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The virulence of mouse hepatitis virus strain A59
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is not dependent on efficient spike protein cleavage
and cell-to-cell fusion
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The cleavage and fusion properties of recombinant murine hepatitis viruses
(MHV) were examined to assess the role of the cleavage signal in determining
the extent of S protein cleavage, and the correlation between cleavage and
induction of cell-to-cell fusion. Targeted recombination was used to introduce
amino acid substitutions into the cleavage signal of the fusion glycoprotein
(spike or S protein) of MHV strain A59. The recombinants were then used
to address the question of the importance of S protein cleavage and viral-
mediated cell-to-cell fusion on pathogenicity. Our data indicate that cleavage
of spike is not solely determined by the amino acid sequence at the cleavage
site, but may also depend on sequences removed from the cleavage site. In
addition, efficient cell-to-cell fusion is not necessary for virulence. Journal of
NeuroVirology (2002) 8, 400—410.
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Introduction

Murinehepatitis viruses (MHV) are coronaviruses
that can be hepatotropic and/or neurotropic (Hirano
et al, 1981). For example, strains MHV-A59 and
MHV-4 are both neurotropic, and can produce
meningitis, encephalitis, and demyelinating disease.
In addition, MHV-A59, along with another strain,
MHV-2, can cause severe hepatitis. MHV-4, although
considerably more neurovirulent than MHV-A59,
causes minimal hepatitis, whereas MHV-2 causes
only minimal disease in the central nervous system
(CNS).

An important determinant of pathogenicity for
MHYV is the spike, or S, glycoprotein. This protein is
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responsible for both viral attachment to the host cell
receptor and virus-induced membrane fusion. The
S protein of all MHYV strains mediates fusion between
the viral envelop and the eukaryotic cell membrane,
an event that is necessary for entry into a host cell.
The S protein of some strains of MHV can also in-
duce cell-to-cell fusion, producing syncytia. In this
report, we consider viruses capable of syncytia for-
mation to have a fusion-positive phenotype, whereas
those that do not produce syncytia are referred to as
nonfusogenic.

The S protein is a 180-kDa glycoprotein that is
cleaved into two 90-kDa subunits, the aminotermi-
nal S1 and carboxyterminal S2 subunits (Luytjes et al,
1987). Although cleavage of the S protein correlates
with more efficient syncytia formation in vitro (Bos
et al, 1996; Gombold et al, 1993; Stauber et al, 1993;
Taguchi et al, 1992), the relationship between fuso-
genicity in vitro and pathogenicity in vivo has not
been clearly established for the different strains of
MHYV. This is in contrast to several other virus sys-
tems, where cleavage of the fusion glycoprotein is re-
quired for fusion activity of this protein, and cleavage
has a direct affect on virulence (Maisner et al, 2000;
Rott et al, 1995; Stadler et al, 1997; Volchkov et al,
1998).



Cleavageof MHV S proteins occurs following a
basic-X-basic-basic amino acid sequence motif that
is recognized by furin or furin-like proteases (Barr,
1991; Nakayama, 1997). The furin-like proteases are
cellular enzymes that are responsible for processing
hormone precursors into mature, active hormones.
These proteases have also been shown to cleave a va-
riety of viral fusion glycoproteins (Bolt and Pedersen,
1998; Bolt et al, 2000; Hallenberger et al, 1997; Vey
et al, 1995; Volchkov et al, 2000). The fusogenic
strains MHV-A59 and MHV-4 both have a cleaved
S protein and have cleavage signals of RRAHR and
RRARR, respectively. MHV-2, on the other hand, is
nonfusogenic, and expresses an uncleaved S protein
having the sequence HRARS at the region homolo-
gous to the MHV cleavage signal. In order to evaluate
the role of the cleavage signal in determining fusion
phenotype, and potentially pathogenicity, we wanted
to generate viruses with different mutations in the
cleavage signal of their S proteins.

Our previous studies using mutants of MHV-A59
derived from persistently infected glial cells indicate
that a wild-type fusion phenotype is not required for
replication in the CNS (Hingley et al, 1994). These
mutants, however, encode two amino acid substitu-
tions in the S protein. One mutation lies within a pu-
tative receptor binding region of S (Kubo et al, 1994),
and the second, at amino acid codon 716 (H716D), is
within the cleavage signal of S (Luytjes et al, 1987).
Previous data suggested that the H716D substitution
prevents cleavage of the S protein, which would ac-
count for the delayed fusion phenotype of these mu-
tants, because several cleavage and fusion revertant
viruses replaced the aspartic acid residue (Gombold
et al, 1993). The mutant cleavage and fusion pheno-
types were seen only when the H716D substitution
was present (Hingley et al, 1995; Leparc-Goffart et al,
1997, 1998); however, none of the glial cell mutants
had the H716D mutation alone, so it was necessary
to isolate recombinant viruses expressing the H716D
mutation alone in order to assess the potential affect
of this particular mutation on cleavage of S, fuso-
genicity, and virulence.

Targeted recombination has been used to isolate
murine hepatitis viruses with a defined spike gene
placed into an MHV-A59 background (Fischer et al,
1997; Koetzner et al, 1992). We have used this tech-
nology to select viruses that contain either the H716D
point mutation, or the corresponding sequence from
the MHV-2 S gene, in the cleavage signal of the MHV-
A59 spike protein. These cleavage site recombinants
indicate that the cleavage signal alone is not the sole
determinant of S protein cleavage and viral fusion
phenotype.

To assess the in vivo and in vitro phenotypes of the
recombinants, it was important to include as a con-
trol wild-type recombinants in which the wild-type
S genes of MHV-A59 or MHV-2 are (re)introduced
into the parent MHV-A59 background. These recom-
binants, described in previous studies (Das Sarma
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et al, 2000; Leparc-Goffart et al, 1998; Phillips et al,
1999), would control for possible effects of mutations
outside of the S gene, because all recombinants have
the same background genes and therefore differ only
by the defined mutation near the cleavage site. This
is the first time that pairs of viruses have been avail-
able for study that differ only by defined mutations
known to disrupt cleavage and fusion properties of
the S protein.

Results

Cleavage of S protein in recombinant viruses
Several laboratories have shown that lack of cleavage
of S correlates with less efficient induction of cell-
to-cell fusion (Bos et al, 1996; Gombold et al, 1993;
Stauber et al, 1993; Taguchi et al, 1992). Previous
studies from this laboratory using mutants isolated
from persistently infected glial cells (Gombold et al,
1993) have suggested that an H716D mutation, which
changes the RRAHR cleavage signal to an RRADR se-
quence, is associated with an uncleaved S protein,
but did not directly assess the affect of that muta-
tion on virulence. As one would predict, and as seen
in Figure 1, the H716D mutation did dramatically
reduce the amount of S protein cleavage compared
to cleavage of the wild-type protein (Su716pR24 and
St716pDR26 versus SasgR10). However, upon examin-
ing multiple blots of Sh716pR24 and Sw716pR26 lysate
and virion samples, it was also evident that, although
cleavage was inhibited, it rarely appeared to be com-
pletely prevented.
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Figure 1 Cleavage of S protein in recombinant viruses. Virions
derived from infected L2 cells were analyzed by Western blot as
described in Materials and methods. On the left is shown the mi-
gration of molecular weight markers, in kDa, while on the right is
shown the migration of cleaved and uncleaved forms of S protein
(arrowheads).
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Table 1 Percent cleavage of the S protein

Virus % cleavage of S*
SasoR10° 61+7
SurepR24° 8+8
Sir16pR26° 7+7
Scs2R104° 18 £ 14
Scs2R101° 12 £ 11
Penn-98-1° 3+2

2% cleavage = (ODggxpa/ODgokpa + OD1gokpa) X 100.

"% cleavage was calculated from optical density measurements of
six different sample preparations run on eight different Western
blots.

“% cleavage was calculated from optical density measurements of
three different sample preparations run on five different Western
blots.

Image analysis of either viral pellets or infected cell
lysates offered a semiquantitative measure of the rel-
ative amounts of cleaved and uncleaved S protein.
The measure of S cleavage was based on the rel-
ative intensity of protein bands migrating at either
180 kDa (uncleaved S) or 90 kDa (cleaved S). It does
not take into account oligomeric, unglycosylated, or
alternativel y processed forms of S. These data indi-
cate that for S protein derived from Snh7iep recom-
binants, less than 10% of the material in the two
bands migrated as cleaved S, whereas approximately
60% of the Sa59R10 S protein migrated as cleaved S
(Table 1).

To further examine the relationship between cleav-
age of the S protein and the sequence of the cleav-
age signal, we isolated a second pair of recombinant
viruses (Sqs; recombinants) that contain the MHV-2
cleavage signal (TSHRARS) in an MHV-A59 spike
background. Because the S protein of MHV-2 is not
cleaved, it was anticipated that this change would
create a variant of MHV-A59 with an uncleaved S pro-
tein. However, cleavage did occur in the two S
recombinants, S;2R101 and S, >R104, albeit at re-
duced levels relative to wild-type MHV-A59 S pro-
tein. The amount of cleaved S, or 90-kDa protein,
observed with the S.s; recombinants (10% to 20%)
was typically slightly greater than that of the Su716p
recombinants, but markedly less than that seen with
Sas9R10 (Table 1). In contrast, S protein expressed
by Penn-98-1, a recombinant virus with the entire
MHV-2 S gene placed into the MHV-A59 background,
appeared uncleaved in Western blots (Figure 1). The
calculated % cleaved S of Penn-98-1, based on image
analysis, was <5% (Table 1), indicating that the op-
tical density of the portion of the lane corresponding
to the migration of a 90-kDa protein was minimally
above background levels.

Fusion phenotype of recombinant viruses in vitro

Previous studies indicated that the H716D muta-
tion in S was necessary for a delayed fusion phe-
notype, but did not prove that the mutation alone
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Figure 2 Fusion phenotype of recombinant viruses. Confluent L2
monolayers were infected with virus at an MOI of 1. The percent-
age of nuclei involved in syncytia was quantified as described
in Materials and methods. The results shown are representative
of three separate fusion assays. The mean viral titers of dupli-
cate infected wells at 9 or 12 hours post infection are listed in
Table 1.

was responsible for this phenotype (Gombold et al,
1993). Figure 2 compares the fusion phenotype in
L2 cells of Su716p recombinants and that of a wild-
type recombinant (Sas9R10) that contains the wild-
type MHV-A59 S sequence. As shown in Figure 2,
the fusion phenotype of the Shy16p recombinants was
delayed relative to the wild-type control, and there-
fore this mutation was sufficient to inhibit cell-to-cell
fusion.

Because the MHV-2 S protein is known to be non-
fusogenic, it was predictable that Penn-98-1, which
expresses the MHV-2 S protein, would have a sim-
ilar cleavage and fusion phenotype, as indeed was
the case (Figure 2). We had originally expected the
Scs2 recombinants, Sg2R101 and Sg2R104, to be
nonfusogenic, but instead they displayed a delayed
fusion phenotype similar to that of the Su716p recom-
binants, and consistent with the low level of cleav-
age observed with these viruses. Any observed differ-
ences in the amount of cell-to-cell fusion produced by
the various recombinant viruses were not due to in-
hibition of viral replication in cell culture. As seen in
Table 2, all viruses had similar titers at 9 and 12 h post
infection.

Table 2 Viral titers obtained at 9 and 12 hours post infection

PFU/mlI*
Virus 9 hours 12 hours
SaseR10 2.6 x 107 6.4 x 107
SurienR24 3.6 x 107 5.5 x 107
SurnepR26 3.9 x 107 1.8 x 107
Se2R104 1.8 x 107 4.0 x 107
Se2R101 2.7 x 107 6.5 x 107
Penn-98-1 3.0 x 107 2.7 x 107

*PFU/ml indicates the mean viral titer of supernates from
duplicate wells infected for the fusion experiment presented in
Figure 2.



Table 3 Virulence of recombinant viruses

Virus LD5¢

Sas0R10 5.0 x 10°
Sur1s0R24 1.9 x 10*
SH715DR26 2.7 x 10*
Se2:R101 >2 x 10°
Se2:R104 >2 x 10°

Replication and virulence of recombinant viruses

in the brain and liver

In some viral systems, cleavage and subsequent ac-
tivation of the fusion protein correlates with viral
virulence and tropism (Maisner et al, 2000; McCune
et al, 1988; Rott et al, 1995; Stadler et al, 1997). The
cleavage site recombinants provide a means to exam-
ine the importance of viral-induced cell-to-cell fusion
on pathogenicity for MHV. The virulence of these
viruses, as well as their ability to replicate in vivo,
was assessed following intracerebral inoculation of
C5 7BI/6 mice Wlth SA59R10, SH716DR24, SH716DR26,
Scs2R101, and S, R104.

The LDso of the wild-type recombinant is ap-
proximately 5 x 10® PFU following intracerebral
(IC) inoculation, similar to that of wild-type MHV-
A59 (Hingley et al, 1994; Leparc-Goffart et al,
1998) (Table 3). The LDsg values of SuyispR24 and
Sn716pR26 are four- to fivefold higher, at 1.9 x 10* and
2.7 x 10%, respectively, indicating that these viruses
are only slightly attenuated relative to wild-type
virus. On the other hand, the LDsg values of the S
recombinants (>2 x 10%; Table 3) are considerably
higher than both wild type and Su716p recombinants.

As seen in Figure 3, the Sur1ep recombinants repli-
cated in the brains of infected animals as well as or
better than wild-type recombinants, although liver
titers tended to be more variable, and were more
likely to be reduced in mice infected with the Suz16p
recombinants. In contrast, replication of the Scs2 re-
combinants was significantly impaired, in both liver
and brain, compared to that of Sa50R10 (Figure 3).
Brain titers in mice infected with the Sc» recombi-
nants peaked anywhere from 3 to 5 days post in-
fection, at which point they were typically more
than 10-fold lower than those in mice infected with
Sas59R10 or the Snr16p recombinants. Liver titers were
often undetectable in mice infected with the S, re-
combinants, though low titers were seen occasion-
ally, especially at 3 days post infection.

Immunohistochemistry was performed to examine
the distribution of viral antigen in brain and liver sec-
tions from infected mice. Positive staining for viral
antigen was observed in similar regions of the brains
of mice infected with Sa59R10, Sgy16p Tecombinants,
or Sgs2 recombinants (Figure 4). However, consistent
with the low titers detected in tissue from animals
infected with S, recombinants, viral antigen stain-
ing was much less prevalent in these mice. Positive
staining for viral antigen was often observed in the
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following regions: (1) at the level of the hippocam-
pus and habenular nucleus; (Figure 4; A, C, E) (2) in
the frontal cortex just off the midline, at the level of
the accumbuns nucleus, and including the cingulate
and infralimbic cortex; (Figure 4; B, D, F) and (3) in
the vicinity of the hippocampus and along the lateral
ventricle. Viral antigen was associated predominately
with cells that morphologically resembled glial cells,
neurons, and choroid plexus epithelia. Inflammation
was often observed in regions staining positive for
viral antigen.

Extensive labeling for viral antigen was observed
in livers of mice infected with the three types of re-
combinant viruses (Figure 5), even though viral titers
were often undetectable in mice infected with S re-
combinants. However, necrotic foci were more preva-
lent and larger in animals infected with Aas9R10 or
Su716p recombinants than in mice infected with the
Scs2 recombinants.

Discussion

Our initial studies on the pathogenesis of MHV-A59
focused on the role of the S protein in determining
pathogenicity, because this protein mediates both vi-
ral attachment and cell-to-cell fusion. A mutation lo-
cated near the cleavage site of S, H716D, correlated
with lack of cleavage of the S protein and a delayed
fusion phenotype (Gombold et al, 1993). However,
it was not established that this mutation alone was
sufficient to inhibit cleavage and fusion.

To assess the relationship between cleavage of the
S protein, fusogenicity and virulence, targeted re-
combination was used to generate recombinant MHV
viruses whose spike proteins contained altered cleav-
age signals, including the H716D amino acid substi-
tution. A pair of recombinant viruses that replaced
the MHV-A59 cleavage signal with the correspond-
ing MHV-2 sequence (Sg2 recombinants) was also
isolated. MHV-2 has a noncleaved, nonfusogenic
S protein, so it was thought that the Scs2 recombi-
nants would have similar cleavage and fusion phe-
notypes. Interestingly, cleavage was only inhibited in
the Scs2 recombinants, not abolished. The low level
of S cleavage observed in both the Sp7i6p and Scs2
recombinants could account for the delayed fusion
phenotype of these viruses.

The MHV-A59 S protein is cleaved following a
basic-X-basic-basi c motif (RAHR). By substituting the
MHV-2 sequence (TSHRARS) for the MHV-A59 se-
quence (KSRRAHR) at the cleavage site, we disrupt
two consecutive basic-X-basic-basic motifs (RAHR
and KSRR). We do not know if the KSRR sequence is
used as an alternate cleavage site in S; however, elim-
inating both potential cleavage motifs would prevent
the possible use of the KSRR sequence as a cleavage
site in the absence of the RAHR signal.

As shown in this study, disruption of the RAHR
motif inhibits, but does not abolish, both cleavage of
S and S-mediated cell-to-cell fusion. This observation
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Figure 3 Replication of wild-type and recombinant viruses in the brains and livers of infected animals. C57BI/6 mice were infected IC
with 5000 PFU of virus. Animals were sacrificed at the indicated times, and virus present in brain (A) or liver (B) homogenates was titered
by plaque assay on L2 cells. Data are expressed as the log,o PFU/g of tissue; shown is the mean =+ standard deviation of the titers from 6
to 10 animals/virus. Titers that are significantly different from Sas9R10 are indicated ( *). The limit of detection was 2.7 log,, PFU/g.

is consistent with the results from several laborato-
ries that use a vaccinia expression system to demon-
strate that mutating the basic amino acid residues at
the cleavage site disrupts both cleavage and fusion
properties of S, but does not completely prevent cell-
to-cell fusion (Bos et al, 1996; Stauber et al, 1993;
Taguchi et al, 1992). However, the levels of S protein

present on the cell surface by the vaccinia expression
system may be artificially high, and not accurately
represent the relationship between cleavage of S and
fusogenicity for intact virus. Therefore, the level of
cell-to-cell fusion observed following infection with
the Sp716p and S recombinant viruses would be a
more precise measure of the importance of cleavage
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Figure 4 Viral antigen staining in the brains of infected mice. Brains from mice infected with Sx5yR10 (A, B), SusisroR24 (C, D), or
Sc2R101 (E, F) were removed at 3 days post infection, processed for histology, and stained for the presence of viral antigen. Positive
staining for viral antigen is shown here at the level of the hippocampus and habenular nucleus (A, C, E) and off the midline of the frontal
cortex (B, D, F). (Original magnification: 60x for low-power micrographs and 300x for high-power micrographs.)

of S for induction of cell-to-cell fusion. These data
confirm, using intact virus instead of a vaccinia ex-
pression system, that mutations altering the basic-X-
basic-basic motif of the cleavage signal of S are suffi-
cient to disrupt both cleavage of S and viral-mediated
cell-to-cell fusion.

Sequences outside of the cleavage signal must
influence both cleavage and fusogenicity. Previous
studies showed that fusogenicity is influenced by se-
quences away from the cleavage site, in viruses in
which spike protein is cleaved. For example Tsai
et al (1999) described a 12—amino acid deletion in the
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Figure 5 Viral antigen staining in the livers of infected mice. Livers from mice infected with Sxs50R10 (A), Sn71eroR24 (B, D), or S, R101
(C) were removed at 3 days post infection, processed for histology, and stained for the presence of viral antigen. Positive staining for viral
antigen was seen in animals infected with all three recombinants (A-C), whereas necrotic foci (D) were more evident in mice infected

with either SasoR10 or SuyisrnR24. (Original magnification 300x).

hypervariable region of S1 that converts a cleaved,
fusogenic S protein into an S protein that is still
cleaved, but nonfusogenic. There are additional ex-
amples of mutations either in the hypervariable re-
gion of S1 (Phillips et al, 2001), or in the heptad repeat
region of S2 (Gallagher et al, 1991; Luo and Weiss,
1998), that disrupt S-mediated cell-to-cell fusion in-
dependently of cleavage. The data reported here are
consistent with the observation that cleavage of S cor-
relates with more efficient induction of cell-to-cell fu-
sion. However, our data differ from these other stud-
iesin that they are the first observation of viruses with
the same cleavage signal sequence (Penn-98-1 versus
Scs2 recombinants), yet different levels of cleavage
and fusion. Thus, the cleavage signal alone does not
determine cleavage of S.

Krueger et al (2001) suggest that S-mediated cell-to-
cell fusion correlates with a dissociation of the S1 and
S2 subunits of the MHV spike protein. Consequently,
a more stable interaction between S1 and S2 would
be associated with a delayed fusion phenotype. Inhi-
bition of S protein cleavage would be associated with
a more stable interaction between S1 and S2 and cor-
relate with a loss of fusogenicity. This could account
for the delayed fusion phenotype observed with the
Sh716p and Sgsz Tecombinants.

For coronaviruses, the relationship between induc-
tion of cell-to-cell fusion and virulence is complex.
The data on the Su7iep and Scs2 recombinants sug-
gest that the ability to produce syncytia in vitro is not
a predictor of pathogenicity. The S¢s2 recombinants
were considerably more attenuated than the Suziep
recombinants, even though both sets of recombinants
had the same cleavage and fusion phenotypes. Simi-
larly, the S¢s2 recombinants did not replicate in vivo
as well as the Su716p recombinants, although the re-
gions of the brain that were infected by the different
recombinants was similar. For the viruses examined
in this study, there was no correlation between abil-
ity to induce cell-to-cell fusion in vitro and ability to
cause disease in vivo.

The only difference between the Su7i6p and Scs2
recombinants is the amino acid sequence at the
carboxy-terminus of the S1 subunit. It is surprising
that these two different cleavage signals, which pro-
duce the same fusion/cleavage phenotypes in vitro,
produce virus with a greater than 2 log;o difference
in LDsg, and a significant difference in ability to repli-
cate in vivo. The different in vivo properties of these
two sets of recombinants indicate that disrupting the
cleavage signal of S affects more than just cleavage
and fusion phenotypes. This observation, along with



evidence indicating that mutations removed from the
cleavage signal disrupt cleavage and fusogenicity of
the S protein, implies that the conformation of S is
an important determinant of function. Mutations in
one region of S may alter the conformation of this
protein as a whole, and subsequently disrupt protein
functions mediated by other regions of S.

Given the role of the S protein in viral attachment
and induction of immune response, protein functions
that might be altered by mutations in S include viral
affinity for host cell receptors, as well as induction of
neutralizing antibody and T cells. It is possible that
the Scs2 recombinants have lower affinity for cellular
receptors in the brain and/or liver, which could ac-
count for their impaired ability to replicate in these
tissues. Alternatively, conformational differences be-
tween the Suriep and the Sg recombinants could
produce differences in the epitopes recognized by the
immune response, which could in turn influence vi-
ral clearance. Thus, the mutations introduced into
the cleavage signal of the S protein, by altering the
conformation of S, might indirectly affect the in vivo
phenotype of the recombinant viruses, even though
their in vitro fusion phenotypes are similar.

Materials and methods

Virus and cells
MHV-A59 was obtained from Lawrence Sturman
(Albany, NY). Alb4, obtained from Paul Masters,
is a temperature-sensitive variant of MHV-A59 that
contains an 87-nucleotide deletion (resulting in a
29—amino acid in-frame deletion) in a nonessential
spacer region in the N gene (Koetzner et al, 1992).
The recombinant viruses SasgR10 and Penn-98-1
have been described previously (Das Sarma et al,
2000; Leparc-Goffart et al, 1998). Sas0R10 and
Penn-98-1 contain the MHV-A59 and MHV-2 S gene,
respectively, in the MHV-A59 background. The re-
combinant viruses S¢2R101 and S.»R104 contain
an MHV-A59 S gene with the MHV-2 cleavage site
(TSHRARS replaces KSRRAHR). The Suyi6p recom-
binant viruses, Sgry1spR24 and Sgy16pR26, contain a
single point mutation (D replaces H) at amino acid
codon 716. This mutation results in a cleavage signal
of RRADR, mimicking the mutation observed in the
fusion-delayed glial cell mutants previously charac-

Table 4 Primers used for targeted recombination
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terized (Gombold et al, 1993; Hingley et al, 1994).
The isolation of the Syy16p recombinants and the Scs»
recombinants is described below.

Murine L2 cells and 17Cl-1 cells were maintained
on plastic tissue culture dishes in Dulbecco’s mini-
mal essential medium (MEM) with 10% fetal bovine
serum (FBS). Spinner cultures of L2 cells were main-
tained in Joklik’s MEM with 10% FBS at densities
between 2 x 10° and 2 x 10° cells per milliliter.

Plasmids and PCR mutagenesis
The construction of pFV1 (obtained from Paul
Masters) was described previously (Fischer et al,
1997). This plasmid contains the entire MHV-A59 S
gene (gene 3), and all the structural genes 3’ of S, in-
cluding a wild-type N gene sequence. The sequence
of the S gene in pFV1 is the same as that of our wild-
type MHV-A59 strain, except for silent changes in
codons 173 and 174, resulting in the loss of a HindIII
site and the concomitant addition of an Asel site.
As described previously (Leparc-Goffart et al, 1998),
these changes enabled a HindIIl site following the
polyA tail to be used for linearization of the plasmid
for RNA transcription, as well as providing a way to
distinguish the S gene of the parent virus from that
derived from pFV1 in the recombinant viruses.

Polymerase chain reaction (PCR) mutagenesis,
with Vent polymerase, was used to introduce the
H716D mutation into the S gene of pFV1. A fragment
containing the H716D mutation was generated by
amplification of two shorter fragments. The 5" end
fragment was generated using primers FS413 and
RSH716D, and the 3’ end using primers WZL47
and RS830 (Table 4). Primers RSH716D and WZL47
introduced a histidine to aspartic acid nucleotide
substitution in amino acid codon 716. The 928-bp
and 387-bp PCR fragments were gel purified and used
as templates for a third PCR reaction with primers
FS413 and RS830. The resulting 1315-bp fragment
was gel purified, digested with restriction enzymes
Dralll and Xhol, and then cloned into the correspond-
ing sites in pFV1. This clone was designed pFV1-
H716D. The entire Dralll/Xhol fragment of pFV1-
H716D was sequenced to verify the presence of
the H716D mutation, as well as the absence of other
mutations.

PCR mutagenesis was similarly used to alter
the cleavage signal of MHV-A59 S gene so that it

Primer Sequence (5" — 3') Location in S (nucleotide no.)
FS413 CTGCTAATTATAAGATTGATACAGC 1238-1262
RSH716D GCCAGTAGAAACTGATCGGTCAGCCCTGCGTGATTTTGAATA 2124-2166
WZzZL47 TATTCAAAATCACGCAGGGCTGACCGATCAGTTTCTACTGGC 2124-2126
CSR TGAGCTGCGAGCCCTGTGTGATGTTGA 2128-2154
CSF TCAACATCACACAGGGCTCGCAGCTCA 2128-2154
RS830 CTGAGATGCCGTCTGGCAGTCTCG 2489-2512
WZL60B CCGGTCCTCAAG 2684—-2695
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resembled that of MHV-2 (cs2 mutation). Primers
FS413 and WZL60A were used to amplify a 1520-bp
fragment from two smaller overlapping templates
generated using primers FS413 and CSR, and CSF
and WZL60B (Table 4). The 1520-bp fragment was
digested with Dralll and Xhol and cloned into the
corresponding sites in the plasmid pMHb54, creat-
ing the plasmid pMH54-cs2. The vector pMH54 is
similar to pFV1, but contains a 5" extension of the
S gene that includes the 3’ end of the HE gene (Fischer
et al, 1997). The Dralll/Xhol fragment of pMH54-cs2
was sequenced to confirm the presence of the cleav-
age signal mutations and the absence of additional
mutations.

Targeted RNA recombination

Targeted RNA recombination was carried out be-
tween parent virus having an MHV-A59 background,
and RNAs transcribed from either wild-type pFV1 or
pFV1-H716D. Infection of L2 cells with parent virus,
transfection with the synthetic RNA, and isolation
and plaque purification of recombinant virus were
carried out as described previously (Leparc-Goffart
et al, 1998; Masters et al, 1994). Targeted recombina-
tion using the pMH54-cs2 plasmid was performed in
a similar manner, except the parent virus contained
the feline S protein necessitating a different screening
protocol for recombinant virus. This protocol has also
been previously described (Kuo et al, 2000; Phillips
et al, 1999). The presence of the desired mutation,
H716D or cs2, was confirmed by sequencing.

Sequencing

Templates for sequencing were derived by reverse
transcriptase—polymerase chain reaction amplifica-
tion (RT-PCR) of cytoplasmic RNA extracted from
virus-infected L2 cell monolayers. PCR products
were purified (Wizard prep; Promega) and analyzed
by automated sequencing using the Taq dye termina-
tor procedure according to the manufacturer’s proto-
col (Tag DyeDeoxy Terminator Cycle Sequencing kit;
Applied Biosystems, Foster City, CA). Each fragment
was sequenced in both directions.

Viral fusion assay

L2 cell monolayers were prepared in 6-well plates
in Dubelcco’s MEM with 10% FBS. Confluent mono-
layers were infected with each virus at a multiplicity
infection (MOI) of 1 and incubated for 1 h at 37°C.
Following adsorption, the cells were washed with
Hanks balanced salt solution (Gibco) two times and
then fed with 1 ml of DMEM-10% FBS. At the
times indicated, the supernatants were removed and
titered by plaque assay on L2 cells as previously
described (Gombold et al, 1993). The infected cells
were fixed with 4% paraformaldehyde, stained with
hematoxylin, and fusion quantified by counting
the number of nuclei involved in syncytia, and

expressing this as a percent of total nuclei in a field.
Two fields of approximately 300 nuclei each were
counted, in duplicate wells, for each virus. The mean
+ SD of percent fusion was then calculated from the
four fields (approximately 1200 nuclei) examined.

Western blot analysis of S

L2 cell monolayers in 6-well plates or T25 flasks were
infected with 100 or 200 ul virus, respectively, at
an MOI of 1 to 5 PFU/cell. After the virus was al-
lowed to attach to the cells for 1 h, additional me-
dia was added and the infection continued for 9 to
16 h. Virions present in culture supernates were ob-
tained by ultracentrifugation at 126,000 x g for 2 h.
Viral lysates were prepared by lysing infected cells
with 200 ul lysis buffer (50 mM Tris pH 7.4, 150 mM
NaCl, 1% NP-40). Viral pellets and lysates were elec-
trophoresed into 7% sodium dodecyl sulfate (SDS)-
polyacrylamide gels in a Tris Acetate buffer system
(Novex) and transferred to nitrocellulose or PVDF
membrane. MHV S protein was detected using a
polyclonal goat anti-S antibody (AO4; provided by
K Holmes, University of Colorado HSC, Denver,
CO) and a chemiluminescence detection system
(Amersham).

Image analysis of Western blots was performed us-
ing Gel-Pro Analyzer software from Media Cybernet-
ics. Protein bands migrating at a molecular weight of
180 and 90 kDa were selected, and the analysis pro-
gram generated an optical density measurement for
these bands after filtering out background. The rel-
ative amount of material migrating at 90 kDa, corre-
sponding to cleaved S, compared to protein migrating
at 180 kDa, or uncleaved S, was calculated using the
following formula: ODggxpa/(ODgoxpa + OD1sokpa)s
and expressing the results as a percentage. This num-
ber is defined as the percent cleaved S. A limitation
of this type of quantification is that it does not take
into account oligomeric, alternatively processed, or
immature forms of S. Thus, the numbers obtained in
this manner must be considered to be a semiquanti-
tative measure of S cleavage.

Viral replication in vivo

All animal experiments used four week old MHV-
free C57BI/6 male mice (Jackson Laboratories, Bar
Harbor, ME). Viruses were diluted into phosphate-
buffered saline containing 0.75% bovine serum
albumin (PBS/BSA). Mice were anesthetized
with methoxyflurane (Metofane, Pittman-Moore,
Mundelein, IL), and inoculated intracerebrally with
20 pl of diluted virus (5000 pfu) injected into the
right cerebral hemisphere.

For measurement of virus replication in the brain
and the liver, at selected times post infection, mice
were sacrificed and brains and livers removed. Brains
were placed directly into 4 ml of isotonic saline with
0.167% gelatin (gel saline), whereas livers were first



rinsed with PBS and then placed in 10 ml of gel
saline. All organs were weighed and stored frozen
at —80°C until titered for virus. Organs were homog-
enized and virus titered by plaque assay on L2 cell
monolayers all as previously described (Hingley et al,
1994). In vivo replication of the different viruses was
compared using Wilcoxon’s rank sum test.

Virulence assay

Mice were inoculated intracerebrally with either
5-fold or 10-fold serial dilutions of wild-type or re-
combinant virus, five mice per dilution. Mice were
examined for signs of disease or death on a daily ba-
sis up to 21 days post infection. LDso values were
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