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ABSTRACT

Isolation of porcine epidemic diarrhea coronavirus (PEDV) from clinical material in cell culture requires supplementation of
trypsin. This may relate to the confinement of PEDV natural infection to the protease-rich small intestine of pigs. Our study focused on the role of protease activity on infection by investigating the spike protein of a PEDV isolate (wtPEDV) using a reverse
genetics system based on the trypsin-independent cell culture-adapted strain DR13 (caPEDV). We demonstrate that trypsin acts
on the wtPEDV spike protein after receptor binding. We mapped the genetic determinant for trypsin-dependent cell entry to the
N-terminal region of the fusion subunit of this class I fusion protein, revealing a conserved arginine just upstream of the putative fusion peptide as the potential cleavage site. Whereas coronaviruses are typically processed by endogenous proteases of the
producer or target cell, PEDV S protein activation strictly required supplementation of a protease, enabling us to study mechanistic details of proteolytic processing.
IMPORTANCE

Recurring PEDV epidemics constitute a serious animal health threat and an economic burden, particularly in Asia but, as of recently, also on the North-American subcontinent. Understanding the biology of PEDV is critical for combatting the infection.
Here, we provide new insight into the protease-dependent cell entry of PEDV.

P

orcine epidemic diarrhea virus (PEDV) belongs to the genus
Alphacoronavirus in the family Coronaviridae and is the causative agent of porcine epidemic diarrhea (1). The virus is prevalent
in East Asia, inflicting severe economic damage due to high mortality rates in young piglets, and recently made its first appearance
on the North American subcontinent (2–4). PEDV infects the
epithelia of the small intestine, an environment rich in proteases,
and causes villous atrophy, resulting in diarrhea and dehydration.
Intriguingly, in vitro propagation of PEDV isolates requires supplementation of trypsin to the cell culture supernatant (5). It
has been hypothesized that trypsin mediates activation of virions for membrane fusion by cleaving the spike (S) glycoprotein
(5, 6). Trimeric S proteins decorate the virion envelope and
mediate receptor binding and membrane fusion. The S protein
has been recognized as a class I fusion protein by its molecular
features (7, 8).
Class I fusion proteins are generated in a locked conformation
to prevent premature triggering of the fusion mechanism and are
subsequently prepared for action by proteolytic processing, a step
called priming (reviewed in reference 9). This cleavage is separating two functionally distinct protein domains, a soluble head domain responsible for receptor binding and a membrane bound
subunit comprising the fusion machinery. A characteristic feature
of the cleaved, fusion-ready subunit is an N-terminal fusion peptide. Proteolytic priming can occur in the virus-producing cell, in
the extracellular environment, or after contact with the target cell
membrane. Priming of the PEDV S protein is potentially accomplished by intestinal digestive enzymes.
Some coronaviruses (CoV), such as mouse hepatitis virus
(strain A59) and infectious bronchitis virus (IBV), carry S proteins
that are cleaved by furin-like proteases in the producer cell at the
junction of the receptor binding (S1) and the membrane fusion
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subunit (S2) (10, 11). However, most CoV-like PEDV and severe
acute respiratory syndrome coronavirus (SARS-CoV) carry noncleaved S proteins upon release (12). For an increasing number of
coronavirus S proteins, an alternative cleavage site within the S2
subunit (S2=) has been described that is located upstream of the
putative fusion peptide (13–15). Unlike cell culture-adapted
PEDV, clinical isolates of PEDV are the only known CoVs for
which propagation in cultured cells is dependent on a protease
that is not expressed by target cells. The spatiotemporal and mechanistic characteristics of their fusion activation remain unknown.
We focus our investigation on the impact of trypsin on
PEDV S protein by using a reverse genetics system based on the
cell culture-adapted, trypsin-independent PEDV strain DR13
(caPEDV) (16, 17). We generated two isogenic recombinant viruses with caPEDV background genes—PEDV-Swt and PEDVSca— expressing the S protein of a strictly trypsin-dependent
PEDV isolate CV777 and that of caPEDV, respectively (18). Indeed, the trypsin dependency of virus propagation was attributed
to the S protein. Trypsin was necessary for efficient cell entry and
release of PEDV-Swt, whereas it reduced infection of PEDV-Sca.
We demonstrated that trypsin was required for PEDV-Swt entry
only after receptor binding. We mapped the genetic determinants
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for activation of the S protein through trypsin to a site just upstream of the putative fusion peptide by testing various chimeric
forms of the S genes and specific point mutations.
MATERIALS AND METHODS
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Cells and viruses. Vero-CCL81 cells (ATCC) were maintained in Dulbecco modified Eagle medium (DMEM; Lonza catalog no. BE12-741F)
supplemented with 10% fetal bovine serum (FBS). A Vero-CCL81-derived cell line expressing the MHV receptor, murine carcinoembryonic
antigen-related cell adhesion molecule 1a (CCM), was made by transduction with vesicular stomatitis virus G protein-pseudotyped Moloney murine leukemia virus (MLV) using the pQCXIN retroviral vector (Clontech) containing the CCM coding sequence (19). The polyclonal
Vero-CCM cell line was selected and maintained with G418 (PAA), and
CCM expression was confirmed by immunostaining. To propagate
PEDV, cell layers were generally washed twice with phosphate-buffered
saline (PBS), and maintenance medium was substituted by Eagle’s minimum essential medium Alpha Modification (Life Technologies catalog
no. 22571-020) supplemented with 0.3% tryptose phosphate broth
(aMEM-TPB; Sigma catalog no. T9157). The cell culture-adapted PEDV
DR13 strain, here called caPEDV (JQ023162; isolated from a commercial
vaccine of GreenCross, South Korea), and recombinant virus carrying
caPEDV S protein, including trypsin-independent derivatives thereof,
were propagated and titrated in aMEM-TPB supplemented with 20 mM
HEPES in Vero cells (20). PEDV strain CV777, here called wtPEDV
(AF353511; kindly provided by Kristin van Reeth, Ghent University), and
recombinant virus carrying wtPEDV S protein or derivatives thereof were
propagated and titrated in aMEM-TPB supplemented with 20 mM
HEPES and 15 g/ml trypsin (Sigma catalog no. T4799) in Vero cells. The
S gene of wtPEDV encoded two amino acid deviations from the published
CV777 S sequence (G84S and S503L [7]). For purification of the PEDVSwt virus particles in the absence of trypsin, Vero cells were inoculated in
the presence of trypsin activity, reaching a maximum infection rate, and
the culture supernatant was replenished by aMEM-TPB supplemented
with 20 mM HEPES after 4 h. Cells were cultured for 24 h at 37°C and an
additional 24 h at 32°C. Virus was harvested by three cycles of freezethawing the infected cells and culture supernatant followed by removal of
cell debris by centrifugation at 4,000 ⫻ g for 10 min.
Construction of recombinant viruses. Recombinant PEDVs were
generated as described by Li et al. (16), except that we used Vero-CCM
cells for the recovery of viruses carrying wtPEDV S protein or trypsindependent derivatives thereof. PEDV-Sca represents the earlier reported
PEDV-⌬ORF3/GFP (where ORF3 is open reading frame 3 and GFP is
green fluorescent protein) (16) that was generated using the transfer vector p-PEDV-⌬ORF3/GFP. The transfer vectors for novel recombinants
were derivatives of p-PEDV-⌬ORF3/GFP containing a BamHI restriction
site between ORF1b and the S gene, as described for p-rPEDV (16). The
chimeric PEDV-S_AB, PEDV-S_Ab, and PEDV-S_aB genes were generated by replacing the PstI ⫻ PmlI, PstI ⫻ Bsu36I, or Bsu36I ⫻ PmlI
fragments of the caPEDV S gene with those of the wtPEDV sequence. To
generate recombinant PEDV with the full-length wtPEDV S protein
(PEDV-Swt), the entire S gene was replaced by BamHI ⫻ PmlI, generating
p-PEDV-CV777-⌬ORF3/GFP. The FLAG peptide (VQDYKDDDDK)encoding gene fragment was appended to the C-terminal end of the S gene
using the PmlI restriction site of p-PEDV-⌬ORF3 and p-PEDV-CV777⌬ORF3/GFP, resulting in PEDV-Sca_flag and PEDV-Swt_flag, respectively (16). Viral RNA was extracted from virus two to three passages after
plaque selection, and the genotype was confirmed by sequencing.
Infection/virus entry assay. Vero cells were inoculated with caPEDV
and wtPEDV (multiplicity of infection [MOI] was set to 0.1 in the presence of trypsin) in the presence of 15 g/ml trypsin or trypsin and 40
g/ml soy bean trypsin inhibitor type I (SBTI; Sigma catalog no. T6522)
for 15 h before visualization of the virus infection by immunofluorescence
microscopy. For recombinant PEDV containing the GFP reporter gene
(MOI was set to 0.1 in the presence of trypsin), inocula contained 15

g/ml trypsin, 40 g/ml SBTI, or both. After 2 h, inoculum was removed,
and cell layers were rinsed with PBS and further incubated with aMEMTPB supplemented with SBTI. Ten to 12 h postinfection, when GFP signals became apparent, samples were imaged by an EVOS-fl fluorescence
microscope (Advanced Microscopy Group) and prepared for flow cytometry analysis. Figures show representative images. The same procedure
was used if the inoculum had been pretreated. Prior to infection, trypsin
or trypsin and SBTI were added to the inoculum and incubated for 1 h at
37°C, followed by inoculation of Vero cells for 2 h. The attachment assay
was performed (MOI was set to 0.5 in the presence of trypsin before
pretreatment) with pretreated or naive virus preparations, while residual
trypsin activity was blocked in all cases by an excess of SBTI. Next, the
inoculum was allowed to attach to the cells at ⬃8°C for 1 h before the cell
layer was rinsed, followed by 2 h of inoculation with trypsin or trypsin and
SBTI. Samples were otherwise prepared as described for the entry assay.
Flow cytometry. The cell layer was rinsed with PBS and detached with
cell culture dissociation solution (Sigma catalog no. C5914). Cells were
resuspended in PBS supplemented with 2% FBS and 0.02% sodium azide,
pelleted by centrifugation, and fixed in 3.7% formaldehyde in PBS. Subsequently, cells were analyzed for GFP expression using a FACSCalibur
flow cytometer (BD Bioscience) recording 20,000 cells. Flowing software 2
(Perttu Terho, Turku Centre for Biotechnology, Finland) was used to
analyze the percentage of GFP-expressing cells in the live cell gate. The
threshold for mock-infected cells was set at 0.1% positive cells.
Virus release assay. To assess the release of infectious particles in the
absence or presence of trypsin, Vero cells were inoculated with recombinant PEDV at an MOI of 4 for 2 h and further incubated in aMEM-TPB or
aMEM-TPB supplemented with 15 g/ml trypsin. Fourteen to 16 h
postinfection, supernatant was collected, and cell debris was removed by
spinning for 10 min at 10,000 ⫻ g and pretreated with 15 g/ml trypsin for
1 h before titration of infectious virus by endpoint dilution. The trypsin
pretreatment was performed to ensure equal trypsin-induced reduction
of PEDV-Sca infectivity of samples obtained under different conditions.
To display the data, ratios of viral titers obtained from supernatants containing trypsin versus lacking trypsin were calculated for paired samples.
The P value was obtained with a paired-sample t test between PEDV-Swt
and PEDV-Sca.
The effect of trypsin on the release of viral RNA in the cell culture
supernatant was determined by quantitative real-time reverse transcription-PCR (qRT-PCR). Vero cells were inoculated with recombinant
PEDV at an MOI of 2 for 2 h and further incubated in aMEM-TPB supplemented with 40 g/ml SBTI or 15 g/ml trypsin. Sixteen hours postinfection, RNA was prepared from cell lysates (RNeasy minikit; Qiagen) and
cell culture supernatants (QiaAMP viral RNA minikit; Qiagen) according
to the manufacturer’s protocols. Reverse transcription and qRT-PCR
were performed using GoTaq 1-Step qRT-PCR system (Promega catalog
no. A6020) with the primer set forward 5=-GAGCACATGTTGTTGGCT
CT-3= and reverse 5=-GCAACCTTCAGGTCTGACAA-3= on a Light Cycler 480 II (Roche).
PEDV S protein expression vectors. cDNA was recovered from virus
preparations, and wtPEDV S gene-specific PCR products were subcloned
into pCAGGS expression vector for transient expression (Swt). To increase cell surface presentation during transient expression, the C terminus of the S gene was truncated by an equivalent of 20 amino acids, which
included retrieval signals (21). The point mutation R890G was introduced
to the wtPEDV S gene by site-directed mutagenesis (Swt_R890G). The
entire S protein coding sequence of each construct was confirmed by
sequencing.
PEDV S protein-mediated cell-cell fusion. Vero cells were transfected
with pCAGGS expression plasmids encoding Swt or the Swt_R890G mutant using jetPRIME (Polyplus) for 48 h. Alternatively, Vero cells were
inoculated with PEDV-Swt for 2 h in the presence of trypsin and cultured
from 2 to 20 h in the absence of trypsin. Supplementation of 15 g/ml
trypsin for 1 h resulted in cell-cell fusion, which was monitored by immunofluorescence staining against PEDV S protein in the case of overexpres-
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RESULTS

In vitro infection with PEDV strains CV777 and caDR13. The
requirement for trypsin for the propagation of the PEDV isolate
CV777 (wtPEDV) and the cell culture-adapted DR13 strain
(caPEDV) was compared. Vero cells were inoculated with either
of the two viruses in the absence or presence of trypsin for 15 h.
Virus-infected cells were visualized by immunofluorescence
staining. Numerous multinucleated cells were observed after inoculation with wtPEDV and caPEDV in the presence of trypsin
(Fig. 1). These syncytial foci, typical for PEDV infection (5), were
larger for wtPEDV than for caPEDV. In contrast, when trypsin
activity was blocked using soy bean trypsin inhibitor (SBTI),
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FIG 1 Infection with the wild-type PEDV isolate but not with cell cultureadapted PEDV benefits from trypsin activity. Inocula were supplemented with
soy bean trypsin inhibitor (SBTI), trypsin, or a combination of both and applied to Vero cells. After 15 h of incubation, infected cells were detected by
immunofluorescence staining against the nucleocapsid protein (green). Nuclei were stained with DAPI (blue).

wtPEDV infection was almost absent. caPEDV continued to infect
cells, even at a higher rate. Remarkably, no syncytium formation
was observed in the absence of trypsin activity.
Recombinant PEDV with different S proteins. Assuming that
the addition of trypsin to the inoculum might activate viral S proteins for fusion, we investigated this possible relationship further.
We generated recombinant viruses encoding the wtPEDV S gene
(PEDV-Swt) or the caPEDV S gene (PEDV-Sca) in an isogenic
background, the viruses hence only differing in their S proteins
(Fig. 2A). In the recombinant viruses, the ORF3 was replaced by a
GFP gene to enable the detection of infection by fluorescence (16).
Recovery and propagation of recombinant PEDV-Swt, but not
that of PEDV-Sca, required the presence of active trypsin during
inoculation and culturing. We concluded that the contrasting
trypsin dependence of wtPEDV and caPEDV was determined by
the S protein.
Trypsin affects different steps in the viral life cycle. Trypsin
might affect virus propagation at different steps in the viral life
cycle. First, we focused on virus entry. Vero cells were inoculated
in the presence of trypsin for 2 h with PEDV-Sca or PEDV-Swt at
an MOI known to infect about 10% of cells. For additional samples, trypsin activity was quenched by the addition of SBTI or only
SBTI was added. After the virus entry stage, the inoculum was
removed and incubation was continued in the presence of SBTI
for 9 h to prevent syncytium formation by residual trypsin in the
culture supernatant. At 11 h postinfection (p.i.), fluorescence microscopy images were acquired. Inoculation with PEDV-Swt and
PEDV-Sca in the presence of trypsin yielded ⬃10% infected cells
(Fig. 2B). However, in the absence of trypsin activity, PEDV-Swt
failed to infect Vero cells. SBTI alone had the same effect as when
combined with trypsin. In contrast, inoculation with PEDV-Sca
was more efficient without trypsin activity. No syncytia were observed with either recombinant virus in the absence of trypsin.
Prolonged incubation in the absence of trypsin activity resulted in
second-round infections by PEDV-Sca but not by PEDV-Swt
(data not shown). GFP-expressing cells were quantified by flow
cytometry to determine the extent of infection. Blocking active
trypsin resulted in a ⬎10-fold reduction of PEDV-Swt infection,
where we observed a 3-fold increase of infection for PEDV-Sca
(Fig. 2C). Thus, PEDV-Swt entry was clearly dependent on active
trypsin, whereas PEDV-Sca was not.
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sion. Cell-cell fusion of cells infected with the GFP-expressing PEDV-Swt
was followed by real-time confocal fluorescence microscopy using a
NIKON A1R microscope with a top climate chamber (Tokai Hit) for live
cell imaging at 37°C and 5% CO2. Image stacks were acquired every 65 s at
⫻40 magnification.
Immunofluorescence microscopy. For immunostaining, the cells
were washed twice with PBS and fixed with 3.7% formaldehyde (Merck
catalog no. 1040031000) in PBS, followed by membrane permeabilization
with 0.1% Triton X-100 (Sigma catalog no. 93426) in PBS for 15 min at
room temperature. Cells were blocked by 2% normal goat serum in PBS
for 1 h and then incubated with polyclonal rabbit antibody raised against
the PEDV (strain D24) S1 ectodomain (amino acids 1 to 728, antiPEDV-S1 serum; Davids Biotechnologie GmbH, Germany) or the 3F12
mouse monoclonal antibody detecting PEDV nucleocapsid protein
(BioNote, Republic of Korea) for 1 h. After cells were rinsed three times
with PBS, staining was completed by goat ␣-rabbit Alexa Fluor488-conjugated (Life Technologies catalog no. A11008) or goat ␣-mouse Alexa
Fluor488-conjugated (Life Technologies catalog no. A11001) antibody.
For nuclear staining, 4=,6-diamidino-2-phenylindole (DAPI) (Molecular
Probes) was included during blocking. An EVOS-fl fluorescence microscope (Advanced Microscopy Group) was used to visualize staining.
Western blot analysis. Viruses containing cell culture supernatants
were purified and concentrated (factor of 1:400, vol/vol) by sedimentation of the virus particles through a 20% cushion of sucrose in HCN buffer
(50 mM HEPES, 100 mM NaCl, 10 mM CaCl2) at 100,000 ⫻ g for 1.5 h at
4°C. Virus particles were handled on ice and resuspended in HCN buffer.
For trypsin treatment, samples were supplemented with or without 15
g/ml trypsin before being warmed to 37°C for 30 min. Samples were
chilled and trypsin activity was quenched by the addition of 80 g/ml
SBTI before the titers were determined by endpoint dilution or denaturing in Laemmli sample buffer at 95°C for 10 min. Samples were subjected
to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDSPAGE) in a discontinuous gel with 8% acryl amide in the separating gel.
Next, samples were transferred to a polyvinylidene fluoride membrane
(Bio-Rad catalog no. 162-0176) and blocked with bovine serum. PEDV S
protein was reacted with mouse monoclonal anti-FLAG conjugated to
horseradish peroxidase (Sigma catalog no. A8592) or anti-PEDV-S1 serum in PBS with 5% FBS and 0.5% Tween 20 and the latter subsequently
with swine anti-rabbit immunoglobulin G-conjugated horseradish peroxidase (Dako catalog no. P0217). For detection, we used the Amersham
ECL Western Blotting Analysis System (GE Healthcare catalog no.
RPN2109) with X-Omat LS films (Kodak; Sigma catalog no. F1149).
Computational analysis. The transmembrane domain of PEDV S
protein was predicted by TMHMM 2.0 and the signal peptide by SignalP
4.1. HR1 and HR2 regions are drawn according to Bosch et al. (8). Microscopy images were quantified with ImageJ and GIMP. Amino acid
sequence alignment was performed by ClustalW2 using S sequences of
PEDV-DR13-par (parental virulent strain DR13, AFE85962.1), Middle
East respiratory syndrome coronavirus (MERS-CoV strain HCoV-EMC,
AFS88936.1), SARS-CoV strain Tor2, NP_828851.1), IBV (strain Beaudette, NP_040831.1), and murine hepatitis virus (MHV strain A59,
NP_045300.1).

Proteolytic Activation of PEDV Spike Protein

Besides enhancing its entry, trypsin has been reported to increase the release of PEDV from infected cells (22). We therefore
monitored release of PEDV-Swt and PEDV-Sca in the absence or
presence of trypsin. Vero cells were inoculated with PEDV-Swt
and PEDV-Sca (MOI ⫽ 4), and the inoculum was removed after 2
h. Incubation was continued in the absence or presence of trypsin
until 14 to 16 h p.i., after which cell culture supernatants were
collected. Trypsin was added to all samples to normalize the trypsin sample conditions before determining viral infectivity in the
cell culture supernatant by endpoint dilution assay. For both viruses, more infectious virus was detected in the presence than in
the absence of trypsin (Fig. 2D). However, while for PEDV-Swt
this increase was ⬃500-fold, for PEDV-Sca it was limited to ⬃15fold. Statistical testing confirmed a significant difference between
the increased release of infectious PEDV-Swt over PEDV-Sca
from infected cells in the presence of active trypsin. The trypsinenhanced release of virions in cell culture supernatant was confirmed by determining the ratio of released viral RNA in the presence compared to the absence of trypsin using quantitative
real-time reverse transcription-PCR (Fig. 2E).
Characterization of S protein activation. To facilitate virus
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entry, trypsin may act on the S protein or the target cells, for
example on the virus receptor. In a modified entry assay, either the
virus or the target cell monolayer was exposed to trypsin for 60
min prior to inoculation. Trypsin activity was quenched by SBTI
before or after preincubation or after 2 h of inoculation. Flow
cytometry analysis demonstrated that infection by PEDV-Swt was
not enhanced by trypsin pretreatment of the inoculum or the cells
(Fig. 3A), but trypsin was required during inoculation. Similarly,
infection with PEDV-Sca did not benefit from trypsin pretreatment of virus or cells. Rather, exposure to active trypsin reduced
PEDV-Sca infectivity in the absence of cells and during inoculation, though it did not inactivate the virus entirely.
We performed Western blot analysis to study effects of trypsin
on the S proteins decorating virus particles. To facilitate monitoring of S proteins, recombinant PEDV-Sca_flag and PEDVSwt_flag were generated in which the S proteins were C-terminally
extended by a FLAG-tag. To avoid trypsin exposure during production of PEDV-Swt_flag, we inoculated Vero cells at a high
MOI in the presence of trypsin and replaced the cell supernatant
with culture medium without trypsin after 4 h. Virus particles
were collected from the cell culture supernatants by sedimenta-
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FIG 2 The S protein determines trypsin dependency of PEDV propagation. (A) Schematic representation of the recombinant PEDV genomes carrying the
PEDV-CV777 or the PEDV-caDR13 S gene in the isogenic background of caDR13 (PEDV-Swt and PEDV-Sca, respectively). The ORF3 gene was substituted by
a GFP sequence. (B) Vero cells were inoculated in the presence or absence of trypsin or soy bean trypsin inhibitor (SBTI). After 2 h, the inoculum was removed
and incubation continued in the presence of SBTI to prevent syncytium formation. At 11 h postinfection (p.i.), infected cells were examined by GFP expression
using fluorescence microscopy (green). Nuclei were stained with DAPI (blue). (C) The percentage of infected cells was determined by quantifying GFPexpressing cells using flow cytometry. The averages with standard deviations (SD) from 4 experiments are displayed relative to the inoculation in the presence of
trypsin. (D) To assess the effect of trypsin on the release of infectious PEDV particles from producer cells, inoculations were performed for 2 h before the medium
was refreshed, and incubation was continued in the absence or presence of trypsin. At 14 to 16 h p.i., supernatants were collected. Trypsin was added to all samples
1 h before infectious virus titers were determined by endpoint dilution. The ratios of infectivity in samples obtained in the presence/absence of trypsin were
calculated and displayed (ⴱ, P value of 0.026 in paired-sample t test). Seven independent experiments with multiple replicates were carried out, and each dot
represents the ratio obtained from one pair of samples. (E) The effect of trypsin on the release of viral RNA (vRNA) from PEDV-infected cells was quantified.
Vero cells were infected with wtPEDV and caPEDV and cultured from 2 to 16 h p.i. in the presence or absence of trypsin. RNA was subsequently purified from
supernatants or cells, and vRNA levels were quantified by qRT-PCR. The relative amounts of vRNA of the samples treated with trypsin compared to the samples
treated with SBTI are displayed.
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tion through a 20% sucrose cushion. Purified virus samples were
exposed to 15 g/ml trypsin for 30 min before Western blot analysis and infectious titer determination. In the absence of trypsin,
full-length PEDV S proteins migrating at ⬃180 kDa were detected
using anti-FLAG antibody or an anti-PEDV-S1 serum (Fig. 3B),
whereas nontagged PEDV-Sca was detected only by anti-S1 serum. Incubation with trypsin cleaved a fraction of PEDV-Swt but
essentially all of PEDV-Sca S protein, resulting in two smaller S
protein products that migrated at approximately 70 kDa and 50
kDa. The infectivity of PEDV-Swt_flag and PEDV-Sca_flag decreased by 6-fold and ⬎300-fold, respectively. Thus, the extent of
trypsin-mediated proteolysis of the S proteins correlates with the
observed reduction of virus infectivity. While PEDV-Swt_flag was
relatively resistant to trypsin, PEDV-Sca_flag was rapidly cleaved.
To further define whether trypsin acts before or after receptor
binding, we performed a synchronized infection by allowing the
viruses to attach to target cells at 8°C in the absence of trypsin.
After 60 min, unbound virus was removed and an entry assay was
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performed. PEDV-Swt was able to infect cells exclusively when
trypsin activity was present after attachment (Fig. 3C, filled bars).
Trypsin consistently reduced PEDV-Sca infection whenever present. Nonetheless, we assumed that also PEDV-Sca requires proteolytic activation of its S protein at some stage, but that the beneficial cleavage effect of trypsin might be masked by destructive
ones. To probe for a trypsin-resistant fraction of PEDV-Sca, virus
preparations were pretreated with trypsin or SBTI for 60 min.
Then, trypsin was blocked by an excess of SBTI followed by attachment and subsequent infection as before. In contrast, infection by
preexposed PEDV-Sca was reduced below the level of infection in
the presence of trypsin (Fig. 3, compare filled and empty bars),
and the remaining infectivity was further decreased by applying
trypsin after attachment. The infectivity of pretreated PEDV-Swt
was essentially unaffected and required trypsin activity after attachment. Whereas PEDV-Swt fully depends on trypsin at a postreceptor binding stage, the infectivity of PEDV-Sca is compromised before and after receptor binding.
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FIG 3 Characterization of S protein activation. (A) An entry assay was performed as described in Fig. 2B. Vero cells were inoculated for 2 h with PEDV-Sca or
PEDV-Swt, and infection was quantified by flow cytometry, showing the averages with SD from 3 experiments displayed relative to the inoculation in the
presence of trypsin. For pretreatment, the inoculum or the target cells were exposed to trypsin for 1 h at 37°C. SBTI was supplemented to quench the trypsin
activity at the indicated steps. (B) Trypsin treatment of S protein on purified virions. Recombinant viruses carrying a FLAG tag at the C terminus of the PEDV-S
protein (PEDV-Sca_flag and PEDV-Swt_flag) were produced in the absence of trypsin and purified by pelleting through 20% sucrose. A similar purification
procedure was done with culture medium from PEDV-Sca and mock-infected Vero cells (mock). Samples were exposed to 15 g/ml trypsin or left untreated for
30 min. Infectivity was determined by endpoint dilution (50% tissue culture infective dose [TCID50]/ml), and virus particles were subjected to Western blot
analysis. Proteins were detected by a mouse monoclonal anti-FLAG antibody conjugated with horseradish peroxidase or rabbit anti-PEDV-S1 serum. (C) Virus
supernatant was pretreated as described above with SBTI (filled bars) or trypsin (open bars). After addition of an excess SBTI, virus was added to cells and
attachment was allowed for 1 h at 8°C in the absence of trypsin activity. After binding, an entry assay was performed as described for Fig. 2B. Infection was
quantified by flow cytometry, showing the averages with SD from 4 experiments displayed relative to inoculation in the presence of trypsin without pretreatment.

Proteolytic Activation of PEDV Spike Protein

signal peptide; FP, fusion peptide (S891-V910); HR1 and HR2, heptad repeat regions; TM, transmembrane domain; S1/S2 junction, region of the furin cleavage
site in MHV-A59; S2=, location of putative cleavage site within the S2 subunit in SARS-CoV and IBV S protein; drawn to scale. (B) A schematic overview shows
the chimeric S proteins of the recombinant PEDV variants. Red and green regions are derived from Swt or Sca protein, respectively. (C) An entry assay was
performed as described in Fig. 2 to compare the trypsin-dependent entry of PEDV variants. (D) The alignment of the amino acid sequence N-terminal of the
fusion peptide (FP) depicts a conserved arginine or a glycine substitution (bold italic). Putative S2= cleavage site is indicated with an arrow.

Mapping genetic determinants of trypsin-dependent entry.
The amino acid sequences of PEDV-Sca and PEDV-Swt differ at
129 amino acid positions. Using a gain-of-function approach, we
aimed to map the genetic determinant for trypsin-enhanced entry
through substituting fragments of the PEDV-Sca S gene by the
corresponding wtPEDV S gene sequences, generating chimeric S
proteins. The ultrastructural organization of PEDV S proteins is
unknown, but putative functional domains can be identified by
theoretical analysis and comparison to other coronaviruses (Fig.
4A). We replaced the gene fragment encoding the putative fusion
subunit (PEDV-S_AB), or its N-terminal part containing the putative S2= cleavage site, fusion peptide, and HR1 domain (PEDVS_Ab), or its C-terminal part containing HR2, the transmembrane
domain, and the C terminus (PEDV-S_aB) (Fig. 4B). Recombinant PEDV-S_AB and PEDV-S_Ab were recovered in the presence of trypsin, whereas PEDV-S_aB could be recovered without
trypsin. The chimeric viruses were tested for trypsin-dependent
entry as described for Fig. 2. Clearly, all viruses carrying part A of
wtPEDV, as exemplified by PEDV-S_AB and PEDV-S_Ab, were
found to be fully dependent on trypsin for efficient entry, similar
to PEDV-Swt (Fig. 4C). All other viruses that contain part A of
caPEDV, such as PEDV-S_aB, did not require trypsin for efficient
entry. Hence, part A contains the determinant for trypsin-dependent entry.
To identify the relevant trypsin cleavage site, we compared the
amino acid sequences of part A from the PEDV strains CV777 and
caDR13 and the parental DR13 virus (PEDV-DR13par). We observed 9 amino acid differences, including one conspicuous arginine, located at position 890 (R890). The arginine occurred in the
S protein of wtPEDV and PEDV-DR13par but was replaced by a
glycine in the cell culture-adapted caPEDV (Fig. 4D). To investigate the role of R890 in trypsin-mediated entry of wtPEDV, attempts were made to generate PEDV-Swt encoding an R890G
substitution. Despite multiple efforts, this virus could not be recovered by our RNA recombination approach, whereas control
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recombinations were successful (data not shown). We did not
consider introducing the reciprocal G890R substitution in PEDVSca, since the resulting recombinant virus would be predicted to
remain trypsin independent, similar to PEDV-S_aB.
Trypsin-induced cell-cell fusion mediated by overexpressed
S proteins. To otherwise assess the role of R890 in trypsin-mediated S protein activation, we made use of a cell-cell fusion assay. As
indicated in Fig. 1, continuous treatment of PEDV-infected cells
with trypsin results in cell-cell fusion yielding syncytia. Cell-cell
fusion was also triggered after overnight infection by addition of
trypsin, after which fusion activity continued for more than 1 h
(Fig. 5A). To test the trypsin-induced cell-cell fusion capacity of
the PEDV S proteins, we transiently expressed them in Vero cells
for 48 h. Cell-cell fusion by Swt was compared to that of the
Swt_R890G mutant, containing a point mutation substituting the
arginine 890 by a glycine. Trypsin was added for 1 h and syncytium formation examined. Trypsin induced considerable
syncytia in Swt-expressing cells; in contrast, only small syncytia
were induced in the cells expressing Swt_R890G (Fig. 5B).
Overexpression of Sca results in small-sized syncytia, and the
Sca mutant bearing the reciprocal G890R mutation did not
differ in its ability to induce syncytium formation (data not
shown). S proteins were stained by immunofluorescence using
anti-PEDV-S1 serum, and the sizes of the foci were quantified
by counting the number of nuclei (Fig. 5C). For Swt, about
50% of syncytia were found to be small, containing 1 to 4
nuclei, ⬃25% were medium size, with 5 to 8 nuclei, and ⬃25%
were large, having more than 8 nuclei. In contrast, the
Swt_R890G mutant yielded almost 80% of small syncytia, 15%
medium, and only 5% large. In both cases, incubation with
trypsin failed to trigger syncytium formation by all transfected
cells. Of note, the number of small syncytia is probably an
overestimate because they were not distinguishable from small
clusters of PEDV-S-positive cells originating from cell division.
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FIG 4 Mapping the genetic determinant for trypsin-enhanced PEDV entry. (A) Putative organization of class I fusion protein features in PEDV S protein. SP,

Wicht et al.

with PEDV-Swt, infected cells were treated with trypsin for 1 h while live images were obtained. Representative images are shown. (B) Vero cells were transiently
transfected with expression plasmids encoding Swt and its point mutant Swt_R890G for 48 h. Cells were treated with trypsin or trypsin and SBTI for 1 h and
subsequently examined by immunostaining against S protein (green). Nuclei were stained with DAPI (blue). Representative images are shown. (C) The numbers
of nuclei per focus were quantified and displayed as binned frequency distribution histogram (four independent experiments, Swt n ⫽ 390, Swt_R890G mutant
n ⫽ 330). Syncytia containing 1 to 4 nuclei were small, 5 to 8 nuclei were medium, and more than 8 nuclei were large. The average syncytium sizes induced by
Swt and Swt_R890G mutant significantly differ from each other (P value of ⬍0.0001, nonparametric t test).

DISCUSSION

Proteolytic priming of class I fusion glycoproteins has been reported to occur with different timing and by various host proteases. Human immunodeficiency virus Env and hemagglutinin
(HA) of highly pathogenic influenza viruses become primed by
cellular furin-like proteases in the virus-producing cells, hence
they are fusion-ready upon virus release (23, 24). In contrast, the
infectivity of viruses carrying uncleaved fusion proteins, such as
severe acute respiratory syndrome (SARS) coronavirus and lowpathogenic influenza viruses, relies on host cell proteases like type
II transmembrane serine proteases (TTSPs) (25), furin-like proteases, or low-pH-dependent endolysosomal proteases (23, 26–
28). Recent progress illustrates that infection by respiratory syncytial virus, despite its carrying a cleaved F protein, can still be
blocked by inhibitors of endosomal proteases, as the F protein
requires a second cleavage in the target cell (29). PEDV is peculiar
because it needs an exogenous protease for propagation in cell
culture, thereby providing an excellent model to study proteolytic
activation. Our investigation of the spatiotemporal characteristics
of trypsin-dependent PEDV infection demonstrated that PEDVSwt undergoes trypsin activation at a post-receptor-binding stage.
In contrast to influenza virus HA that can be primed at any stage,
we suggest that PEDV S protein is protected from premature processing by reduced accessibility of the cleavage site. This mechanism may prevent premature triggering of the fusion machinery in
the protease-rich intestine and help to direct the infection to
proper target cells. Proteolytic processing after preconditioning
has been observed for other CoVs and correlated with conformational changes that expose a cleavage site. A preceding cleavage of
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SARS-CoV S protein facilitates cleavage at a second site further
C-terminal of the first (30). Like PEDV, MHV-2 S protein requires
receptor binding before the cleavage occurs that enables the refolding into a postfusion conformation (31). We failed to observe
effects of porcine amino peptidase N (pAPN), the putative receptor for PEDV (32), because we could not reproduce its receptor
function in a variety of assays. Proteolytic processing may constitute a general mechanism to control timing and location of the
fusion competence of class I fusion proteins. In fact, the tropism of
various enveloped viruses, such as low-pathogenic influenza virus,
SARS-CoV, human coronavirus 229E, infectious bronchitis virus
(IBV), and feline infectious peritonitis virus (FIPV), but also of
the nonenveloped rotavirus, has been correlated with the availability of proteases that mediate fusion activation in the target
tissue (28, 33–38).
We used recombinant viruses to attribute specific effects of
trypsin to the S protein. For the first time, the function of a strictly
trypsin-dependent S protein from a PEDV isolate was characterized and compared to the trypsin-independent S protein of a celladapted PEDV variant. A previous study claimed that trypsin
exerts its PEDV infection-enhancing effect at a post-receptorbinding stage (6). However, the PEDV strain used was not trypsin
dependent, and the impact of trypsin on virus propagation was
marginal, jeopardizing the interpretation of the data (6, 39).
In search for the genetic determinant of PEDV cleavage, we
created viruses with chimeric S proteins by transferring wtPEDV S
gene fragments into the trypsin-independent caPEDV virus. We
mapped the trypsin dependence feature to the N-terminal half of
the fusion subunit, which includes the putative fusion peptide and
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FIG 5 Substitution of arginine at position 890 results in reduced syncytium formation capacity of transiently expressed S protein. (A) After overnight incubation

Proteolytic Activation of PEDV Spike Protein

July 2014 Volume 88 Number 14

PEDV-DR13 parental strain in Vero cells may have selected for
trypsin-independent PEDV mutants.
Comparing virus production in the presence and absence of
trypsin, we also found that the release of recombinant viruses
carrying wtPEDV and caPEDV S proteins from infected cells was
increased by trypsin. Release of PEDV-Sca was 15-fold higher in
the presence of trypsin, confirming results of Shirato et al. (22).
PEDV-Swt was significantly more dependent on trypsin for release than PEDV-Sca, indicating that the S protein is also a determinant for efficient virus release from target cells. Protease activity
acts at distinct steps in the viral life cycle of PEDV, although the
mechanism of virus retention and the role of proteolysis in virus
release are not understood.
Enveloped virus entry is generally directed and controlled by
proteolytic processing of the fusion protein, receptor binding, and
triggering of membrane fusion. Our knowledge about the determinants of PEDV infection is limited, and this study aimed at
elucidating the requirements for virus entry. Like for other CoVs,
we found that activating cleavage of wild-type PEDV S proteins
occurs only after receptor binding (50). In vitro, PEDV is unique
in its dependence on a protease that is not expressed by the target
cell. As for influenza virus, this trypsin dependence may be an ex
vivo requirement. In vivo, the availability of gastric and pancreatic
proteases or proteases locally expressed by the intestinal epithelial
target cells potentially mediate PEDV virus infection to the intestine (51). TTSPs such as TMPRSS2 are candidate proteases for
PEDV activation, since human TMPRSS2 has been shown to activate PEDV S-mediated cell-cell fusion in cell culture (22). It is
currently unknown whether PEDV S protein cleavage is a priming
event and whether membrane fusion requires yet an additional
trigger. So far, trypsin cleavage readily supports the membrane
fusion process and can be used as a trigger to investigate virus-cell
and cell-cell fusion and to dissect further details of the PEDV
fusion machinery. Thus, it seems possible that PEDV infection is
triggered by proteolysis rather than by alternative environmental
cues, thereby abrogating the distinction between priming and
triggering events, as was suggested for SARS-CoV (52).
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