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a  b  s  t  r  a  c  t

Mouse  Hepatitis  Virus  (MHV)  is a single-stranded  positive  sense  RNA  virus  with  the ability  to promote
acute  and  chronic  diseases  in  mice.  The  MHV  spike  protein  (S) is a major  virulence  determinant  which
in  addition  to  binding  to cellular  receptors  to mediate  cell  entry  and  facilitate  virus  spread  to  adjacent
cells  by  cell–cell  fusion,  also  is  a molecular  mimic  of the  Fc�RII receptor.  This  molecular  mimicry  of
Fc�RII  by  the  MHV  S protein  is  also exhibited  by other  lineage  2a betacoronaviruses,  with  the  exception
of  the human  coronavirus  HCoV-OC43.  In this  work  we  undertook  a mutational  analysis  to attempt  to
identify  specific  amino  acid sequences  within  the  spike  glycoprotein  crucial  for  molecular  mimicry  of
Fc�RII. Although  we  were  unsuccessful  in  isolating  mutant  viruses  which  were  specifically  defective  in
argeted recombination
c receptor
ell fusion

that  property,  we identified  several  mutations  with  interesting  phenotypes.  Mutation  of  the  cysteine
in  position  547  to  alanine  and  alanine  replacements  at residues  581–586  was  lethal.  Replacing  proline
939  with  the  corresponding  HCoV-OC43  residue,  leucine,  decreased  the  ability  MHV  to  induce  cell–cell
fusion,  providing  experimental  support  for an  earlier  proposal  that  residues  929–944  make  up  the  fusion
peptide  of the  MHV  S  protein.
. Introduction

Mouse Hepatitis Virus (MHV) is a member of the family coron-
viridae. It includes large single and positive stranded RNA viruses
hat induce a spectrum of acute and chronic diseases of the neu-
ological, gastrointestinal and respiratory system in animals and
umans, such as the human pathogens SARS-CoV and HCoV-OC43
Weiss and Leibowitz, 2011). MHV  has been widely utilized as

 model for viral pathogenesis, particularly the two  most com-
only studied strains of MHV, MHV-A59 and MHV-JHM. Infection

f C57Bl/6 mice with MHV-A59 causes mild encephalitis, sub-

cute demyelination, and acute hepatitis (Weiss and Leibowitz,
007, 2011). The largely immunologically mediated demyelinat-

ng disease in mice serves as an extensively investigated model for
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demyelinating diseases such as multiple sclerosis (MS) (Weiss and
Leibowitz, 2007; Das Sarma et al., 2000).

The major structural proteins of MHV  virion include the spike
glycoprotein (S) the envelope protein (E) the membrane protein
(M)  and the nucleocapsid protein (N). Although the multifunctional
protein N contributes to the pathogenic outcome of coronavirus
infection (Cowley et al., 2010), the MHV  S protein plays a major
role in the pathogenesis since it recognizes and binds the cellular
receptor for the virus, Ceacam1a, mediates cell entry by inducing
fusion of viral and cell membranes, subsequently facilitates virus
spread to other cells by inducing cell to cell fusion (syncytium for-
mation) at late times in infection when the S protein is abundantly
present on the plasma membrane of infected cells (Dveksler et al.,
1991), and recently it was found to regulate the intracellular trans-
port of the viral genome from the cell surface to the ER (Zhu et al.,
2009). S is also a major target of the host immune response, elic-
iting neutralizing antibodies and CD8+ cytotoxic T cell responses
(Castro and Perlman, 1995).

The MHV  S glycoprotein is 1324 amino acids long; the pri-
mary 146 kDa translation product is acylated, N-glycosylated, and
trimmed subsequently to yield the mature 180 kDa  protein. The

mature S protein is post-translationally cleaved in most MHV
strains by host proteases into two 90 kDa subunits: an amino ter-
minal subunit (S1) and a carboxy terminal subunit (S2) (Frana
et al., 1985). S1–S2 cleavage does not destroy virus infectivity;
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ather it increases the potency of coronaviruses to mediate cell–cell
usion and promotes rapid virus dissemination (Frana et al., 1985;
e Haan et al., 2004). S1 makes up the unique globular-head
tructure of the spike and contains the receptor binding activ-
ty; the S2 subunit contains two heptad repeats regions that are
art of the stalk structure of the spike and are required for mem-
rane fusion, a trans-membrane domain, and a cytoplasmic domain
in the cell) that is in the interior of the virus particle after
udding is completed [reviewed in Heald-Sargent and Gallagher
2012)].

In addition, S protein was found to interact with the Fc region
f immunoglobulin G (IgG) (Oleszak et al., 1990). The MHV S pro-
ein behaved as a molecular mimic  of the host murine Fc�  receptor
mFc�RII/RIII) in that it bound IgG in an Fc dependent manner,
as immunoprecipitated by the 2.4G2 anti-Fc�RII/RIII monoclonal

ntibody, and the Fc binding activity of S protein was expressed
n the plasma membrane of infected cells (Oleszak et al., 1990,
992). This Fc binding activity is also exhibited by the related type
a betacoronavirus, bovine coronavirus (BCoV) S protein (Oleszak
t al., 1995). However, the human coronavirus OC43 (HCoV-OC43),

 virus closely related to BCoV, did not exhibit molecular mimicry
f Fc�RII/RIII in that it was  not reactive with the 2.4G2 monoclonal
ntibody (Oleszak et al., 1995).

Analysis of the Fc binding activity of MHV  S proteins containing
ither naturally occurring deletions in the S protein, neutralizing
onoclonal antibody escape mutants containing S protein dele-

ions, or recombinant S proteins, suggested that this activity most
ikely resided in the S1 domain (Parker et al., 1989; Taguchi and
leming, 1989), and excluded determinants of Fc binding activ-
ty being present in the MHV  S1 hyper-variable region (Oleszak
t al., 1992). To investigate this further we hypothesize that regions
ontaining specific amino acid sequences within the spike glyco-
rotein of MHV-A59 and other related strains that exhibited FcR
inding activity would exhibit sequence similarity with the murine
c �RII and Fc�RIII (mFc�RII and mFc�RIII, respectively) receptors
Tamm et al., 1996), but not with the corresponding amino acids
f the HCoV-OC43 S protein that did not exhibit Fc binding activity
Oleszak et al., 1995), suggesting to us several regions of interest
ithin the spike glycoprotein as targets for mutagenesis to test

his hypothesis. In this study targeted amino acid residues of S pro-
ein were replaced with alanine or with the homologous amino
cids residues from the S protein of HCoV-OC43. The mutant spike
lycoproteins were expressed in murine DBT cells by the vector
CAGGS-S (Niwa et al., 1991), metabolically labeled with 35S and

mmunoprecipitated by the neutralizing anti-S monoclonal anti-
odies A2.1 and A2.3 to test that they had folded correctly (Gilmore
t al., 1987). Subsequently, spike genes encoding proteins with the
ubstituted amino acids were introduced into recombinant isolates

f MHV-A59 by targeted recombination (Kuo et al., 2000; Phillips
t al., 2001). Several mutant viruses with interesting phenotypes
ere recovered. A recombinant virus containing a P939L muta-

ion in the spike protein had a decreased ability to induce cell–cell

able 1
ligonucleotide primers used to construct the amino acid substitutions in the MHV-A59 

Mutation Location Seque

S(546–548) 25547–25590 CC TG
S(546/548) 25547–25590 CC TG
S(554–556) 25577–25611 TT GC
S(581–586) 25664–25709 GTT A
S(562) 25590–25624 G TTA
S(589) 25671–25708 C AAA
S(667) 25909–25942 GTT T
S(687)  25968–25995 G GG
S(910)  26622–26657 GAC C
S(939) 26729–26759 CA GC

a The mutated nucleotides are indicated by the lower-case (italic) letters.
rch 189 (2014) 177–188

fusion. A cysteine in position 547 and the amino acids in positions
581–586 within the S1 fragment of spike glycoprotein were essen-
tial for virus viability. A C547A mutation greatly decreased the
reactivity with the A2.1 and A2.3 monoclonal antibodies suggesting
that this cysteine was  required for proper folding. Three mutants
in which MHV  residues were replaced by the corresponding amino
acids in the HCoV-OC43 S protein, resulted in viruses that grew less
well than the wild type virus. However, none of these regions was
found to affect the binding of S to the anti Fc�R  antibody 2.4G2,
implying that the molecular mimicry property is determined not
only by sequence similarity to the binding domains of Fc receptor
but most probably also the unique secondary and tertiary structure
of the protein as well.

2. Materials and methods

2.1. Cells and viruses

DBT and human epithelial kidney cells (293T) were maintained
at 37 ◦C and 5% CO2 in Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% calf serum (Hyclone). FCWF (Felis catus
whole fetus) cells were grown in DMEM supplemented with 10%
fetal bovine serum. L2 cells were maintained at 37 ◦C and 3% CO2 in
DMEM supplemented with 10% calf serum. The origin and growth of
MHV-A59 have been described previously (Leibowitz et al., 2011,
1981). The recombinant A59 (fA59) viruses containing the feline
infectious peritonitis virus (FIPV) spike protein ectodomain in place
of the MHV-A59 ectodomain (Kuo et al., 2000) was generously
provided by Prof. Susan R. Weiss, University of Pennsylvania, and
propagated in FCWF cells.

2.2. Plasmid constructions and transfections

MHV  (strain A59) S gene was expressed in the pCAGGS-S
plasmid vector (kindly provided by Prof. Thomas M.  Gallagher)
(Boscarino et al., 2008). All mutations in the S protein were
created by using mutagenic primers and overlap-extension PCR
(Cormack, 2001), followed by TA cloning of mutagenized ampli-
cons into pGEM-T Easy (Promega) and subsequent sequencing.
Cloned amplicons containing the introduced mutation were
excised with unique restriction enzymes and replaced the cor-
responding restriction fragments in S in the pCAGGS-S vector
to produce the corresponding plasmids: pCAGGS-S (546–548),
pCAGGS-S (546/548), pCAGGS-S (554–556), pCAGGS-S (581–586),
pCAGGS-S (562/589), pCAGGS-S (667/687), pCAGGS-S (910/939)
and pCAGGS-S (939). All plasmid constructs were sequenced to
confirm the presence of the desired mutations (Table 1).

For targeted recombination, a fragment of about 3 kb includ-

ing the mutation was excised from the corresponding pCAGGS-S
expressing vector with SwaI and MluI and transferred to the tar-
geted recombination plasmid pMH54 (Kuo et al., 2000) to produce
the corresponding plasmids pMH54 (546–548), pMH54 (546/548),

spike protein.

nce (5′–3′)a

C CTT GTT AAT GAT gcc gcc gca ATT TTT GCT AAT ATA TTG
C CTT GTT AAT GAT gcc TGC gct ATT TTT GCT AAT ATA TTG
T AAT ATA gcc gca gct GGC ATT AAT AGT GGT
CT GGC ATT TGT gca gca gca gct CTC gcc GGT ATT ACT GGA CAA G

 AAT GGC ATT AAT AGT GGT ctg ACA TGT TCC A
 TAT GAC CTC TAC GGT ATT ctg GGA CAA GGT GTT T
TT AGC AAT AAT ATT acc CGT GAG GAG AAC C
T TGT GTT GTT AAT GCT tat AAC CGC
TC CTT TGT GTA CAA TCT TTT aag GGC ATC AAA
T ATG TTC CCA ctg TGG TCA GCA GCT GC
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MH54 (554–556), pMH54 (581–586), pMH54 (562/589), pMH54
667/687), pMH54 (910/939) and pMH54 (939) respectively.

293T cells were transfected by mixing 4 �g plasmid DNAs with
6 �l of Lipofectamine 2000 (Invitrogen) in 1 ml  Opti-MEM (Gibco)
nd applied to 106 cells for 4 h and then removed and replaced with
omplete media. At 24 h post-tranfection medium was  removed
rom each culture and the cell lysate was prepared as described
reviously (Oleszak et al., 1990) and stored at −80 ◦C.

.3. Metabolic labeling of cells and immunoprecipitation

Monolayers of DBT cells in 6-well plates were infected with
he appropriate viruses at an MOI  of 3 plaque forming units per
ell at 37 ◦C for 1hr. Transfected 293T cells and infected DBT cells
ere radiolabeled with 400 �Ci/ml [35S]-methionine and cysteine

or 6–7 h post transfection or 8 h post infection until 95–100% of
he monolayer was involved in syncytia, respectively. Cytoplasmic
xtracts of infected and control cells were prepared in 250 �l of
ysing buffer (10 mM Tris–HCl, pH 7.4, 10 mM NaCl, 1.5 mM MgCl2,
.5% NP40, 0.2 TIU/ml aprotinin) on ice as described previously
Oleszak et al., 1990) and stored at −80 ◦C. Twenty microliter of
rotein G agarose beads (Calbiochem) were incubated with sec-
ndary antibody (40 �g of goat anti-mouse IgG or 120 �g of anti-rat
gG, respectively) for 1 h on ice, than washed twice with PBS and
ncubated with primary antibodies (A2.1 and A2.3 or 2.4G2, respec-
ively) for an additional hour. Unbound antibodies were washed
way with PBS and the protein G beads–antibody complexes were
esuspended in MRIP buffer (10 mM phosphate, pH 7.4, 500 mM
aCI, 0.25% NP40, 0.2 TIU/ml aprotinin, 1 mM PMSF) as described
efore (Oleszak et al., 1990). Cell lysates in a volume of 50 �l [for
.4G2 binding assays 150 �l of the lysates were concentrated into
nal volume of 50 �l with a Microcon YM-100 centrifugal concen-
rator (Millipore)] were added to antibody–protein G coated beads
nd the mixture incubated on ice for 1 h. The immunocomplexes
ere collected by centrifugation and washed five times with MRIP

uffer. The bound antigens were eluted by heating at 70 ◦C for
 min  in SDS-PAGE sample buffer. The samples were resolved by
DS-PAGE at 10 mA  for about 10 h as described by Laemmli and
avre (Laemmli and Favre, 1973) followed by phosphoimager (GE
ealthcare) autoradiography.

.4. Targeted recombination

Plasmids pMH54, pMH54/S (546–548), pMH54/S (546/548),
MH54/S (581–586), pMH54/S (562/589), pMH54/S (667/687),
MH54/S (910/939) and pMH54/S (939) were digested and lin-
arized with PacI and donor RNAs were transcribed with T7 RNA
olymerase as previously described (Kuo et al., 2000; Leibowitz
t al., 2011). Targeted recombination with MHV-A59 was  per-
ormed as described previously (Kuo et al., 2000; Leibowitz et al.,
011) with a few modifications. Briefly, fMHV corresponding to
HV-A59, in which the sequences encoding the spike protein

ctodomain had been replaced by the corresponding feline infec-
ious virus (FIPV) spike ectodomain coding sequence, was used as
n acceptor virus. FCWF cells were infected with fMHV and incu-
ated for 6 h. Cells were nucleofected with the transcribed donor
NAs using program T-020 and the nucleofector V kit (Lonza) and
he nucleofected cells were overlaid onto a monolayer of DBT cells.
he cultures were incubated up to 72 h or until cytopathic effect
estroyed the monolayer. Recombinant viruses able to enter and
eplicate in murine cells, and those which contained the desired
HV-A59 spike ectodomain were selected by plaque assay on
2 cells. Well-separated plaques containing putative recombinant
iruses were picked and underwent a second cycle of plaque purifi-
ation. The twice plaque cloned viruses were expanded in murine
2 cells, and their recombinant nature was confirmed by RT-PCR
ch 189 (2014) 177–188 179

and sequencing. Viral titers were determined by plaque assay on
monolayers of L2 cells as previously described (Leibowitz et al.,
1982).

2.5. Cell fusion assay

DBT cells were grown in 6-well cluster plates to a density of
approximately 106 cells per well, infected with wild type or mutant
viruses (3 PFU/cell) and the cells were incubated at 37 ◦C. After 5.5, 7
and 9 h the nuclei were stained with DAPI and photographed using
a fluorescence microscope. The number of nuclei contained in syn-
cytial cells was counted for 10 randomly selected fields for each
viral strain.

3. Results

3.1. Alanine substitution of cysteine 547 facilitates partial
recognition of the uncleaved S, abolishes the recognition of the
cleaved subunit by anti S neutralizing antibodies and prevents
recovery of a viable recombinant virus

An alignment of the MHV-A59 and MHV-JHM S protein amino
acids sequences to the mFc�RII IgG binding domain revealed sev-
eral short regions with modest sequence similarity (Fig. 1A), the
most robust of which corresponded to residues 546–548 in MHV-
A59 (Oleszak et al., 1990). We  selected this region of the MHV-A59
S protein for our initial studies and created a plasmid, designated
pCAGGS-S (546–548), for expressing a mutant S protein in which
residues R546/C547/Q548 were changed to alanine. To determine
the effect that this mutation had on the overall conformation of
the protein we  compared its expression and its immunoreactivity
with two different conformationally sensitive anti-S monoclonal
antibodies, known to neutralize MHV-A59 infectivity and block
infection with virus like particles containing the MHV-A59 struc-
tural proteins (Gilmore et al., 1987; Bos et al., 1997) compared to
that of wild type S protein expressed in the same vector. Repli-
cate cultures of 293 T cells were transfected with pCAGGS-S or
pCAGGS-S (546–548) and after 24 h post transfection the cells were
metabolically labeled with 35S (cysteine and methionine) for 9 h,
harvested, cytoplasmic extracts prepared and then immunoprecip-
itated with the anti-spike monoclonal neutralizing antibodies A2.1
and A2.3 (Gilmore et al., 1987) or with a polyclonal rabbit anti-
spike antibody, B46 (kindly provided by Dr. John Fleming and Dr. K.
Holmes, respectively). As shown in Fig. 2A, the S (546–548) mutant
protein was barely recognized by both antibodies; signal corre-
sponding to the complete 180 kDa protein was barely discernible
compared to the robust signals obtained from the wild type gly-
coprotein either similarly expressed by transfection, or from cell
lysates prepared from MHV-A59 infected DBT  cells. Moreover, the
cleaved 90 kDa S1 and S2 subunits could not be detected. In con-
trast the B46 polyclonal antibody strongly immunoprecipitated S
(546–548), making it unlikely that the weak reactivity with the
A2.1 and A2.3 antibodies was  due to decreased stability of the
mutant protein relative to wild type S protein (Fig. 2A). Together,
these results suggest that alanine substitution mutations at pos-
itions 546–548 produced a major change in the conformation of
the S protein. We  then considered the possibility that this major
change in conformation may  have largely been due to our mutation
of C457, a residue that could play a role in maintaining the overall
conformation of the protein through a disulfide bridge. Therefore
we made a second construct, containing the R546A and Q548A

mutations into pCAGGS-S [pCAGGS-S (546/548)], and transfected it
into cells in parallel with the parental pCAGGS-S. After radiolabel-
ing for 9 h, starting at 24 h post transfection, lysates were prepared
and immunoprecipitated with A2.1, A2.3, or with a polyclonal B46
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Fig. 1. A bioinformatics approach for the identification of targeted mutation regions within spike glycoprotein of MHV/A59. (A) Schematic representation of the MHV  spike
protein  structure. The following features are present: RBD – receptor binding domain, PFP – putative fusion peptide, PEP – putative fusion domain, HR – hydrophobic repeats,
TD  – transmembrane domain, and CT – cytoplasmic tail. The location of the proline residue at position 939 within the putative fusion peptide is also shown in the schematic.
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The R546A/Q548A mutations were introduced into the plasmid
MH54 and subsequently into a recombinant MHV-A59, rA59/S
546/548), by targeted recombination. A viable recombinant virus
xpressing these mutations was recovered without difficulty and
chieved titers somewhat lower (∼1 log) but not statistically dif-
erent than those achieved by the isogenic control virus rA59
pMH54) and had a plaque size that was statistically indistinguish-
ble from that of wild type plaques (Fig. 2C). Immunoprecipitation
f lysates prepared from DBT cells infected with rA59/S (546/548)

nd labeled for 1 h from 7 to 8 h.p.i, with the A2.3 monoclonal
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the anti-Fc�RII/RIII monoclonal antibody 2.4G.2 (Fig. 3A), making
it unlikely that the amino acids in positions 546 and 548 were part
of the epitope responsible for the Fc�RII molecular mimicry by the
S protein. In contrast, multiple attempts to recover a virus contain-
ing a C547A mutation in addition to the two alanine replacement
mutations in rA59/S (546/548) were unsuccessful and this included
an attempt to recover temperature-sensitive viruses by performing
targeted recombination at 34 ◦C or 39 ◦C.

Within the S protein region with the greatest sequence sim-
ilarity to the Fc�RII/RIII proteins (546–556) there was  a second
trio of amino acids, L554, L 555, and N556, with perfect sequence
identity amongst these proteins, A mutant S protein containing ala-
nine replacement mutations at these 3 positions were expressed
in pCAGGS-S [pCAGGS-S (554–556)]. Immunoprecipitation with
the A2.1 and A2.3 monoclonal antibodies gave results similar to
those obtained with pCAGGS-S (546/548), namely the mutant

protein was precipitated by these conformational dependent anti-
bodies as efficiently as wild type S protein (data not shown),
indicating that the mutant protein was likely able to fold cor-
rectly. Sequences encoding the alanine replacement mutations
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Fig. 2. The effect of C547 alanine substitution on the recognition of S protein by neutralizing antibodies A2.1 and A2.3 and on viral recovery. (A) 293 T cells were transfected
with  the expression vector pCAGGS-S encoding the native spike protein or the amino acids substituted protein in positions 546–548 of the spike protein [pCAGGS-S (546–548)].
Twenty-four hours after transfection cells were metabolically labeled with [35S]-methionine and cysteine for nine hours in 37 ◦C, a lysate was prepared and analyzed by
immunoprecipitation with monoclonal neutralizing anti-S antibodies A2.1 and A2.3 or a polyclonal anti-S antibody B46. (B) 293 T cells were transfected with the expression
vector  pCAGGS-S or the expression vector encoding the amino acids substitutions in positions 546 and 548 [pCAGGS-S (546/548)], labeled with 35S-methionine and cysteine
and  immunoprecipitated with anti-S monoclonal or polyclonal antibodies. DBT cells were infected with the recombinant MHV-A59 virus expressing the native spike protein
[rA59/S (pMH54)] or the mutated spike protein [rA59/S (546/548)] and metabolically labeled with [35S]- methionine and cysteine for one hour at 9 h post infection. Cell
lysates were immunoprecipitated with the monoclonal neutralizing anti-S antibody A2.3. (C) Mean viral titers (left) and plaque diameters (right) of recombinant viruses
expressing the native spike protein, rA59/S (pMH54), or the amino acid substituted protein and rA59/S (546/548), respectively. Error bars represent the standard deviations
from  the mean. S uncleaved denotes the 180 kDa uncleaved spike protein, and S cleaved denotes the 90 kDa cleaved S1 and S2 subunits.
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Fig. 3. The effect of alanine residues in positions 554–556 and 546/548 on S protein molecular mimicry of Fc�RII. Immunoprecipitation of DBT cells infected with the
recombinant viruses rA59/S (546/548) (Panel A) and rA59/S (554–556) (Panels B and C). DBT cells were mock infected, infected with either the isogenic control virus
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iameter of 1.17 ± 0.18 mm whereas the plaques formed by the

sogenic control virus containing the wild type S sequence had a
ean diameter of 2.36 ± 0.20 mm (P < .001). The rA59/S (554–556)

irus grew to titers that were equal to those achieved by con-
rol virus. Sequencing of the S gene failed to reveal any second
ite compensatory mutations, and this sequence and plaque phe-
otype was stable over three passages. Immunoprecipitation of

ysates prepared from DBT cells infected with rA59/S (554–556)
nd labeled for 1 h with [35S] methionine and cysteine from 7 to

 h.p.i, with the A2.1 and A2.3 monoclonal antibody confirmed that
his mutation did not interfere with the overall conformation of
he protein. Both the non-cleaved and cleaved subunits were recog-
ized by the monoclonal antibodies A2.1 (Fig. 3B) and A2.3 (data not
hown). Similarly, immunoprecipitation with the anti-Fc� receptor
ntibody 2.4G2 brought down the 180 kDa non-cleaved S protein,
aking it unlikely that these residues by themselves were involved

n molecular mimicry of Fc�RII by S protein (Fig. 3C).

.2. Alanine substitution of the amino acids in positions 581–586
bolishes the recognition of the cleaved subunit by the
onoclonal anti S neutralizing antibodies A2.1 and A2.3 and

revents the recovery of a viable recombinant virus

A third region of sequence similarity between the MHV  S pro-
ein and the murine Fc�RII/RIII proteins is located at positions

81–586 (VKYDLY) in the S protein, approximately 30 amino acids
-terminal to the sequences we examined above (Fig. 1A). Thus
e replaced five of the amino acids (all but L585) with alanine in

he pCAGGS-S expression vector to create the plasmid pCAGGS-S
lls were incubated until CPE was apparent at 8 hpi and metabolically labeled with
unoprecipitated with the monoclonal anti-Fc�RII antibody 2.4G2 as described in

cleaved denotes the 90 kDa cleaved S1 and S2 subunits.

(581–586) and expressed this mutant in 293 T cells. Transfected
cells were metabolically labeled with 35S-methionine/cysteine and
the lysate was immunoprecipitated with the monoclonal anti-
spike antibodies A2.1 and A2.3. Although the 180 kDa uncleaved
spike glycoprotein was clearly precipitated by both antibodies, the
cleaved 90 kDa S1 and S2 subunits were not brought down by either
one of the antibodies (Fig. 4). To determine if the spike glyco-
protein containing the alanine substitutions in positions 581–586
was fully functional we attempted to recover a recombinant strain
containing the S (581–586) mutations utilizing targeted recombi-
nation. Three independent attempts to recover a virus expressing
the mutation were unsuccessful.

Thus, despite the sequence similarity between the three short
regions of MHV/A59 S protein (546–548, 554–556 and 581–586)
to the regions of Fc�RII sequences that were part of the structural
loops that make up the Fc binding site, only two  regions of S were
found to be functionally essential for the recovery of new virions,
the cysteine residue in position 546 and the region that includes
the amino acid sequence in positions 581–586. As noted above,
mutation of the amino acids at positions 554–556 did not seem to
interfere with the ability of the S protein to be immunoprecipitated
by the 2.4G2 antibody from viable recovered recombinants (Fig. 3).

3.3. Replacement of the paired amino acids in positions 562/589
and 667/687 with the HCoV-OC43 homologuous residues affects
viral replication

Although the spike glycoproteins of several members of the
betacoronaviruses are known to possess the property of Fc bind-
ing, the human coronavirus OC43 (HCoV-OC43), also a group 2a
betacoronavirus, does not exhibit this property, whereas the very

closely related bovine coronavirus (BCoV) does bind the Fc domain
of rabbit IgG and is recognized by the anti- Fc�RII/RIII monoclonal
antibody 2.4G2 (Oleszak et al., 1995). We  hypothesized that a
sequence comparison searching for regions that BCoV and MHV
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Fig. 4. The effect of alanine residue substitution in positions 581–586 on the cleavage properties of spike protein and viral recovery. Immunoprecipitation of 293 T cells
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ransfected with the expression vector pCAGGS-S or the expression vector encodin
581–586)). The cells were metabolically labeled with [35S]-methionine and cyste
ntibodies A2.1 and A2.3 S uncleaved denotes the 180 kDa uncleaved spike protein

 proteins had in common but that differed from the HCoV-OC43 S
rotein might identify potential sequences involved in the Fc bind-

ng activity. This bioinformatics analysis (Fig. 1B) revealed three
istinct regions that included specific pairs of amino acids. These
mino acid pairs were conserved within the S protein of MHV-A59
nd BCoV but not in HCoV-OC43. Two of the regions were located
n the S1 domain. To test our hypothesis, we replaced each one of
he paired amino acids in MHV-A59 S protein with the homologous
esidues in the HCoV-OC43 S protein.

The first paired amino acids substitution was  the replacement
f the threonine residues in positions 562 and 589 of MHV-A59
pike glycoprotein with their homologues in HCoV-OC43 (T562L
nd T589L). A second paired amino acid substitution was  made by
he replacement of serine in position 667 and aspartic acid in posi-
ion 687 with their homologues in HCoV-OC43 (S667T and D687Y).
lasmids driving the expression of these mutant spike proteins con-
aining these paired amino acid substitutions [pCAGGS-S (562/589)
nd pCAGGS-S (667/687] were transfected into 293 T cells. The
ransfected cells were metabolically labeled for 9 h, starting at
4 h after transfection; subsequently lysates were prepared and

mmunoprecipitated with the monoclonal neutralizing antibodies
2.1 and A2.3 (Fig. 5A). The non-cleaved and cleaved subunits of

he S protein were precipitated by both neutralizing antibodies.
owever, the signal corresponding to the cleaved S1 and S2 sub-
nits expressed by pCAGGS-S (667/687) and immunoprecipitated
y the monoclonal antibodies A2.3 and A2.1 was weaker than the

ntensity of the signal for S1 and S2 obtained with lysates from
ells transfected with wild type pCAGGS-S (Fig. 5A). This data is

onsistent with the S667 T and/or D687Y mutations within MHV-
59 spike protein changing the conformation and either decreasing

he cleavage efficiency of the spike protein into S1 and S2 sub-
nits or alternatively decreasing the affinity of both A2.1 and A2.3
alanine substituted residues in positions 581–586 of the spike protein (pCAGGS-S
r eight hours at 37 ◦C and the lysate was  precipitated with the monoclonal anti-S

 cleaved denotes the 90 kDa cleaved S1 and S2 subunits.

antibodies to their binding sites in the uncleaved S protein but not
the cleaved subunits. The data does not allow us to distinguish
between these two  possibilities. Viable MHV-A59 recombinant
viruses expressing each one of the paired substituted amino acids
were successfully recovered and mutant S proteins immunopre-
cipitated from infected cell lysates by both antibodies A2.1 (data
not shown) and A2.3 (Fig. 5A). The titer achieved by the virus con-
taining the mutant rA59/S (562/589) was about 10-fold less than
that achieved by wild type (isogenic control) virus and the titer
achieved by rA59/S (667/687) was  about 100-fold less than wild
type virus (Fig. 5B). A comparison of their plaque sizes (Fig. 5B and
C) was  in line with the relative titers achieved by each, with the
diameter of plaques formed by rA59/S (562/589) being 70% of those
formed by wild type virus and plaques formed by rA59/S (667/687)
being 50% the diameter of wild type plaques. Immunoprecipitation
reactions of lysates prepared from rA59/S (562/589) (Supplemen-
tal Fig. S1), rA59/S (667/687) (data not shown), and isogenic control
infected DBT cells with the anti-Fc�RII/RIII antibody 2.4G2 showed
that these mutations did not affect the recognition of S by this
antibody.

3.4. Replacement of proline 939 in the spike protein reduces the
fusogenic properties of the virus

A third pair of amino acids that were identical in BCoV and MHV
S proteins but differed in the HCoV-OC43 S protein was identified at
positions 910 and 939 of the MHV-A59 spike protein, between the
S1-S2 cleavage site and the first heptad repeat sequence (Fig. 1).

The paired amino acids residues were located in a region highly
conserved amongst the 2a lineage of betacoronaviruses and have
been hypothesized to be important for the fusion of the coronavi-
rus envelop with the plasma membrane of the host cell (Chambers
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Fig. 5. The effect of the replaced paired residues T562L/T589L and S667 T/D687Y on viral replication and reproduction. (A) Immunoprecipitation of 293 T cells transfected
with  the expression vector pCAGGS-S or the expression vector encoding the S protein with the paired replaces residues in positions 562/589 and 667/687 of the spike protein
(pCAGGS-S (562/589) and pCAGGS-S (667/687), respectively). The cells were metabolically labeled with [35S]-methionine and cysteine for eight hours in 37 ◦C and the lysate
was  precipitated with monoclonal anti-S antibodies A2.1 and A2.3. S uncleaved denotes the 180 kDa spike protein and S cleaved represents the 90 kDa cleaved S1 and S2
s 59/S (
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ubunits. (B) Mean viral titers and plaque diameters of the recombinant viruses rA
ative  spike protein, correspondingly. Error bars represent the standard deviation f
nd  the mutated spike proteins.

t al., 1990; de Groot et al., 1987). The paired amino acids residues
sparagine and proline in positions 910 and 939 of the MHV-A59
pike protein were replaced with their homologues from HCOV-

C43 (N910K and P939L, respectively). The spike protein with the
aired amino acids substitutions was expressed in 293 T cells by
he expression vector pCAGGS-S (910/939) and subsequently the
ncleaved S protein and the cleaved subunits were precipitated by
562/589), rA59/S (667/687) and rA59/S (pMH54) expressing the mutated and the
e mean. (C) Plaque morphologies of the recombinant viruses expressing the native

the neutralizing antibodies A2.1 (Fig. 6A, left panel) and A2.3 (not
shown). The substituted amino acids did not affect binding of the
N910K/P929L mutant S protein to either monoclonal antibody, nor

did it affect S protein cleavage. We  next replaced the wild type
S sequence with the S (910/939) S sequence by targeted recom-
bination and were successful in recovering a recombinant virus
(rA59/S (910/939)) expressing the 180 kDa spike protein with the
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Fig. 6. The effect of N910 K/P939L mutations on MHV/A59 spike protein expression and virus growth. (A) Left Panel. Cells were transfected with the expression vectors
pCAGGS-S or pCAGGS-S (910/939) and after 24 h incubation they were metabolically labeled with [35S]-methionine and cysteine for eight hours at 37 ◦C and cell lysates
precipitated with monoclonal anti-S antibody A2.1. Right Panel. Cells were mock infected, infected with either the isogenic control virus rA59/S (pMH54), or a recombinant
mutant virus rA59/S (910/939), labeled with [35S]-methionine and cysteine, and lysates prepared and immunopreciptitated with monoclonal antibody A2.3 as described in
Section  2. (B) One-step growth curve of the recombinant viruses rA59/S (939), rA59/S (910/939) and rA59/S (pMH54). Replicate wells of DBT cells in 96-well plates were
infected  with mutant of wild-type viruses at MOI  of 3 and harvested at 0, 4, 8, 12, 16 and 24 h post-infection. Virus titers were determined by plaque assay of triplicate
cultures  for each time point and the means titers are displayed. Error bars represent the standard errors of the mean. (D) Plaque morphologies of the recombinant viruses
expressing the native and the mutated spike proteins. Error bars represent the standard deviation of the mean.

Fig. 7. The effect of the P939L substitution mutation in the MHV/A59 spike protein on cell fusion and virus growth. (A). DBT cells were infected with recombinant viruses
expressing mutated or wild type spike protein, and fixed at 5.5, 7 and 9 h.p.i. Nuclei in the cells were stained with DAPI and the cell fusion score for each virus was  determined
by  counting the number of nuclei in syncytial giant cells per field. Six arbitrary fields were examined for each sample and the mean values plotted. Error bars indicate the
standard deviation of three independent experiments. (B) Representative images of DBT cells infected with the recombinant viruses after incubation of 5.5, 7 and 9 h at 37 ◦C.
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Fig. 8. Amino acid sequence homology between S protein and mFc�RII regions. (A)
A  scheme showing the homologous regions of S protein and mFcgRII receptor in
positions 546–548, 554–556 and 581–586 (lower case letters). (B) A comparison
between the predicted secondary structures of the binding domains of murine Fc�
receptor type II, mFc�R (Panel A) and the homologous regions of spike protein of
MHV/A59 (Panel B) predicted by PSIPRED (http://bioinf.cs.ucl.ac.uk/psipred). The H
stands for helix, C for coil and E for strand. The bars for each amino acid represent
86 G. Kaufman et al. / Virus

ubstituted amino acids and mutant S proteins immunoprecipi-
ated from infected cell lysates with monoclonal antibody A2.3
Fig. 6A, right panel). Both cleaved and uncleaved S protein were
ecognized by A2.3, congruent with the results obtained in the
ransient transfection experiments (Fig. 6A, left panel). A one-
tep growth curve experiment (Fig. 6B) revealed that the rA59/S
910/939) mutant grew with roughly similar kinetics as the wild
ype isogenic control virus but reached a peak titer that was
epressed by approximately 1 log relative to the isogenic con-
rol strain. The effect of the mutation on plaque size was much
reater, with the rA59/S (910/939) mutant virus forming signifi-
antly smaller plaques, approximately 10% the diameter of those
roduced by the isogenic control strain (Fig. 6C and D). Since
he amino acid residue in position 939 resided in the hypothe-
ized fusion peptide (Chambers et al., 1990), we made the working
ssumption that it was likely that the P939L mutation is largely
esponsible for the phenotype we observed in A59/S (910/939).
hus, a cDNA containing a single amino acid substitution at position
39 (P939L) was constructed and introduced into the MHV-A59

 protein by targeted recombination and a viable mutant [rA59/S
939)] was recovered. The recombinant rA59/S (939) virus grew
ith slightly slower kinetics than the double mutant virus, vA59/S

910/939) but ultimately reached a peak titer similar to that of
he double mutant (Fig. 6B). Based on previously published data
mplicating this region of the S protein as containing the fusion
eptide (25), we examined the ability of rA59/S (939) to induce
ell fusion. Cells were infected with rA59/S (939) or the isogenic
ontrol virus and monolayers were fixed at different times post
nfection, nuclei were stained with DAPI and visualized by fluores-
ent microscopy, and photographed. The average number of nuclei
ontained in multinucleated giant cells per high-powered field was
sed as a measure of cell fusion. For cultures infected with the
A59/S (939) mutant the average number of nuclei contained in
yncytia per field was decreased approximately four-fold compared
o cultures infected by the wild type strain and stained at nine hours
ost infection (Fig. 7).

As was the case with our prior mutants, the spike proteins con-
aining the 910/939 mutations were immunoprecipitated by the
c�II receptor antibody 2.4G2, as well as the wild type S protein
supplemental Fig. S1), indicating that the alterations in these sites
idn’t interfere with the MHV-A59 spike protein’s ability to mimic
f Fc�RII.

. Discussion

In this work we undertook a mutational study to attempt
o identify sites within the MHV  S protein that were responsi-
le for its molecular mimicry of the murine Fc gamma  receptor
mFc�RII and mFc�RIII). Three sequences, at positions 546–548,
54–546, and 581–586, within the spike glycoprotein were can-
idates to play a role in the recognition of the S protein by
he monoclonal anti-mFc�RII/mFc�RIII antibody 2.4G2 because
hey were conserved in regions of modest amino acid sequence
imilarity to mFc�RII. These sequences were targeted by alanine
eplacement mutagenesis. Attempts to determine the reactivity
f mutants of the MHV  S protein with anti- mFc�RII/mFc�RIII
ntibody 2.4G2 in transfection experiments were problematical,
argely due to difficulties in obtaining sufficient expression levels
o obtain robust and reproducible immunoprecipitation reactions
f S protein (wild type or mutant) expressed by pCAGG-S with
his antibody (data not shown). However, the expression level

btained was sufficiently high for us to perform immunoprecipi-
ation reactions with two conformation-dependent anti-MHV-A59

 monoclonal antibodies (Gilmore et al., 1987) to identify muta-
ions that had major effects on S protein folding. S protein carrying
the confidence of each prediction. The taller the bar is, the higher the confidence.
The amino acid sequences of the short regions of sequence similarity in the two
structures are underlined similarly.

the R546A/C547A/Q548A mutation [S (546–548)] was poorly rec-
ognized by these conformation-dependent antibodies and the S1
and S2 cleavage products of S were not detected at all, suggesting
that this mutation had a major effect on S protein folding. In con-
trast, S protein carrying alanine substitution mutations in R546 and
Q548 but not in C547 was recognized by both of the conformation-
dependent antibodies, implicating C547 as being necessary for
proper folding of the S protein. This was  further supported by our
inability to recover a recombinant virus carrying the S (546–548)
mutation, whereas the S (546/548) virus was  easily recovered by
targeted recombination. Some strains of MHV, either viruses recov-
ered in nature, such as MHV-A59, or selected as escape mutants
from monoclonal antibody neutralization (Parker et al., 1989), con-
tain deletions of the S protein relative to the long S proteins found
in the MHV-JHM or MHV-S strains. The JHM-X strain contains the
longest deletion in the S1 domain amongst these deletion vari-
ants and C547 is the first amino acid on the C-terminal side of the
deletion (Taguchi and Fleming, 1989). Furthermore, an alignment
of MHV  and mFc�RII shows absolute conservation of this amino
acid amongst all strains of MHV  and its location in the secondary
predicted structure (Fig. 8). We  think it likely that C547 partic-

ipates in a disulfide bridge that is important for proper folding
of the S1 domain. In addition, because the deletion in JHM-X is
substantial, 153 amino acids, and deletes 15 cysteine residues N-
terminal of C547, we  think it likely that the partner cysteine to

http://bioinf.cs.ucl.ac.uk/psipred
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547 lies somewhere between C547 and the S1/S2 cleavage site at
ositions 717 and 718. Recovery of recombinant viruses contain-

ng the S (546/548) mutation allowed us to determine that alanine
eplacement of the arginine and glutamine at these two residues
id not affect the ability of the S protein to be recognized by the
.4G2 anti-mFc�RII/mFc�RIII antibody, and thus that this region
f sequence similarity was unlikely to be involved in molecular
imicry of Fc�RII.
The mutational studies of the other two regions of sequence sim-

larity between Fc�RII and the MHV  S protein, at positions 554–556
nd 581–586 also failed to identify the epitope that was shared
etween these two proteins. In the case of the alanine replacement
utations at S residues 554–556 we were able to recover a virus

arrying these mutations by targeted recombination and test its
eactivity with 2.4G2. For the alanine replacement mutations in

 at residues 581–586 this was not possible because we failed to
ecover a mutant virus by targeted recombination. These muta-
ions altered the pattern of reactivity of mutant S protein with two
onformation-dependent anti-A59 S antibodies, indicating that S
rotein carrying this mutation likely was not folded correctly. Thus,
e cannot exclude the possibility that the residues at 581–586 are
art of the epitope recognized by 2.4G2.

A comparative bioinformatics approach comparing the
equence from the S proteins of HCoV-OC43, a group 2a beta-
oronavirus that does not exhibit molecular mimicry of Fc�RII
ith the sequences of the very closely related BCoV and with the
HV S protein, both of which exhibit this property, identified

hree potential targets for mutagenesis. Of these three mutants
wo, vA59/S (562/589) and vA59/S (667/687), contained mutations
ocated in the S1 domain. Both gave rise to viable viruses, although

ith somewhat impaired replication, but both mutant S proteins
ere immunoreactive with the 2.4G2 anti-mFc�RII/mFc�RIII

ntibody, and thus the two regions targeted by our mutations
ere unlikely to be involved in molecular mimicry of Fc�RII.
ur third mutant, containing N910K and P939L mutations, was

ocated in the S2 domain. Although this double point mutation did
ot have alter the molecular mimicry properties of the S protein
immunoreactivity with 2.4G2 anti-mFc�RII/mFc�RIII antibody),
he mutation had a marked effect on plaque size, growth kinetics,
nd rate of cell fusion. These effects were determined to largely
eside with the P939L mutation, a residue that is 29 amino acids
-terminal to the first heptad repeat domain (968–1027) within

he S2 fragment. The sequences between positions 929 and 944,
hich contain P939, have been suggested to contain the putative
HV fusion peptide (Chambers et al., 1990). This assignment

s controversial in that replacement of several amino acids in
he putative fusion peptide did not appear to affect the fusion
roperties of the S protein, though P939 was not tested in these
tudies (Luo and Weiss, 1998). The data in our studies is consistent
ith the hypothesis that P939 plays a role in the fusion properties

f MHV-A59 and strengths the possibility of this region contains
he fusion peptide. Alternatively, our data do not rule out the
ossibility that the P939L mutation either decreases the stability
f the S protein or the rate of transport of S protein to the plasma
embrane, and thus decreases cell fusion through of those two
echanisms. However, we think it less likely that the P939L
utation has a major effect on S protein stability because this

esidue is present in an equivalent position in the HCoV-OC43 S
rotein. HCoV-OC43 also does not induce cell–cell fusion during

nfection.
These studies ultimately failed to identify mutations in the MHV

 protein that abolished molecular mimicry of mFc�RII, as judged

y immunoreactivity with the 2.4G2 anti-mFc�RII/mFc�RIII anti-
ody. There are several possibilities for this result, one being that
he residues involved with molecular mimicry are not linear but
re brought together in space as a result of secondary and tertiary
ch 189 (2014) 177–188 187

structure in S, as is the case for the Fc binding site formed by gE
and gI complex in HSV (Sprague et al., 2006; Xu-Bin Murayama
et al., 1989). Other potential explanations include a crucial role for
residues making up the Fc binding site in the correct folding of the
S protein, making it difficult to identify mutants that fold correctly
and have defects in Fc binding activity.
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