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Mutation in loop I of VP1 of Theiler’s virus delays
viral RNA release into cells and enhances
antibody-mediated neutralization: A mechanism
for the failure of persistence by the mutant virus

Ingeborg J McCright, Ikuo Tsunoda, Jane E Libbey, and Robert S Fujinami

Department of Neurology, University of Utah School of Medicine, Salt Lake City, Utah, USA

The DA strain of Theiler’s murine encephalomyelitis viruses (TMEV) causes
a central nervous system (CNS) demyelinating disease with viral persistence
despite the presence of high serum anti-TMEV antibody titers. The DA virus
mutant, T81D, was created to have a mutation at position 81 in loop I of VP1,
close to the putative virus receptor binding site. T81D showed slower replica-
tion in vitro and in vivo. T81D-infected mice developed anti-TMEV antibody
responses with no virus persistence. We tested whether the differences between
the viruses were due to alteration in virus-cell interactions, or in the resistance
to neutralization by anti-TMEV antibody. Using radiolabeled viruses, we found
no difference in binding to permissive cell lines between the mutant and wild-
type viruses. In a semipermissive cell line, DA virus bound more ef�ciently
than T81D. During the uncoating step, both viruses decapsidated without the
production of stable intermediates and 80% of viruses were eluted or decapsi-
dated after 45 minutes. At the �nal step of uncoating, however, T81D showed
a slower rate of RNA release than DA virus into cells using a photoinacti-
vation assay. Anti-TMEV monoclonal and polyclonal antibodies neutralized
T81D virus more ef�ciently than DA virus in suspension. Further, these anti-
TMEV antibodies were able to neutralize viruses that had already attached to
cells but not internalized (postadsorption neutralization [PAN]). However, DA
virus showed signi�cant resistance to PAN after cells were incubated at 37±C
compared with T81D-infected cells. The development of resistance to PAN ap-
peared to correlate with the rate of RNA release from virions into cells. In
T81D virus infection, the slow RNA release and high susceptibility to neutral-
ization by antibodies would result in a failure to establish virus persistence
in vivo. Conversely, rapid RNA release and resistance to neutralization could
favor virus persistence in DA virus infection. Journal of NeuroVirology (2002)
8, 100–110.
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Introduction

The family Picornaviridae is subdivided into nine
genera: Enterovirus (poliovirus and coxsackievirus),
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Rhinovirus (rhinovirus), Cardiovirus (Encephalomy-
ocarditis (EMC) virus), Aphthovirus (foot-and-mouth
disease virus), Hepatovirus (hepatitis A virus),
Parechovirus, Erbovirus, Kobuvirus, and Teschovirus
(King et al, 1999, 2000, reviewed in Minor et al,
1995). The entry process of picornaviruses involves
extensive virus-host interactions and can be divided
into several initial parts or stages. These are bind-
ing, uncoating, and penetration (Rueckert, 1996).
First, picornaviruses bind to their speci�c cellu-
lar receptors in the plasma membrane. Receptors
for a variety of picornaviruses have been identi�ed.
Poliovirus uses the poliovirus receptor (PVR) and
the major group of rhinoviruses use intercellular
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adhesion molecule-1 (ICAM-1) (Greve et al, 1989;
Roivainen et al, 1994). Both receptors are members
of the immunoglobulin superfamily. The receptor
for the minor group of rhinoviruses is the low-
density lipoprotein (LDL) receptor, whereas Coxsac-
kievirus A9 and foot-and-mouth disease virus use
integrins for cell entry (Hofer et al, 1994; Mason et al,
1994; Roivainen et al, 1994).

Theiler’s murine encephalomyelitis viruses
(TMEV) are a species in the genus Cardiovirus and
are divided into two groups. The GDVII subgroup
(GDVII and FA) is highly neurovirulent whereas the
other subgroup, TO (DA, TO, WW, and BeAn), is less
neurovirulent and causes a persistent infection with
chronic in�ammatory demyelination in the central
nervous system (CNS) (Tsunoda and Fujinami,
1999). Although another immunoglobulin super-
family molecule, vascular cell adhesion molecule-1
(VCAM-1), is known to act as a receptor for the
D variant of EMC virus that belongs to the genus
Cardiovirus (Huber, 1994), the receptor for TMEV has
not been identi�ed. However, P0 of peripheral nerve
may be a receptor outside the CNS (Libbey et al,
2001). Nevertheless, binding studies with TMEV to
various cell lines have been performed to learn more
about virus-receptor interactions (Rubio et al, 1990;
Fotiadis et al, 1991; McCright and Fujinami, 1997).
It was found that GDVII and BeAn strains of TMEV
share a common receptor (Fotiadis et al, 1991). In
other studies we and others found that there was no
clear correlation between binding of virus to cells
and susceptibility to infection (Rubio et al, 1990;
McCright and Fujinami, 1997).

It has been proposed that the receptor for picor-
naviruses has a dual function: binding of the virus
particle to the cell and subsequent release of the vi-
ral genome (Zajac and Crowell, 1969). The release
of the viral genome into the cytoplasm upon bind-
ing consists of a series of steps that are not well de-
�ned or characterized . The virus needs to uncoat (at
least partially) in order to release its genome into the
cytoplasm of the host cell. The uncoating steps of
poliovirus, rhinovirus, and coxsackievirus have been
somewhat de�ned. Temperature and pH can in�u-
ence these steps. The virion undergoes a series of
stepwise uncoating reactions and intermediates of
uncoating have been isolated. Upon binding to the
receptor, the virus particle releases VP4 (Crowell and
Philipson, 1971), the capsid swells, and the amino
termini of VP1 protrudes toward the virion’s surface
(Fricks and Hogle, 1990). The resultant altered par-
ticle (A particle) is more lipophilic than is whole
virus. This irreversible process is called the eclipse
phase.

The �nal uncoating step, the release of RNA
through the membrane, is still obscure and there is
some controversy about where the dissociation of
viral capsid with release of RNA takes place and
whether through internalized endosomes or at the
plasma membrane. In poliovirus infection, it has been

proposed that the amino terminus of VP1 interacts
with hydrophobic regions of the plasma membrane
in cell entry (Lonberg-Holm et al, 1976; Fricks and
Hogle, 1990; Belnap et al, 2000). Virus has been
shown to cause ion-permeable channels in the lipid
bilayer that could provide a pathway for transport
of RNA across the plasma membrane (Tosteson and
Chow, 1997). It is generally assumed, however, that
the majority of A particle conversion occurs at the
plasma membrane due to the fact that large num-
bers of A particles are sloughed off, eluted, and can
be isolated from the supernatants of infected cells.
Furthermore, the eclipse can occur in the presence
of soluble receptors (Greve et al, 1989; Kaplan et al,
1990).

Intermediate forms of polioviruses, coxsac-
kieviruses and rhinoviruses (Enterovirus and
Rhinovirus) are generated during the uncoating step,
which starts with the conversion to the largely non-
infectious A particles (Crowell and Philipson, 1971;
Curry et al, 1996). The intermediates of uncoated
particles can be identi�ed based upon their altered
sedimentation pro�les. Whole particles sediment
at 160S, whereas A particles sediment at 135S.
Empty capsids sediment at 80S and the pentamers
or smaller subunits sediment at 15S or smaller. In
contrast, EMC virus, which belongs to the genus
Cardiovirus as does TMEV, is believed to uncoat
without the generation of stable intermediates
(Hall and Rueckert, 1971; McClintock et al, 1980).
Foot-and-mouth disease virus (Aphthovirus) is also
believed to uncoat without the generation of stable
intermediates (Baxt and Bachrach, 1980).

The virus entry process can be monitored fur-
ther by using neutral red (NR)-labeled virus. In po-
liovirus infection, release of the viral RNA into
the cell occurs subsequent to the conformational
change. At this stage, virions that have matured
in the presence of photoreactive dyes become light
insensitive. Thus, the loss of light sensitivity of
dye-containing virus particles has been correlated
with RNA release in picornavirus infection, such as
in poliovirus, rhinovirus, and echovirus infections
(Eggers and Waidner, 1970; Kirkegaard, 1990;
Rosenwirth et al, 1995). Mutations in VP1 of po-
liovirus have been demonstrated to affect release of
viral RNA but not the rate of binding to cells or
the rate of subsequent receptor-dependent conforma-
tional changes (Kirkegaard, 1990).

A mutant DA strain of TMEV, T81D, with a threo-
nine to aspartate substitution at position 81 in loop I
of VP1 exhibited a large plaque phenotype, but had a
slower replication cycle in vitro than that of wild-type
DA virus (pDA virus) (McCright et al, 1999). Mice in-
fected either with pDA or with T81D virus developed
signi�cant anti-TMEV antibody titers 1 week after
infection (McCright et al, 1999). During the acute
phase of TMEV infection (1 week postinfection),
T81D virus-infected mice showed higher antibody
titers than pDA virus-infected mice. However, during
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the chronic phase, pDA virus-infected mice devel-
oped signi�cantly higher antibody titers than those
seen in T81D virus infection. Despite the high serum
anti-TMEV antibody titer, pDA virus can persistently
infect the spinal cord of the mice, leading to an
in�ammatory demyelinating disease, which is used
as an animal model for multiple sclerosis (Tsunoda
and Fujinami, 1999). In contrast, T81D virus show-
ed a mild acute disease with infection of neurons
and perivascular cells, mutant virus was eradicated
and mice were not persistently infected.

Anti-virus antibody has been demonstrated to neu-
tralize the virus by several different mechanisms
(Outlaw and Dimmock, 1991; Vrijsen et al, 1993).
Antibody can neutralize viruses in suspension by
impeding cell attachment (standard neutralization
[STAN]). In addition, antibody can act on virus
that has already attached to cells but not internal-
ized (postadsorption neutralization [PAN]). Thus,
anti-virus antibody can inhibit postbinding events,
such as internalization and uncoating of virus, even
though virus has attached to the host cell (Vrijsen
et al, 1993; Virgin et al, 1994).

In this paper, we �rst compared different aspects
of viral entry between pDA and T81D viruses. We
found no difference in binding between the viruses to
permissive cell lines. However, T81D virus showed
a lower rate of RNA release than pDA virus. Next,
we compared the abilities of anti-TMEV monoclonal
antibodies and polyclonal antisera to effect PAN and
STAN between pDA and T81D viruses. We found that
anti-TMEV antibodies neutralized T81D virus more
ef�ciently than pDA in suspension (STAN). In ad-
dition, pDA virus showed signi�cant resistance to
PAN as early as 10 minutes after incubation at 37±C
compared with T81D virus.

Figure 1 Binding of pDA (") and T81D (N) viruses to BHK-21 cells (A) and L929 cells (B). Radiolabeled virus was added to precooled cell
monolayers at 4±C. At indicated time points, unbound virus was removed, the cell monolayers washed, cell-associated virus was counted
in a liquid scintillation counter and the percent bound calculated. The data represent the mean § standard error of two experiments of
duplicates. We found no difference between the two viruses in binding to either BHK-21 (A) or L929 (B) cells.

Results

Similar binding between pDA and T81D viruses
to permissive cell lines To determine whether there
was a difference in binding between wild-type pDA
and the mutant T81D viruses, studies using radiola-
beled virus and various cell lines were performed. No
difference in binding was found using two permis-
sive cell lines: BHK-21 and L929 (Figure 1). Bind-
ing of both viruses to BHK-21 cells increased over
time, with maximum binding (30%) occurring at
30 min (Figure 1A). Binding to L929 cells reached
levels of 20% after 45 min (Figure 1B). A competi-
tive inhibition experiment with BHK-21 cells indi-
cated that both viruses were equally inhibited with
excess cold pDA virus (Figure 2). Although low lev-
els of binding were seen with the CNS-derived cell
lines, Neuro-2a and primary astrocytes, no difference
was seen in the binding characteristics (Figure 3). In
contrast, there was a change in binding between the
two viruses to BSC-l cells, a semipermissive cell line
(McCright and Fujinami, 1997) (Figure 4). The pDA
virus bound BSC-l cells with up to 45% binding at
30 min whereas the T81D mutant reached levels of
23% after 45 min.

pDA and T81D viruses uncoat without produc-
tion of stable intermediates, and have similar
elution/decapsidation rates The T81D virus has a
mutation in an area that can interact with a cellu-
lar receptor (McCright et al, 1999). Because the re-
ceptor could function not only in virus binding but
also at a downstream event such as uncoating, we
compared uncoating pro�les between pDA and T81D
viruses. Uncoating was examined by allowing radio-
labeled virus to bind to cells in the cold, shifting the
reaction to 37±C, followed by separation of whole
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Figure 2 Competitive binding curves of pDA (") and T81D (N)
viruses to BHK-21 cells. A constant amount of radiolabeled virus
was incubated with increasing amounts of unlabeled pDA virus
on BHK-21 cells for 30 min at 4±C. Unbound virus was removed,
cell monolayers washed, and the cell-associated virus was counted
in a liquid scintillation counter and the percent inhibition of con-
trol was calculated. Binding of both radiolabeled pDA and T81D
viruses were equally inhibited with cold pDA virus.

virus by gradient sedimentation. The �rst observa-
tion was that wild-type pDA uncoated like other car-
dioviruses. We observed that the peak corresponding
to whole virus particles (Figure 5, fractions 11–13)
did not shift or produce a shoulder that would indi-

Figure 3 Binding of pDA (") and T81D (N) viruses to CNS derived cells. Radiolabeled virus was added to precooled cell monolayers
of Neuro-2a cells (A) and astrocytes (B) at 4±C. At indicated time points, unbound virus was removed, the cell monolayers washed, cell-
associated virus was counted in a liquid scintillation counter and the percent bound calculated. The data represent the mean § standard
error of two experiments of duplicates. Although low levels of viral binding was observed with either Neuro-2a cells (A) or astrocytes (B),
no difference was seen in the binding between pDA and T81D viruses.

cate a change in size from a 160S to a 135S subunit
(Vrijsen et al, 1993).

To determine if there was a difference between the
uncoating of pDA and T81D, we examined the rate of
reduction of radioactivity in the 160S peak. Prelimi-
nary experiments with pDA virus indicated that the
optimal incubation time for analysis of uncoating was
40 min at 37±C. After 40 min at 37±C, both virus infec-
tions showed reduced cell-bound radioactivity in the
160S peak (Figures 5 and 6). The data from two ex-
periments indicate that both viruses showed an 80%
decrease in the bound radioactivity. This reduction is
most likely due to decapsidation of virions and elu-
tion of viruses from the cell surface. In picornavirus
infection, a signi�cant number of virions are known
to elute from the cell surface after transfer from 4±C
to 37±C (Baxt and Bachrach, 1980). We con�rmed the
signi�cant elution of pDA and T81D virions from the
cell surface to the supernatant after 40 min at 37±C
(data not shown).

T81D mutant displays a delayed rate of RNA
release in BHK-21 cells To measure RNA release,
the step at which the viral RNA is released from the
viral capsid, we monitored the loss of photosensitiv-
ity of virions grown in the presence of a chromogenic
dye. For this assay, virus stocks were prepared in the
presence of NR; the resulting NR virus was able to
initiate an infection normally as long as all of the ele-
ments of infection were kept in the dark. The period
of light sensitivity has been correlated with the time
required for the virus to release its RNA into the cells.
After RNA release, the NR molecules are no longer in
close contact with the RNA with which they are en-
capsidated, and thus the RNA is no longer susceptible
to irradiation (Kirkegaard, 1990).
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Figure 4 Binding of pDA (") and T81D (N) viruses to BSC-1 cells.
Radiolabeled virus was added to precooled cell monolayers at 4±C.
At indicated time points, unbound virus was removed, the cell
monolayers washed, and the cell-associated virus was counted in
a liquid scintillation counter and the percent bound calculated.
The data represent the mean § standard error of two experiments
of duplicates. pDA virus bound more ef�ciently than T81D mutant
virus.

Figure 5 pDA and T81D viruses uncoat without the production of intermediates. pDA virus (A, C) or T81D virus (B, D) were added
to precooled cell monolayers and allowed to bind. The cells with bound virus were lysed immediately (A, B) or after a 40-min (C, D)
incubation time at 37±C to allow for uncoating. The lysate was separated in 15–30% sucrose gradients and fractions were counted for
radioactivity. The top (T) and bottom (B) of the gradients are indicated. Intact virions sediment in fractions 11–13. A representative
experiment is shown.

We monitored the escape of the viral RNA from
NR labeled virions (Figure 7). NR-labeled pDA
and T81D viruses were prebound to monolayers of
BHK-21 cells at 4±C; the cell monolayers were then
washed twice and shifted to 37±C for various peri-
ods of time. All manipulations were performed un-
der low levels of red light. With increasing periods
of incubation at 37±C, increasing amount of RNA
escaped photoinactivation ; by 40 min 80% of the
NR-pDA virus was immune to irradiation. However,
the amount of NR-T81D virus immune to irradia-
tion increased slowly; the difference was seen most
clearly at the 40- and 60-minute time points. Thus,
NR-T81D virus showed delayed release of its RNA
compared to that of NR-pDA.

Neutralization of cell-free (STAN) and cell-
associated (PAN) viruses by anti-TMEV antibody
Anti-virus antibody is known to neutralize not only
virus in suspension (STAN) but also virus bound
to the surface of host cells (PAN). We previously
demonstrated that pDA virus can persistently in-
fect mice despite high serum anti-TMEV antibody
titers, whereas T81D virus-infected mice mount
moderate anti-TMEV antibody responses and can
eradicate virus thus preventing the virus from dis-
seminating within the CNS (McCright et al, 1999).
We compared the susceptibility of pDA and T81D
viruses to STAN and PAN. First, we determined the
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Figure 6 Comparable uncoating between pDA and T81D viruses.
The decrease in radioactivity in the 160S peaks are similar be-
tween pDA and T81D viruses. Uncoating was set at 0% at 0 min
postbinding. After 40 min at 37±C, both virus infections showed
an 80% loss in cell-bound radioactivity in the 160S peak. The data
represent an average of two experiments. There was <3% variation
between pDA and T81D at the 40-minute time points.

ability of different antibodies to neutralize viruses in
suspension (STAN) (Table 1). All three antibodies—
H5 (control), H7, and H8—recognize VP1 on West-
ern blots (Fujinami et al, 1988). The epitopes on
VP1 of H5 and H8 are unknown, while the H7
antibody recognizes loop II of VP1 as its epitope.
The H8 monoclonal antibody completely neutralized
both viruses up to a dilution of 1:5000, whereas the
H7 monoclonal antibody neutralized both viruses at
1:100 and 1:500 dilutions and exhibited different
levels of neutralization at higher dilutions. The
pDA virus was only 50% neutralized at a 1:1000

Figure 7 Time course of RNA release for wild-type and mutant
viruses on BHK-21 cells. Increase in resistance to irradiation of
pDA (") and T81D (N) viruses after the indicated time (in min) of
incubation at 37±C. T81D virus had a reduced rate of RNA release,
compared with that of pDA virus. The mean § standard error of
two experiments is shown.

Table 1 Percent neutralization by different monoclonal
antibodiesa

Antibody dilution

Virus Antibody 1:100 1:500 1:1000 1:5000

pDA H7 99 93 51 0
T81D H7 96 97 93 67
pDA H8 95 94 92 92
T81D H8 98 95 96 94
pDA H5 0 0 0 0
T81D H5 0 0 0 0

a200 PFU of virus was incubated with various dilutions of anti-
bodies, plaqued, and the percent neutralization calculated.

dilution and not at all at a 1:5000 dilution. In con-
trast, the T81D virus was completely neutralized with
a 1:1000 dilution of H7 antibody and up to 67% of
virus was neutralized at a 1:5000 dilution. The con-
trol monoclonal antibody H5 did not neutralize the
viruses.

Next, we tested anti-TMEV monoclonal antibod-
ies for its ability to effect PAN, that is, to reduce the
number of plaques when added to cells that had al-
ready adsorbed, but not yet internalized the virus. To
this end, monolayers of BHK-21 cells were infected
with viruses at 4±C for 30 min, washed, and shifted
to 37±C. We added monoclonal antibodies at the in-
dicated times (Figure 8). After removing unbound
antibody, the cells were treated as usual for a viral
plaque assay. As seen in Figure 8, when H7 or H8 an-
tibodies were added immediately after completion of
virus attachment but before internalization (0 min),
both pDA and T81D viruses showed similar resis-
tance to PAN; 10% and 40% of inoculated viruses
survived after treatment with H8 and H7 antibodies,
respectively. In T81D virus infection, both antibodies
showed ef�cient PAN even at 40 and 60 min at 37±C.
In contrast, pDA virus developed resistance and 90%
of viruses were resistant to PAN after 40 min at 37±C.
Similar data using polyclonal anti-TMEV antibody
were obtained (data not shown).

Discussion

We previously found that the T81D mutant virus ex-
hibited a varied phenotype in both in vitro and in vivo
studies (McCright et al, 1999). In this paper we have
addressed the hypothesis that the change of amino
acid 81 of loop I of VP1 from a threonine to an as-
partate was responsible for altered virus-cell interac-
tions and/or virus neutralization leading to an altered
phenotype.

The data from the binding experiments suggested
that this step of virus entry was not responsible for the
phenotypic difference seen between pDA and T81D
viruses. The T81D mutant bound BHK-21, L929,
Neuro-2a, and astrocyte cell lines to a similar ex-
tent as wild-type pDA virus, although a difference
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Figure 8 Postadsorption neutralization (PAN) of pDA (") and T81D (N) viruses by monoclonal antibody H8 (A) and H7 (B). Virus was
allowed to adhere to precooled BHK-21 cell monolayers for 30 min at 4±C. Cell monolayers were washed and placed at 37±C. Antibodies
were added at indicated time points. Percent resistance was calculated compared with the amount of virus without the addition of
antibody. Both pDA and T81D viruses showed similar resistance to PAN at 0 min; 10% and 40% of inoculated viruses survived after
treatment with H8 and H7 monoclonal antibodies, respectively. In T81D virus infection, both antibodies showed ef�cient PAN even at
40 and 60 min at 37±C. However, pDA virus developed resistance and 90% of viruses were resistant to PAN after 40 min at 37±C. The
mean § standard error of two experiments of duplicates is shown.

was seen with the semipermissive cell line BSC-l.
Furthermore, both viruses similarly bound to re-
ceptors on BHK-21 cells as indicated by the com-
petitive inhibition data. The change in the amino
acid at the top of loop I of VP1 did not affect
binding, at least in the permissive and neuronal
cell lines. We cannot exclude the possibility that
in vivo differences in binding to glial cells or neu-
rons occurred that resulted in the altered disease
phenotype.

Analyses of the uncoating experiments showed
that TMEV uncoated like EMC virus, which be-
longs to the genus Cardiovirus. There were no sta-
ble intermediates detected upon uncoating. Virions
disassociated into smaller fragments without evi-
dence of stable A particles or empty capsids. When
the rates of capsid dissociation/elution were exam-
ined for pDA and T81D viruses, no difference in
the rates were found between the pDA and T81D
viruses.

A difference was observed in the rate of RNA re-
lease into cells between the two viruses. The T81D
mutant had a slower rate of RNA release. There-
fore, the initial virus-cell interactions appear to be
the same for these viruses, but the �nal step of un-
coating differed. Studies with mengovirus mutants
have found that viruses might have differences in
binding, uncoating, or RNA release that are mutu-
ally exclusive (Mak et al, 1970). Even though a dif-
ference in uncoating was observed, no difference

in RNA release was seen with some mengovirus
mutants.

The neutralization data indicated that the H8 anti-
body neutralized both viruses in suspension up to a
dilution of 1:5000, whereas the H7 antibody showed a
different pattern of neutralization. H7 antibody could
neutralize the T81D mutant to a greater extent than
pDA virus. This antibody recognizes loop II of VP1
as part of its epitope. The change in loop I of the
T81D mutant rendered it more susceptible to neu-
tralization, perhaps by affecting the tertiary structure
of the epitope recognized by the H7 antibody making
it more accessible for the antibody.

We also demonstrated that anti-TMEV antibodies
can neutralize viruses after completion of virus
binding as has been reported for poliovirus in-
fection (PAN) (Vrijsen et al, 1993). Although a
precise mechanism of PAN is not clear, antibody-
mediated stabilization of virion structure has
been proposed leading to inhibition of neutraliza-
tion in poliovirus infection (Vrijsen et al, 1993).
Before the initiation of capsid dissociation and
RNA release (or internalization) of viruses (0 min
at 37±C), both pDA and T81D viruses showed
similar susceptibility to PAN either by H7 or H8
antibody. During T81D virus infection, both
antibodies showed ef�cient PAN even at 40 and
60 min at 37±C. In contrast, pDA virus developed
resistance and 90% of virions were resistant to
PAN after 40 min at 37±C. The different kinetics of



Antibody-virus-cell interaction s in TMEV mutant

IJ McCright et al 107

antibody resistance between pDA and T81D viruses
are similar to the different kinetics of RNA release
between NR-labeled pDA and T81D viruses. This
supports the hypothesis that capsid dissociation with
RNA release occurs on the plasma membrane without
endocytosis in TMEV infection. Wilson and Cooper
(1963) demonstrated that the rate of RNA release was
the same as the rate of gain of antiserum resistance in
NR-labeled poliovirus infection, where uncoating
was proposed to occur on the plasma membrane.
Therefore, the slow uncoating step in T81D virus
would favor neutralization by anti-TMEV antibodies,
while rapid uncoating by pDA favors resistance to
PAN. During reovirus infection, protective antibod-
ies have been demonstrated to inhibit postbinding
events, including internalization and uncoating
(Virgin et al, 1994).

The change in loop I of VP1 had little affect on bind-
ing or the manner of virus elution/decapsidation, but
did have a major affect on RNA release and neutral-
ization. How this can be explained is not yet clear.
For polioviruses it has been stated that the receptor
plays a dual function in binding and release of the
viral genome (Zajac and Crowell, 1969). Therefore,
the initial interaction is not affected, but a down-
stream event of the virus-receptor interaction could
have been affected.

The �nding that there are differences in RNA re-
lease into the cells and neutralization between wild-
type and T81D viruses could explain the difference
in persistence in vivo. Serum neutralizing antibody
might interfere with virus-cell interactions, partic-
ularly during the chronic phase of TMEV infection
when anti-viral antibody titers are high. Anti-viral
antibodies have been shown to inhibit both growth
and spread of virus within the CNS for several neu-
rotropic viral infections (Tyler et al, 1989). In T81D
virus infection, slow RNA release and high suscepti-
bility to neutralization by antibodies would result in
a failure to establish virus persistence in vivo. Con-
versely, rapid RNA release and resistance to neutral-
ization might favor virus persistence in wild-type DA
virus infection.

Materials and methods

Cells and viruses BHK (baby hamster kidney)-
21 cells and primary murine SJL/J astrocytes were
maintained in Dulbecco’s modi�ed Eagles medium
(DMEM, Gibco, Gaithersburg, MD). L929 (mouse �-
broblast), BSC-1 (African green monkey kidney cell
line), and Neuro-2a (mouse neuroblastoma) cells
were maintained in complete minimal essential
medium (MEM, Gibco). pDA virus is the wild-type
DA virus of TMEV and is derived from pDAFL3, a
plasmid that contains the entire DA virus genome and
was kindly provided by Raymond P. Roos (University
of Chicago) (Roos et al, 1989). A mutant virus, T81D,
with a threonine to aspartate substitution in loop I of

VP1, was generated by in vitro site-directed mutage-
nesis of pDAFL3 as described previously (McCright
et al, 1999).

Radiolabeling of virus and puri�cation Radiola-
beled pDA and T81D viruses were made as follows.
Subcon�uent BHK-21 monolayers on 150-mm plates
were infected at a multiplicity of infection (MOI) of
0.5–1.0 with either pDA virus or T81D virus in 6 ml of
complete DMEM supplemented with 2% fetal bovine
serum (FBS) (Gibco). After an hour adsorption pe-
riod, additional media was added and the infection
was allowed to proceed for 2 h. The media were re-
moved and the infected monolayers washed twice
with DMEM de�cient in methionine and cysteine
(Gibco) and incubated in the same media for 1 h to de-
plete internal methionine and cysteine pools. Media
were then removed and DMEM de�cient in methio-
nine and cysteine supplemented with 2% FBS and
22 ¹Ci/ml Trans35S-label (ICN Pharmaceuticals, Inc,
Costa Mesa, CA) was added. The infection was al-
lowed to proceed until extensive cytopathic effects
were seen. Cells were scraped and the entire contents
of the plates were transferred to tubes and frozen and
thawed three times and centrifuged for 15 min at 1500
rpm at 15±C to remove debris. To the supernatant
1/100 volume 10% NP-40 (USB, Cleveland, OH), and
1/1000 volume ¯-mercaptoethanol (¯-ME) (Sigma,
St. Louis, MO) were added and virus was pelleted in
a Beckman type-35 rotor at 30,000 rpm for 1 h at 15±C.
Virus was resuspended in phosphate-buffered saline
(PBS) containing 0.1% bovine serum albumin (BSA)
(Sigma) and 0.1% ¯-ME, and to this 10% Na-Sarkosyl
(Sigma) and 20 mM EDTA (J. T. Baker, Phillipsburg,
NJ) were added to a �nal concentration of 0.05%. The
resultant material was put onto 20–50% CsCl (Gibco)
gradients in PBS. After centrifugation at 37,000 rpm
in a Beckman SW4l rotor at 4±C for 4 h, the virus
bands were harvested. Virus was diluted in 10 ml PBS
and pelleted at 27,000 rpm in a SW41 rotor for 1 h at
4±C. The virus pellets were resuspended in PBS con-
taining 10% FBS and stored at ¡70±C. Radiolabeled
viruses were titered by plaque assay (McCright et al,
1999).

Binding assays Similar numbers of BHK-21,
L929, astrocytes, Neuro-2a, and BSC-l cells were
chilled in six-well plates (Corning Costar, Cambridge,
MA) for 30 min at 4±C. In duplicate wells, radio-
labeled pDA and T81D viruses (in 0.5 ml media
supplemented with 2% FBS) were added at an MOI
of 20 and incubated at indicated time points. At
the time points unadsorped virus was removed, the
monolayers were washed with media supplemented
with 2% FBS, and lysed with 0.5 ml 0.1 N NaOH
(Fisher Scienti�c, Denver, CO). The cell lysate was
transferred to scintillation vials; 3 ml EcoLume (ICN)
was added and the samples were counted in a liquid
scintillation counter. The experiments were per-
formed twice and the percent bound was calculated
as follows: (cpm of sample/input cpm) £ 100. The
means with the standard errors were graphed. For
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competitive inhibition studies, precooled BHK-21
cells were incubated with radiolabeled virus in the
presence of an equal amount, or 10-, 50-, or 500
times excess cold pDA virus for 30 min or without
cold virus (control). Samples were then processed
as before. Percent control was calculated as follows:
(cpm sample/cpm control) £ 100, where the control
represents virus bound to BHK-21 cells for 30 min
in the absence of cold virus.

Uncoating assays An adaptation of the proce-
dures used by Calvez et al (Calvez et al, 1995) was
followed. Brie�y, subcon�uent BHK-21 cell mono-
layers in 60-mm plates were precooled at 4±C for
30 min. Radiolabeled virus was added at an MOI
of 250 in 0.75 ml DMEM (2% FBS) and allowed
to adsorb for 30 min at 4±C. Cell monolayers were
washed twice with cold DMEM (2% FBS) to remove
unbound particles. DMEM (2% FBS) was added and
the cells allowed to incubate for 0 or 40 min at 37±C.
Cell monolayers were washed with DMEM (2% FBS)
to remove eluted virus and virus fragments. Cells
were harvested by scraping, resuspended in buffer
(150 mM NaCl, 50 mM Tris-HCl, pH 8.0), and in-
cubated at 4±C for 10 min. Cells were lysed by the
addition of 1/10 volume of lysis buffer (1% sodium
dodecyl sulfate, 10% NP-40 in same buffer as be-
fore). After incubation on ice for 15 min, the cell
lysates were centrifuged in a microfuge at 12,000 £ g
at 4±C. The clari�ed supernatants were layered onto
15–30% (w/v) sucrose (Sigma) gradients in PBS. Gra-
dients were centrifuged in a SW41 rotor for 75 min
at 40,000 rpm at 4±C. Twenty-two fractions (0.5 ml)
were collected from the bottom of each gradient and
0.4 ml of the fractions was added to 3 ml EcoLume
and samples were counted in a liquid scintillation
counter. The percent decapsidation/elution was cal-
culated as follows: (the total cpm of the peak fractions
that contained whole virus after 40 minutes/total cpm
of the peak fractions that contained whole virus at
0 min) £ 100.

RNA release assay NR-labeled virus was pre-
pared, assayed, and irradiated as described by Kato
and Eggers (1969) and Kirkegaard (1990). Monolayer
cultures of BHK-21 cells were grown in the usual
growth medium that was then replaced with me-
dia containing NR (10 ¹g/ml). After 24 h, the cul-
tures were infected either with pDA or T81D virus.
The media containing NR was added and incubated
overnight. The cells and medium were collected,
frozen and thawed three times. Viruses were pas-
saged in the presence of NR three times. All ma-
nipulations involving NR-labeled virus were con-
ducted under a red light that had been shown to
be noninactivating. Then, 200 plaque forming units
(PFUs) of each NR-labeled virus was added to BHK-
21 monolayers for 30 min at 4±C. The cell monolayers
were washed twice and were irradiated by a 75-W
white lamp at a distance of 10 cm for 10 min after
various times of incubation at 37±C. A large plastic

dish �lled with water was placed between the lamp
and the Petri dish to absorb radiant heat. Control
plaque assays of the NR viruses, which received
no irradiation, were conducted in parallel. The data
were quanti�ed by counting the numbers of plaques
on the irradiated plates. The percentage of pho-
toresistant virus was calculated using the following
equation:

% resistance
D (the number of plaques on the irradiated
plate after the indicated time ¡ the number
of plaques on the plate irradiated at 0 min)/
(the number of plaques on the nonirradiated
control plate at 0 min) £ 100.

Neutralization assay H5, H7, and H8 are mono-
clonal antibodies that recognize VP1 by Western blot
(Fujinami et al, 1988). H7 and H8 are neutralizing an-
tibodies and H5 is a nonneutralizing antibody. The
H7 antibody recognizes loop II of VP1. To determine
whether H8 and H7 monoclonal antibodies could ef-
fectively neutralize T81D mutant, a neutralization as-
say was performed. Viruses were diluted to 200 PFU
in 0.1 ml DMEM (2% FBS) and were incubated with
a 0.1 ml of 1:100, 1:500, 1:1000, or 1:5,000 dilu-
tion of monoclonal antibodies H7 or H8 in duplicate.
The antibody-virus mixture was incubated on ice for
1 h. The mixture was then added to subcon�uent
BHK-21 cells in six-well cluster plates and plaqued
as described previously (McCright et al, 1999). For
controls, virus and cells incubated without added an-
tibody or H5 monoclonal antibody (nonneutralizing)
was used. Percent neutralization was calculated as
follows:

100 ¡ [(the number of plaques of sample/the
number of plaques without antibody) £ 100].

PAN PAN was measured using adaptations of the
protocol used by Mak et al (1970) and Vrijsen et al
(1993). Subcon�uent BHK-21 cells in six-well plates
were precooled at 4±C for 15 min. Duplicate sets of
plates were infected with 200 PFU pDA and T81D
viruses in 0.5 ml DMEM (2% FBS). After incubation
for 30 min to allow for virus binding, unattached
virus was removed by two washes with ice-cold
DMEM (2% FBS). Prewarmed media was added and
cells were put at 37±C. At 0, 10, 20, 40, and 60
min thereafter, H8, H7, or hyperimmune polyclonal
rabbit anti-DA virus antibodies were added. The �-
nal dilution of each monoclonal antibody was: H7,
1:500; and H8, 1:333. After a 60-minute incubation at
37±C, the plates were washed once with DMEM (2%
FBS) and overlaid with nutrient agar (plaque assay).
The percentage of resistant viruses was calculated as
follows:

% D (PFU at indicated time)/(PFU without
antibody) £ 100.
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Vrijsen R, Mosser A, Boeyé A (1993). Postabsorption neu-
tralization of poliovirus. J Virol 67: 3126–3133.

Wilson JN, Cooper PD (1963). Aspects of the growth of
poliovirus as revealed by the photodynamic effects of
neutral red and acridine orange. Virology 21: 135–145.

Zajac I, Crowell RL (1969). Differential inhibition of
attachment and eclipse activities of HeLa cells for
enteroviruses. J Virol 3: 422–428.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 149
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 149
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 599
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


