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ABSTRACT The antiviral mechanism of sulfated pol-
ysaccharides is supposed to prevent virus entry, which is
mediated by the interactions of anionic charges on sul-
fated polysaccharides with positively charged domains
of viral envelope glycoproteins, leading to shielding of
the functional domain involved in virus attachment to
cell surface receptors. But, few direct evidences were
reported. In the previous study, we found that sulfated
Chuanmingshen wviolaceum polysaccharides (sCVPS)
possessed remarkable inhibitory effect against Newcastle
disease virus (NDV) through inhibition of NDV attach-
ment to host cells. Whether sCVPS bound to hemagglu-
tinin-neuraminidase (HN) leading to inhibition of NDV
attachment needs to be further clarified. The present
study conducted site-directed mutagenesis of possible
positively charged residues of HN, and found that
mutants R197G, H199G, R363G, and R523G could sig-
nificantly decrease the inhibitory effects of sCVPS on
receptor binding ability through hemadsorption assay,
especially R363G which suggested that binding to R363
is more effective to shield the sialic acid binding sites.

Dual mutants (R363G/R197G, R363G/H199G and
R363G/R523G) induced more decreased inhibitory
effect of sSCVPS than single mutants. The immunofluo-
rescence study using FITC-labeled sCVPS found that
the fluorescence intensity of mutants R363G and
R363G/H199G were significantly decreased. The bind-
ing kinetics of SCVPS to HN measured by surface plas-
mon resonance indicated that sCVPS had a higher
binding affinity for wild-type HN than mutants R363G
and R363G/H199G. Plaque reduction study was per-
formed using recombinant NDV with mutant HNg3g3q
and  HNRgsese/migeg, Wwhich showed —significantly
decreased inhibitory effects of sCVPS against mutant
NDV adsorption to BHK-21 cells. These results sug-
gested that the residues R197, H199, R363, and R523
were the binding sites for SCVPS, especially R363 act as
the main interaction site. The present study provided
direct evidence for the theory that antiviral mechanism
of sulfated polysaccharides attributed to anionic groups
binding to the positively charged residues of viral pro-
teins which led to the shielding of receptor binding sites.

Key words: Newcastle disease virus, sulfated Chuanmingshen violaceum polysaccharides, hemagglutinin-neuramini-
dase, interaction sites

INTRODUCTION

Newcastle disease virus (NDV), a member of the spe-
cies Avian avulavirus 1 of the genus Orthoavulavirus of
the Paramyzoviridee family, is a nonsegmented nega-
tive-sense single-stranded RNA virus (Maan et al.,
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2019). NDV can infect over 250 species of avian family,
causing significant global economic losses to domestic
poultry industry (Diel et al., 2012). NDV isolates are
classified into 2 classes (class I and class II) which are
further separated into multiple genotypes, especially in
class II there are 20 genotypes (I to XXI except XV) and
several sub-genotypes (Dimitrov et al., 2019a). Due to
rapid evolution and genetic diversity, outbreaks of NDV
infections caused by virulent strains repeatedly happen,
suggesting current vaccines couldn’t provide full protec-
tion against emerging strains (Dortmans et al., 2012;
Nath et al., 2016; Dimitrov et al., 2019b). Thus, NDV
infections show significant difficulties to disease control
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strategies and alternative control measures are urgently
needed.

The RNA genome of NDV is approximately 15-kb
long and encodes 6 major structural proteins (3'—5'):
nucleoprotein (NP), phosphoprotein (P), matrix
protein (M), fusion protein (F'), hemagglutinin-neur-
aminidase (HIN), and large polymerase protein (L)
(Shahar et al., 2018). HN, one of the 2 surface glyco-
proteins, is responsible for the binding of the virion
to sialic acid-containing receptors on the host cell
surface, which is the first step of NDV infection
(Jin et al., 2016). After attachment, HN cooperates
with another surface glycoprotein, F, facilitating
membrane fusion to allow the entry of viral RNA
into host cell (Porotto et al., 2011). In addition, HN

A

possesses neuraminidase (NA) activity to hydrolyze
the sialic acid molecules from progeny virions to
avoid self-aggregation (Connaris et al., 2002). It
exists in the form of a homotetramer containing an
N-terminal transmembrane domain followed by an
ectodomain that comprised of a stalk region and a
large C-terminal globular head domain (Yuan et al.,
2012). The stalk region can interact with the homol-
ogous F protein, promoting fusogenic activity
(Melanson and Iorio, 2006). The major amino acid
residues located in the globular head are related to
the receptor recognition of sialic acid and NA activi-
ties (Crennell et al., 2000; Torio et al., 2001). The
structure of the ectodomain shows that the stalk
forms a parallel tetrameric coiled-coil bundle and

Strain 197 199 363 523

Kansas LSGCRDHSHSH EQDYQIRMAKSSYKPGRFG  KAAYTTSTCFKV
Mukteswar LSGCRDHSHSH EQDYQIRMAKSSYKPGRFG RAAYTTSTCFKV
NDVH-2 LSGCRDHSHSH EQDYQIRMAKSSYKPRRFG RAAYTTSTCFKV
F48E9 LSGCRDHSHSH EQDYQIRMAKSSYKPGREG KAAYTTSTCFKV
Komarov SSGCRDHSHSY EQDYQIRMAKSSYKPGRFG  KAAYTTSTCFKV
Chimalhuacan LSGCRDHSHSY EQDYQVRMAKSSYKPGRFG — KAAYTTSTCFKV

Loop 193-201

o-helix 347-365

B-sheet 523-534

Figure 1. Sequence alignment and location of the desired amino acid residues. (A) sequence alignment of the four amino acid residues in red
from six strains of HN based on the structure of Kanas strain (Crennell et al., 2000). (B) the location of the four amino acid residues. The crystal
structure (PDB ID: 1e8u) of the globular head domain of the NDV HN monomer was shown as cartoon mode generated by PyMOL 2.5.0. The struc-
ture of @-helix, B-sheet and loop were shown in lime, yellow, and grey, respectively. The four residues are shown as stick mode which was colored red.
The receptor sialic acid in green is located at the center of the B-propeller fold. Abbreviations: HN, hemagglutinin-neuraminidase; sCVP, sulfated

Chuanmingshen violaceum polysaccharides; NDV, Newcastle disease virus.



INTERACTION SITES OF HN WITH SCVPS 3

Table 1. Mutant primer sequences.

Mutant Forward Primers (5'=3') Reverse Primers (5'—3')

R197G ATATTGTCTGGCTGCGGAGATCACTC [OGCAGCCAGACAATATCACATTGTGAG
H199G TCTGGCTGCAGAGATIGGQCTCACACTCAC [COATCTCTGCAGCCAGACAATATCACAT
R363G TCGTATAAGCCTGGGOEIGGTTTGGTGG [ACCCAGGCTTATACGATGACTTAGCC
R523G AGTTCAAGCAGTACUGGGGCAGCATAC [OGGTACTGCTTGAACTTACCCGAGTT

The single amino acid mutations, R197G, H199G, R363G and R523G, were achieved by site-directed mutagenesis. The plasmid pcDNA3.1-HN was
used as the template. The primers were introduced with changed base pairs corresponding to the mutation site (Framed). For obtaining dual mutations,
R363G/R197G, R363G/H199G, and R363G/R523G, the mutant plasmid pcDNA3.1-HNgsg3¢ was used as the template and the primers were the same

as the corresponding single amino acid mutation.

the globular head forms a six-bladed B-propeller fold
(Figure 1) (Yuan et al., 2011).

Sulfated polysaccharides have sulfate groups esterified
with the polysaccharide hydroxyl groups. A large num-
ber of sulfated polysaccharides, both chemically synthe-
sized and naturally extracted, have been found to
possess abroad spectrum of antiviral activity
(Wijesekara et al., 2011; Chen and Huang, 2018;
Wang et al., 2018). The antiviral mechanism of sulfated
polysaccharides attributed to prevention of virus entry,
which is mediated by the interactions of anionic charges
in sulfated polysaccharides with positively charged
domains of viral envelope glycoproteins, leading to
shielding of the functional domain involved in virus
attachment to cell surface receptors (Damonte et al.,
2004; Pujol et al., 2007). Recently, it has been demon-
strated that the anti-HIV activity of sulfated polysac-
charides attributed to interaction between the
negatively charged sulfate groups and positively charged
amino acid regions in the HIV gp120 (Battulga et al.,
2019). However, little study was conducted to identify
which positively charged residues were interacted with
sulfated polysaccharides. Previously, we conducted sul-
fated modification of Chuanmingshen violaceum polysac-
charides (sCVPS), and found that sCVPS possessed
remarkable inhibitory effect of NDV both in vitro
(Song et al., 2013b) and in vivo (Song et al., 2015). The
sCVPS could inhibit NDV attachment to host cells, sug-
gesting that SCVPS competitively inhibited the binding of
NDYV to sialic acid receptors on the cell surface. Therefore,
this study was conducted to elucidate the amino acid resi-
dues on HN that responsible for binding to sCVPS.

MATERIALS AND METHODS
sCVPS

sCVPS are obtained by sulfated modification of
Chuanmingshen wviolaceum polysaccharides with the
chlorosulfonic acid-pyridine method. The sulfur content
(S %) of sCVPS used in this study was 11.71% and the
degree of sulfation was 0.95. The average molecular
weight of sCVPS was 2.54 x 10° Da. The sCVPS is com-
posed of D-carubinose and D-glucose with a ratio of
1:16.2 (Song et al., 2013a).

Fluorescein isothiocyanate (FITC) -labeled sCVPS
(sCVPS-FITC) were prepared using the method
described by Tanaka et al., 2004. Briefly, sCVPS
(300 mg) was dissolved in dimethyl sulfoxide (10 mL)

and allowed to react with FITC (400 mg) and dibutylin
dilaurate (20 mg) for 2 h at 95°C with intermittent mix-
ing. After precipitations in ethanol for three times, the
FITC-labeled sCVPS was purified by size-exclusion
chromatography on a Sephadex G-25 column and then
freeze-dried to give sSCVPS-FITC.

Cells, Vectors, and Recombinant Plasmids

The human kidney epithelial 293T and BHK-21 cells
were grown in Dulbecco's modified Eagle's medium
(DMEM) supplemented with 10% (v/v) fetal calf serum
(Hyclone), 100 U/mL penicillin, and 100 ug/mL strep-
tomycin at 37°C and 5% CO,. The HN gene of NDV
(Mukteswar strain; Gene bank: JF950509.1) was synthe-
sized by the GENEWIZ Biotechnology Co., Ltd (Suz-
hou, China) and subcloned into the transient
mammalian expression vector pcDNA3.1 using HindIII
and BamHI restriction enzyme sites (Invitrogen). For
protein expression, a cDNA fragment encoding the glob-
ular head domain of wild-type or mutant HN (residues
147-571), was cloned into a modified pcDNA3.1
+hygromycin vector (Invitrogen) containing secretion
signal and removable C-terminal Fc tag by thrombin
cleavage site.

Site-Directed Mutagenesis

Mutants of NDV HN, including R197G, H199G,
R363G and R523@G, were achieved using the Fast Site-
Directed Mutagenesis kit (TTANGEN, Beijing, China).
The primers used to introduce single amino acid muta-
tions in the HN gene were designed according to manu-
facturer’s instruction (Table 1). After amplification by
PCR using the pcDNA3.1-HN as the template, the prod-
uct was digested by the Dpn I restriction enzyme for
removal of the template plasmid. The digested product
was transformed into FDM competent cells, and plasmid
DNA from colonies was fully sequenced to confirm the
presence of desired mutation. Dual amino acid muta-
tions, including R363G/R197G, R363G/H199G, and
R363G/R523G, were also accomplished using the
mutant plasmid pcDNA3.1-HNg363¢ as the template.

Immunofluorescence Assay

293T cells grown to 80% confluency in 6-well plates
were transfected with 2 ug of plasmid (wild-type or
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mutant HN) diluted in 200 uL jetPRIME buffer (Poly-
plus-transfection SA) for 4 h at 37°C. The transfection
medium was replaced with grown medium and cells were
incubated for 24 h. The cells were fixed with 4% parafor-
maldehyde for 15 min, blocked with 2% bovine serum
albumin for 1 h and incubated with HN monoclonal anti-
body at 4°C overnight. After washing, the cells were
incubated by FITC-labeled goat anti-mouse IgG (Beyo-
time, China) for 30 min, and subsequently incubated
with DAPI for 5 min. The fluorescence was observed by
an inverted fluorescence microscope (Olympus, Japan).
For detecting the binding of sSCVPS to HN, the sCVPS-
FITC was incubated with transfected cells instead of
HN antibody at 4°C for 30 min, and the secondary anti-
body is no longer used for observation.

Hemadsorption Assay

The ability of wild-type HN and mutants to adsorb
chicken erythrocytes was evaluated to determine the
receptor binding activity as described by Connaris et al.
(2002). The 293T monolayers about 80% confluency
grown in 24-well plates were transfected with HN wild-
type or mutant plasmids by the jetPRIME buffer follow-
ing the manufacturer’s instruction. After incubation for
24 h, transfected 293T cells were washed with PBS
buffer prior to addition of 2% (v/v) chicken erythrocyte
suspension in the absence or presence of 200 ug/mL
sCVPS. The plates were placed at 4°C for 30 min. The
cells were washed three times gently with cold PBS for
removal of unadsorbed erythrocytes, and subsequently
treated with 50 mM NH,Cl at 4°C to lyse bound erythro-
cytes. The absorbance of lysate was read at 405 nm with
a UV spectrophotometer (Shimadzu, Japan). The inhib-
itory effects of SCVPS on receptor binding ability of HN
were determined according to the formula: inhibitory
rate = (ODygsnm values of untreated cells - OD o5, val-
ues of sCVPS-treated cells) = ODygsnm values of
untreated cells.

Surface Plasmon Resonance Assay

A 293T stable cell line expressing the globular head
domain of wild-type or mutant HN (R363G and
R363G/H199G) was generated. The cell medium con-
taining the secreted recombinant proteins was collected
and loaded onto a Protein A-Sepharose affinity column
(GE Biosciences), followed by elution with low-pH
buffer containing 150 mM NaCl and 100 mM glycine
(pH 3.0). The Fc tag was cleaved by thrombin proteoly-
sis and removed by Protein A-Sepharose. The recombi-
nant HN proteins were further purified by gel filtration
chromatography on a Superdex G200 size-exclusion col-
umn (GE Biosciences).

The surface plasmon resonance (SPR) assays were
performed on an OpenSPR (Nicoya Lifesciences, Water-
loo, Canada) to determine the kinetics of sCVPS-HN
interaction. The purified wild-type or mutant HN

proteins were diluted in the immobilization buffer to a
volume of 200 uL at a concentration around 1 mg/mL,
followed by immobilization on a COOH sensor chip
according to manufacturer’s instruction, respectively.
The sCVPS (100 M) in PBS running buffer was passed
over the immobilized wild-type or mutant HN proteins,
respectively. The interaction of SCVPS with the fixed
HN proteins was detected by OpenSPR at RT. The
binding time was 240 s, and the disassociation time was
300 s, the flowrate was 20 uL/min. The data was ana-
lyzed and fitted with 1:1 binding model with Trace-
Drawer software (Ridgeview Instruments AB, Sweden)
to give the association rate (Ka), the dissociation rate
(Kd), and the dissociation constant (assuming the rela-
tionship KD = Kd / Ka) (Lu et al., 2019).

Recovery of Recombinant NDV

The recombinant NDV was rescued according to the
methods described by Romer-Oberdorfer et al.; 1999.
The ¢cDNA of NDV (Mukteswar strain; Gene bank:
JF9505091) with mutant sites (HNR363G or HNR363G/
Higoc) was cloned to pVAX plasmid (Invitrogen) which
contained T7 promoter sequence at the 5’ end and ribo-
zyme sequence of Hepatitis delta virus and T7 RNA
polymerase terminator sequence at the 3’ end (pNDV-
HNR363G and pNDV-HNR363G/H199G; Kangruiyuan
Biotechnology Co., Ltd, Chengdu, China). The open
reading frames of NP (nt 122-1591), P (nt 1887-3071)
and L (nt 8381-14995) were cloned into pVAX plasmids,
respectively. The BSR-T7/5 cells with 80% confluence
in 60-mm diameter dishes, stably expressing the phage
T7 RNA polymerase, were transfected with a total
amount of 10 ug DNA (5 pug pNDV-HNR363G or
pNDV-HNR363G/H199G, 2 ug pVAX-NP, 2 ug
pVAX-P and 1 pug pVAX-L) diluted in 500uL jet-
PRIME buffer (Polyplus-transfection SA) for 4 h at 37°
C. The transfection medium was replaced with grown
medium and cells were incubated for 72 h. The trans-
fected cells were harvested by thrice freeze-thaw cycles.
After centrifugation at 12,000 ¢ for 15 min, 100 uL
supernatant was inoculated into the allantoic cavity of
10-day-old embryonated SPF chicken eggs (Sais Poultry
Co., LTD, Jinan, China) to amplify the recovered
recombinant virus. After inoculation for 3 d, the allan-
toic fluid was harvested and tested for hemagglutinating
activity. The allantoic fluid with positive hemaggluti-
nating activity were used for reverse transcription PCR
assay, followed by sequencing for confirming the HN
mutant sites. Then, the confirmed mutant NDV strains,
rNDV-HNR363G and rNDV-HNR363G/H199G, were
propagated in 10-day-old embryonated SPF chicken
eggs.

For evaluating growth characteristics of recombinant
NDV, BHK-21 cells grown in 6 well plates were infected
with wild-type NDV, rNDV-HNR363G and rNDV-
HNR363G/H199G at a MOI of 0.1. Total RNA was
extracted from cells using RNA Extraction Kit
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(No.9767; Takara) according to the manufacturer’s
instructions at 4, 8, 12, 16, and 20 h postinfection. The
genome copies were quantified by real-time RT-PCR
method as described by Song et al., 2013b.

For further confirming the interaction sites of sCVPS
with HN, plaque reduction assay was performed
(Song et al., 2013b). Briefly, BHK-21 cells grown in 6
well plates were infected with NDV, rNDV-HNR363G
and rNDV-HNR363G/H199G at a PFU of 50 in the
presence or absence of SCVPS (200 ug/ mL). After 1 h
incubation at 37°C, monolayers were washed three times
with cold PBS to remove uninfected viruses and the
medium containing 1% methylcellulose was added. After
60 h incubation, the cells were stained with 0.1% crystal
violet in 20% methanol. Plaques were counted and the
inhibitory rate was calculated according to the formula:

inhibitory rate = (number of plaques in infected-
untreated group - number of plaques in infected-treated
group) -+ number of plaques in infected-untreated
group.

Statistical Analysis

The data are presented as the mean =+ standard devia-
tion. The statistical significance was compared between
the wide-type group and mutant groups by one-way
analysis of variance (ANOVA) followed by the Student
—Newman—Keuls test using the IBM SPSS Statistics,
Version 24 program (IBM Corporation. Somers, NY).
The differences between groups would be considered sig-
nificant when values of P < 0.05. Graphs were plotted

Wt HN HNRi976

H \I{,itv,i(.

and analyzed using GraphPad Prism software, version
8.0 (GraphPad Software, La Jolla, CA).

RESULTS

sCVPS Inhibited Receptor Binding Ability of
Wild-Type HN and Mutants

The 293T cells were transfected with wild-type or
mutant HN plasmids, and the expression of HN protein
was detected by indirect immunofluorescence. The
results (Figure 2) showed that the fluorescence except
plasmid control group could be observed, suggesting
that wild-type and mutant HN could express in 293T
cells. Then, the receptor binding activities of wild-type
HN and mutants were determined through hemadsorp-
tion assay in order to confirm whether mutation of these
amino acids would affect the receptor binding ability of
HN. The absorbances of the lysates from bound erythro-
cytes showed that wild-type and mutant HN did not
show any significant differences (P > 0.05) in receptor
binding ability (Figure 3A). The HN mutants R197G
and H199G induced slight decrease in hemadsorption
ability. The receptor binding ability of mutants R197G
and H199G was reduced to 91.3% and 94.10% of wild-
type HN (Figure 3B). The HN mutants R363G and
R523G showed equal hemadsorption ability to wild-type
HN.

The HN mutants did not significantly affect the recep-
tor binding ability, thus they could be used to test
whether sCVPS could bind to these amino acid residues
leading to shield the binding sites of sialic acid receptor.

Control plasmid

Figure 2. Expressions of wild-type and mutant HN proteins by indirect immunofluorescence. 293T cells were transfected with 2 ug of plasmid
(wild-type or mutant HN). After incubation for 24 h, the cells were fixed with 4% paraformaldehyde and blocked with 2% bovine serum albumin, fol-
lowed by incubation with HN monoclonal antibody at 4°C overnight. After washing, the cells were incubated by FITC-labeled goat anti-mouse IgG,
and subsequently incubated with DAPI for 5 min. The fluorescence was observed by an inverted fluorescence microscope.



6 SONG ET AL.

2.5q

2.0 T

Absorbance (405nm)

0.51

0.0-

1

L) T
WT R197G H199G R363G R523G Control

- -
(=] N
(=] o
1 ]

[~
o
1

[=2]
o
1

-
o
1

N
o
1

Hemadsorption ability (% of WT HN)

o
1

T
R197G HI199G R363G R523G

Figure 3. The receptor binding ability of wild-type and mutants HN. (A) the absorbances of the lysates of bound erythrocytes. The 293T cells
were transfected with HN wild-type or mutant plasmids. After incubation for 24 h, 2% (v/v) chicken erythrocyte suspension was added followed by
incubation at 4°C for 30 min. The cells we re washed gently with cold PBS for removal of unadsorbed erythrocytes, and bound erythrocytes were
lysed. The absorbance of lysate was read at 405 nm. (B) hemadsorption ability of mutants HN, and the values were expressed as percentages of that
of wild-type HN. n = 5. Abbreviations: HN, hemagglutinin-neuraminidase; WT, wild-type HN; Control, pcDNA3.1 plasmid.
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Figure 4. Inhibitory rate of sSCVPS against the receptor binding
activity of wild-type and mutants. The 293T cells were transfected
with HN wild-type or mutants plasmids. After incubation for 24 h, 2%
(v/v) chicken erythrocyte suspension was added followed by incubation
at 4°C for 30 min in the presence or absence of SCVPS. The cells were
washed gently with cold PBS for removal of unadsorbed erythrocytes,
and bound erythrocytes were lysed. The absorbance of lysate was read
at 405 nm. Inhibitory rate = (OD405 nm values of untreated cells -
OD405 nm values of sCVPS-treated cells) +~ OD405 nm values of
untreated cells. n = 5; * represents P < 0.05 vs. wt HN; ** represents P
< 0.01 vs. wt HN.Abbreviations: HN, hemagglutinin-neuraminidase;
sCVP, sulfated Chuanmingshen violaceum polysaccharides.

The results (Figure 4) showed that sCVPS could inhibit
the hemadsorption ability of wild-type HN by 68.06%.
The inhibitory effects of sSCVPS against the mutants
R197G, H199G, R363G, and R523G significantly
decreased, and the inhibition rates were 59.80%,
61.05%, 53.08%, and 59.38%, respectively. These results
suggested that the mutants decreased the binding of
sCVPS with HN.

The mutant R363G had the lowest inhibition rate,
thus it was used as the template to construct dual
mutants for further confirmation of the binding sites.
The hemadsorption ability (Figure 5A) of the mutants
R363G/R197G, R363G/H199G and R363G/R523G
were 90.60%, 102.82%, and 98.11% of wt HN, respec-
tively, and no significant differences were observed.
sCVPS could inhibit the hemadsorption ability of wild-

type HN by 69.91%, and the inhibition rates of R363G/
R197G, R363G/R523G, R363G/H199G were decreased
to 52.88%, 52.90% and 42.68%, respectively
(Figure 5B). These results suggested that the dual
mutants had lower binding ability to sSCVPS when com-
pared with wt HN and single mutants.

Immunofluorescence Study Revealed
Decreased Binding of sCVPS to Mutant HN

The receptor binding ability of wt HN and mutants
were decreased by sCVPS through hemadsorption assay.
In this assay, FITC-labeled sCVPS were used to detect
the binding to wt HN and mutants. As shown in
Figure 6, fluorescence on the cell surface was observed;
compared with wt HN, the fluorescence intensity of
mutants R363G and R363G/H199G were significantly
decreased, suggesting that the amount of sSCVPS bound
to the mutants R363G and R363G/H199G were signifi-
cantly decreased. These results indicated that mutation
of R363 and H199 decreased the binding ability of
sCVPS to HN.

The Kinetics of sCVPS-HN Interaction by
SPR

The mutants R363G and R363G/H199G showed
the highest decrease in the binding ability to sCVPS.
The interactions of sCVPS with wt HN and mutants
were further corroborated using SPR (Figure 7). The
equilibrium  dissociation  constants (Kd) were
1.60 x 107> M (wt), 1.33 x 107" M (R363G) and
419 x 107* M (R363G/H199G), respectively. Thus,
sCVPS had a higher binding affinity for wt HN than
mutants R363G and R363G/H199G. This demon-
strated that mutation of arginine at position 363 and
histidine at position 199 to glycine decreased sCVPS
binding to HN.
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Figure 5. Hemadsorption ability of the dual mutants (A) and Inhibitory rate of sSCVPS against the receptor binding activity of the wild-type
and dual mutants (B). The 293T cells were transfected with HN wild-type or mutant plasmids. After incubation for 24 h, 2% (v/v) chicken erythro-
cyte suspension was added followed by incubation at 4°C for 30 min in the presence or absence of SCVPS. The cells were washed gently with cold
PBS for removal of unabsorbed erythrocytes, and bound erythrocytes were lysed. The absorbance of lysate was read at 405 nm. Inhibitory

rate = (ODygsnm values of untreated cells - OD g5, values of sSCVPS-treated cells) + OD g5, values of untreated cells. n = 5. ** represents P <
0.01 vs. wt HN. Abbreviations: HN, hemagglutinin-neuraminidase; sCVP, sulfated Chuanmingshen violaceum polysaccharides.

Decreased Inhibitory Effects of sCVPS
Against Mutant NDV Adsorption

The growth characteristics of recombinant NDV
(rNDV-HNR363G and rNDV-HNR363G/H199G) was
compared to wt NDV in BHK-21 cells. Both wild-type
and recombinant viruses propagated efficiently in cells
and showed similar growth characteristics (Figure 8A).
These results suggested that wild-type and recombinant
NDYV had identical biological properties.

To study whether mutant NDV could induce
decreased binding ability to sCVPS, the inhibitory
effects of SCVPS against NDV adsorption were evalu-
ated by plaque reduction assay. The results (Figure 8B)
showed that the inhibitory rate of SCVPS (200 pg/mL)
against wild-type NDV adsorption was 75.06%. In

Normal light FITC

wt

R363G

R363G/H199G

contrast, the inhibitory effects against mutant NDV was
significantly reduced, and the inhibitory rate was
decreased to 50.36% against rNDV-HNR363G/H199G.
These results demonstrated that R363 and H199 were
the interaction sites of sSCVPS with HN.

DISCUSSION

ND ranked fourth in the most important poultry dis-
eases, behind highly pathogenic avian influenza, avian
infectious bronchitis, and low pathogenic influenza
(Kapczynski et al., 2013). Despite there were many ND
vaccines available worldwide, such as live, inactivated
and vectored vaccines, repeated outbreaks of ND sug-
gested current vaccination practices alone cannot
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Figure 6. The binding of sCVPS to wild-type and mutant HN by immunofluorescence assay. 293 T cells were transfected with 2 pg of plasmid
(pcDNA3.1 vector containing HN wild-type or mutant cDNA). After incubation for 24 h, the cells were fixed and blocked, followed by incubation
with sSCVPS-FITC at 4°C for 30 min. After gently washing, the cells were directly observed by a fluorescence inverted microscope. The images were
taken and the fluorescence intensity of fluorescein isothiocyanate were analyzed by the Image J software (Version 1.52, NIH, USA). The data was
presented as percentage (%) of wt HN. n = 5. * represents P < 0.05 vs. wt HN; ** represents P < 0.01 vs. wt HN. Abbreviations: HN, hemagglutinin-
neuraminidase; sSCVP, sulfated Chuanmingshen violaceum polysaccharides.
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Figure 7. The SPR binding kinetic curves of sCVPS binding to wild-type HN and mutants R363G and R363G/H199G. The wild-type HN and
mutant proteins were respectively coupled to COOH sensor chips, and sCVPS was applied at 100 uM. Abbreviations: HN, hemagglutinin-neuramin-
idase; sCVP, sulfated Chuanmingshen violaceum polysaccharides; SPR, surface plasmon resonance.
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Figure 8. Inhibitory effects of sCVPS against recombinant NDV adsorption. (A) The growth characteristics of recombinant NDV were evalu-
ated by real-time RT-PCR method at 4, 8, 12, 16, and 20 h postinfection. (B) The inhibitory effects of sSCVPS against recombinant NDV adsorption
was evaluated by plaque reduction assay. BHK-21 cells were infected with NDV at a PFU of 50 in the presence or absence of sSCVPS (200 pg/ mL).
After 1 h incubation, monolayers were washed and the medium containing 1% methylcellulose was added. After 60 h incubation, the cells were
stained with 0.1% crystal violet in 20% methanol. Plaques were counted and the inhibitory rate was calculated according to the formula: inhibitory
rate = (number of plaques in infected-untreated group - number of plaques in infected-treated group) + number of plaques in infected-untreated

group. n = . **¥*

ease virus.

control the disease (Dimitrov et al., 2017). NDV can
infect over 236 avian species, but ND vaccination was
only applied in the poultry sector, which increased the
difficulty to control the disease (Absalon et al., 2019).
Thus, searching for complementary control measures
are beneficial to poultry industry. Previously, we found
that sCVPS could inhibit NDV infection through block-
ing viral attachment, but the interaction sites with HN
were still unknown (Song et al., 2013b, 2015). In this
study, the amino acid residues R197, H199, R363, and
R523 were demonstrated to be the binding sites for
sCVPS, especially R363 act as the main interaction site.
These results provide a basis for drug design with these
sites.

There were 2 receptor-binding sites located in the
globular head domain of HN protein, the site I is a
bifunctional site that can mediate sialic-acid-receptor
binding and neuraminidase activity and the site Il is
associated with receptor binding which can trigger F
activation during fusion process (Zaitsev et al., 2004;

represents P < 0.001 vs. wt NDV. Abbreviations: sCVP, sulfated Chuanmingshen violaceum polysaccharides; NDV, Newcastle dis-

Mahon et al., 2011; Porotto et al., 2012). Thus, the
site I located at the central of the six-bladed -sheet
propeller structure is the main sialic acid binding site
for NDV attachment to the host cell (Crennell et al.,
2000). The residues R174, 1175, E258, Y299, Y317,
E401, R416, R498, Y526, and E547 play an impor-
tant role in receptor binding, and residues E401,
R416, and Y526 appear to be key sites for interaction
with sialic acid (Connaris et al., 2002). According to
the theory that sulfated polysaccharides could bind
to positively charged residues leading to shielding of
interaction sites of virus with receptors, the positively
charged residues of HN including R197, H199, R363,
and R523 around the binding sites were selected for
testing the hypothesis. There were no reports about
the interaction of these residues with receptor bind-
ing. This study showed that the hemadsorption abili-
ties of the mutants were not significantly affected
(Figure 3), suggesting that mutations of these resi-
dues will not affect the structure of HN and these
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residues were not involved in receptor binding, which
were consisted with previous findings.

The residues R197 and H199 are located at the loop
that connected the 2" strand (residues 185—192) with
the 3™ strand in the 1™ B-sheet (residues 202—213) in
the globular head of HN; residue R363 is located at the
4" helix (residues 347—363); residue R523 is located at
the 1" strand in the 6™ p-sheet (residues 523—534)
(Zaitsev et al., 2004; Connaris et al., 2002). These 4 posi-
tively charged residues are all located on the top of the
active site (Figure 1), so when negatively charged poly-
saccharides bound to these sites could induce shielding
of the receptor binding sites. That was demonstrated in
this study that mutation of these residues decreased the
inhibitory effects of sSCVPS (Figure 4). Mutation of resi-
due R363 decreased the most potency of sCVPS in the
four residues, suggesting that binding to R363 is more
effective to shield the sialic acid binding sites. Further
dual mutation based on mutant of residue R363 showed
when residues R363 and H199 were all mutated, the
anti-NDV activity of sSCVPS decreased most in the test
single and dual mutants (Figures 4 and 5). The reason
should be attribute to the spatial location of R363 and
H199 that the two residues are toward the binding
pocket of sialic acid, binding to the two residues could
be more effective to block receptor binding than R197
and R523 (Figure. 1). For direct observation of sCVPS
binding to HN, sCVPS was labeled with fluorescein iso-
thiocyanate, and the binding amount of sCVPS was
reflected by fluorescence intensity. This assay (Figure 6)
showed consistent results with hemadsorption study
that mutation of R363 and H199 decreased the binding
ability of HN to sCVPS. There was no live virus involved
in the above tests. Whether these interaction sites were
correct should be further evaluated in recombinant virus
with the sites mutated. The rescued virus with R363G
and R363G/H199G mutation of HN revealed a signifi-
cant reduction of antiviral activity of sCVPS against
NDV attachment (Figure 8). The recombinant NDV
study demonstrated these residues were the binding sites
of SCVPS with HN. The residues R197, H199 and R363
are conserved, while R523 is a nonconservative residue
in HN. In most NDV strains, the residue 523 is lysine
which is also positively charged residue. Thus the results
obtained in this study could also be applied in other
strains.

Surface plasmon resonance is a technique that pro-
vides real-time monitoring of binding kinetics to charac-
terize the interactions between proteins and proteins /
molecules (Vachali et al., 2012; Watrelot et al., 2016).
Currently, some studies were conducted to evaluate the
interaction of polysaccharides with proteins through
SPR (Thompson and Dalgleish, 2010; Gao et al., 2013;
Wang et al., 2019). For sulfated polysaccharides, the
binding affinity may be associated with sulfated degree
(Battulga et al., 2019). The polysaccharides from the
ink of cuttlefish Sepiella maindroni de Rochebruns
showed a reduced binding affinity toward EGFR, when
the sulfated degree decreased from 34.7% to 8.2%
(Jiang et al., 2018). The structure of polysaccharides

varied a lot, which also plays an important role in bind-
ing affinity. The KD value was 1.26 uM for pumpkin
pectic polysaccharide to Galectin-3, which showed
higher binding affinity than that of potato galactan (KD
value of 2.59 uM) (Zhao et al., 2017). In the present
study, the binding affinity of sSCVPS to HN decreased
along with the mutation of residues R363 and R363/
H199 (Figure 7), suggesting the R363 and H199 involved
in interaction with SCVPS which is consistent with the
results obtained from hemadsorption assay.

In conclusion, the present study provides direct evi-
dence for the antiviral mechanism of sulfated polysac-
charides which binds to the positively charged residues
leading to the shielding of receptor binding sites. The
residues R197, H199, R363 and R523 of HN interact
strongly with sCVPS, especially residue R363 acted as
the main site. This study suggests that the anti-NDV
activity of SCVPS attributes to electrostatic interaction
between the negatively charged sCVPS and positively
charged residues of HN.
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