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ORF3  is a supplemental  open  reading  frame  coding  for an  accessory  glycoprotein  gp3  of  unknown  func-
tion,  only  present  in  genotype  I  canine  strain  (CCoV-I)  and  some  atypical  feline  FCoV  strains.  In these
latter  hosts,  the  ORF3  gene  systematically  displays  one  or two identical  deletions  leading  to  the synthesis
of  truncated  proteins  gp3-�1  and gp3-�2.  As  deletions  in  CoV  accessory  proteins  have already  been
involved  in  tissue  or host  switch,  studies  of  these  different  gp3  proteins  were  conducted  in canine  and
feline  cell.  All proteins  oligomerise  through  covalent  bonds,  are  N-glycosylated  and  are  maintained  in
the  ER  in  non-infected  but  also  in  CCoV-II  infected  cells,  without  any  specific  retention  signal.  However,
pecies barrier
p3

deletions  influence  their  level  of  expression.  In canine  cells,  all  proteins  are  expressed  with  similar  level
whereas  in feline  cells,  the  expression  of  gp3-�1  is  higher  than  the  two  other forms  of  gp3.  None  of  the
gp3  proteins  modulate  the  viral replication  cycle  of heterologous  genotype  II CCoV  in canine  cell  line,
leading  to the  conclusion  that the gp3  proteins  are  probably  advantageous  only  for  CCoV-I  and  atypical

FCoV  strains.

. Introduction

The genome of the Coronaviridae (CoV) family is a large
ingle-stranded and positive-sense RNA molecule of about 30 kDa
Gorbalenya et al., 2006). For all CoVs, the first two thirds of
he genome encode non-structural proteins which are essen-
ially involved in the CoV replication and transcription machinery
Bredenbeek et al., 1990). The rest of the genome comprises genes
f the structural proteins S (spike), E (envelope), M (membrane),

 (nucleocapsid) and eventually HE (hemagglutinin–esterase)
De Groot, 2006). Additional genes named accessory genes are
nterspaced between genes encoding the structural proteins. The
umber and position of these genes vary from one CoV to another.
ith eight accessory genes, SARS-CoV possesses the highest num-

er of them, whereas hCoV-229E contains only one (Dijkman et al.,

006).

Feline CoV (FCoV) and canine CoV (CCoV) are common
athogens of cat and dog populations, sometimes leading to fatal
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diseases (Pedersen, 2009; Decaro and Buonavoglia, 2008). CCoVs
are separated into two genetic clusters, CCoV-I and CCoV-II, accord-
ing to the S gene sequence. One accessory gene, named ORF3
is a singularity of the CCoV genotype I (CCoV-I). Its sequence
is highly conserved among CCoV-I, suggesting its importance in
some aspects of the viral infection. It is the only CCoV acces-
sory gene which has been investigated so far. In vitro translation
assays demonstrated that ORF3 encodes an N-glycosylated protein
of 28 kDa, named gp3 (Lorusso et al., 2008). Still, the function of
gp3 remains unknown. Our recent phylogenetic studies conducted
on the characterisation of CoV strains infecting cats lead to the
discovery of atypical FCoV strains harbouring a feline S gene and
downstream genes genetically related to CCoV-I. Sequences of the
ORF3 gene were also present in these strains but displayed dele-
tions never described so far. All ORF3 sequences from atypical FCoV
strains shared a deletion of 29-nt, which introduced a stop codon
and another frequently observed deletion of 27-nt deleted the pre-
dicted protein of nine additional a.a. (Le Poder et al., 2013). The
complete gp3 protein of CCoV-I is of 207 a.a. in length, whereas the
deleted forms present in atypical FCoV strains are predicted to pro-

duce either a deleted protein, named gp3-�1 of 158 a.a. or another
form, named gp3-�2, of 149 a.a. In comparison with gp3, gp3-�1
and gp3-�2 lost the C-terminus part from the cysteine residue in
position 157 onward. Gp3-�2 is further truncated of 9 a.a. between

dx.doi.org/10.1016/j.virusres.2015.01.027
http://www.sciencedirect.com/science/journal/01681702
http://www.elsevier.com/locate/virusres
http://crossmark.crossref.org/dialog/?doi=10.1016/j.virusres.2015.01.027&domain=pdf
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ys88 and Phe96. All proteins maintain a predicted signal peptide
t the N-terminus extremity and a putative glycosylation site on
sn116. No other particular functional domain was predicted by in
ilico analysis.

Coronaviruses are well known for crossing the species barrier,
ometimes leading to the emergence of new pathogens, like the
ARS-CoV or the MERS-CoV. Adaptation to a new host is often
ccompanied by modifications of some accessory proteins, among
thers (McBride and Fielding, 2012). With the aim of understand-
ng the role of the gp3 deletions in the adaptation of atypical FCoVs
o the feline species, we characterised the basic properties of the
ifferent forms of gp3 in both feline and canine cells. The absence of
ulture-cell adapted strains of CCoV-I and of the newly discovered
typical FCoV strains impaired studies of the different gp3 proteins
n cells culture infected with these specific CoVs. Through tran-
ient transfection of plasmids expressing the different proteins, we
emonstrated that the gp3 deletions influence their expression. The
omplete gp3 protein is expressed only in canine cells, gp3-�1 is
xpressed at a high level in both canine and feline cells and gp3-�2
s faintly observed in feline cell lines. In contrast, all proteins assem-
le into covalent oligomers and are maintained in the endoplasmic
eticulum (ER) despite cleavage of their peptide signal and absence
f a known specific retention signal. In canine transfected cells and
nfected by CCoV-II, which does not harbour the ORF3 gene, the
p3 proteins are also localised in the ER but none influence the
iral production of CCoV-II strains.

. Materials and methods

.1. Cell culture and transient transfection

Canine A72 and feline CrFK cells were maintained in Dul-
ecco’s modified Eagle’s medium (DMEM) (Invitrogen, Life
echnologies) supplemented with 10% foetal bovine serum, 1%
enicillin–streptomycin solution, 1% sodium-pyruvate and 1% non-
ssential amino acids.

Subconfluent A72 and CrFK cells were transfected in 6-well
lates with 2.5 �g DNA plasmid using TransIT-LTI transfection
eagent (Mirus), following the manufacturer’s instructions.

.2. Plasmids

Optimised codon sequences of the complete ORF3 gene (Gen-
ank accession numbers JN714200), and the two deleted gene

orms (GenBank accession numbers JN714196 and JN714199) were
ynthesised in frame with the 3xFlag tag into pCDNA3.1 plas-
ids (Invitrogen) between restriction site BamHI and NotI, by

roteogenix (ProteoGenix SAS, France).
Mutant plasmids with deletion of the signal peptide of the ORF3

enes were subsequently generated from each parental plasmid.
riefly, plasmids consisting of residues 15 to the stop codon, were
btained by PCR assays with the forward primers (�SP-ORF3 F1:
′-GGACTAGTGGATCCATGCACCCCTTTCACG-3′, �SP-ORF3-�1/�2
1: 5′-TCCGCCGCCACCATGCTCCACCCCTTTCAC-3′) and reverse
rimers (�SP-ORF3 R1: 5′-CGTGAAAGGGGTGCATGGATCCACTAG-
CC-3′, �SP-ORF-�1/�2  R1: 5′-GTGAAAGGGGTGGAGCATGGTGG-
GGCGGA-3′). To create gp3 proteins with uncleaved signal
equence, the amino acids critical for cleavage were changed into
ve Leucine residues by PCR assays using the following primers
5L-ORF3 F2: 5′-ATCAGTGTCGTCCTTTTGTTATTACTCCACCCCTTT-
′, 5L-ORF3 R2: 5′-AAAGGGGTGGAGTAATAACAAAAGAAGGACACT-

AT-3′, 5L-ORF3-�1/�2  F2: 5′-ATGATTAGTGTGGTCCTTTTGTTAT-
ACACCCCTTTCAC-3′, 5L-ORF3-�1/�2  R2: 5′-CGTGAAAGGGG-
GTAATAACAAAAGGACCACACTAAT CAT-3′). PCR products were
ubmitted to digestion by DpnI enzyme (New England Biolabs)
l. / Virus Research 202 (2015) 160–167 161

during 1 h at 37 ◦C to eliminate the parental plasmid. Library Effi-
ciency DH5� bacteria (Invitrogen) were transformed with the
digestion products according to the manufacturer’s recommenda-
tions.

2.3. Immunoblotting

At 24 h post-transfection, cells were lysed with RIPA extrac-
tion buffer (20 mM Tris–HCl, pH 7.5, 0.2% Nonidet P-40, 150 mM
NaCl, 0.5 mM EGTA, 1.5 mM MgCl2, 10% Glycerol) supplemented
with Complete Protease Inhibitor Cocktail Tablet (Roche). Sam-
ples containing 100 �g of total proteins were then mixed with
an equal volume of 5× Laemmli buffer and heated at 95 ◦C
for 5 min. Where mentioned, 10% of �-mercaptoethanol was
added to cell lysates. Proteins were separated on sodium dodecyl
sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE) and
transferred onto a nitrocellulose membrane (GE Healthcare). After
saturation with 5% milk in PBS–Tween (0.01%) buffer (PBST),
the membranes were incubated with anti-Flag monoclonal anti-
body (Sigma–Aldrich) diluted at 1/5000 or anti-actin monoclonal
antibody (Sigma–Aldrich) diluted at 1/2000 in PBST–milk buffer
overnight at 4 ◦C. The membranes were washed three times in
PBST buffer and incubated for 1 h at room temperature with
horseradish peroxidise-conjugated anti-mouse antibody (Roche)
diluted at 1/5000 in PBST-milk buffer. After three washes, blots
were revealed using enhanced chemiluminescence (ECL) reagents
(Pierce) and analysed with a Fusion imaging system (Bio-Rad).
Quantification was  performed by using the Bio-1D software.

For glycosidase assays, 20 �l of cell lysates were mixed with 1 �l
of either peptide-N-glycosidase F (PNGase F) or endoglycosidase H
(Endo H) (Biolabs), and 3 �L of 10× glycoprotein denaturing buffer
(Biolabs) prior to incubation at 37 ◦C for 3 h.

2.4. Indirect immunofluorescence microscopy

A72 and CrFK were transfected with expression plasmids of
the different gp3 proteins. At 24 h post-transfection, cells were
washed with PBS and fixed with 4% paraformaldehyde in PBS-4%
sucrose (Life Technologies). After two washes in PBS, a solution
of 50 mM NH4Cl was  added for 10 min  at room temperature, then
fixed cells were incubated with PBS-0.5% bovine serum albumin
(BSA) for 30 min. After one wash with PBS-1% BSA and two  washes
with PBS-1% BSA-0.5% saponine, a mix  of primary antibody raised
against the Flag tag (Sigma–Aldrich) and either antibody specific
of the calnexin (Sigma–Aldrich) or the giantin (Abcam) at dilution
of 1/500 in PBS–BSA–saponine solution was  added for 1 h at room
temperature. For triple labelling in infected cells, a serum of CoV
infected cat at a dilution of 1/250 was  added to the mix  of anti-Flag
and anti-calnexin antibodies. After three washes, cells were incu-
bated with a mix  of anti-mouse Alexa 488 and anti-rabbit Alexa 555
secondary antibodies (Invitrogen) at working dilutions of 1/600 in
PBS–BSA–saponine solution for 45 min  at room temperature. For
triple staining, secondary antibodies used were anti-cat Alexa 488
(Jackson), anti-mouse Alexa 555 and anti-rabbit Alexa 647 (Invi-
trogen), all at working dilutions of 1/500. After three washes with
PBS, cells were covered with a solution of Mowiol mixed with DAPI
for staining of the nucleus. Slides were examined at 63× magnifi-
cation by apotome microscope (Zeiss) and images were analysed
using the Zen software.

2.5. Infections
For infection assays, subconfluent A72 cells were inoculated
with type II strain CCoV-1-71, from the American Type Culture
Collection (ATCC®VR-809TM), at a multiplicity of infection (MOI)
of 10. Cells were then incubated for 120 min  at 37 ◦C, with gentle
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ig. 1. Schematic representation of the different gp3 proteins. Gp3 is the full length 

f  the C-terminus part in comparison with gp3. A deletion of nine amino acids diff
re  indicated by a light grey box and a star, respectively. Length of the different pro

ocking for optimal viral adsorption. Inoculum was then replaced
y standard fresh medium, supplemented with 10% FBS. Cells were

eft to incubate for specified amount of time. In parallel, infection
f non-transfected cells using the same protocol was conducted.

.6. Quantitative RT-PCR

Viral RNA was extracted from supernatants using the QIAamp
iral RNA Mini kit (QIAGEN). RNA was reverse transcribed
nd amplicons were generated using the Quantitect SYBR
reen RT-PCR kit (QIAGEN) and the following primers set:
CoV-7F: 5′-GGCAACCCGATGTTTAAAACTGG-3′ and CCoV-7R: 5′-
ACTAGATCCAGACGTTAGCTC-3′, following the manufacturer’s

nstructions at an annealing step of 52 ◦C. These primers target the
ccessory gene 7b of type II CCoV. Quantification of viral produc-
ion in cells supernatant was normalised by the total amount of
NA. In cellular extracts, quantitative RT-PCR of the actin house-
eeping gene was performed in parallel using the following primers
et: ACTIN-F: 5′-CAGCACAATGAAGATCAAGATCATC-3′ and ACTIN-
: 5′-CGGACTCATCGTACTCCTGCTT-3′. The viral RNA copy number

n cell extracts was normalised to the expression of the actin gene
sing the 2�Ct method (Livak and Schmittgen, 2001).

. Results

.1. Expression of gp3, gp3-�1 and gp3-�2 in A72 and CrFK cells

The ORF3 genes were cloned into expression plasmids under the
ontrol of the CMV  promoter with a 3x-Flag tag fused in frame at
he 3′ end of ORF3 (Fig. 1). Each plasmid was transfected either in
72 canine cells or in CrFK feline cells. Both cell lines were chosen

or their susceptibility to CCoV-II and FCoV-II infections. At 24 h
ost-transfection, cells were lysed and proteins were detected by

mmunoblotting with an anti-Flag antibody.
In A72 cells, all three proteins, gp3, gp3-�1 and gp3-�2 are

etected. They migrated according to their predicted molecular
eight at 28, 22 and 21 kDa, respectively (Fig. 2A). In CrFK cells,

xpression of gp3 and gp3-�2 was low, whereas gp3-�1 was  still
etected (Fig. 2A). Quantification demonstrates that expression of
he gp3-�1 is about fivefold higher than gp3 and tenfold more
han gp3-�2 (Fig. 2B). In A72 cells, differences of expression lev-
ls between the three proteins are less pronounced. Quantity of
p3-�1 is only twofold more elevated than gp3 and gp3-�2.

As gp3 possesses six cysteine residues while gp3-�1 and gp3-
2 contain only four, we investigated the possible formation of
ovalent homo-oligomers. At 24 h post-transfection, cell lysates
ere treated and migrated onto SDS-PAGE gels with or without
-mercaptoethanol. Under non-reducing conditions, supra forms
f approximately twice the molecular weight of each protein were
n encoded by CCoV-I, gp3-�1 and gp3-�2 arise from atypical FCoV and are deleted
tween gp3-�1 and gp3-�2. The potential signal peptide and N-glycosylation site
is indicated by the number of amino acids at the C-terminus.

detected. After treatment with �-mercaptoethanol, the monomeric
forms were mainly observed, suggesting the assembly of gp3, gp3-
�1 and gp3-�2 into dimeric complexes through disulfide bonds
(Fig. 2C). For gp3-�1, higher order assemblies were observed,
which could correspond to tetramers.

3.2. Post-translational maturation of the proteins

The gp3 proteins bear a putative glycosylation site at the Asn116

position. This amino acid is conserved in all three proteins. In
order to characterise the glycan, assays with glycosidases were per-
formed. At 24 h post-transfection, cell lysates were incubated either
with PNGase F or Endo H or mock treated. PNGase F removes all
N-linked glycans whereas Endo H cleaves only polymannose carbo-
hydrates that have not been further processed into complex sugar.
Gp3, gp3-�1 and gp3-�2 are all sensitive to PNGase F (data not
shown) and to Endo H (Fig. 3A). These results show that the differ-
ent gp3 proteins are glycosylated with a high mannose glycan. The
same results were obtained in both A72 and CrFK cell lines (data
not shown).

In silico analyses indicated an N-terminal hydrophobic domain
functioning as signal sequence cleavable after the alanine amino
acid in position 15. To test whether this peptide signal is cleaved,
mutants without the predicted signal peptide for each protein
(�SP-gp3, �SP-gp3-�1,  �SP-gp3-�2)  were constructed. Mutants
with the cleavage site replaced by five Leucine residues (5L-gp3,
5L-gp3-�1, 5L-gp3-�2) were also constructed in order to impair
the potential cleavage of the signal peptide. At 24 h after transfec-
tion, cells lysates were collected, treated or not with Endo H and
analysed by immunoblotting. All �SP proteins migrated faster than
the wild type proteins (Fig. 3B). The estimate apparent molecular
weight of the �SP proteins was about 3 kDa less than the native
proteins. Without a signal peptide, proteins cannot enter the ER and
therefore cannot become glycosylated, as confirmed by the same
electrophoretic profile of �SP proteins treated or not by Endo H. 5L
gp3-�1 and gp3-�2 proteins which harbour an uncleavable sig-
nal peptide display a slower migration and an apparent molecular
weight of approximately 3 kDa higher than the wild type proteins.
Some unglycosylated forms are detected as shown by comparison
with lysates treated with Endo H. 5L-gp3 migrated faster than the
wild-type protein.

3.3. Subcellular localisation of the proteins

Next, the subcellular localisation of the proteins was  examined

by colocalisation assays of gp3 proteins with different markers
of the cellular compartments in both A72 and CrFK. 24 h post-
transfection, dual labelling were carried out with anti-Flag antibody
to visualise the gp3 proteins and specific antibodies directed
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Fig. 2. Protein expression in canine and feline cell types. (A) Detection of the proteins in transfected canine A72 and feline CrFK cells by immunoblotting assays. Cells were
transfected with the different gp3 expression plasmids or with an empty pCDNA vector (Control). At 24 h post-transfection, cells were lysed and processed onto SDS-PAGE
gels  for immunoblotting. Gp3 proteins were detected using an anti-Flag antibody. Cellular �-actin was  revealed in parallel by a specific monoclonal anti-actin antibody. (B)
Levels  of expression of the different gp3 proteins. Immunoblots of the different gp3 proteins were quantified using the Bio-1D software. Quantity of gp3 was  arbitrary set to
1  and the relative quantity of gp3-�1 and gp3-�2 are expressed in comparison with gp3. All data are representative of three independent experiments. Error bars represent
standard deviations. (C) Multimerisation of the gp3 proteins. A72 and CrFK cells were transfected with the empty vector pCDNA (control) or plasmids encoding the different
gp3  proteins and lysed at 24 h post-transfection. Cell lysates were treated with (+) or without (−) �-Mercaptoethanol (�-ME), prior to migration onto SDS-PAGE gels. Proteins
w n kDa)
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ere  detected by immunoblotting with anti-Flag antibody. Positions and masses (i

gainst calnexin, a resident protein of the ER, or giantin, a marker
f the Golgi apparatus. By apotome microscopy analyses, the fluo-
escence signals of the gp3 proteins and the giantin were distinct in
oth A72 and CrFK, indicating that the proteins had not reached the
olgi apparatus (data not shown). In contrast, the gp3 proteins colo-
alised with calnexin signals in canine and feline cell lines (Fig. 4A
nd B).

Subcellular localisation of the proteins in a viral context was
nvestigated. A72 cells were infected with the CCoV-II strain at
OI  of 10 and transfected 20 h post-infection, with either the
mpty vector pCDNA3.1 or with plasmids encoding the differ-
nt gp3 proteins. Cells were then fixed 72 h post-infection and
rocessed for subcellular studies. The fluorescence signals of the
 of the molecular mass protein markers are indicated on the left.

gp3 proteins colocalised with the calnexin signal in infected cells
(Fig. 4C).

3.4. CCoV-II viral production in cells expressing the different gp3
proteins

To evaluate the impact of the different gp3 proteins during the
viral life cycle, 12 h after transfection with the empty pCDNA3.1
plasmid or plasmids encoding gp3, gp3-�1, or gp3-�2, A72 cells

were infected with CCoV-II strain at MOI  of 10. A72 cells were
also infected at the same MOI  without prior transfection. At 24 h,
48 h and 72 h post-infection, supernatants and cells were col-
lected and analysed by quantitative RT-PCR. Quantity of viral copy
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Fig. 3. Processing of the gp3 proteins. (A) Maturation of the N-linked oligosaccha-
rides. A72 cells were transfected with plasmids containing the indicated sequences
and lysed at 24 h post-transfection. 20 �L of whole cell lysates were then treated (+)
with  Endo H or mock treated (−). After migration on SDS-PAGE gels, gp3 proteins
were revealed by immunoblotting with the anti-Flag antibody. (B) Cleavage of the
signal peptide of the gp3 proteins. A72 cells were transfected with expression plas-
mids containing different constructs of the gp3 proteins. �SP-gp3, �SP-gp3-�1
and �SP-gp3-�2  are deleted of the first 14 N-terminal amino acids. In 5L-gp3, 5L-
gp3-�1  and 5L-gp3-�2 constructs, the putative cleavage site was  replaced by five
Leucine residues, to prevent signal peptide cleavage. At 24 h post-transfection, cell
lysates were recovered and treated with (+) or without (−) Endo H treatment, prior
t
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Fig. 4. Subcellular localisation of gp3, gp3-�1 and gp3-�2. A72 cells (A) and
CrFK cells (B) were transfected with an empty pCDNA plasmid (control) or plas-
mids encoding the different gp3 proteins. At 24 h post-transfection, cells were
dual  labelled with antibodies against the Flag tag (�-Flag) and against calnexin (�-
calnexin), a marker of the ER. Alexa-488 anti-mouse and alexa-555 anti-rabbit were
used  as secondary antibodies. (C) A72 cells were infected with the CCoV-II 1-71
strain and transfected 20 h post-infection with plasmids containing the indicated
sequences. At 72 h post-infection, cells were fixed and triple stained with anti-Flag,
o  migration. The different proteins were detected by immunoblotting with an anti-
lag antibody. Positions and masses (in kDa) of the protein markers are indicated
n the left.

enome in cells supernatant (Fig. 5A) and cellular extracts (Fig. 5B)
as calculated and normalised to total RNA amount and the

ctin housekeeping gene, respectively. No difference was observed
etween infected cells and infected cells expressing the different
p3 proteins.

. Discussion

The presence of an additional accessory gene, ORF3 is specific to
CoV-I. In CCoV-II and FCoV-II, only very short sequences, less than
1-nt and corresponding to ORF3, are present and were interpreted
y Lorusso et al. (2008) as residual sequences from a CoV ancestor.
n FCoV-I, no nucleotide corresponding to ORF3 has been described
ntil our recent study, in which the ORF3 gene was  identified in
typical feline CoV strains harbouring an N gene related to CCoV-

 and an S gene close to FCoV-I (Le Poder et al., 2013). In these
typical feline strains, the ORF3s are 595-nt or 568-nt in length
nd are preceded by specific transcription-regulating sequences,
uggesting the possible translation into functional proteins during
nfections.

All ORF3 sequences recovered in these feline CoV strains were

eleted the same way, leading either to a putative gp3-�1 protein,
omprising the first 158 a.a. of gp3 or to gp3-�2 protein, with an
dditional 9 a.a. deletion compared to gp3-�1 (Fig. 1). A previous
tudy explored the biochemical properties of the complete canine

anti-calnexin and an anti-CoV serum originating from an infected cat. Cell nuclei
were counterstained with DAPI. All slides were observed with a 63× oil immersion
objective lens by an apotome microscope (Zeiss). At the right, a merged image of
the  anti-Flag, the anti-calnexin and the DAPI signal is shown. Bar chart: 10 �m.
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p3 protein using an in vitro translation system and concluded that
p3 is a probably secreted, soluble glycoprotein of 28 kDa (Lorusso
t al., 2008). Here, the expression of the different gp3, gp3-�1
nd gp3-�2 proteins was analysed in cell culture. Proteins were
xpressed either in canine or feline cells in accordance to the host
ropism from which they were derived. The level of expression is
ifferent not only between the two cell lines used, but also between
he different proteins. In canine A72 cells, the three proteins are
xpressed at approximately the same level, but in feline cells, dis-
repancies between them are very marked. Expression of gp3-�1
s fivefold higher than gp3 and gp3-�2 (Fig. 2B). Whether these
ifferent expressions levels are due to different degradation pro-
esses or modulations at the translation step remain to be explored.
xpression levels might be influenced by cellular factors involved in
egulating protein translation. Interestingly, the gp3 is expressed in
anine cells but faintly detected in feline cells which may  correlate
ith the canine virus origin of gp3.

Beside these discrepancies, the proteins have common bio-
hemical properties. In in vitro translation assay, gp3 was  expressed
n a monomeric form (Lorusso et al., 2008). Here, in cell culture, we
emonstrated that gp3, but also gp3-�1 and gp3-�2 oligomerise

n, at least, covalent homo-dimers and probably in higher multi-

eric forms, as shown for gp3-�1 (Fig. 2C). The absence of detec-

ion of higher multimeric form other than dimers for gp3 and gp3-
2 could be due to their fainter expression. The oligomerisation

ig. 5. Viral production of CCoV-II in A72 cells expressing gp3 proteins. A72 cells were
ost-transfection with the CCoV-II 1-71 strain. Supernatant (A) and cellular extract (B) w
uantification by quantitative RT-PCR. In supernatants, quantity of viral RNA was norma
umbers normalised to actin are given, using the 2�Ct method. Means from triplicate ex
l. / Virus Research 202 (2015) 160–167 165

status of CoV accessory proteins has been investigated for some of
them. Multimerization has also been demonstrated for the acces-
sory ORF3 from PEDV (Wang et al., 2012), ORF4a from HCoV-229E
(Zhang et al., 2014) or ORF8ab from SARS-CoV (Oostra et al., 2007).

Post-translational modifications are also common to the three
proteins in the studied cell lines. In vitro translation indicated that
gp3 contains an N-linked glycosylation site (Lorusso et al., 2008).
In cell culture and through the use of different deglycosidases,
we were able to identify the glycan residue as a high polyman-
nose (Fig. 3A), which corroborates with their localisation in the
ER (Fig. 4A and B). Indeed, maturation into complex sugar needs
processing by enzymes from the Golgi apparatus and presence of a
polymannose is characteristic of proteins residing in the ER. It is still
unclear how the gp3 proteins are maintained in the ER, as no pecu-
liar signal for ER retention has been identified (Gao et al., 2014).
Retention of the gp3 proteins in the ER could have been explained
by a non-cleavage of the signal peptide. This hypothesis was tested
by molecular mass comparison between native gp3 proteins and
proteins either deleted off the signal peptide or harbouring a non-
cleavable signal peptide (Fig. 3B). The migration difference between
5L mutants and native proteins strongly suggest an efficient cleav-
age of the signal peptide in native gp3 proteins. Indeed, 5L-gp3-�1

and 5L-gp3-�2  have a molecular mass higher than the native gp3-
�1 and gp3-�2. The 5L-gp3 mutant migrated at a lower molecular
mass than the native gp3. Lorusso et al. (2008) had already observed

 transfected with plasmids containing the indicated sequences and infected 12 h
ere collected at 24 h, 48 h and 72 h post-infection and processed for viral genome
lised by the total amount of RNA. Mean expression of intracellular viral RNA copy
periments are given. Error bars represent standard deviations.
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hat the presence of the signal peptide in gp3 induced an aberrant
aster migration similar to our observation herein. Thus, retention
n the ER of the gp3 proteins is not due to a default in the signal
eptide cleavage. To investigate whether viral proteins may  influ-
nce the subcellular localisation of gp3 proteins, A72 were infected
ith a CCoV-II strain, which does not express gp3, then transfected
ith plasmids encoding the different gp3. Again in this viral con-

ext, gp3 proteins are localised in the ER (Fig. 4C). Altogether, these
esults strongly suggest that the gp3 proteins could be maintained
n the ER through interactions with cellular factors, as proposed by
tudies on the ORF8ab protein of the SARS-CoV (Oostra et al., 2007).

From the comparative study of the complete gp3 and the deleted
utant gp3-�1 and �2, we can deduce that the first 158 amino

cids contain the necessary signals for the basic features of the pro-
eins: the cysteine residues for oligomerisation, the N-glycosylation
ite and the unknown retention determinant in the ER. These con-
erved properties might be important for their function.

In the absence of laboratory strains harbouring ORF3 gene, i.e.
CoV-I strains or the atypical FCoV strains, the only way to study
he different gp3 proteins in virus infected cells was to infect trans-
ected cells with a CoV strain that does not encode gp3. As the gp3
roteins are better expressed in canine A72 cells than in feline CrFK
ells, the impact of gp3 on viral replication efficiency was  investi-
ated in transfected A72 infected by a CCoV-II virus. In this context,
he viral production is similar in cells expressing gp3 in compari-
on with the empty plasmid transfected cells or only infected cells
Fig. 5). As gp3 is present only in CCoV-I strain and deleted gp3
n some atypical FCoV strains, it is plausible that the function of
hese proteins is crucial only for these particular CCoV and FCoV
nd thus could not be observed in the model developed herein.
owever, most accessory proteins have no effect on viral life cycle

n in vitro assays (Hodgson et al., 2006; Haijema et al., 2004), except
hose acting as viroporins like ORF3 of PEDV (Wang et al., 2012),
RF3a of SARS-CoV (Chan et al., 2009) and ORF4a of HCOV-229E

Zhang et al., 2014). Nevertheless, their persistence in the viral
enome suggests their biological importance in vivo. Yet, recent
tudies proved that accessory proteins might have a wide range
f functions including modulation of viral pathogenicity like ORF7
f TGEV, which absence increases cell RNA degradation and viral
athogenicity in infected piglets (Cruz et al., 2011). Others act as
ounteragents of the innate immunity like ORF7a of FCoV or ORF6
f SARS-CoV to name a few (Dedeurwaerder et al., 2014; Frieman
t al., 2007). Some others are crucial in viral tropism. As an example,
RF3c of FCoV is necessary for the confinement of the feline virus

n the intestinal tract, whereas FCoV without this gene disperses
hrough viraemia in the feline host (Bálint et al., 2014). During host
hange, mutations of accessory proteins have also been observed,
uggesting a possible role in adaptation of CoV to their host. Thus,
uring the adaptation of CCoV-II to swine, leading to the emer-
ence of TGEV, deletion of ORF7b and ORF3b occurred (Decaro et al.,
007). In the same manner, whereas SARS-CoV strains infecting
ats and civets harbour an intact ORF8ab gene, a 29-nt deletion

s systematically observed in strains infecting humans, leading to
he translation of two novel proteins 8a and 8b (Guan et al., 2003).
p3 has many common features with ORF8ab. Both accessory pro-

eins oligomerise through disulfide bonds and are maintained in
he ER without any specific retention signal. The ER is a crucial cel-
ular compartment for folding and maturation of novel synthesised
roteins. ORF8ab has been demonstrated to facilitate protein fold-

ng by up-regulating the activating transcription factor 6 (ATF6)
Sung et al., 2009). Whether gp3 could also facilitate viral protein
ynthesis needs to be further investigated, by studying its impact

n the ER protein translation and regulation activities. Deletions
n ORF8ab lead to two new putative proteins ORF8a and ORF8b

hich are unstable in mammalian cells and with different subcel-
ular localisation compared to ORF8ab. In contrast, deleted forms
l. / Virus Research 202 (2015) 160–167

of gp3 conserve the same basic features and could have a similar
function than intact gp3.

In concordance with other studies, our data underline the
importance to investigate the role of CoV accessory proteins dur-
ing the viral adaptation to new hosts. In the context of emergence
of high virulent CoVs such as SARS-CoV or MERS-CoV arising from
animals, it remains important to understand the mechanisms of
CoV pathogenicity and cross-species transmissions.
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