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a  b  s  t  r  a  c  t

Murine-adapted  porcine  epidemic  diarrhea  virus  (PEDV),  MK-p10,  shows  high  neurovirulence  and
increased  fusion  activity  compared  with  a non-adapted  MK strain.  MK-p10  S protein  had  four  muta-
tions  relative  to  the  original  virus  S,  and  one  of  these  (H  →  R at position  1381,  H1381R)  in the  cytoplasmic
tail  (CT)  was  suggested  to be  responsible  for  the  increased  fusion  activity.  To  explore  this,  we  examined
fusion  activity  using  recombinant  S proteins.  We  expressed  and  compared  the  fusion  activity  of  MK-p10
S,  S  with  the  H1381R  mutation,  S with  the  three  other  mutations  that  were  not  thought  to  be  involved  in
high  fusion  activity,  and  the  original  S protein.  The  MK-p10  and  MK-H1381R  S  proteins  induced  larger  cell
fusions  than  others.  We  also  examined  the  distribution  of these  S  proteins;  the  MK-p10  and  MK-H1381R
pike protein
usion
ytoplasmic retrieval signal

S  proteins  were  transported  onto  the  cell  surface  more  efficiently  than  others.  These findings  suggest  that
the H1381R  mutation  is  responsible  for enhanced  fusion  activity,  which  may  be  attributed  to the  efficient
transfer  of  S  onto  the  cell  surface.  H1381  is a component  of  the  KxHxx  motif  in the  CT region,  which  is a
retrieval  signal  of  the  S  protein  for  the  endoplasmic  reticulum–Golgi  intermediate  compartment  (ERGIC).
Loss  of this  motif  could  allow  for the  efficient  transfer  of  S proteins  from  ERGIC  onto  the  cell surface  and
subsequent  increased  fusion  activity.
Porcine epidemic diarrhea virus (PEDV) is a causative agent for
ig diarrhea and induces inappetence and weight loss in adult pigs,
hile it can induce lethal infection in piglets (Pensaert and de
ouck, 1978). PEDV is a group I coronavirus (CoV), enveloped by

 viral membrane. Membrane fusion with the host cell is an impor-
ant event allowing injection of the viral RNA genome into the host
ell. CoV membrane fusion is mediated by the spike (S) protein,

hich consists of two functional subunits: the N-terminal S1 sub-
nit, responsible for receptor binding activity, and the C-terminal
ransmembrane (TM) S2 subunit, responsible for fusion activity.

Abbreviations: CoV, coronavirus; CT, cytoplasmic tail; ERGIC, endoplas-
ic  reticulum–Golgi intermediate compartment; DMEM,  Dulbecco’s modified

agle’s medium; HR, heptad repeat; PEDV, porcine epidemic diarrhea virus; PBS,
hosphate-buffered saline; S, spike; SARS, severe acute respiratory syndrome; TPB,
ryptose phosphate broth; TM,  transmembrane.
∗ Corresponding author at: Laboratory of Virology and Viral Infections, Faculty of
eterinary Medicine, Nippon Veterinary and Life Science University, 1-7-1 Kyonan-
ho, Musashino, Tokyo 180-8602, Japan. Tel.: +81 422 31 4151;
ax: +81 422 33 2094.

E-mail address: ftaguchi@nvlu.ac.jp (F. Taguchi).

168-1702/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.virusres.2011.07.019
© 2011 Elsevier B.V. All rights reserved.

The S2 subunit can be further structurally divided into three dis-
tinct domains: a large ectodomain, a TM anchoring region, and a
cytoplasmic tail (CT) region. The role of the ectodomain in fusion
activity has been well documented; this domain contains a pro-
tease cleavage site, a putative fusion peptide, and two  heptad repeat
(HR) regions, which have been shown to be the principal players
in membrane fusion (Bosch et al., 2003; Li et al., 2006; Matsuyama
and Taguchi, 2009; Tripet et al., 2004; Watanabe et al., 2008). On the
other hand, the role(s) of the TM and CT regions in fusion activity is
not well understood, although a few studies have reported that the
aromatic domain of the TM region (Howard et al., 2008; Jeetendra
et al., 2003; Sainz et al., 2005) and the cysteine-rich domain of the
CT region have regulatory effects on fusogenic activity (Broer et al.,
2006; Chang et al., 2000). Another important feature of the CT of
the S protein is localization in the endoplasmic reticulum–Golgi
intermediate compartment (ERGIC), for which a signal composed
of KxHxx or KKxx motif is believed to be critical; this dibasic motif

of the S protein of SARS-CoV, and infectious bronchitis virus (IBV)
was  responsible for retrieving the S protein in the ERGIC, and the
lack of this motif resulted in increased surface expression of S pro-
tein (Lontok et al., 2004; McBride et al., 2007). The region of S

dx.doi.org/10.1016/j.virusres.2011.07.019
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
mailto:ftaguchi@nvlu.ac.jp
dx.doi.org/10.1016/j.virusres.2011.07.019
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rotein located in the ERGIC facilitates an efficient interaction of
ith M and E proteins in the ERGIC, which is critical for virus bud-
ing into those intracellular vesicles. Although some S proteins are
ransported onto the cell surface, M and E proteins are restricted
o those vesicles and are not transported to the cell plasma mem-
rane (Corse and Machamer, 2000; Kapke et al., 1988; Weisz et al.,
993). Thus, maturation of CoVs by budding takes place only into
he ERGIC, not from the plasma membrane.

In our previous report, the murine-adapted variant of PEDV, MK-
10, which was isolated by 10 sequential passages through suckling
ice brains, showed higher virulence for suckling mice when inoc-

lated intracerebrally (Shirato et al., 2010). One interesting features
f MK-p10 was increased fusogenic activity compared with the
riginal MK  strain. The S protein of MK-p10 had four amino acid
utations, and one of these (H → R at position 1381, H1381R) in
he CT region seemed to be involved in the increased fusiogenic
ctivity because fusion enhancement of S protein was coincident
ith H1381R mutation. The histidine at a position 1381 (H1381) is

ig. 1. Cell fusion induced by recombinant S proteins of PEDV MK and MK-p10. (a) A schem
ith  the parental MK S protein and of constructed plasmids. (b) Cell fusion induced by rec
ero  cells using the DMRIE-C reagent. After 3 days of incubation, cells were washed with 

or  15 h. These cells were fixed and stained with PBS containing 20% formalin and 0.1% cry
h 161 (2011) 188– 193 189

a constituent of the KxHxx motif. Thus, there is a possibility that the
lack of this motif caused by the H1381R mutation enhanced surface
expression of MK-p10 S protein, resulting in increased fusion activ-
ity. There is another possibility that the mutation reduces virion
budding into the ERGIC because reduced localization of S protein
at ERGIC decreases the chance of its interaction with M and E pro-
teins at the ERGIC. In this study, to determine the mechanisms of the
increased fusogenic activity of the MK-p10 S protein, we generated
several recombinant S mutants and analyzed their fusion activi-
ties. Our study showed that H1381R mutation damaged the KxHxx
motif, allowing for the efficient transport of the S proteins from
the ERGIC onto the cell surface, inducing increased fusion activity.
The present study in combination with our previous study [17] that
MK-p10 multiplies more-or-less similarly to the original virus sug-
gest that the localization of the S at the ERGIC is not critical for virus

replication.

We have reported that the S protein of MK-p10 had four amino
acid mutations, as depicted in Fig. 1a and the replication kinetics

atic presentation of amino acid substitutions in the S protein of MK-p10 compared
ombinant PEDV S proteins. The S protein expression plasmids were transfected into
PBS, added to DMEM containing 10% TPB and 1.25 �g/mL of trypsin, and incubated
stal violet and observed by microscopy. Fused cells are indicated by white arrows.
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Fig. 2. Quantitation of fusion activity of PEDV S protein. One group of COS7 cells
was  transfected with PEDV S plasmids and pBD-NF�B control plasmid, and another
group was transfected with pFR-luc reporter plasmids for 24 h of incubation. These
cells were mixed and incubated for 36 h. CMC-DMEM containing 5 �g/mL of trypsin
was  then added into each well and incubated for 8 h. Cells were treated with ONE-

MK-p10 were cleaved by trypsin in a similar fashion.
Because the H1381R mutation caused the loss of the KxHxx

motif, which is known to be an S protein retrieval signal in the

Fig. 3. Treatment of the S protein with trypsin. Western blot analysis of PEDV S
90 K. Shirato et al. / Virus R

f MK  and MK-p10 in Vero cell culture was not different, being
dentical to our previous report [17]. Therefore, these mutations
eem not to affect the efficiency of virus replication. On the other
and, one of these mutations (H → R at position 1381, H1381R) in
he CT was suggested to be involved in the increased fusiogenic
ctivity (Shirato et al., 2010). However, the involvement of other
mino acids or viral proteins other than S in this activity could not
e excluded. To clarify the role of the H1381R mutation of S protein

n the increased fusogenicity, S genes were subcloned into pTargeT
ector (Promega, Fitchburg, WI,  USA) and mutations were inserted
sing specific primer sets and KOD-Plus Mutagenesis Kit (Toyobo,
saka, Japan) (Fig. 1a). Fusion activities were analyzed using an

 protein expression system on a Vero cells culture. MK-H1381R-
 was generated by the introduction of an H1381R mutation into
he original S protein, while MK-p10-R1381H-S by the introduc-
ion of R1381H mutation into MK-p10. Vero cells were transfected
ith each S plasmid using DMRIE-C reagent (Invitrogen, Carlsbad,
A, USA) according to the manufacturer’s protocol. After 3 days
f incubation, cells were treated with trypsin (1.25 �g/mL; Sigma,
t. Louis, MO,  USA) with DMEM (Sigma) containing 10% tryptose
hosphate broth (TPB), and cell fusions were estimated by incu-
ation of an additional 15-h. As expected, cells expressing the
riginal S protein showed very small cell fusions, as revealed by
icroscopic observation. In contrast, the cells expressing MK-p10

 protein showed large cell fusions (Fig. 1b; MK  vs MK-p10). More-
ver, the cells expressing MK-p10-R1381H S showed slightly larger
ell fusions, while the cells expressing MK-H1381R-S displayed
pparently larger cell fusions, similar in size to those of the MK-p10

 protein (Fig. 1b; MK-p10-R1381H vs MK-p10). The mean diame-
er of cell fusions of MK-H1381R-S and MK-p10-S was  statistically
arger than those of MK and MK-p10-R1381H [340 ± 142 (MK-
1381R) and 297 ± 89 (MK-p10) vs 154 ± 52 (MK) and 214 ± 81

MK-p10-R1381H) �m,  respectively; n = 50; p < 0.0001]. To quan-
ify the fusiogenic activity of each S protein, we used a luciferase
eporter fusion assay, as described by Branigan et al. (2005),  with
ositive control plasmids (pFR-luc and pBD-NF�B) from a Mam-
alian Two-Hybrid Assay Kit (Stratagene, La Jolla, CA, USA) and

 ONE-Glo Luciferase Assay System (Promega) using COS7 cells
ith some modifications. Briefly, S protein plasmid and pFR-luc
ere co-transfected into COS7 cells using the TransIT-COS reagent

Mirus, Madison, WI,  USA) and other COS7 cells were transfected
ith pBD-NF�B plasmid. After 24 h of incubation, cells that had

een transfected with pBD-NF�B were detached and added into S
rotein plasmid-transfected cells with fresh medium. After an addi-
ional 36 h of incubation, cells were washed with PBS and DMEM
ontaining 1.5% carboxymethyl cellulose and 5 �g/mL of trypsin
nd incubated at 37 ◦C. After 8 h of incubation, luminescence was
easured with a ONE-Glo Luciferase Assay System following the
anufacturer’s instructions, and was expressed as the relative

uminescence level/10,000 copies of S protein mRNA quantitated
y specific real-time PCR. As shown in Fig. 2, the relative lumi-
escence values of MK-p10-R1381H-S were slightly higher than
hose of MK-S (MK-p10-R1381H vs MK;  n = 8, p < 0.05), while those
f MK-p10 and MK-H1381R-S were significantly higher (MK-p10
nd MK-H1381R vs MK;  n = 8, p < 0.01). In both methods, MK-p10-
1381H-S showed slightly increased fusion activity, indicating that
hese mutations contributed weakly to fusogenicity. These results
ollectively indicated that the H1381R mutation in the CT of S pro-
ein was a major determinant of the increased fusogenicity.

The S proteins of many CoVs have been reported to be cleaved
y various proteases to generate the S2 subunit, which was  essen-
ial for virus–cell entry and cell–cell fusion activity (Matsuyama

nd Taguchi, 2002; Taguchi and Shimazaki, 2000). Thus, the pro-
ease sensitivity of S proteins of PEDV was expected to affect their
usogenic activity. To evaluate the protease sensitivity of S pro-
eins, we examined the cleavability of the S protein from MK  and
Glo Luciferase Assay System reagent following the manufacturer’s protocol, and
luminescence values were measured. The luminescence obtained was represented
as  the relative value of luminescence/10,000 copies of PEDV S mRNA (n = 8).

MK-p10 with trypsin. Viruses collected from virus-infected cells
cultured without trypsin were treated with 1–25 �g/mL of trypsin
at room temperature for 5 min, and the S protein was analyzed by
Western blotting, using an S-protein specific antibody, which rec-
ognized the 1366-80 amino acid residue of the PEDV S protein. As
shown in Fig. 3, both S proteins were cleaved by trypsin and the
S protein cleavage pattern was not significantly different between
MK and MK-p10. This cleavage pattern was also observed similarly
in S protein expressed on cells and treated with trypsin before cell
collection (data not shown). These suggest the S protein of MK  and
protein after trypsin treatment. Vero cells were infected with PEDV and cultured
for  3 days in the absence of trypsin. These cells were collected and treated with
the  indicated concentration of trypsin at room temperature for 5 min. After trypsin
treatment, samples were separated with 10% SDS-PAGE gel electrophoresis, and
PEDV S protein was detected with a specific rabbit polyclonal antibody.
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Fig. 4. (a) Detection of recombinant PEDV S protein by immunofluorescence. The plasmids containing each of the PEDV S genes were transfected into Vero cell suspensions
with  DIMRIE-C reagent. After 3 days of incubation, cells were fixed with PBS containing 2% formaldehyde for 12 min (permeabilized) or with PBS containing 2.5% formaldehyde
and  0.5% triton-100 for 20 min  (non-permeabilized), and S protein was stained with PEDV-immunized pig serum (magnification 200×). (b) Quantitation of S protein expression
on  the cell surface. PEDV S proteins were expressed on Vero cell cultures and fixed and stained as described in Fig. 4a. After immunostaining, cell images were digitally
captured, and the area of S protein expression was calculated with VH-H1A5 analyzer (KEYENCE, Osaka, Japan) and normalized with the data from empty vector-transfected
control. The amount of S protein expression on the cell surface was represented as the relative value (%) (value of non-permeabilized condition/value of permeabilized
condition) (n = 5).
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Table 1
Localization motifs in the cytoplasmic tail region of S protein.

Virus Carboxyl terminal sequences

MK TM-CCGACFSGCCRGPRLQPYEAFEKVHVQ

MK-p10 TM-CCGACFSGCCRGPRLQPYEAFEKVRVQ

T

E
m
c
fi
i
i
c
w
c
d
p
2
s
i
w
M
M
s
w
a
r
e
p
e
m
w
m
c

p
w
K
o
h
p
i
t
a
P
c
S
a
S
0
t
S
M
i
i
r
c
c
I
p
w
m
b

rovirulence for suckling mice, the study is in progress to see the
distribution of viral antigens in the brain by histopathological and
immunohistological methods.

Fig. 5. Estimation of amounts of S protein expressed on released virions of MK  and
MK-p10. PEDVs were infected to the Vero/TMPRSS2 cells. After 2 days of incubation,
M,  transmembrane; Underline, Yxx� motif; Double underline, KxHxx motif.

RGIC (Table 1), we hypothesized that S proteins with H1381R
utation could be transferred efficiently from the ERGIC onto the

ell surface and enhance their surface expression, which could
nally result in increased fusogenicity. Thus, the cells express-

ng MK-S, MK-H1381R, and MK-p10 S proteins were examined by
mmunofluorescence under permeabilized and non-permeabilized
onditions. We  also examined the cells expressing MK-19aa, in
hich the C-terminal 19 amino acids of its S protein are deleted,

ompletely losing the KxHxx motif. The S protein that has this
eletion showed increased fusogenicity and incorporation of VSV-
seudotyped virus in SARS-CoV (Fukushi et al., 2005; Petit et al.,
005). As shown in Fig. 4a, each S protein was distributed in a
imilar fashion in permeabilized cells (Fig. 4a, left panel), while
t seemed different in non-permeabilized cells; although MK-S

as rarely seen on the cell surface, MK-H1381R-S, MK-p10-S, and
K-19aa were widely distributed there (MK-H1381R, MK-p10 and
K-19aa vs MK;  Fig. 4a, right panel). The areas of S protein expres-

ion in non-permeabilized cells were calculated and normalized
ith the data obtained from empty vector-transfected control. The

mount of surface-expressed S protein was represented as the
elative levels (%) as compared to those of the area of intracellular-
xpressed S protein (Fig. 4b). This result also showed that the S
rotein with a H1381R mutation was significantly more efficiently
xpressed on the cell surface than was the S protein without the
utation. This indicated that high distribution on the cell surface
as attributable to the H1381R mutation and loss of the KxHxx
otif. These results suggested that enhanced surface expression

aused increased fusogenic activity.
As described above, the H1381R mutation increased the trans-

ort of S protein on cell surface. This suggests to us that virions
ith the H1381R mutation contains less S than those containing the
xHxx motif because it is expected that sufficient S protein with-
ut retrieval domain is not located in the ERGIC. To examine this
ypothesis, the rate of S protein comparative to nucleocapsid (N)
rotein incorporated in virion was estimated. PEDVs were infected

nto Vero/TMPRSS2 cells, which was constitutively expressed the
ransmembrane serine protease TMPRSS2 (Shirogane et al., 2008)
nd was able to increase the virion release into culture medium in
EDV infection (Shirato et al., 2011). After 2 days of incubation, the
ulture medium were collected, ultracentrifuged, and analyzed by
DS-PAGE and WB  analysis (Fig. 5). The band densitometries were
nalyzed with MultiGauge software (Fujifilm, Tokyo, Japan) and the
/N rate were calculated. As shown in Fig. 5, the S/N rates were
.13 ± 0.06 (MK) and 0.16 ± 0.05 (MK-p10), respectively (n = 5), and
here was no statistical difference. This suggests that the amount of

 protein incorporated into virions is not different between MK  and
K-p10. This may  be attributed to the over-production of S proteins

n cells and thus plenty amounts of S protein remains in ERGIC even
f some of those are transported to the plasma membrane. Similar
atio of S protein to N protein found on MK  and MK-p10 virions
ould also explain why MK  and MK-p10 grows equally in cultured
ells as well as in the mouse as shown in our previous report [17].
n addition, this result also suggests that the retrieval motif is not a
rerequisite for the multiplication strategy of PEDV. To determine

hether this is a general feature of Coronaviridae,  analysis using
utant viruses with mutations in this region of other coronaviruses

y reverse genetics should be conducted.
h 161 (2011) 188– 193

Recently, it has been reported that the CT of CoV S protein played
a regulatory role in intracellular trafficking or its localization in the
ERGIC, and several motifs were identified (Fukushi et al., 2005;
Lontok et al., 2004; McBride et al., 2007; Schwegmann-Wessels
et al., 2004). Schwegmann-Wessels et al. (2004) and Tan reported
that the S protein of CoV had a tyrosine-dependent motif (YXX�,
where � is a hydrophobic amino acid) in the CT region and that this
motif was  essential for the intracellular localization of S protein
(Fukushi et al., 2005; Schwegmann-Wessels et al., 2004). Lontok
et al. and McBride et al. reported that a dibasic motif (KxHxx-
COOH or KKxx-COOH) in some CoVs, such as SARS-CoV and IBV,
was  responsible for retrieving the S protein in the ERGIC and that
the lack of this motif resulted in increased surface expression of
the S protein (Lontok et al., 2004; McBride et al., 2007). The S pro-
tein CT region of the group 1 CoV PEDV had both “YEAF” as the
tyrosine-dependent motif at positions 1374-1377 and “KVHVQ” as
a dibasic motif at positions 1379–1383 (Table 1). In this study,
MK-p10 S protein, which lost the KxHxx motif due to H1381R
mutation, but retained the YXX� motif, showed enhanced cell
surface expression and subsequent increased fusogenicity, sug-
gesting that the intracellular localization function of the YXX�
motif alone seems to be insufficient to retrieve S protein in the
ERGIC.

As described in a previous report, MK-p10 is more virulent to
suckling mice than the original MK  strain. To analyze the differ-
ence in virulence, we must first identify the differences between
entire genomes and examine the effect of each of those mutations
on virulence. To do this, establishment of reverse genetics in PEDV
is critical. Also, to clarify how MK-p10 virus exhibits higher neu-
culture medium was  collected and ultracentrifuged (35,000 rpm, 4 ◦C, 1.5 h), and
separated with SDS PAGE. The S protein (200 kDa) and N protein (58 kDa) were
detected by Western blot analysis using PEDV-immunized pig serum. N protein
was  also examined to normalize the amounts of virions.
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