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Heat shock protein A9 (HSPA9), a member of the heat shock protein family, is a putative receptor for Tembusu virus (TMUV). By using Western 
blot and co-immunoprecipitation assays, E protein domains I and II were identified as the functional domains that facilitate HSPA9 binding. 
Twenty-five overlapping peptides covering domain I and domain II sequences were synthesized and analyzed by using an HSPA9 binding 
assay. Two peptides showed the capability of binding to HSPA9. Dot blot assay of truncated peptides indicated that amino acid residues 19 
to 22 and 245 to 252 of E protein constitute the minimal motifs required for TMUV binding to HSPA9. Importantly, peptides harboring those 
two minimal motifs could effectively inhibit TMUV infection. Our results provide insight into TMUV–receptor interaction, thereby creating 
opportunities for elucidating the mechanism of TMUV entry.
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Introduction

The Tembusu virus (TMUV), which was classified into the 
genus Flavivirus, family Flaviviridae, causes a reduction in egg 
production, ovarian hemorrhage, acute anorexia, diarrhea, and 
paralysis in ducks and geese at the beginning of the disease. To 
date, it has been reported that chickens, pigeons, house 
sparrows, BALB/c mice, and Kunming mice are susceptible to 
this newly emerging virus [6,11,14,18,30,33]. The morbidity 
rate in ducks is typically high (nearly 100%), and the mortality 
rate ranges from 5% to 30% due to secondary bacterial 
infections. TMUV has become a widespread infectious disease 
in ducks, leading to serious economic loss in the duck industry 
in China [36].

Flaviviruses include nearly 70 enveloped positive-sense 
RNA viruses [10]. Many, such as Dengue virus, Yellow fever 
virus, West Nile virus, Japanese encephalitis virus and Zika 
virus, can cause serious diseases in humans and animals [2]. 
The genome of flaviviruses is approximately 11 kb, containing 
a single open reading frame and encoding a polyprotein. The 
polyprotein is processed into three structural proteins (capsid 
[C], membrane [M], and envelope [E]) and seven nonstructural 

proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, and NS5) by 
viral and cellular proteases [39].

The E protein is a major structural protein of flaviviruses. 
Crystallography results have revealed that E protein has three 
separate domains and forms head-to-tail homodimers on the 
surface of the virion [24]. E protein domain I (DI) is a 
structurally central amino-terminal domain, which is composed 
of a nine-strand mixed -barrel structure. It acts as a bridge-like 
hinge linking extended domain II (DII) and globular domain III 
(DIII) via short flexible loops [3,17,21]. DII is formed from two 
extended segments that project from DI. The large segment of 
DII contains a highly conserved loop at its tip, called a fusion 
peptide. The fusion peptide is responsible for the acid-catalyzed 
type II fusion process [1,3,21]. DIII, a carboxyl-terminal 
immunoglobulin (Ig)-like structure, is located on the opposite 
side of DI and contains several epitopes that can induce 
neutralizing antibody [5].

As an enveloped virus, the first step in cell entry of Flavivirus 
involves binding of the E protein to a cellular receptor. 
Crystallographic study has revealed that the interaction 
between Dengue virus and dendritic cell-specific intercellular 
adhesion molecule-3-grabbing nonintegrin (DC-SIGN) is 
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mediated through carbohydrate moiety at Asn67 in DII [25]. 
Japanese encephalitis virus interacts with DC-SIGN through 
N154 in the central domain of DI [35]. Dengue virus and 
Japanese encephalitis virus can bind to glycosaminoglycans 
(GAGs) on host cells and E residues 279 to 297 are identified as 
involved in this binding process [22]. DIII of West Nile virus is 
documented to mediate virus binding to cellular receptor V3 
integrin [12]. Moreover, the DE loop of DIII is reported to have 
receptor-binding motifs participating in Japanese encephalitis 
virus’s entry into BHK-21 cells [13]. Flavivirus may use 
multiple receptors for cell entry, receptors that may be 
strain-specific and/or cell type-dependent [20]. Many other 
cellular proteins have been shown to be associated with 
flaviviral infection, such as heat shock protein (HSP) [7], 
vimentin [15], and 37/67 kDa laminin [32]. However, how the 
E protein binds to these receptors has not been fully described, 
and a specific receptor is thought to be required.

HSPA9, a member of the heat shock protein 70 family, has 
numerous functions, such as protein folding, cytoplasmic 
chaperone, and peptide presentation to the immune system [27]. 
Recent study has shown that HSPA9 exists on the surface of 
DF-1 cells, and it was identified as a putative receptor for 
TMUV [19]. Indirect immunofluorescence assay demonstrated 
colocalization of HSPA9 and TMUV on the cell surface [19], 
but how E protein participates in the interaction with HSPA9 
has not been elucidated.

In this study, we analyzed the E protein binding domains that 
are required for HSPA9 binding. To verify the minimal motif 
involved in TMUV–HSPA9 binding, peptides covering DI and 
DII were synthesized, and HSPA9 binding analysis was 
conducted. The results revealed that E protein residues 19 to 22 
and 245 to 252 constitute domains that mediate TMUV binding 
to HSPA9.

Materials and Methods

Cells, viruses, and antibodies
DF-1 cells were grown in Dulbecco’s modified Eagle 

medium (DMEM) supplemented with 10% inactivated fetal 
calf serum (FCS) in 5% CO2 at 37oC. TMUV JS804 was 
isolated by our laboratory and propagated in DF-1 cells as 
previously described [11]. All the experiments were approved 
by the ethical committee of Jiangsu Academy of Agricultural 
Sciences (approval No. SYXK-2015-0020). The titer of virus is 
calculated as TCID50 (50% tissue culture infective dose) 
according to the Reed-Muench method [26]. In brief, Serial 
10-fold dilutions of the stock virus were inoculated into a 
monolayer of DF-1. After two-hour incubation at 37oC, 
inoculum was removed and cells were overlaid with a mixture 
of 1% agarose and cell culture media. Plaque formation was 
continuously observed daily for four days and TCID50 was 
calculated according to the method of Reed-Muench. 

TMUV-monoclonal antibody was generated and maintained by 
our laboratory as previously described [8]. Alkaline 
phosphatase and horseradish peroxidase (HRP)-conjugated 
goat anti-mouse IgG were purchased from the Beyotime 
Institute of Biotechnology (China). Anti-HSPA9 (ab171089, 
mouse) was purchased from Abcam (UK).

Protein expression and purification
The DI (1–50 aa, 132–197 aa, 282–298 aa), DII (51–131 aa, 

198–281 aa), and HSPA9 gene were synthesized by Nanjing 
Genscript Biotechnology (China). A synthesized gene fragment 
of DI or DII was subcloned into EcoR I and Sal I sites of 
bacterial expression vector pGEX-4t-1 (pGEX-DI or 
pGEX-DII). The HSPA9 gene was ligated into pET32a vector 
between Bam HI and Xho I sites (32a-A9). DIII was amplified 
by polymerase chain reaction (PCR). Primers used for cloning 
were: forward primer, EDIIIF, 5′-GAATTCATGGACTAC 
AAAGACGACGACGACAAAAAGCTGAAAGGAATGACC-
3′ and reverse primer, EDIIIR, 5′-GCGGCCGCTCATTTG 
TCGTCGTCGTCTTTGTAGTCTTGTGCTCCTTTGAGTGTT
-3′. The EcoR I and Not I restriction sites are underlined and the 
FLAG tag (DYKDDDDK) sequences are italicized. The PCR 
product was ligated into pET32a vector between the EcoR I and 
Not I sites (32a-DIII).

Proteins were expressed in BL21 (DE3) transformed with 
pGEX-DI, pGEX-DII, 32a-DIII or 32a-A9. Transformed BL21 
was grown in LB with shaking at 37oC. When the optical 
density at 600 nm (OD600) of the bacteria culture reached 0.4 to 
0.6, isopropyl -D-1-thiogalactopyranoside (IPTG) was added 
to a final concentration of 1 mM for an additional 5 h. After 
induction by IPTG, cells were harvested by centrifugation. The 
recombinant proteins were purified by glutathione-agarose 
(Sigma, USA), anti-FLAG M2 Affinity Gel (Sigma) or 
High-Affinity Ni-NTA Resin (Novagen, USA) according to the 
manufacturer’s instructions. After purification, the proteins 
were detected by performing sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and 
confirmed by Western blotting. The protein concentration was 
detected by using a BCA kit according to the manufacturer’s 
instructions (Beyotime Institute of Biotechnology). Proteins 
were then quickly frozen and stored at −80oC.

Western blot
The HSPA9-binding domains in E protein were determined 

by Western blotting. The purified recombinant HSPA9 protein 
was separated by SDS-PAGE and transferred to polyvinylidene 
fluoride membrane. The membrane containing the transferred 
proteins was blocked with 5% bovine serum albumin (BSA) in 
PBST (phosphate buffered saline with Tween 20; NaCl 137 
mM, KCl 2.7 mM, Na2HPO4 4.3 mM, KH2PO4 1.4 mM, pH to 
7.4, with 0.05% Tween 20) at 37oC for 2 h and then incubated 
with purified recombinant DI, DII, or DIII protein overnight at 
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Table 2. Truncated peptides synthesized and used for 
identification of the minimal HSPA9-binding motif

Peptide Sequence Location

A EGVNG 13–17
B GVNGV 14–18
C VNGVE 15–19
D NGVEW 16–20
E GVEWI 17–21
F VEWID 18–22
G EWIDV 19–23
H WIDVV 20–24
I EFEEA 241–245
J FEEAH 242–246
K EEAHA 243–247
L EAHAT 244–248
M AHATK 245–249
N HATKQ 246–250
O ATKQS 247–251
P TKQSV 248–252

Table 1. Overlapping peptides synthesized and tested for 
HSPA9 binding

Peptide Sequence Location

1 FSCLGMQNRDFVEGVN 1–16
2 EGVNGVEWIDVVLEGG 13–28
3 LEGGPCVTITAKDRPT 25–40
4 DRPTIDVKMMNMEATE 37–52
5 EATELAVVRSYCYEPR 49–64
6 YEPRVSDVTTESRCPT 61–76
7 RCPTMGEAHNPKATYA 73–88
8 ATYAEYICKKDFVDRG 85–100
9 VDRGWGNGCGLFGKGS 97–112

10 GKGSIQTCAKFDCTKK 109–124
11 CTKKAEGRIVQKENVQ 121–136
12 ENVQFEVAVFIHGSTE 133–148
13 GSTEASTYHNYSAQQS 145–160
14 AQQSLKHAARFVITPK 157–172
15 ITPKSPVYTAEMEDYG 169–184
16 EDYGTVTLECEPRSGV 181–196
17 RSGVDMGQFYVFTMNT 193–208
18 TMNTKSWLVNRDWFHD 205–220
19 WFHDLNLPWTGSSAGT 217–232
20 SAGTWQNKESLIEFEE 229–244
21 EFEEAHATKQSVVALA 241–256
22 VALASQEGALHAALAG 253–268
23 ALAGAIPVKYSGSKLE 265–280
24 SKLEMTSGHLKCRVKM 277–292
25 RVKMQGLKLK 289–298

4oC. After being washed three times with PBST, TMUV-positive 
serum was added to the membrane and incubated at 37oC for 1 
h. Subsequently, the membrane was incubated with horseradish 
peroxidase-conjugated goat anti-mouse IgG. Finally, the signal 
was developed using BeyoECL Plus Kit (Beyotime Institute of 
Biotechnology) in accordance with the manufacturer’s protocol.

Co-immunoprecipitation assay
To confirm which domain in E protein participated in HSPA9 

binding, a co-immunoprecipitation assay was carried out as 
previously described [16]. Briefly, the purified recombinant DI, 
DII, or DIII protein was incubated with purified recombinant 
HSPA9 protein on a rocker at 4oC overnight followed by 
incubation with anti-HSPA9 antibody for 5 h. Protein A/G 
agarose beads were added to each reaction tube and incubated 
on a rotator at 4oC for 3 h. After centrifugation, the beads were 
collected and washed by PBS for five times. Subsequently, 
beads-bound immune complexes were resuspended in 4× 
SDS-PAGE loading buffer, boiled for 5 min, and analyzed by 
SDS-PAGE.

Overlapping peptide design and synthesis
A library of 16-mer peptides, overlapping by four amino 

acids, was derived from DI and DII. The sequences and 
positions of these peptides are shown in Table 1. All peptides 
were synthesized and purified by Nanjing Genscript 
Biotechnology. The peptide purities were ＞ 95%.

Peptide binding assay (indirect enzyme-linked immunosorbent 
assay [ELISA])

The HSPA9-binding peptides were detected by indirect 
ELISA as previously described [8]. The 96-well ELISA plate 
was coated with purified recombinant HSPA9 (4 g per well) at 
4oC overnight and blocked with 1% BSA in PBST at 37oC for 2 
h. The plate was incubated with different overlapping peptides 
in triplicate for 1 h at 37oC. After being washed three times with 
PBST, the plate was incubated with TMUV-positive serum 
followed by incubation with HRP-conjugated goat anti-mouse 
IgG. Then, the plate was washed three times and subsequently 
incubated with TMB substrate. The reaction was stopped with 
2 M H2SO4, and the OD450 nm value of each well was determined 
by using a BioTek (USA) microplate reader.

Truncated peptides design and synthesis
A series of truncated peptides derived from peptides 2 and 21 

was designed and synthesized by Nanjing Genscript 
Biotechnology. The purities of the peptides were ＞ 95%. The 
sequences of these peptides are shown in Table 2. Peptides A to 
H were derived from peptide 2 and peptides I to P were derived 
from peptide 21.
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Fig. 1. Identification of the HSPA9 binding domains in E protein. (A) Determination of HSPA9 binding domains in E protein by Western
blot. The membrane containing transferred HSPA9 protein was incubated with purified recombinant protein of PBST (lane 1), DIII (lane
2), DII (lane 3), or DI (lane 4) and subsequently detected by adding anti-TMUV serum; lane M, molecular weight marker. (B) SDS-PAGE
analysis of co-immunoprecipitation assay. The purified recombinant DI (lane 1; black arrow), DII (lane 2; black arrow), or DIII (lane 
4) proteins were incubated with purified recombinant HSPA9 protein followed by incubation with anti-HSPA9 antibody. The 
co-immunoprecipitated complexes were then separated by SDS-PAGE. As controls, purified recombinant DI (lane 3), DII (lane 5), or
DIII (lane 6) proteins were incubated without purified recombinant HSPA9 protein followed by incubation with anti-HSPA9 antibody.
Lane M, molecular weight marker. PBST, phosphate buffered saline with Tween 20 (NaCl 137 mM, KCl 2.7 mM, Na2HPO4 4.3 mM,
KH2PO4 1.4 mM, pH to 7.4, with 0.05% Tween 20); TMUV, Tembusu virus; SDS-PAGE, sodium dodecyl sulfate-polyacrylamide gel 
electrophoresis; DI, E protein domain I; DII, extended domain II; DIII, globular domain III.

Dot blot analysis
Two microliters of 5 mg/mL truncated peptides were spotted 

on a nitrocellulose membrane. The membrane was blocked by 
5% BSA at 37oC for 2 h. Purified recombinant HSPA9 protein 
was added to the membrane and incubated at 4oC overnight. 
Unbound HSPA9 protein was removed by washing three times 
with PBST. The membrane was then incubated with 
anti-HSPA9 antibody followed by incubation with alkaline 
phosphatase conjugated goat anti-mouse IgG. The signal was 
detected using Alkaline Phosphatase Assay Kit (Beyotime 
Institute of Biotechnology) in accordance with the manufacturer’s 
protocol.

Toxicity assay
Peptide cytotoxicity was measured by using Cell Counting 

Kit-8 (CCK-8; Dojindo, China) according to the manufacturer’s 
protocol. Briefly, 100 g/mL of peptides were added to DF-1 
cells in a 96-well plate and incubated for 1 h at 4oC. After being 
washed three times by PBS, DMEM with 10% FCS (100 L per 
well) was added. Simultaneously, 10 L CCK-8 was added per 
well and incubated with the cells at 37oC for 2 h. The OD450 nm 
value at was measured by using a BioTek microplate reader.

Competitive receptor binding assay
DF-1 cells were incubated with 50 g/mL of peptides or BSA 

(as control) at 4oC for 1 h. Unbound peptides were removed by 
washing the cells twice with chilled PBS. The cells were then 

infected with 200 TCID50 TMUV for 30 min at 4oC followed by 
1 h at 37oC. Unbound virus was removed by washing twice with 
PBS. Virus RNA was extracted by using a QIAamp Viral RNA 
Mini Kit (QIAGEN, Germany), and TMUV RNA levels were 
determined by quantitative reverse transcriptase (qRT)-PCR as 
described previously [39]. The primers used for real-time 
RT-PCR were: EF primer (forward, 5′-GTGAGATCTTACT 
GCTATGAG-3′) and the ER primer (reverse, 5′-ACTTGGCA 
CATGTCTGTATGC-3′). Real-time RT-PCR data were analyzed 
using the comparative cycle threshold (CT) method (CT). 
Beta-actin was chosen as a reference gene for internal control. 
Differences between the CT values of the target gene and the 
internal control (CT = CTtarget − CTinternal control) were 
calculated to normalize the differences in the amount of total 
complementary DNA added to each reaction and the efficiency 
of the real-time RT-PCR. The negative control was used as a 
reference for each comparison. Differences between the ΔCT of 
each sample and the reference sample (CT = [CTtarget − 
CTinternal control] sample − [CTtarget − CTinternal control] negative 
control) were then calculated. Three independent experiments 
were carried out.

Statistical analysis
There were at least three replicates for each assay. Error bars 

drawn represent SD from the mean. Values of p ＜ 0.05 were 
considered to be significant. The software used was IBM SPSS 
Statistics (ver. 19.0; IBM, USA).
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Fig. 3. Identification of the minimal HSPA9-binding motif by using truncated peptides. Truncated peptides were probed for reactivity 
with recombinant HSPA9 by Dot blot assay. Full-length E protein and DIII protein were used as positive and negative controls, 
respectively. (A) Identification of the HSPA9-binding motif by using truncated peptides. (B) Validation of minimal HSPA9-binding motif 
by Dot blot assay.

Fig. 2. Recombinant HSPA9 interaction with overlapping 
peptides derived from E protein domain I (DI) and extended 
domain II (DII). Peptides were allowed to bind to HSPA9 (4 
g/mL) and tested for their HSPA9 binding capability by using 
indirect enzyme-linked immunosorbent assay. OD, optical 
density.

Results

DI and DII mediate TMUV–HSPA9 binding
To test which E protein domain participates in the HSPA9 

binding process, we performed Western blotting using 
recombinant HSPA9. Purified recombinant DI, DII, or DIII 
protein was incubated with the membrane containing HSPA9. 
Domains bound to HSPA9 were detected by the 
TMUV-positive serum. As shown in panel A in Fig. 1, a distinct 
band with an approximate 90 kDa molecular mass was observed 
in the DI and DII incubated membranes, while no band was 
visualized in the DIII incubated membrane, suggesting that DI 
and DII were able to bind to HSPA9. In order to validate the 
binding between DI or DII and HSPA9, 
co-immunoprecipitation assays were carried out. As shown in 
panel B in Fig. 1, DI or DII was co-immunoprecipitated with 
HSPA9 by the anti-HSPA9 antibody. Consistent with the 

Western blotting results, the band of DIII was not observed in 
the co-immunoprecipitated mixture containing DIII and 
HSPA9, confirming that only DI and DII were involved in 
TMUV–HSPA9 binding.

Identification of HSPA9 binding peptides derived from DI 
and DII

The 16-mer overlapping peptides derived from DI and DII 
were synthesized and analyzed for their interaction with HSPA9 
by using indirect ELISA. Fig. 2 showed that two (i.e., peptides 
2 and 21) of the overlapping peptides interacted with HSPA9 
and exhibited the highest binding indices. Other peptides did 
not show the capacity to bind to HSPA9. Removing the 
overlapping sequence, the core sequences of peptides 2 and 21, 
which were involved in HSPA9 binding, were GVEWIDVV 
and AHATKQSV, respectively.

Location of the minimal HSPA9-binding motif by truncated 
peptides

Truncated peptides were synthesized according to core 
sequence of peptides 2 (peptides A to H) and 21 (peptides I to P). 
Dot blots were used to test whether truncated peptides could 
bind to HSPA9. The results demonstrated that peptides F and G 
derived from peptide 2 exhibited positive reactivity to HSPA9 
(panel A in Fig. 3). The sequence shared by peptides F and G 
was EWID (E residues 19 to 22), which is located within loop 
B0 of E protein. However, the truncated protein derived from 
peptide 21 showed negative reactivity to HSPA9, suggesting 
that reduction of residues of AHATKQSV can lead to failure in 
HSPA9 binding. In order to validate further the minimal 
HSPA9-binding motif, peptides EWID and AHATKQSV were 
synthesized and analyzed. The Dot blot results showed that 
EWID and AHATKQSV bind to HSAP9 (panel B in Fig. 3). 
Therefore, it is concluded that EWID and AHATKQSV are 
required for TMUV–HSPA9 binding.

Toxicity assay
It is possible that peptides can induce cellular toxicity, which 
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Fig. 4. Toxicity assay results. After 1 h pre-incubation with 
100 g/mL of peptides 2, 21, F, G, EWID, AHATKQSV, and 
bovine serum albumin (BSA) as a control, Cell Counting Kit-8 
(CCK-8) assays to determine cell viability were performed. Medium
without DF-1 cells was used as the blank control. Data presented
are from three independent experiments. OD, optical density.

Fig. 5. Inhibition of Tembusu virus (TMUV) binding by peptides.
DF-1 cells were pre-incubated with peptides 2, 21, F, G, EWID, 
AHATKQSV, and bovine serum albumin (BSA) as a control. 
TMUV was added and assayed for virus binding by using 
quantitative reverse transcriptase polymerase chain reaction. 
Data presented are from three independent experiments and 
statistical analysis was done with SPSS software (USA). Asterisks 
designate a statistically significant difference (p ＜ 0.05) between
a peptide pre-incubated group and the BSA pre-incubated group.

can block TMUV binding. To address this possibility, DF-1 
cells were exposed to peptides at a 100 g/mL concentration. 
Cell viability was determined by using CCK-8. There was no 
statistical difference in viable cell numbers between control 
cells and cells exposed to peptides (Fig. 4), indicating that the 
peptides are non-toxic to DF-1 cells.

Competitive inhibition of TMUV binding by peptides
To test whether peptides binding to HSPA9 can compete with 

endogenous E in mediating virus binding, we performed virus 
binding assays and determined the viral RNA level by using 
qRT-PCR. As shown in Fig. 5, the viral RNA level was 
significantly lower in peptide 2-, 21-, F-, G-, EWID-, and 
AHATKQSV-treated DF-1 cells compared with that in 
BSA-treated cells, indicating that virus binding to DF-1 cells 
was competitively inhibited by peptides 2, 21, F, G, EWID and 
AHATKQSV.

Discussion

The first step in the Flavivirus infection process involves 
binding of E protein to a cellular receptor. This interaction 
initiates a chain of dynamic events that enable viral entry into 
the cell [27]. Flaviviruses can recognize ubiquitous cellular 
molecules or utilize multiple receptors for cell binding as 
flaviviral infection has been observed in different cell types 
[28]. The initial binding between Flavivirus and a cellular 
receptor on the surface of sensitive cells often determines 
tropism and pathogenesis of the virus [12].

Numerous studies have suggested that the infection spectrum 

of TMUV is wide, and it has been detected duck, goose, 
chicken, pigeon, sparrow, and mouse. Tembusu RNA can also 
be detected in duck industry workers [31]. The results of in vitro 
culture show that TMUV replicates well in cells of different 
origins, including BHK-21, Vero, Hela, DEF, GEF, DF-1 and 
C6/36 cells [29,34,37]. Since both E protein and the host 
components involved in virus entry were reported to be primary 
determinants of host range, cell tropism, and virulence, further 
investigation of the TMUV E protein-associated receptor-binding 
motif may provide novel insights into the transmission and 
evolution of TMUV.

In this study, we focused on the HSPA9 binding motif of E 
protein. Western blotting and co-immunoprecipitation assays 
identified DI and DII as the major binding domains of the virus 
to cellular receptor HSPA9. Overlapping peptide binding 
assays demonstrated that GVEWIDVV and AHATKQSV were 
involved in HSPA9 binding. Next, the minimal binding motif 
was identified by Dot blots using truncated peptides derived 
from GVEWIDVV or AHATKQSV. The results showed that 
EWID was required for TMUV-HSPA9 binding. Surprisingly, 
truncated peptides from AHATKQSV exhibited negative 
reactivity to HSPA9. It was speculated that all residues of 
AHATKQSV were indispensable for HSPA9 binding. In order 
to uphold this speculation, EWID or AHATKQSV were 
synthesized and used in Dot blot assays. The Dot blot results 
demonstrated that EWID and AHATKQSV bound to HSPA9. 
Competitive binding assays showed that pre-incubation of 
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EWID or AHATKQSV can effectively inhibit TMUV infection, 
indicating that both motifs were necessary for TMUV-HSPA9 
binding.

The motif AHATKQSV contains an ij loop (AHATKQ) 
according to the nomenclature used for class II proteins. The ij 
loop, connecting -strands i and j, is located at the tip of the 
second segment of DII and is presumed to play a critical role in 
Flavivirus membrane fusion. A virus that contains mutations in 
the ij loop is completely noninfectious and not active in 
membrane fusion [4]. Sequence alignments of the ij loop 
indicate that histidine (H246) is located at the same position and 
is completely conserved among all Flavivirus spp. [38]. That 
highly conserved histidine has an important role in the 
regulation of E protein oligomerization and promotion of viral 
entry [9,23]. Substitution of H246 with alanine or glutamine 
impairs viral assembly and results in a significant reduction in 
the number of virus particles released from transfected cells 
[23]. TMUV is a newly emerging Flavivirus spp. that has 
spread widely in China and the functional determinant of its E 
protein is still unclear; therefore, it is intriguing and necessary to 
explore further the involvements of the ij loop and H246 in the 
TMUV infection process.

In this study, we successfully performed the first 
identification of the minimal motif required for TMUV binding 
to HSPA9 on DF-1 cells. Our results provide important 
information useful in deciphering the TMUV infection 
mechanism as well as in providing guidance for preventing and 
eradicating TMUV-related diseases.

Acknowledgments

The project was supported by Jiangsu Provincial Natural 
Science Foundation of China (No. BK20160064), National 
Natural Science Foundation of China (No. 31502101 and No. 
31702222), National Key Research and Development Program 
of China (2017YFD0500800).

Conflict of Interest

The authors declare no conflicts of interest. 

References

1. Allison SL, Schalich J, Stiasny K, Mandl CW, Heinz FX. 
Mutational evidence for an internal fusion peptide in 
flavivirus envelope protein E. J Virol 2001, 75, 4268-4275.

2. Brault JB, Kudelko M, Vidalain PO, Tangy F, Desprès P, 
Pardigon N. The interaction of flavivirus M protein with 
light chain Tctex-1 of human dynein plays a role in late 
stages of virus replication. Virology 2011, 417, 369-378. 

3. Bressanelli S, Stiasny K, Allison SL, Stura EA, Duquerroy 
S, Lescar J, Heinz FX, Rey FA. Structure of a flavivirus 
envelope glycoprotein in its low-pH-induced membrane 

fusion conformation. EMBO J 2004, 23, 728-738. 
4. Chanel-Vos C, Kielian M. A conserved histidine in the ij 

loop of the Semliki Forest virus E1 protein plays an important 
role in membrane fusion. J Virol 2004, 78, 13543-13552.

5. Chu JJ, Rajamanonmani R, Li J, Bhuvanakantham R, Lescar 
J, Ng ML. Inhibition of West Nile virus entry by using a 
recombinant domain III from the envelope glycoprotein. J 
Gen Virol 2005, 86, 405-412.

6. Dai L, Li Z, Tao P. Evolutionary analysis of Tembusu virus: 
evidence for the emergence of a dominant genotype. Infect 
Genet Evol 2015, 32, 124-129. 

7. Das S, Laxminarayana SV, Chandra N, Ravi V, Desai A. 
Heat shock protein 70 on Neuro2a cells is a putative receptor 
for Japanese encephalitis virus. Virology 2009, 385, 47-57. 

8. Han K, Zhao D, Liu Y, Liu Q, Huang X, Yang J, Bi K, Xu T, 
Li Y. Generation and characterization of a monoclonal 
antibody against duck Tembusu virus envelope protein. Pol 
J Vet Sci 2016, 19, 877-883. 

9. Harrison SC. The pH sensor for flavivirus membrane fusion. 
J Cell Biol 2008, 183, 177-179. 

10. He Y, Wang A, Chen S, Wu Z, Zhang J, Wang M, Jia R, Zhu 
D, Liu M, Yang Q, Wu Y, Sun K, Chen X, Cheng A. 
Differential immune-related gene expression in the spleens 
of duck Tembusu virus-infected goslings. Vet Microbiol 
2017, 212, 39-47. 

11. Huang X, Han K, Zhao D, Liu Y, Zhang J, Niu H, Zhang K, 
Zhu J, Wu D, Gao L, Li Y. Identification and molecular 
characterization of a novel flavivirus isolated from geese in 
China. Res Vet Sci 2013, 94, 774-780. 

12. Lee JW, Chu JJ, Ng ML. Quantifying the specific binding 
between West Nile virus envelope domain III protein and the 
cellular receptor V3 integrin. J Biol Chem 2006, 281, 
1352-1360. 

13. Li C, Zhang LY, Sun MX, Li PP, Huang L, Wei JC, Yao YL, 
Isahg H, Chen PY, Mao X. Inhibition of Japanese 
encephalitis virus entry into the cells by the envelope 
glycoprotein domain III (EDIII) and the loop3 peptide 
derived from EDIII. Antiviral Res 2012, 94, 179-183. 

14. Li S, Li X, Zhang L, Wang Y, Yu X, Tian K, Su W, Han B, Su 
J. Duck Tembusu virus exhibits neurovirulence in BALB/c 
mice. Virol J 2013, 10, 260. 

15. Liang JJ, Yu CY, Liao CL, Lin YL. Vimentin binding is 
critical for infection by the virulent strain of Japanese 
encephalitis virus. Cell Microbiol 2011, 13, 1358-1370. 

16. Lin TW, Lo CW, Lai SY, Fan RJ, Lo CJ, Chou YM, 
Thiruvengadam R, Wang AH, Wang MY. Chicken heat 
shock protein 90 is a component of the putative cellular 
receptor complex of infectious bursal disease virus. J Virol 
2007, 81, 8730-8741. 

17. Liu H, Liu Y, Wang S, Zhang Y, Zu X, Zhou Z, Zhang B, 
Xiao G. Structure-based mutational analysis of several sites 
in the E protein: implications for understanding the entry 
mechanism of Japanese encephalitis virus. J Virol 2015, 89, 
5668-5686.     

18. Liu M, Chen S, Chen Y, Liu C, Chen S, Yin X, Li G, Zhang 
Y. Adapted Tembusu-like virus in chickens and geese in 
China. J Clin Microbiol 2012, 50, 2807-2809. 

19. Liu Q, Huang X, Zhao D, Han K, Liu Y, Yang J, Bi K, Li Y. 
Identification of heat shock protein A9 as a Tembusu virus 



TMUV E protein functional determinants    535

www.vetsci.org

binding protein on DF-1 cells. Virus Res 2017, 227, 110-114. 
20. Medigeshi GR, Hirsch AJ, Streblow DN, Nikolich-Zugich J, 

Nelson JA. West Nile virus entry requires cholesterol-rich 
membrane microdomains and is independent of v3 
integrin. J Virol 2008, 82, 5212-5219. 

21. Modis Y, Ogata S, Clements D, Harrison SC. Structure of the 
dengue virus envelope protein after membrane fusion. 
Nature 2004, 427, 313-319.

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

23. Nelson S, Poddar S, Lin TY, Pierson TC. Protonation of 
individual histidine residues is not required for the 
pH-dependent entry of West Nile virus: evaluation of the 
“histidine switch” hypothesis. J Virol 2009, 83, 12631-12635. 

24. Oliphant T, Nybakken GE, Engle M, Xu Q, Nelson CA, 
Sukupolvi-Petty S, Marri A, Lachmi BE, Olshevsky U, 
Fremont DH, Pierson TC, Diamond MS. Antibody 
recognition and neutralization determinants on domains I 
and II of West Nile virus envelope protein. J Virol 2006, 80, 
12149-12159. 

25. Pokidysheva E, Zhang Y, Battisti AJ, Bator-Kelly CM, 
Chipman PR, Xiao C, Gregorio GG, Hendrickson WA, 
Kuhn RJ, Rossmann MG. Cryo-EM reconstruction of 
dengue virus in complex with the carbohydrate recognition 
domain of DC-SIGN. Cell 2006, 124, 485-493.

26. Reed LJ, Muench H. A simple method of estimating fifty per 
cent endpoints. Am J Hyg 1938, 27, 493-497.

27. Reyes-Del Valle J, Chávez-Salinas S, Medina F, Del Angel 
RM. Heat shock protein 90 and heat shock protein 70 are 
components of dengue virus receptor complex in human 
cells. J Virol 2005, 79, 4557-4567.

28. Rodenhuis-Zybert IA, Wilschut J, Smit JM. Dengue virus 
life cycle: viral and host factors modulating infectivity. Cell 
Mol Life Sci 2010, 67, 2773-2786. 

29. Tang Y, Diao Y, Chen H, Ou Q, Liu X, Gao X, Yu C, Wang 
L. Isolation and genetic characterization of a Tembusu virus 
strain isolated from mosquitoes in Shandong, China. 
Transbound Emerg Dis 2015, 62, 209-216. 

30. Tang Y, Diao Y, Yu C, Gao X, Ju X, Xue C, Liu X, Ge P, Qu 
J, Zhang D. Characterization of a Tembusu virus isolated 
from naturally infected house sparrows (Passer domesticus) 

in Northern China. Transbound Emerg Dis 2013, 60, 152-158. 
31. Tang Y, Gao X, Diao Y, Feng Q, Chen H, Liu X, Ge P, Yu C. 

Tembusu virus in human, China. Transbound Emerg Dis 
2013, 60, 193-196. 

32. Thepparit C, Smith DR. Serotype-specific entry of dengue 
virus into liver cells: identification of the 37-kilodalton/ 
67-kilodalton high-affinity laminin receptor as a dengue 
virus serotype 1 receptor. J Virol 2004, 78, 12647-12656.

33. Ti J, Zhang M, Li Z, Li X, Diao Y. Duck Tembusu virus 
exhibits pathogenicity to Kunming mice by intracerebral 
inoculation. Front Microbiol 2016, 7, 190. 

34. Wang HJ, Li XF, Liu L, Xu YP, Ye Q, Deng YQ, Huang XY, 
Zhao H, Qin ED, Shi PY, Gao GF, Qin CF. The emerging 
duck flavivirus is not pathogenic for primates and is highly 
sensitive to mammalian interferon antiviral signaling. J 
Virol 2016, 90, 6538-6548. 

35. Wang P, Hu K, Luo S, Zhang M, Deng X, Li C, Jin W, Hu B, 
He S, Li M, Du T, Xiao G, Zhang B, Liu Y, Hu Q. DC-SIGN 
as an attachment factor mediates Japanese encephalitis virus 
infection of human dendritic cells via interaction with a 
single high-mannose residue of viral E glycoprotein. Virology 
2016, 488, 108-119. 

36. Wang Y, Yuan X, Li Y, Yu K, Yang J, Xu H, Zhang Y, Yu K, 
Liao M, Qin Z. Rapid detection of newly isolated 
Tembusu-related Flavivirus by reverse-transcription 
loop-mediated isothermal amplification assay. Virol J 2011, 
8, 553. 

37. Wei Y, Ma Y, Luo L, Wu X, Huang Y, Li X, Yang Z. 
Differences in clinical and laboratory features for different 
genotypes of Orientia tsutsugamushi in Guangzhou, 
Southern China. Vector Borne Zoonotic Dis 2017, 17, 
260-267. 

38. Yu K, Sheng ZZ, Huang B, Ma X, Li Y, Yuan X, Qin Z, Wang 
D, Chakravarty S, Li F, Song M, Sun H. Structural, 
antigenic, and evolutionary characterizations of the envelope 
protein of newly emerging Duck Tembusu Virus. PLoS One 
2013, 8, e71319. 

39. Zhao D, Huang X, Liu Y, Han K, Zhang J, Yang J, Xie X, Li 
Y. Domain I and II from newly emerging goose tembusu 
virus envelope protein functions as a dominant-negative 
inhibitor of virus infectivity. Res Vet Sci 2015, 98, 121-126. 


