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a  b  s  t  r  a  c  t

Griffithsin  (GRFT)  is  a  broad-spectrum  antiviral  protein  against  several  glycosylated  viruses.  In our  previ-
ous publication,  we have  shown  that  GRFT  exerted  antiviral  activity  against  Japanese  encephalitis  virus
(JEV)  infection.  Herein,  we further  elucidated  the mechanism  by which  GRFT  inhibits  JEV  infection  in
BHK-21  cells.  In  vitro  experiments  using  Pull-down  assay  and  Co-immunoprecipitation  (CO-IP)  assay
showed  that  GRFT  binds  to the JEV  glycosylated  viral  proteins,  specifically  the enveloped  (E)  and  pre-
lycosylated proteins
nhibition

mature  (prM)  glycoproteins.  The  binding  of  GRFT to  the  JEV  was  competitively  inhibited  by increasing
concentrations  of mannose;  in  turns  abolished  anti-JEV  activity  of GRFT.  We  suggested  that,  the  binding
of  GRFT  to  the  glycosylated  viral  proteins  may  contribute  to its anti-JEV  activity.  Collectively,  our  data
indicated  a possible  mechanism  by  which  GRFT  exerted  its  anti-JEV  activity.  This  observation  suggests
GRFT’s  potentials  in the  development  of therapeutics  against  JEV  or other  flavivirus  infection.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Japanese encephalitis virus (JEV) is a mosquito-borne virus
elonging to the genus of Flavivirus. JEV infection ranks as a

eading cause of high morbidity and mortality rate in Southeast
sia and the Western Pacific region (Chung et al., 2007). The

EV genome contains structural and non-structural (NS) genes
Sumiyoshi et al., 1987a,b). There are three structural genes; cap-
id protein (C) and involved in capsid formation, pre-membrane
prM) and Envelope (E). The E protein (53–55 KDa) contains two
otential glycosylation sites (Dutta et al., 2010) responsible for the
irus attachment, fusion, penetration, cell tropism, virulence and
ttenuation (Lindenbach et al., 2007) while prM contains only one
lycosylation site and is important for the virus release and patho-
enesis (Kim et al., 2008). There are seven NS genes: NS1, NS2a,
S2b, NS3, NS4a, NS4b, NS5 and these are involved in the virus
eplication.
Griffithsin (GRFT) isolated from red alga Griffithsia sp is a plant-

erived antiviral protein which exerts antiviral activity against

∗ Corresponding author at: College of Veterinary Medicine, Nanjing Agricultural
niversity, 1Weigang, Nanjing 210095, Jiangsu Province, China.

E-mail addresses: hassan8377@yahoo.com, hassan0093@gmail.com
H.Z.A. Ishag), xmao@njau.edu.cn, xmao@shvri.ac.cn (X. Mao).

ttp://dx.doi.org/10.1016/j.virusres.2016.01.016
168-1702/© 2016 Elsevier B.V. All rights reserved.
several enveloped viruses, including severe acute respiratory syn-
drome coronavirus (SARS-CoV) (O’Keefe et al., 2010a), human
immunodeficiency virus (HIV)-1 (O’Keefe et al., 2009a) and hep-
atitis C virus (HCV) (Meuleman et al., 2011). It was found that, the
purified GRFT exhibited antiviral activity comparable to the native
one (Mori et al., 2005; O’Keefe et al., 2009b). GRFT has a high affin-
ity to interact with the viral glycosylated proteins and prevent its
entry into cells, and this was attributed to its dimeric structure that
demonstrates six binding sites (Ziolkowska et al., 2006). In related
studies, GRFT was found to bind the spike glycoprotein of SARS-
CoV, gp120 of HIV-1 and E1 and E2 glycoproteins of HCV (O’Keefe
et al., 2009a, 2010a; Meuleman et al., 2011). In our previous study
(Ishag et al., 2013), we have shown that, the GRFT could inhibit JEV
infection. However, there is a critical gap in understanding of how
GRFT functions effectively to inhibit JEV infection. Therefore, in this
study, we  aimed to further detail whether GRFT could also bind to
the glycosylated JEV protein (E and prM) to inhibit its infection in
BHK-21 cells. We  found that, GRFT binds to the JEV glycosylated
viral proteins, specifically E and prM. We  also observed that, the
incubation of GRFT with mannose before interacting with the virus,
was competitively inhibited binding of GRFT to the virus, which

blocks the anti-JEV effect of GRFT. We suggested that, the binding
of GRFT to the glycosylated virus proteins, may contribute to its
anti-JEV activity. In summary, our data suggested the mechanism
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Table  1
List of primers used to amplify E, prM (MYC-tag) and GRFT (HA-tag).

Gene Enzyme Oligonucleotides Sequence (5′–3′) Product

E BamH1 F: GCTGACGGATCCGCCACCATGTTTAATTGTCTGGGAATGG 1550 bp
Xba1 R:  GTCGAGTCTAGATTACAGGTCTTCTTCAGAAATCAACTTCTGTTCAGCATGCACATTGG

prM BamH1  F: CGTATGGATCCGCCACCATGAAGTTGTCGAATTTC 600 bp
XhoI  R:CCACTACTCGAGTTACAGGTCTTCTTCAGAGATCAGTTTCTGTTCACTGTAAGCCGGAGC

GRFT Kpn1  F:CAGTGTGGTACCGCCACCATGTCTCTTACTCACAGG 380 bp
Xba1  R:CTCCTATCTAGATTAAGCGTAATCTGGAACATCGTATGGGTAGTACTGCTCGTAGTA
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nd potential of GRFT in the development of therapeutics against
EV infection.

. Materials and methods

.1. Cells, virus and reagents

Baby hamster kidney (BHK)-21 cells were cultured at 37 ◦C in
ulbecco’s modified Eagle’s medium (DMEM) (Invitrogen) con-

aining 10% fetal calf serum (FCS) and antibiotics of penicillin
100 �g/ml) and streptomycin (100 U/ml). Japanese encephalitis
irus (JEV) strain SA14-14-2 (GenBank: JN604986) was  propa-
ated and titrated by plaque forming assay in BHK-21 cells and
he virus titer was expressed as plaque forming unit/ml (pfu/ml).

annose was purchased from Sigma–Aldrich. Anti-MYC and anti-
is monoclonal antibodies were purchased from Abmart Company

Shanghai, China).

.2. Recombinant GRFT protein

We  previously de novo synthesized the GRFT DNA and cloned
nto pCold-1 to yield pCold-1-GRFT (Ishag et al., 2013). This con-
truct was used to express and purify GRFT protein from E.coli
xpression system as we described before (Ishag et al., 2013). The
urified GRFT protein was analyzed by SDS-PAGE (Coomassie Blue
taining) and Western blot analysis using anti-His monoclonal anti-
ody (Ishag et al., 2013).

.3. Constructs of pCDNA3.1 vector

The MYC-tagged E and prM were PCR amplified from the viral
enomic cDNA using EX Taq polymerase (TaKaRa) and were cloned
nto pcDNA3.I (+) vector (Invitrogen) at BamHI  and XbaI sites or
amHI and XhoI sites to generate pcDNA3-E-MYCand pcDNA3-M-
YC  respectively. HA-tagged GRFT was also PCR amplified and

igated into pcDNA3.1 (+) vector at KpnI and XbaI sites to gener-
te pcDNA3-G-HA. The forward and reverse primers along with
heir sequences were used to amplify these fragments, are listed
n Table 1.

.4. GRFT interacts specifically with E and prM, analyzed by
ull-down assay

The specific interaction of GRFT with E and prM was evaluated.
HK-21 cells (1 × 104 cells/well) were co-transfected (efficiency of
ver 70%) with 4 �g of plasmids (pcDNA3-E-MYC or pcDNA3-M-
YC  using 10 �l of Polyethylenimine (PEI) (25 kDa; Sigma–Aldrich)

or 24 h. The empty pcDNA3.1 vector was used as a control.
he interaction of GRFT with E and prM, was then analyzed by
ull-down assay as previously indicated with minor modification

Ishag et al., 2013). Briefly, His-GRFT (5 �g) was preincubated with
0 �l of immobilized metal affinity chromatography (IMAC) beads
Novagen) in 0.5 ml  binding buffer (20 mM Tris–HCl pH 7.5, 500 mM
aCl, 0.5% nonidet p-40 (NP-40) for 2 h at 4 ◦C. The beads were
e was underlined and introduced in reverse primers of E and prM, while underlined
verse primer.

washed five times by centrifugation at 2000 g for 2 min  in 0.5 ml
of washing buffer [10 mM Tris–HCl pH 7.5, 150 mM NaCl and 0.1%
NP-40] to remove unbound GRFT. The resultant was incubated with
lysate of cells transfected with E and prM plasmids separately for
2 h at 4 ◦C. The beads washed five times with washing buffer as
described above to remove unbound E and prM proteins. The beads
were boiled in 1 × SDS buffer (20 �l) and analyzed by Western blot
using anti-MYC monoclonal antibody to detect the presence of E
and prM proteins.

2.5. GRFT interacts specifically with E and prM, analyzed by
Co-immunoprecipitation (CO-IP) assay

BHK-21 cells were co-transfected with pcDNA3-E-MYC and
pcDNA3-G-HA plasmids or pcDNA3-M-MYC and pcDNA3-G-HA
plasmids as indicated above. The interaction of GRFT with E and
prM, was  then analyzed by CO-IP assay as previously demonstrated
with minor modifications (Ishag et al., 2013; Li et al., 2014). Briefly,
the lysate of cells transfected with mentioned plasmids, were incu-
bated with 50 �l Protein G-Sepharose beads coupled with anti-HA
(Dingguo, China) for 2 h at 4 ◦C. The beads were washed five times
with 0.5 ml  of Co-IP buffer (50 mM Tris–HCl pH 7.5, 150 mM NaCl
and 1% Triton X-100) by centrifugation at 2000 g for 2 min. The
beads resuspended in 1 × SDS buffer (20 �l), boiled and the pres-
ences of E and prM proteins were then detected by Western blot
using with anti-MYC monoclonal antibody. The expression of E
and prM proteins in BHK-21 cells were first confirmed with anti-
MYC  while expression of GRFT protein was confirmed with anti-HA
monoclonal antibody.

2.6. Competitive inhibition of GRFT binding activity by Mannose
and its effect on the viral infectivity

To further evaluate the ability of GRFT to bind to JEV glycosy-
lated proteins, we  performed competitive assay using mannose.
Herein, we  preincubated mannose (5–100 �g/ml) was  with 5 �g
His-GRFT (mannose + His-GRFT) or mannose (100 �g/ml) with PBS
as a control (mannose + PBS) for 30 min  on a rocker and then
added to 50 �l IMAC beads (mannose + His-GRFT + IMAC or man-
nose + PBS + IMAC) for 30 min. The aliquots in both experiment and
control, were washed five times by centrifugation at 2000 g for
2 min  in 0.5 ml  of washing buffer, mixed with JEV at MOI  = 1 (man-
nose + His-GRFT + IMAC + JEV or mannose + PBS + IMAC + JEV) for 1 h
and incubated at a room temperature. The mixtures were then
washed five times as above and the competitive binding of GRFT to
JEV was measured by Pull-down assay using anti-JEV-EDIII mon-
oclonal antibody (Ishag et al., 2013). To investigate the effect of
mannose on viral infectivity, we preincubated GRFT (5 �g) or PBS
(control) with increasing concentrations of mannose first and with

JEV at MOI  = 1 next. This mixture was  then inoculated into BHK-
21 cells. The inhibition of viral infectivity was analyzed by plaque
forming assay as indicated previously (Ishag et al., 2013) and West-
ern blot using anti-JEV-EDIII monoclonal antibody.
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ig. 1. Constructs of the pcDNA3.1 (+) vectors. (A, D and G) are the PCR amplificatio
igestion of pcDNA3-E-MYC (BamHI and XbaI), pcDNA3-M-MYC (BamHI and XhoI) an
cDNA3-M-MYC and pcDNA3-G-HA respectively.

. Statistical analysis

Data obtained from three individual experiments, were
ecorded as Mean ± SD, and subjected to one-way analysis of vari-
nce (ANOVA) using SPSS (version 16.0, SPSS Inc., Chicago, IL, USA).

 < 0.05 was considered statistically significant.

. Results

.1. Constructs of pCDNA3.1 vector

The MYC-tagged E, prM and HA-tagged GRFT genes were PCR
mplified from the viral cDNA (Fig. 1A,D and G) and cloned into
cDNA3.1 (+) vector to generate pcDNA3-E-MYC and pcDNA3-M-
YC  and pcDNA3-G-HA (Fig. 1C,F and I) vectors respectively. The
loning was verified by restriction enzyme digestion of pcDNA3-
-MYC (BamHI and XbaI), pcDNA3-M-MYC (BamHI  and XhoI) and
cDNA3-G-HA (KpnI and XbaI) (Fig. 1B,E and H) respectively and
urther confirmed by DNA sequencing analysis.
YC-tagged E, prM and HA-tagged GRFT respectively. (B, E and H) are the enzymatic
NA3-G-HA (KpnI and XbaI) respectively. (C, F and I) are the vectors pcDNA3-E-MYC,

4.2. GRFT specifically interacts with E and prM, analyzed
Pulldown assay

The specific interaction of GRFT with glycosylated viral proteins
(E and prM) was  investigated. The BHK-21 cells were transfected
with pcDNA3-E-MYC or pcDNA3-M-MYC plasmids using empty
pcDNA3.1 (+) vector as a control. Expression of E and prM proteins
in these cells was  first evaluated with anti-MYC monoclonal anti-
body. Pull-down assay was  then performed from the lysate of E
or prM-expressing cells. IMAC beads were first incubated with His-
GRFT protein, washed and incubated with the cell lysate. The beads
were washed and analyzed by Western blot using anti-MYC mon-
oclonal antibody. As shown in (Fig. 2A and B), E and prM proteins
could only be detected in the cell lysates in the presence of GRFT
protein, indicated that GRFT can interact with glycans presented on
viral glycoproteins in vitro.



H.Z.A. Ishag et al. / Virus Research 215 (2016) 50–54 53

Fig. 2. Evaluation of specific interaction of GRFT with E and prM proteins in vitro by
Pull-down assay: IMAC-beads were premixed with GRFT for 2 h and incubated with
the lysate of BHK-21 cells expressing E protein (A) or prM protein (B) for another 2 h
(Lane 2). The IMAC beads without GRFT was also incubated with the lysate of BHK-
21  cells expressing E protein (A) or prM protein (B) for 2 h (Lane 3). The beads were
washed and analyzed by Western blot using anti-MYC monoclonal antibody. The E
and  prM proteins in the cell lysates detected with anti-MYC monoclonal antibody
served as a molecular mass marker (Lane 1).

Fig. 3. Evaluation of specific interaction of GRFT with E and prM viral proteins
in  vivo by co-immunoprecipitation: (A and B) BHK-21 cells were co-transfected with
pcDNA3-G-HA and pcDNA3-E-MYC or pcDNA3-G-HA and pcDNA3-M-MYC using
Polyethylenimine (PEI). Cells transfected with empty vector used as control. At 24 h
post-transfection, co-immunoprecipitation was performed form cell lysate using
anti-HA monoclonal antibody. The immunoprecipitated protein was  detected with
anti-MYC monoclonal antibody (first panel in A and B). Cell lysates were evaluated
using anti-MYC monoclonal antibody (second panel in A and B) and anti-HA mon-
o
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Fig. 4. Competitive inhibition of GRFT binding to the JEV by Mannose and its
impact in viral infectivity: (A) mannose (5–100 �g/ml) was preincubated with 5 �g
of  His-GRFT ((Mannose + His-GRFT) or mannose (100 �g/ml) with PBS as a con-
trol  (Mannose + PBS) for 30 min  on a rocker and then added to 50 �l IMAC beads
(Mannose + His-GRFT + IMAC or Mannose + PBS + IMAC) for 30 min. The aliquots in
both experiment and control, were washed five times by centrifugation at 2000 g
for 2 min  in 0.5 ml  of washing buffer, mixed with JEV at MOI  = 1 (Mannose + His-
GRFT + IMAC + JEV or Mannose + PBS + IMAC+ JEV) for 1 hr and incubated at a room
temperature. The mixtures were then washed five times as above and the compet-
itive binding of GRFT to JEV was measured by Pull-down assay using anti-JEV-EDIII
monoclonal antibody. Binding of GRFT to the JEV was shown to be inhibited by
increasing concentrations of mannose. (B and C) GRFT (5 �g) or PBS (control),
were preincubated with different concentration of mannose and then with JEV at
MOI  = 1. BHK-21 cells were then infected with the mixture. Inhibition of the virus

5. Discussion
clonal antibody (third panel in A and B) to detect the expression of E, prM and
RFT.

.3. GRFT interacts specifically with E and prM, analyzed by
o-immunoprecipitation (CO-IP) assay

To investigate whether the interaction of GRFT with E and
rM can occur in BHK-21 cells expressing these proteins, we  per-
ormed a CO-IP assay using anti-HA monoclonal antibody. The
ysate of cells co-expressing GRFT and E proteins or GRFT and
rM proteins were incubated with protein G-Sepharose beads cou-
led with anti-HA monoclonal antibody for 2 h and were washed.
he lysate of cells transfected with empty vector was used as a
ontrol. The beads were resuspended in 1 × SDS buffer and ana-
yzed by Western blot using anti-MYC monoclonal antibody. GRFT
ogether with E (Fig. 3A) or prM (Fig. 3B) proteins could only be
o-immunoprecipitated by anti-HA monoclonal antibody, indicat-

ng that GRFT can interact with E and prM glycosylated JEV proteins.
xpression of GRFT protein in BHK-21 cells was first evaluated with
nti-His monoclonal antibody.
infection was  analyzed by plaque forming assay (B) and Western blot using anti-
JEV-EDIII monoclonal antibody (C). Data presented as Means ± SD (n = 3). **P < 0.01,
***P  < 0.001 vs. control.

4.4. Competitive inhibition of GRFT binding by mannose and its
effect on the viral infectivity

To investigate the specific binding of GRFT to the JEV glycosy-
lated proteins, we  performed a competitive assay using mannose
as indicated in the materials and methods section. Pull-down
assay using anti-JEV-EDIII monoclonal antibody indicated that pre-
incubation of GRFT with mannose, decreased the binding ability of
GRFT to the JEV (Fig. 4A), and this inhibition was found to abolish
the anti-JEV effect of GRFT (Fig. 4B and C), investigated by plaque
forming assay and Western blot using anti-JEV-EDIII monoclonal
antibody respectively. This indicates that, the specific binding of
GRFT to the glycosylated JEV proteins might contribute to its anti-
JEV activity.
There is currently no specific antiviral treatment available for
the JEV infections. Interest of searching antiviral agent against JEV
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nfection, has recently been encouraged. GRFT was one of the antivi-
al agents that showed activities against several enveloped viruses
O’Keefe et al., 2009a, 2010a; Meuleman et al., 2011). The antiviral
ctivity of the recombinant GRFT was found to be comparable to
he native one (Giomarelli et al., 2006).

In our previous study, we observed that, the recombinant GRFT
xhibited an anti-JEV activity. In the present study, we  further
imed to elucidate the mechanism by which GRFT exerts its anti-
EV activity. As in other viruses such as SARS-CoV, HCV and HIV-1,
t was found that GRFT binds to the glycosylated viral proteins to
nhibit its infection. It is therefore likely that the anti-JEV activity
f GRFT may  be due to the binding of GRFT to the JEV glycosylated
roteins (E and prM). To address this, we used an experimental
pproach of Pull-down assay and CO-IP assay. Our results showed
hat GRFT could bind to E and prM glycosylated JEV proteins, similar
o its function in other viruses such as SARS-CoV, HCV and HIV-1.
his binding activity of GRFT was found to be inhibited by increas-
ng concentrations of mannose. As E protein in JEV is responsible
or the virus attachment, fusion, penetration, cell tropism, virulence
nd attenuation (Lindenbach et al., 2007) while prM is important
or the virus release and pathogenesis (Kim et al., 2008), we expect
hat, the virus inhibition observed, could be attributed to GRFT
ffect. It was shown that GRFT exists as a dimmer with six separate
inding sites that bind to N-linked glycans on virus glycoproteins
Ziółkowska et al., 2006). Therefore, the interaction of GRFT with

 and prM might inhibit the conformational change required for
he virus–target cell attachment essential for viral entry and cell-
o-cell fusion. However, this inhibition activity of GRFT was  found
o vary from virus to another and this was explained by the dif-
erences in the binding affinity of GRFT to the viral glycosylated
roteins (O’Keefe et al., 2010b). This finding is in consistence with
ntiviral mechanisms of other lectins such as Cyanovirin-N (CV-N)
hat binds to the HIV-1 surface glycoprotein gp120 to inhibit its
nfection (Boyd et al., 1997).

In related studies, it was reported that, the interaction of GRFT
ith glycans on HIV-1 gp120, provides advantage by exposing the
D4 binding site (CD4bs) and increasing the chance to the CD4bs
ntibodies to bind to this site (Alexandre et al., 2011). Similarly,
e also expect that, the conformational alteration caused by inter-

ction of GRFT with JEV glycoproteins (Bressanelli et al., 2004)
ay  expose the hidden epitopes of JEV glycoprotein, allowing the

mmune system to become actively involved in inhibiting the JEV
nfection (Balzarini, 2007).

GRFT compared to other antiviral lectins such as cyanovirin-N
CV-N) (Bolmstedt et al., 2001) and scytovirin (SVN) (Adams et al.,
004), demonstrated an ability to bind to a variety of oligosac-
harides (Emau et al., 2007), providing a broad-spectrum antiviral

ctivity against viruses. This indiscriminate activity of GRFT could
e a challenge for the potential of GRFT as an antiviral agent.
owever, exhibiting activity against most threatening glycosylated
iruses might also be considered as an advantage. In conclusion,
arch 215 (2016) 50–54

this study further demonstrates a possible mechanism by which
GRFT exerted its anti-JEV activity. It also indicated that GRFT might
be a candidate for anti-JEV development.
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