycan-PE. Graph (a) indicates the binding of DENV-2 to
glycosaminoglycan-PE at 0.5 ug/ml immobilised on plastic plates. Graph (b)
indicates the binding of DENV-2 at 2.5 x 10 FFU/ml to glycosaminoglycan-PE
immobilised on plastic plates. Open rhombuses, heparin-PE; open squares, CSE-PE;
closed squares, CSA-PE; closed triangles, CSC-PE; closed rhombuses, CSD-PE;
closed circles, hyaluronic acid-PE. The bound viruses were detected by mea-
suring of absorbance at 492 nm. Values indicate averages of virus binding with
glycosaminoglycan-PEs. Bars show standard deviation of triplicate measurements.
The results shown here are representative data from three independent experi-
ments.

The recombinant MBP-E and MBP as a reference protein were used
for SPR analysis. Table 3 summarises binding affinities of DENV-2
E-protein with CSE as well as heparin. The observation that recom-
binant MBP-E bound to heparin was in good agreement with the
previous findings. MBP-E also interacted with CSE with affinity one

';?r?;ien:; affinity of envelope glycoprotein (EGP) for glycosaminoglycans.
Kp =+ SE (M)
CSA CSE CSD Heparin
MBP-EGP Not bound 1.9%x107+£3.5x 108 Not bound 6.7x108+1.8x10°8
MBP Not bound Not bound Not bound Not bound

Binding affinity was determined using Biacore instrument as described in Section 2. Values indicate averages of dissociation constant (Kp). SE means standard error of data
from three independent experiments. MBP-EGP, envelope glycoprotein fused with maltose-binding protein (MBP).
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Fig. 3. Inhibition of DENV-2 binding to CSE-PE or heparin-PE by soluble glycosaminoglycans. Solid-phase virus binding assay was carried out as described in Section 2.
Wells were coated with CSE or heparin-PE. Graphs (a) and (b) indicate DENV-2 binding to CSE-PE and heparin-PE, respectively. Open rhombuses, heparin; open squares,
CSE; closed squares, CSA; cross lines, CSB; closed triangles, CSC; closed rhombuses, CSD; closed circles, heparan sulphate. The bound viruses were detected by measuring
absorbance at 492 nm. Values indicate averages of DENV-2 binding with CSE-PE or heparin-PE at the indicated concentrations relative to virus alone. Bars show standard
deviation of triplicate measurements. The results shown are representative data from more than three independent experiments. “P<0.01; **P<0.05.
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Fig.4. Purification of MBP-fused E protein by amylose-conjugated agarose. The pro-
tein expression in bacteria was induced at 23°C for 6 h in the presence of IPTG at
a final concentration of 0.5 mM. Extraction of proteins and affinity column chro-
matography were performed as described in Materials and methods. The protein
was resolved by SDS-PAGE and transferred electrophoretically onto PVDF mem-
branes. Detection of FLAG-tagged E protein was performed by incubation with
anti-FLAG monoclonal antibody (M2), according to the manufacturer’s instructions.
CBB, Coomassie brilliant blue; WB, Western blotting.

third that of heparin. Slight lower affinity of CSE with E-protein
than heparin seems to be consistent with lower inhibitory activity
of infection and adsorption with CSE than heparin. Taken together
with other findings, CSE directly binds to DENV-2 E protein and
modulates its function, resulting in viral entry inhibition.

4. Discussion

Previous studies demonstrated that HS-type glycosaminogly-
cans, such as heparin, but not CS-type, and CSA or CSD, on the
host cell surface are essential for the early stages of flavivirus infec-
tion (Chen et al., 1997; Lee and Lobigs, 2000; Su et al., 2001; Gemi
et al,, 2002; Liu et al,, 2004). In the present study, CSE potently

inhibited DENV and JEV infection as well as binding to host cells.
Basic carbohydrate structures of CS are not simply related with
those of heparin or HS glycosaminoglycans (Kjellen and Lindahl,
1991). Heparin predominantly contains a repeated disaccharide
unit, consisting of GIcA or IdoA with a 20-sulphated group and
GIcNAc with 20-, 30-, or 60-sulphated group. In contrast, GIcA
and 4,6-bis-O-sulphated GalNAc are the major components of
CSE, one of the other CS isoforms. These glycosaminoglycans also
show microstructural diversity with differences in sulphation and
epimerisation (Kjellen and Lindahl, 1991; Kinoshita et al., 1997).
With regard to function, both CSE and heparin interact with mid-
kine, which enhances cell growth, survival and chemotaxis, and
CSE inhibits heparin-midkine interaction (Deepa et al., 2002). Fur-
thermore, both glycosaminoglycans inhibit herpes simplex virus
infection (Bergefall et al., 2005; Avirutnan et al., 2007). These
biological and pathological phenomena strongly suggest that com-
mon carbohydrate structures are shared between CSE and heparin.
Similarly, CSE may contain heparin-mimetic carbohydrate deter-
minants that contribute to inhibition of the early stages of DENV
and JEV infection. There are two possible structural determinants
of CSE and heparin involved in DENV infection inhibition. First, CSE
and heparin contain 4,6-bis-O-sulphated GalNAc and 2,3,6-tri-O-
sulphated GIcNAc, respectively (Fig. 1). In contrast, CSD containing
GlcA with a C3-sulphated group and GalNAc with a 60-sulphated
group did not show any inhibitory activity against virus infection.
Based on the structure-inhibitory activity relationship, dual neg-
ative charges with specific distances on the same side of a sugar
ring may effectively interact with E protein, resulting in inhibition
of virus attachment and infection. Second, a combination of GIcA
and HexN sulphated at specific positions may be responsible for the
inhibitory activities of CSE and heparin. Recently, we found that a
sulphated polysaccharide, fucoidan, competitively inhibited DENV
infection (Hidari et al., 2008). The inhibitory activity required both
the GlcA residue and sulphated group. Taken together, our findings
strongly suggest that specific carbohydrate structures, including
limited sulphation at specific positions, distance and orientation,
are required for interaction with DENV. Further studies of the spe-
cific carbohydrate structures are required.

To further investigate the molecular interaction of viruses with
glycosaminoglycans, direct virus-binding assay using synthetic PE
carrying glycosaminoglycans was performed. As glycosaminogly-
cans are highly water soluble, they cannot be immobilised on
plastic surfaces. This is one of the major reasons why the bind-
ing properties of glycosaminoglycan molecules to DENV have not
been determined directly to date. In the present study, we applied
glycosaminoglycan-PE for direct virus-binding assay. The assay
using the synthetic molecules and viruses demonstrated that DENV
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interacts with CSE as well as heparin, but not with CSD, which has a
similar level of sulphation to CSE. This finding strongly supports our
conclusion that carbohydrate structures with sulphation at specific
positions are required for interaction with DENV. The assay also
demonstrated that soluble CSE or heparin inhibited virus binding
to CSE-PE or heparin-PE. This observation indicates that CSE and
heparin share common structural determinants.

Previous studies demonstrated that inhibitory effect of heparin
on dengue virus infection is serotype dependent, with maximum
effect against DENV-2 and less activity against other serotypes (Lin
et al,, 2002; Talarico et al., 2005). On the contrary, we found that
heparin equivalently inhibited infection of four serotypes of dengue
viruses to BHK-21 cells. There are two possible explanations for
different results. First, type of assay may affect inhibitory scores
of compounds against virus infection. Focus forming assay detects
virus antigen produced in cells which virus enters, meaning that
scores described in this study indicates the number of virus entry
to the cells. The results obtained by plaque assay used in the pre-
vious studies indicate virus production including entire process
of virus propagation. Second, susceptibility against glycosamino-
glycans may depend on virus strains. Indeed, Lin et al. reported
that inhibitory effect of heparin was different between two strains,
PLO146 and New Guinea C that belong to DENV-2. Heparin inhib-
ited PLO146 infection to BHK-21 cells with 10-fold stronger effect
than New Guinea C. Taken together, intrinsic properties of distinct
viruses such as replication efficiency in cells and binding affinity
of E protein to glycosaminoglycans may totally affect inhibition
scores. Virological and biochemical investigations into inhibition
mechanisms of heparin and CSE are further required.

Flavivirus infection is initiated by the interaction between E
protein and host cell receptor(s). Heparin binding sites have been
previously determined to be distributed on two regions, i.e., amino
acid residues at positions 284-310 and 386-411 on DENV E pro-
tein (Chen et al., 1997). Particularly, two amino acid residues at
positions 295 and 310 are considered to be critical for functional
binding to heparin. Also, it is known that amino acid substitutions
on E protein that affect binding affinity for heparin are related to
neuroinvasiveness and neurovirulence (Lee and Lobigs, 2002; Lee
et al., 2004). CSE and heparin were cross-reactive in direct DENV-2
binding assay. The functional similarity between CSE and heparin
suggests that CSE binding sites may be close to those for heparin.

In conclusion, DENV interacts directly with CSE as well as
heparin but not other glycosaminoglycans. Specific carbohydrate
residues with sulphation as common structures shared by CSE and
heparin could be essential determinants for control DENV entry
mediated through E protein. These findings will contribute to deter-
mination of the mechanisms of early stages of DENV infection and
will aid in the development of effective and safe entry inhibitors
for use as antiviral drugs.
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