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\ ’ . : ABSTRACT : ’

\V/Aé in vitro study was wundertaken tc ¢characterize the
mechanisms by which the coronavirus, mouse hep?titis virus (MHV),
mediates persistent infection. MHV berststs in cultures of mouse
fibroblast M -cells (designated LMTK™), but produces a lytic

infection in L-2 cells. Persistence in IMTK~ cells was not

accompanied by the progduction of virus mutants nor soluble antiviral -
factors. Rather, LMTK"™ cells possess two characteristics which allow

cultures ‘to- support MHV persistence: a reduced level qf initial

-

-infeﬁtabiiiby, ana a resistance fo virus:igduced cell fusion. Similar
host-éell _determinantd were found to be o?erative iﬁ persistent MHV
infection of ano&her mouse LM cell line, LM-ATCC. A semi-permissive
category of host-cells was defined on the basis of _red;ced
infectability by MHV. However,“Lithin this category, cell .. fusion-

resistant (LMTK™ and LM-ATCC) and permissive (mouse neuroblastoma; C-

1300) Hosts were identified. Evidence is presented that cell fusioq

- by MHV is activated by a cellular chymotryps%r-like'enzyme resulting
- in cleavage of the viral Ei.glycoprotein (180K MW) to a 90K MW

form.Induction of ccll fusion by proteolytically-activated Eé was - not

- L

. - ‘
observed in fusion-resistant host cells, ‘due to some inherent

property of the plasma membrane. Asmonium chlofide: an ag:gt reported
e

‘

to inhtbit both virus penetration and cell fusion, was employed in-an

" attempt to convert the acute MHV infection of L-2 cells to a state of

persistence. Evidence for an endosomal uncoating mechanism by MHV

was found on the basis of uncoatipg inhibition by'immonium .chloride.

tii



-

However, all other paremeters .of ' MHV replicat{pp; while
chronologically displaced due to tnhibition of virus ;;coating were
not otherwise inhiﬁitéd by ammonium chloride, and the infection
followed a lytic, fesogefic course. The expression of ce'l fusion in

permissive L-2 cells was found to be associated with increased

cellular permeabilityv.to sodium ions. The results of cell-free

-

translation studies indicated that preferential synthesis of MHV

" proteins occurs in the presence of elevated sodium ion concentration.

iv
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* CHAPTER 1

INTRODUCTION

Virus persistence can be considered to operate at three levels:
persistence in the population, in the individual, and at the cellular
level. The first aspect is more amenable to epidémiological study
and will not be discussed here; the latter two aspects are applicable

to the present work and will be discussed in turn.

1.1 Persistence in the Individual

—

1.1.1 Genome Integration and/or Hqi?tenance of Viral Nucleic Acid
On’ mechanism by which virus can persist within the host is
!
through integration into cellular DNA of somatic or germ line cells.
Genome tntegration as a ‘means of persistence has been well
characterized for‘the retroviridae virus family (reviewed 5y Bishop,
19?3). The- retroviruses are RNA viruses that possess a vifion:
associated .reverse transcriptase J:ich copies the diploid -ssRNA
genome +into a haploid dsDNA form (termed provirus) within the
infected cell. Persistence in the provirus form does not require
virus gene expression and so may circumvent host immune detection.
By integration into germ line cells or by vertical transmission to
-offspring in sperm, egg or milk, these viruses can'Bprsist thr;ugb

generations. .
Visna virus? s member of the lentivirinae (slow virus) subfamily
of the retroviridae causes a slow, progressive.ﬁisease of the central

nervous system (CNS) of sheep. Virus can persist in the host,

-~




" sometimes for vears, despite an immune response. Some of the .Rfsb

.

evidence for genome integration has come from studies with- visna
virus, where viral DNA can be detected by nucleic acid hybridization
in the tissues of infected sheep, despite little or no viral antigen
N

productiom(Haase et al., 1978). W£ile acute infection is restricted
by the host immune response, cells with integrated genomes go
undetected. Periodically, latently infected cells release infectious
virus, which, RQecguse of antigenic variation, is able to survive and
trigger another episode of acute disease (Scott et al., 1979). Such
antigenic variants, as well as variants arising in different animals,
have point mutationa} changes clustered around the 3'-terminus of the
RNA genome, apparently within a gene coding for a major glycoprotein
antigen (Clements et al., 1980; 19@’3.

A furthér example of persistent virus infection involving
maintenance of viral DNA is encountered with certain mémbers “of the
herpesvirus group. Following primary infection with herpes simplex
virus (HSV), latency may b;.established that enables the virus to
persist throughout the lifetime of the host. HSV comﬁonl; establishes
latent - infection in the sensory ganglia, from which it may b;
reactivated at a later time, resulting in récrudesceﬁce of a lesion
in the dermatom? innervated by.the seﬁsoi; ganglion {Baringer et al.,
1975).

Definitive evidence regarding the stéte of HSV or its DNA genome
within latently infected sensory ganglion cells is lacking (Minson,
1983). Through explant cul&ure of neural tissue in vitro, infectious

Ve

virus can be reactivated from latently infected ganglia (Baringer et

\



.4 -

-

al., 1975). In cultures which fail to release vi}us, viral DNA can

‘ .
be detected or virus release activated by superinfection with defined

13

temperature-sensitive (ts) mutants (Brown et al., 1979; Lewis et al.,

1984). It appears that HSV DNA expression is repressed in latently

infected cultures, since, although DNA can be detected, little or no

viral RNA is present (Puga et al., 1978). There is evidence that HSV
DNA exists in ;.éifferent form in latently infected ganglia than in
acutely infected nervous tissue, where normel_gpit-length linear DNA
was found, (Puga et al., 1984; Rock and Fraser, 1983). These
observations suggest that HSV latency may involve provirus

~

integration as described for the retroviridae.

1.1.2. Immunomodulated Virus Persistence

~ The papovavirusés BK and JC are widespread in the human
’population (Padgett, 1980), and -although BK virus has not been
associated with disease, the presence of JC virus has been correlated
with a ra;e demyelinating disease of the human CNS known .as
“prégressiveamu}tifocal leucoencephalopathy (PHL;‘ Walker and Padgett,
1};83). While 'JC virus may remain 'latent in the general hum%n
t;;pulaglon, it ;a; S; reactivated | under conditions of
immunosuppression to maﬁifest }ML disease. . Studies ‘on*~the nature
of JC or BK virus DNA in normal and diseased human cadaver tissué

have demonstrated that in fatal PML cases, up to 1000 copies per cell

of JC virus DNA can be.detaected in affected areas of the brain, and

much smaller numbers (0.2-10 copies/cell) in the kidney (Grinnell et

al., 1983). When non;PHL cases were examined, JC DNA could only be

s —



detected in the kidney (Chesters et al., 1983). It has been
s

~  suggesteqq (Chesters et al., 1983) that JC infection of the kidney,
Al i

.during severe immunosuppression, can spread to the brain to cause
- PML. None of the studies reported thus fee have detected integrated
JC or BK DNA in hyman brain or kidney, and in this regard they
resemble other papovaviruses associated with more acute infections,
< BN
such as the papilloma viruses (Gissman, 1984),

A number of well-characterized animal virus infections are not
'éssociaﬁéd with acute disease symptomsk but infectious ;irus can be
recovered from serum or tissue throughout the life of the host. Such
digease states are often _associated with yirus infectiog of

‘lymphoreticular tissues (such as the spleen, liver and lymph nodes).

. However, some antiviral antibodies are indused, and in many cases,

n

circulating immune complexes may eventually résult in disease.

Probably the best characterized example of such infections is

the life-Loné carrier state induced by lymphocytic choriomeningitis
virus (LCMW) in mice. Persistent infection of the mouse with LCMV is

a .natutdi . phenomenon, and many wild Mus musculus carry the virus

4

, (Lehmann-Qrui:e"h_t al., 1983). The virus is tr&fsmitted‘}_n utero ~f&'
: . 4

-

‘mother td,&ffspring with essentially 100X efficiency; it appears
the .viral’ ge;ome “is nét integrated into eitﬁer germ ¢
diffefgntiatéd tissue cells, but replicates in the cytopiaﬁs,
regulated bj a mechanism not 'yet wei} understood. Stﬁdiéq involving
in yvitro LCHQ repiication have'su;éested that persistent in}ection

may be a totally intracytoplasmic procqss‘ invylﬁing .transfer of

[}
e

infectious material within large, enveloped vesicles,via cell-cell

.
. -

v
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tolerance in adulthood-.

contact (van der Zeijst et al., 1983), However, in vivo, the

relevance of these findingﬁ remains to be determined; rathér, two
other mechanisms have been proposed to explain the lifelong
persistence of LCMV in carrier mice: 1. T-cell unresponsiveness, and
2. DI particle generation. Of the;e two mechani8ms, the first is
generally recognized to be og primary importance._

After infection in utero, circulating antibodies or specific
cell-mediated immunity to LCMV are not detectable; the mice appear
normal for 9-12 months in spite 'of widespread viral ‘multiplication
that pr;duces persistént viremia, with viral antigens present in most
organs (Lehmann-Grube et al., 1983). However, infection of a non--
carrier adulilt mouse results in 3 rapidly lethal infettion of the'CNS,
associated with ce]:l-mediated immune attack of affected tissues. T].ae
peréistencé of LCMV in mice receiving virus in utero. is tho;;ht to be
due to the abgence of virus-specific cytotoxic T-cells: (Cihak and

Lehmann-Grube, - 1974, 1978). This state of T-cell "tolerance'" in

carrier mice has been suggested tb reflect the elimin)tioﬁ of LCMV-

reactive clones in neonatally ot congenitélly infected mice (Cihak

and Lehmann-Grube, 1978). Later‘in life, mahy‘carrier mice develop a
. . ’ L ]
late-onset disease due to déposition.wggspicularly in the kidneys, of

' immune complexes consisting of antibody and LCMV (Oldstone, 1975)1

Why these carrier mice eventually mount on antibody response to LCMV

is not known, but presumably reflects a breakdown in the state of

o
s .

During replication of LCMV both in vitro and in vivo, a &lass of

.

virus particles are produced that are non-infectious but interfere




s,
with infectious virus replication (Popescu et f"1976). Since
these LCMV interfering particles (IP) are pr " carrier mice.
{Popescu and 'Leﬁmann-Grube,' 1977) they may play: a role jn the
persistent infection. Unlike classical D; particles (Huang‘ and
Baltimore, ,P970)v";hese LCMV-1Ps do not exh;bit the aﬁglification
phenomenon (ie. ability to enrich itself at the expense_.p; s;endard
virus). Furthermore, unlike the random gencme ifti;ns .of DI
particles, these IPs specifically lack the S (small) RNA species of
LCMV (Martinez-Peralta et al., 1981). ‘ It appears then, that these
LCMV IPs are béélogicaily active by-products of virus synthesis,
being produced whenever infectious virus replicates (Lehmann-Grubé

L4

et al., . 1983). While thesé IPs are constantly produced in carrier

mice, their role in LCMV persistence remains to be characterized (see

secéion 1.2.1).

»
1.1.3. Persistence Associated With Defective Virus Replication

An interesting example of virus persistence which involves
defectiag assembly/release of viru§ is seen ip certain rare cases of
measles virus infections. ‘ Norpally,?) measl;s virus causes an acute
febrilgn illness of children accomﬁanied by a8 characteristic rash.
However, two types of interaction between measles virus and the CNS
are rare complicatibns'of the disease:  acute encephalitis, and.
subacute sclerosing panencephalitis (SSPES. ~ Encephalitis result;
fro? an acute cytopathie infeétion of certain brain areas, from which ’

measles virus can_ be isol;ted. In SSPE, however, a period of 6-8

years elapses after measles infection before ciiniéa{_m&nifastations




<

.

appear, after which aiilow, progressive neurological impairment
develops thch is invariably fatal (Fraser and Martin, 1978).

Associated with the disease are high levels of measles-specific

oligoclonmal IgG in the cerebrospinal fluid plus high antibody titres

‘against measles virus in the serum. On post mortem, accumulations of

measles-virus nucleocapsids within neurons, oligod;ndrocytes * and
astrocytgs are ob3erved as well as lymphocytie infiltration (ter
Meulen et gl.,. 1983). Viruses isolated from SSPE-neu;§: tissue by

from acote

cocultivation have been compared with measles virus

infection, but no significant differences weré' found that could

’ explaiﬁ"the persistent infection (Wechsler 'and Meissner, 1982).

Since antibodies made 1in response to acute measles infecti

neutralize messles or SSPE-derived measles. virus to an equal extent,

- ' . A}

it has been ptoﬁosed that either measles virus becomes established in

the CNS at the time.of original infection and remains latent for

.

several years, or the virus persists in lymphoreticular cells from
- . .

which it enters the CNS at a later time (ter Meulen et al.,- 1983).

The mechanism by which SSPE virus persists in Anfected brain cells

’tnvolves -a defect in the expression of the viral matrix protein,-

which prevents formation of fully infectious virus (Hall and CWGppin,
1979). Cell lines derived from SSPE brain tissue cultivated in vitro
are also deficient in matrix protein, although other viral protains

are preseﬁ;.(ﬂachnmer et al., 1981). In one such SSPE cell line, the

\
[

matrix proteiﬁ mRNA was present but inactive in an in vitro

S
4

translation é&stan‘(Carter et al., 1983). These results suggest that

the mdtrix protein mRNA is functionally altered, perhaps by




framé#shift or tarmination mutation so that matrix protéin synthestis

-
-

does not occur and virus assembly is prevented (Carter et al., 1983).

i)

+

1.2 Persistence in the Cell | <2
Vigus pergistence at the cellular level has been extensiveiy
investigated through establishment of persistent virus infections in
tissue ‘cultgre cells (reviewed by Friedmaq ’ahd Ramfeur. 1979
Youngner ‘and 'Preble, 1980). Hechénisms by gh&ch persistence is
induced and maintained can be studied more réadily in vitro; such
mechanisms usually jnvolve .oaa’or > cdmbination‘o; the following
thiée ;échanisms: generation of defective interfering (DI) virus

particles, genera;;on-of temperature-sepéitive'(CS) virus mutants or.

-

induction of endogenous interferon in the host cell.

N

1.2.1 Defective Interfering Particles
) : \

. ) : .
Defective interfering (DI) particles represent a major

controlling element of virus replication. Tﬁey are ;on;tantly
generat?ﬁ at low levels by'inf;ctious virus and only amplify to
in;grferiné levels 'hhen theAparent helper virus is. abundaqt. This
augointerférencé phenomenon was first yecogﬁizﬁd by von Hagnus (1954)

" in preparatigns of influenza virus propagated by serial undiluted

passage of virus. in eggs. The widespread occurrence of DI particles,
. . v v f
particularly amorg RNA viruses has since heen recognized tHuang and

[ . #F - . .
Baltimore, 1970 Holland et al., 1980). It is generally agreed tHat

—_—

RNA viruses (with the excepﬁion of retrovippses) lifk the abilrty to
integrate’ dsDNA copies:or £ragnents-oﬂ their genome 1nto uuciryotic
"

.« host cell ch:omOsonas. RNA virusas &ay*tharefore rely on alternativ&

4

e

~ . PO |




mechanisms of attenuation, such as DI particles, to achieve long term

- \
virus-host cell association. As defined by Huang and Baltimore

(1970), the «criteria for the definition of DI particles are as

follows: 1. antigenic similarity to standard virus, 2. requirement

for homologous parent Virus as helper f{or replication, 3.
preferentiaf replication of DI over standard virus (amplification),
and 4. interference with the replication of the ;taﬁdard virus.
Another important chargctéristic of DI particle; is that their.

-

generation is very dependent upon host-cell type (Huang and

-

Baltimore, 1970; Holland et al., 1976; Perrault and Holland, 1972).
In general, th-requirement for helper virus agfwell as interfering
activity is limited to the homglogou; parent or seralogically related
gtrdins. The nature of the helper function supplied by the standard
virus‘\?aries in different virus systems. For example, wild-type
vesicular, stomatitis virus {(VSV) provides ail five virus-coded
proteins for replication and encapsi&ation of a DI RNA template yhich
hoes not code for any translation products (Huang and Baltimore,
1970). In poliovirus, hpweve?; the standard vigus hglper. in some

cases, provides the missing capsid proteins to a DI RNA which encodes

all other viral proteing ( Phillips et al., 1980).
' v

A - *

Because of the antigenic similarity of DI and parent virus, the
blp&:gica] properties of DI particles are attributable to the genome
deietions tgex contain. Their interfering and preferential
replication’ pfoperties’ are due to the nature of the DI template

itself, which, 1ntraceliular1y. competes for the viral polymerase

(Perrault, 1981). T .



Thus far, all DI particles examined criticallv contain deletions
in ° a part of the genome essential for infectivity. Triviai
explanations for the generation of DI RNAs., such as RNA chain
scission or premature termination during svnthesis are insufficient
to sexplain th¢ ¢ conservation of genomic ends or the presence of
inverted terminal compleméntarlty, chdracteristjc of DI genomes
(Holland et al., 1980) . These unique features of DI particles have led
to the proposal of a "template-switching', and "copv-back' model for
DI ‘generation in negative-strand viruses (Huang, 1977 ; Leppert et
al., 1977). The essential feature of this model is a viral replicase
detaching from its template (thleﬂéﬁgaining attached to the nascent

%

chain), and then binding back near :q&;S'-end of the nascent chain to

initiate copying in thq'reverse direction. This model acgounts for
many features of DI RNAs, including the retention by most of a large
fragment from the 5'-end of the standard genome. However, to account

for other features of DI hNAs, such as internal genome deletions, a

more general hechanism has been proposed (Perrault, 1981), designated

the 'leaping replication complex" model, whereby the ‘"copy-back'

mechanism operates ,i"_ conjunction with a transcribing' replicase
complex that can leap to downstream sites either on the template
strand_ or resume synthesis on the nascent chain carried by the
leaping polymeras$ complex. Many of the current concepts regarding
the origin and replication of DI particles are derived from the VSV
system which has been studied in most detail, and serves as a model
for negative-strand RNA viruses in general. N

In the positive-strand RNA virus group, both togavirus and

-



picornavirus DI particles have -been 5studied in some detail. Briefly,
this group, including the double-stranded members swuch as reovirus,
appear to all generate DI particles with internally deleted 3enomés

with retention of 5'- and 3'-terminal sequences (Ahmed and Fields,
N .
et al., 1976). Furthermore, in the case of

1981; Cole, 1975; Kennedy
viruses with segmented genomes, such as the negative-strand influenza

and positive-strand reovirus, partial or complete segment deletions

~

have been mapped to polymerase-encoding genes (Davis et al., 1980;

- .

- Nonoyama and Graham, 1970). Therefore the .mechanisms proposed above
v .

for DI genome generation may be applicable, 1in one form or another,

-+

to all RNA viruses. - .

Since DNA viruses commonly mediate persistent infections through-

genome integration and less well ‘defined latenoy stateS. the role af
DI particlés in‘ £hese infections is considered to be of ﬁésser
importance ) in nature than with RNA _viruses. Nonetheless, DI
particle; have: been demopstrated'for all DNA vi{Yuses, with the
possible exception_of adenoviruses and poxviruses, -althOugh tReir

role -in persistence is ®t present unclear (Perrault, 1981). Unlike

the DNA viruses, DI particles of RNA viru?és have been récognized for

some time, and are.firmly linked t¢ perststent infections, as studied .

in wvitro. "The pioneeriﬁé stS&fo;of Holland and Villareal (1974)
provided the first clear evidemce for a DI v requirementr in
establishing stable VSV-carrier cultures in vitro. They established a
persistently " infected BHK cell culture by coinfection with ;
temperature-sensitive (ts) mutant of VSV and its homologous DI

_particle. These cultures have cohtinucusly shed low levels of

A1
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I
infectious virus and DI particles. The DI particles are similar, if

not identical, in structure and activity to DIs generated .bv high

tultiplicity passage in permissive cell lines (Holland et al., 1980,
>
1982). Another important feature of these cultures is that the 0Dl

particles act as a selection pressure for the rapid and extensive
mutational drift_ of standard virus during long-term persistence
(Holland et al., 1979). This is exemplified by the rap:d emergence of
standard vi:ﬁs- mutants no longer subject to“ interference by the
original DI particle used to initiate the culture. The new standard
virus, however, can generate new DI particles which interfere with
its own growth (Holland et al., 1982; Horodyski and Holland, 1984).
This important regulatory phenomenon has been observed in other virus

systems, including rabies virus (Honda et al., 1985), Sindbis virus

(Weiss and ,Schlesinger, 1981) and West Nile virus (Brinton "and

Fe@%andez. 1983).

~

Modulatton of the infectious process by DI particles has been

demonstrated in vivo for a variety of viruses. Pre-or coinfection of

mice with large amounts of purified DI particles pfovided prophylaxis
againét challenge with standard virus for VSV (Jones and Holland,

1980), Semliki Forest virus (Barrett and Dimmock, 1984), and reovirus

(Spandidos and Graham, 1976). Interestingly, UV-inactivated VSV DI
particles possessing double-stranded RNA were somewhat protectfve
(Jones and Holland, 1980), presumably due to their capacity to induce
interferon (ngcus and Sekellick, 1977). However, in all these
protection studies, the large dosages of DI pért%cles required for

protection were also immunogenic, and so the relative contribution of

~

12
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DI particles in vivo to early protection via humoral antibody vs.

[
true interference with standard virus replication remains unclear. As

mentioned in section 1.1.2, the persistent LCMV infection of mice may

be, 1in part, due to DI particle-like wvirus. These interfering
particles can be demonstrated in the organs (Popescu and Lehmann-
Grube, 1977) as well as peritoneal macrophagés of carrier mice (Welsh
and Oldstone,. 1977). Coupled wiFh the finding that LGMV DI particles
protect against acute cerebellar disease (Welsh et al., 1977), these
*;eéults suggest a possible in;olvement of DI particles in persistent

LCMV infections, in vivo.

1.2.2 'TemperatUte-sensitive mutants
| The - appearance of témperature-sensitive (ts) virus mutants i;
another common finding in persistently infected tissue culture cells.
The ts lesion 1is usually a missense mutation in the viral genome
which results in préduction of an altered, but functional protein at
permissive temperatures, but at non-permissive temperatures, e}ther
no protein or a non-functional protein is formed. If Fhe lesion is
within a structural gene, the mutant virus may be heat-labile
compared to wild-type virus (reviewed by Youngner and Preblé. 1980).
A large body of evidence implicates ts viral mutants as the
persis;ing species in a variety of chronic infections iqitially
established with wild-type virus. In early st;dies on Ipetsistently
infected cell cultures, an L cell line chronically infected with

Newcastle disease virus (NDV) was maintained, and virus isolated from

such cultures displayed temperature-sensitive replication, increased




thermal lability, and reduced virulence when administered to
susceptible mice (Preble and Youngner, 1973). Eiochemical
characterfzation of these NDV ts mutants showed f%at they did ‘not
svnthesize viral RNA (éNA(-)) at non-permissive temperatures due to
defective RNA polvmerase activity. Using a mixture of stan;ard and DI

particles of VSV, Youngner et 'al. (1976) established a per¥istent

infection in L cells which, with time, shed an ever increasing

proportien of ts phen-otypes. until Mfter two months all released

L

virus was ts. The ts virus was all of oqne ' complementation group

~

(group 1, defective in RNA synthesis) and was able to. induce new

persistent’ infections in L cells. Interestingly, DI particles were

-

not detected, suggesting that these were not necessary for initiatidn

-

" and malntenance of persistence in this system. Futher eviffence for
the singular role of ts mutants in some persistent infections comes
from th;e demonstration of Youngner et al. (1981) that in persistently
infected BHK cell cultures, .uhich are interferon-incompefént. ts
mutants aFcumulated under conditions where DI Aarticle production was
restricted. However, some ts mutants can interfere with standard
virus replication, much like DI particles (Youngner’and Quagliana,
1976), and so the role of ;nterference. per se, cannot be immediately
ruled out in éersrstent infection with ts virus.

Extensive genetic characterization of VSV and other rhabdovirus
ts mutants has been carried out by Pringle (1457) About 90 Z of
spontaneous or induced ts mutants map to the gene encoding the viral
polymerase (L protein). At non-permissive temperatures, this mutant

polymerase is.eitﬁer non-functional (hence, an RNA(-) phenotype) or



S
transcribes RNA with increased mutational frequency. Translation of

such RNA could give rise to proteins witg altereé struéture and
biological activity (Holi;nd et al.,1982). While the vast majoritv of
isolated VSV ts mutants are polymerése defective (complementation
group 1), other ts mutants have been mapped to the genes coding for
the matrix protein (M; group 3) and the spike protein (G; group 5;
Youngner et al., 1978).

Although best characterized wn the rhabdovirus system.‘\examples

of in vitro persistence involving production of ts mutants exist for -

a wide variety of RNA viruses.

- Like the rhabdovirus ts mutants, isolates from cultures
persistently infected with ;lphaviruses often display the RNA(-)
phenotype at non-permissive temﬁeratures (Keranen et al., 1977; Maeda

et al. 1979). Furthermorey alterations in the expressiéon or

— -_—t2
biological activity of structural proteins of ts mutants, like those
known for VSV, have been clearly demonstrated in chronic infections

involving corona- (Baybutt et al.,1984) and paramyxoviruses (Roux and
Waldvogel, 1982).

In cultures persistently infected with the coronavirus, mouse
hepatitis virus (MHV), a ts mutant was isolated which had structural
alterations in the spike glycoprotéin. E2. This mutant displayed
decreased cytopath;c ;;fect in vitro and reduced neurovirulence in
vivo, two properties ascribed to the E2 protein (Baybutt et al.,
l9§b). A Sendai virus ts mutant, isolated from persistentl& infected

BHK cells was blocked at a late stage of maturation at non-permissive

temperatures due to a ts lesion in the viral matrix (M) protein,

13
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which must co-operatively interact with other structural proteins for
proper virion assembly at the plasma membrane (Yoshida et al., 1979).
Associated with the ts lesion jin the M protein was a reduced or
improper exﬁressidﬂ of the viral hemagglutinin-neuraminidase (HN)
protein at the surface of infected cells. Reduced HN exfrression has
been reportgd in cells chronically infected with measles virus
(Fisher and Rapp, 1979), and was interpreted as a means whereb} the

persisting virus might escape the antibody-mediated defense system in

vivo. In connection with these studies, a— chemically-induced ts
mutant of the orthomyxovirus family, influenza wvirus, was also
deéermined to possess a ts lesion in the virgl M protein (Ghendon et
al., 1983 ). At non-permissive temperatures, hemagglutinin (HA)

~

cleavage was reduced, functionally active HA and neuraminidase (N)
* -

were absent, and virions were not formed. Therefore, such ts lesions

can dramatically alter the maturation process of virions, and thus

contribute to the maintenance of persistence in vitre.

In the VSV system, the dominance of the polymerase-defective

(RNA(-)) phenotype over the maturation-defective phenotype

(structural protein lesions) was demonstrated in studies whére
persisteﬁt infections initiated with maturation-defective virus
(complementation group 3 or 5) were monitored over time for the
phenotype of released virus. In each case, with prélonged
persistegce, virus with the RNA(-) phenotype appeared, and with time,
their proportion of the tot;1 increasad , until by two to three

months post-infection , over 80 I of the virus was of group 1

phenqgtype (Youngner et al., 1978);' These results were interpreted by

-
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the authors to ihdicate that the apparent select;;e advantage for ts
mutants with ‘'early'" defects (RNA(-) phanotype) over those with
"late" defects (structural protein lesions) may be explained by tﬁe
limited“ ability of RNA(-) ts mutants to produce Vvirus-specific RNA
and cytotoxic proteins at the semi‘restrictive témpetature.
1.2.3  Interferon

In addition to DI particles and ts mutants, endogenous
interferon produétion has also been implicated in maintenance of:
virus persistence in wvitro. It should be noted from the outéet,
however, that interferon induction does not appear to represent ;
primary. mechanism ;hrough thch persistence can be maintained;
rather, it has ‘géen. f;und to operate in thoée systems where DI
particles or ts mutants are generated. That interferon production is

not necessary for the establishment or maintenance of persistent

infections in vitro comes from the observation that- -twd cell:-<ines

which are defective interferon producers (Vero or BHK) have been
persistently infected by a varieiy*of viruses.

The finding that a hetarologoua_intiviral state exists in many
4 :

-

persistently {Sfifted cultures suggegfif however, that intefferon may
be operative. Furthermore, detection‘ of interferbn in such culture
media, and the abolishment of persistence Qitp anti-interferon serum
clearly demonstrates that interferon can play:a,rgle in persistence

(Nishiyama, 1977; Ramseur and Freidman, 1977). It has been proposed

(primarily by _one laboratory) that initiation and maintenance of

¢

persistent infection in cell cultures competent for the inte;feron

system involves evolution of either special DI particles or ts

-




mutants with an increased capacity to induce interferon in infected

-
~

cells (Marcus and Sekellick, 1977; Sekellick and Marcus, 1978, 1979).
Interferon induciio; by DI particles was demonstrated using a VSV DI
particle wﬁich contained covalently-linked message (+#) ~ and
antimessage (-) RNA genome (Pérraul: and Léavitt. 1977). A
conventional (-) RNA particle did not induce interferon under the
same conditions. This double-stranded DI particie was also shown to

protect interferon-competent «cultures from cytopathic effect when

challenged with standard VSV; neo protective effect was observed in
- .

Vero or BHK cells (Sekellick and Harcus; 1978). Since DI particles-

appear fr€quently in wild-type stocks of VSV (Perrault and Leavitt,

1977), but are not selected for during persistent infectiop (Youngner

t al., 1978; Holland et

1., 1980), these particles may play a role

*
early in establishment of fhe persistent state by reducing infectious

(cell-killing) virus through homotypic interference and interferon

fJ//§;;;ction ( Marcus and Sekellick, 1980). In their .study of interferon

induction by Newcastle diégase virus (NDV), Marcus et al. (1983)
identified a non-infec;ious interferon-iﬁducing particle (IFP)
present in NDV released from "aged" chick embryo cells. This IFP,
preseni in large excess over wild-type ﬁDV, was postulated to possess
a double-stranded character at the immediate 3'-end of the genome.
Thus, this NDV IFP may have a structure like that described for the
interferon-inducing VSV ((+/-)-s§rand) DI particle.

R C T
Temperature-sensitive mutants of VSV have alsS been implicated

in interferon induction. Such ts mutants are the most consistently.

implicated in the mgintenance of persistent iﬁfection in interferon-

18



- competent cells (reviewed by Yoiingner and Preble, 1980). The RNA(-)

ts mutants, commonly fsolated from chronic infections in vitro, were

found to be excellent inducers of interferon in mousé L cells (Marcus )

aﬂa Sekellick, 1978). Such ts mutants also protected cell cultures
from cytopathic effect when challenged with standard -VSV. The authors
suggested that only a small-fracti;n of the VSV genome need be
transcr%bed to produce an interferon inducer moiety (as hypothesizgd
for NDV above).

Clearly, interférbn appears ' to 'play. a sﬁpkiagary-“role in

persistent infections "in vitro; these studies indicate that only

under exceptional circumstances can interferon function as a primary

determinant in establishing the persistent state.
4

1.3 Coronavirus Persistence ¢

Coronaviruses are important agents of both acute and persistepnt

. infection (reviewed by Wege et al., 1982; Sturman and Holmes, 1983).

Murine coronaviruses, exemplified by mouse hepatitis virus (MHV),

have been the most widely studied member of this virus family, and

within the past decade, considerable progress has been m#de towards

characterizing, in molecular terms, the events involved. in the

coronavirus éeplication cyclé (see sectién 1.6). With these newly

gained insights into coronavirus replfcation, it.is now possible to

investigate individual parameters . in the infectious cycle to
. ,

determine which factors play a kaey role in determiniﬁg the outcome of

infection. A number of strains of MHV have received much interest as

. .
& result of their demonstrated ability to become persistent under

s 3
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certain conditions, both in vivo and in vitro ( Lucas et

al., 1977,
1978; Robb and Bond, 1979; Sorensen et al., 1980). A‘variety of
mechanisms implicated in in vitro MHV persistence have been cited in
the literature, and have been shown to operate at the level of thé&
persisting virus (ie. temperature-sensitive mutants and DI particles
(Bavbutt et al., 1Q84; Holmes and Behnke, 1981; Makino et al., 1984,

1985)) or the host cell (Lucas et él.. .16877, 1978; Mizzen et al.,

1983). T R

. o | ‘

The preseat wark was undertakert .to ' furt¥er- characterize 'the
R . B S -

nature of the supporting host cell in MHV persistence in Jitro to

el

o
o

* ppévide insight into mechanisms by which the virus can mediate

Va
- persistent infection in vivo.

1.4 Coronaviruses: Overview

- s
Coronaviruses are large, enveloped RNA viruses that have been
. [ 4

N

found to cause a wide variety of disease states in natural vertebrate
.hosts such as fowl (Schalk and Hawn, 1931), rodents (Cheeve5 et al.,
1849; Gledhill and Andrews, 1951),®attle (Kaye et al., 1975), cats (
Holzworthy, '19631 and man (Mc Intosh et al., 1967).. In man, an’
estimated 15 X of common éolds are caused by human respiratory tract
coronaviruses (Mc Intosh et al., ‘1970). Thus, coronaviruses .;re
clearly of bqfh economic and clinical importance.

‘ ‘The first coronavirus isolates were thought to be related to the
ortho- and Sarapyxoviruses, whi;h were similar in morphol;gy and were

\
also commonly isolafed from respiratory infections (Berry et al.

1964). However, it became increasingly apparent that coronaviruses

é

Ny
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represented a separate taxonomic family with many unique
characteristics (Tyrell et al., 1975). The previously unrécognized
virus family Coronaviridae began to emerge in the lage 1960's when
viruses isolated f;om human patients were noted to have® similaf

morphological appearance to viruses associated with disease in  fowl

N

. {infectious bronchitis virus; IBV) and mice ( mouse hepatitis virus;

‘MHV; Almeida and Tyrell, 1967; McIntosh et al., 1967). Furthermore,

v, "

- antigenic relatedness was demonstrated between MHV .and the human
coronavirus HCV-0C43 (McIntosh et al., 1969; Tyrell et al., 1968).
For each wvirus, a charactetistic,fringe of large, widely-spaced,

betal-shaped glycoprotein spikes or peplomers were observed to

e

projeét from the, énvelope of the virion 1in negatively~stained
-

preparations. The name. coronavirus derives from the resemblance of

. » '
these spikes to the corona spinarum, or crown of thorns, found in
s

.

religious art (Tyrell et al., 1968).
~i{

1.5 Virion Structure and Composition

Negative-stained preparations of coronavirus virions appear as

pleiomorphic, envelope&, generally Sﬁherica& particles ranging in
diameter of 60-200 nm and bearing unique surface ;eplomérs of about
20 nm in length (HcInto;h, 1974).‘The genamic RNA is a néﬁ-segmented.
single-stranded molecule that is about 18 k;lobases in length (or 6 x
106 MW), as estimated by a number of methods (reviewed by Siddell et
al., 1982). The henome contains a poly-A éract at the 3'-end, that in

the case of mouse hepatitis virus, MHV, is estimated to be 90

adenylate residues in length (Yogo et al., 1977). The coronavirus
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.genome is infectious and functions as messenger RNA (mRNA; Wege et ™
. i
e .

at., 1982). x ‘ AT~ ~

Many molecules of a basic\p“'osfihoptotein1 N (nucleocapsid; .50%
60K MW), -encapsidate the genomfc RNA to form a long, flexible

nucleocapsid with helical symmetry (MacNaughton' et al..t 1978;
Stohlman and 'Lai, 1975). The nuclegcapsid ldes within a lipoprotein

‘ 3 . - . o ’ -
envelopeé derived from the smob;h or rough endoplasmic .-reticuodum of

the host cell ( Alenso-Caplen et al., 1984; Massalski et al:, 1982). -
. =" !
The. envelope ' consists of " a 1lipid bilayer with ' two viral

4
L

" glycoproteins, E; and E;; the ratio of structural prote¢ns in the Hﬁ&

—

‘'virien was shown to be 8N: 16é1: 1E, (Sturman et al., 1980).
\ . . .

e E; gl’kppro;edﬁ (20-30K Hﬂy_ls'a tragsmembrane molecule that
- N B i » ] - T ) 4
is deeply embedded in the viral envelope,'’ so that ‘pnly a small, .

glycosylated N-terminal Yegion is eprsed on.thetouter surface of the

- lipid ,bjla§ér‘ (Rottier et gi., 1985). Nucleotide sequence . of the
'clqneé E, gene suégests that the'p?;tg;n penetra%e; the lipid bilayerA
via two hydrophobic domains, and a large domag;(ligs .beneath the
‘b;layer (Armstrong at al., 1984). In thé case ‘of MV, E, is
glycosyléted ghrough gefiné or threoniné residues at the N-tenminal‘

domain of the molecule (Niemann and Klenk, 1981). . ° '. ' -
. P . i . .. . s . ’
~ The second coronavirus glycoprotein, "By (18Q-200K Mw), the

structu;ai'pfotein of the peplomer, is embedded 'in the'lipld‘bilayer'

-
1

by a small anéhor regi%n and is glycosylated af'as aragine . residues.
i 2 I Aan Blyc ; ! sparag \

(éheley and ApderSon, 19813 Niemannland_Klenk..1981). The Ey has alse

.been shown teo éqptaiq covaléntly linked fatty acid (Schnidt,.l982).

-

Like other .plus-stranded RNA'viruses, éoronaviruios do 'not

. -~
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applied mRNAy. Since the [32P]-CDNA.probe used in these studie$ was
made against mRNAN. and all MHV RNAs contain the mRNAy sequence
{Cheley et al., (198la)), there is a direct correlation between
autoradiographic image intensity and amount of total MHV RNA in the
applied dot-blot samples. Therefore, the relati?e levelgnlf MHV .RNA
per infected cell calculated above were expres;ed as pg MHV RNA per

infecﬁed cell using this calibration procedure.

2.20 [5-7H)-uridine Labelling of MHV-infected L-2 cell RNA

Cultures of L-2 cells (107 cells per 100 mm dish) inoculated
with MHV at an moi of 20 were adsorbed 30 min. at 4° then incubated
in SM at 37°. AT O £immediately after virus adsorption was

complete), 1, 2or 3 h Pi}. culture medium was changed to fresh SM

containing 20 mM ammonium chloride. Cultures were supplemented with

actinomycin D' (2 ug/ml) at 4 h P.I. and subsequently labelled at S h

.

P.I. with [5-3H]~uridine in SM (10 uCi/ml). Cultures were harvested

at % h P.I. by the guanidine-HCl proce&ﬂtﬁ\(section 2.17), ang the ‘

RNA pellets taken up ip 1 ml of 50% dimethyl sulfoxide (DMSO), 7 M
urea (ultra pure, Schwarz-Mann), 10 mM Tris-acetate (pH 5.0).
Samples were "heated at 50° for {EJA;n. and then placed on ice

immediately prior to loading on the agarose gel (section 2.21).

.

2.21 Agarose Gel Electrophoresis

.-

A solution consisting of 0.7% agarose (Seakem) iﬁ 50 DMSO, 7 M
e

urea, 10 mM Tris-acetate (pH 5.0) was heated at 68° for 45 min. -;o

dissolve the agarose. Gels were poured into the sam§ vertical system

-

used for protein gels (glass plates with 1.0 mm spécers; section

,
‘

o
PR}
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1.6.3 Transcription of Minus-Strand RNA

Viral RNA polymerase activity can be deieéled in membrane
fractions within 2 to 3 hours post-infection (Bra}ton et al., 1982).
The genomic RNA is transcribed by this enzyme to form a
complementary, full-length, miﬁus~strand RNA with a poly-U sequence

-

at the S'-end (Baric et al., 1983; Lai et al., 1982).

1.6.4 Transcription of Plus-Strand RNA

=

The minus strand serves-as a template for the synthesis of both

new genomic RNA and six capped, polyadenylated subgenomic mRNAs:

-

ranging in size from 0.6 to 4.0 x 108 Mw (Chelqy- t al., 198la; Lai

et al., 1982a ). Oligonucle&tide mapping of the genomic and

subgenomic mRNAs showed that they form a nested set of overlapping -

molecules with common 3'-ends (Spaan et al., 1982; Stern and Kennedy,

1980). Each mRNA contains all of the nucleotide sequences of the.

next smaller mRNA plus one additional gene at the S'Lend. Only the
5'-proximal sequence of each mRNA }s translatedv (Siddell et al.,
1982). At the 5'-end of the éenomic RNA, the cap is attached to a
ieader ‘sequence of about 70 bases. Aithough it is not present
elsewhere in-the genome, this leader is also found at the 5'-end of

each of the subgenomic mRNAs (Baric et al., l9ﬁ3; Lai et al., 1982a;

Spaan et al., 1983). This leader is transtribed from the }'-end of

. ) .
the minus-strand template and acts as a. primer for synthesis of plus

-strand RNAs, through recognition of specific (AU)-rich intergenic

.sequences on the minus strand template (Spnéh et al., 1983).. The

properties of the RNA-dependent RNA pplymcfase associated with the
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~
synthesis of plus-strand RNAs have been noted o differ from those of

the enzyme which produces ®he minus-strand RNA, on the basis of ionic

and pH reﬁufrements (Brayton et al., 1982).

1.6.5 Viral Protein’Synthesis

In vitro translation of each virus-specific mRNA yields only a
single polypeptide that is encoded at the 5'-end of the mRNA
(Leibowitz et al., 1982; Rottier et al., 1981; Side{l, 1983). The

nucleocapsid protein (N) and several non-structural protéﬁﬁs (30, 14

and 200K MW) are apparently made on cytoplasmic polysomes (Leibowitz

et al., 1982). The functiors of the non-structural proteins are

unknown. The synthesis of the E| and E, glycoproteins occurs on
polysome; assoﬁiated with the éough endoplasmic reticulum (RER), but
there are several impor;ant differences in “their processing and
transcription ( Niemann and Klenk, 1981; Niemann et al., 1982). The
E> ‘is cotranslationally glycosylated at the RER through asparagipe
residues on the growing polypeptide chain. Treatment of cells with
tunicamycin prevents B, glycosylation (Cheley and Anderson, 1981;
Niemann and Klenk, 1981). As E, is transported through the Golgi
apparatus to the plasma membrane, cellular enzymes trim the
oligosac;harides and acylate the glycdprotein by addition of fatty
acid residues (Scﬁmidt. 1982). There appear to be two or three E,
molaﬁrles per peplomer (Cavanaugh, 1983), but the site of assembly of

-

E; monomers to form a peplomer is unknown. Recent evidence suggests
. ’ N

that the 180K MW E; of MHV is cleved into two 90K MW species either

in the 'Golgi appafatus or at the plasma membrane ( Frana et gl:,

-

C~
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1985;i The E; molecule has many biological activities, including cell

receptor binding (Collins et al., 1982), induction of neutralizing

antibody (Collins et al., 1982; Garwes- et al., 1978-1979) and
activation of cell-fusion (Collins et al., 1982; Sturman et al.,
1985).

The E; protein, as ﬁentioned. is also svnthesized on RER-bound

polvsomes, but is post-translationally glvcosvlated through serine or

threonine residues 1in the Golgi apparatus (Niemann et gll. 1982).
* ¥ .

:This 0=linked glvcosylation, demonstrated Po# MHV is not a yniversal

-~ ’

&>

feature of coronaviruses; the E; of infectious'bréﬁéhitis virgs has

i
N-linked oligosaccharides like those found on Ej (Stern and Sefton,

1682). The intracellular transport of E| appears to be restricted

beyond the Golgi apparatus, where it accumulates (Holmes et al

1981).

1.6.6 Virion Assembly

. ) A
Unlike most other enve}oped RNA viruses which bud from the

plasma membranes of infected cells, progeny coronavirus virions are

formed by budding from smooth or rough endoplasmic reticulum
membranes (Alonso-Caplen et al., 1984; Massalski et al., 1982). At
the buddi‘ site, strands of nuclepcapsid align in an orderly array
on the cytoplasmic surface of these membranes, presumably in areas
that contain the E; and E, fDubois-Dalcq et al., 1982; Massalski et
al., 1982). The interactio; of fhe nucleocapsid with the endoplasmic

reticulum is presumed to occur via the cytaplasmic domain of the E,

- gpycoprotein; this is supported by the demonstrated interaction of

LN

28



’
¢
¥
nucleocapsids with E; in vitro (Sturman et al., 1980 ), and the

localization of E; to the endoplasmic reticulum and Golgi apparatus
within infected cells (Holmes et al., 1981).

. Spherica budding virions that have incorporated a ' complete
nucleocapsid are pinched off into the lumen of the RER and Golgi
apparatus. Although some virions may be released by cell lysis
(Chasey and Alexander, 1§76). coronaviruses are ajlso released from
intact cells apparently via the cellular exocytosis pathway (Doughri
et al., 1976). After virions migrate through the Golgi apparatus,
they are transported into smooth-walled vesicles which migrate to the

cell periphery and fuse with the plasma membrane to effect virion

release intd the external environment.

Y




-concentration.

- CHAPTER 2

MATERIALS AND METHODS -~

2.1 Cells and Medium T

V The 1-2 subline of mouse L-929 fibroblasts (Rothfels et &al.,
1959) was used for propagating virus and as the modellpermissive host
for comparative studies of virus replica}ion.among different cell
lines. The other cell lines used in these studies®were as follows:
LM-ATCC mouse fibroblast (Merchant and Heflm;n, 1962) (from the
American Type Culture Collection, Rockville, Maryland), a thymidine-
kinase deficient LM cell line designated LMTK™ (Xit et gi\. 1963), a

\ .
mouse neuroblastoma cell line, C-1300 (Augusti-Tocco ‘and Sato, 1969),
\

- .

a mouse astrocytoma cell line, C-6 (Benda et al., 1968)K\and an
African green monkey kidney cell line (Vero) (Yasumura and K;kaita.
1963).  All cells were propaéated at 37° as monolayers in standard
medium (SM) composed of Eagles (1959) minimal esse;tial medium (MEM)
supplemented with 52 (v/v) fetal calf .sérum kFCS). 100 units/ml
ﬁenicillin and 100 ug/ml streptomycin.ﬁ\The L-2 cells were also grown
in suspension at 37° with rotary shaking (140 rpm; New Brunswick
Psychrotherm) in SM pius 0.1% methyl cellulose (15 cps). For virus -

replication studies involving ammonium chloride, a 200 mM stock

solution in SM was added to the culture media to @ 20 mM final

2.2 Viruses
The murine hepatitis virus (MHV) strain AS9 (Manaker et al.,

(8

1961), obtained from the Amcricaﬁ-Type Culture Collection, was used

28




in all studies of virus replication.

2.3 Propagation of Virus

The propagation of stock MHV-AS9 was routinely performed in L-2
cell monolayers (175 cm? tissue cultures fl:;ks-(Z x 107 cells)
(Nunc)) or#in suspension culture (0.5 - 1.0 x 10® cells/ml) at 37°.
For infection of 175 cm? monolayers, 5 ml of pre-titred virus was
adsorbed for 30 min. at room tempe;ature, excess inocula removed and

_'30 mi SM addéd to the flask prior to incubation at 37°, To infect
--suspension‘ cﬁktpr;s, cells were pelleted by centrifugation at 650 g
“for 10 min., then resgspended in a minimal volume of pre-titred virus
(10 ml virus in SM per 2 x 108 cells). After 30 min. adsorption at
room temperature.%the cells were resuspended to a density of 2 x 106
ceils per ml in SM plus 0.1Z methylcellulosé (15 cps) and incubated
at 1370, Supernatant virus-was harvested when approximately 50% of
the fused monolayer ‘had detached from the substrate. For monitoring
infected suspension culiures._ 106 cells bére removed from suspension
after virus adsorption was complete and set up as a monolayer in a 35
mn dish incubated at 37° (referred to as an "Indicator plate'™). To
remove cellular debris, virus-containing media was centrifdged at

2000 g for 20 min. at 4°, then aliquoted out and stored frozeh at -

700, . '

For concentration of virus, this clarified supernatant virus
stock was centrifuged at 70,000 g for 1 h at 4° and the virus ‘pellet

gently resuspended on ice in Q small volume (typically 1-2 ml) of'SM

and stored frozen at -70°,




. the sample

-

1 All virus stock were quantitated for infectious virus by plaque

assay as described in section 2.4.1
* N

2.4 Virus Assays

To quantitate both released and cell-associated virus, a variety

of assays were performed on monolayer cell cultures. While the

_plaque assay (section 2.4:1) and infectious centr; assay (2.4.5) were
- ) .

'rqutinely performed in all studies of virus replication, all five

types of virus assay (sections 2.4.]1 to 2.4.5) were used in the

-~

studies involving ammogium chloride.

2.4.1 Virus Titration (Plaque Assay) -

To quantitate released (extracellular) virus from ‘either the
virus stocks or from virus replication studies, the L-2 cell }}ne was
used for seeding the plaque indicator plate (Lucas et al., 1978).

- Confluent 55 mm muitiuell (Nunc) monolayer cultures of L-2 cells (109
cells per well) were adsorbed for 1 h at room temperature,rith 0.25
ml virus inoculum ’(* serial 10 fold dilutions therefrom).
Unadsorbed inoculum was removed; monolayers were washed three times
in SM and then incubated. at 37° for 24 h in fresh SM containing * 0.5

methylé!&lulose (4000 cps). Monolayers were subsequently fixed for

10 min. in phosphate-buffered saline (PBS) (2.7 mM KCl, 1.5 mM

xuzébb. 137 mM NaCl, 8 m¥ Na,HPO,) containing 102 formsldehyde, then
stained by addition of 0.1% crystal violet s¢lution for visualization
of plaques. The monolayers were then washed extensively by immersion
in yater, air dried'nnd'iﬁdividual plaques scored: In this manner,

inoculum wgs quantitated for infectious virus by

-
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‘determining plaque forﬁing units ﬁer ml (pfu/ml).’
. ‘
2.4.2 Intracellular Virus Assay
Cultures of L-2 cells in 35 mm platei were adsorbed for 30 min.
at 4° with MHV at a multiplicity of infection (moi) of 20, excess
inocula removed and the Fultures incubated at 37°‘in SM with .or
"without 20 mM amﬁoniuﬁ chloride. To assay intr%cellular .HHV, the
monolayers were washed several times in SM and harvested on i;e in 2
ml SM by écraping wit? a Teflon policeman. H;}vesgs were forced
twice through a 21 gauge needle fitted to a 3 ml élastic syringe and
“ éubjected to a single cycle of freezing (-70°) and rapid thawing.
The thawed samples ;ere finally forced through a 30 gauge needle and

the clarified supernatant assayed for infectious virus by plaque

assay (section 2.4.1).

2.4.3 Virus Internalization Assay
To assay the process of virus internalization, cultures,of L-2

cells were adsorbed for 30 min. at 4° with MHV at an moi of S, washed

with cold SM to remove unadsorbed inoculum, then warmed to 37° for

varying intervals in the presence or absence of 20 mM ammonium

S

chloride. Cultures were subsequently treated with proteinase K (0.5
mg/ml) in PBS for 45 min. at Ad’:g‘}emove external, cell-associated
virus (Helenius et ‘gl.. 1980). After terminating the protease
treatment wigh 1 mM phenylmethyl-sulfonylfluoride (PMSF), 3% bovine
serum albumin (gSA{'in PBS, cells were transferred to a centrifuge
tube, spun into pellets (1 min. at 650 g), and washed twice with 0.2%

BSA in PBS. The final cell pellets were assayed for internalized

’
-
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virus by infectious centre assay‘ﬂg L-2 cell monolayers (section

2.4.5).

2.4.4 Infectivity of Internalized Virus

Cultures of L-2 cells in 35 mm plateﬁ were infected with MHV
exactly as above (section 2.4.3), washed and incubatgd for 20.min. at
37° in SM with or without 20 mM ammonium chloride. Cells were then
treated with proteinase k (as above), washed, and then returned to
~ incubation-at 37° in SM with or without 20 mM ammonium chloride. At
various intervals, cells were harvested by centrifugation,_  washed
twice, and assayed for intracellular MHV as described in Section

2.4.24

2.4.5 Infectious Centre Assay

To- determine the number of infected cells in ggy-incculated .
cu&tutes. whether maintained in SM (sections.3.1 and 3.8) or éM with
20 mM ammonium chloride (section 3.16), an infectious centre assay
(Lucas et al., 1978) was performed. Cells wefé garvestef at 2 h P.I.
by trypsinization (0.25Z trypsin in citrate saline (100 mM sodium
chloride, 50 mM sod;um citrate)) after washing three times with
?itrate saline. Harves%ed cells were freed._ frqm' t?ypsin by
centrifugation (1 min. at 650 g) and resuspended ip SM or SM plus 20
mM ammonium chloride where indicated. Aliquots of the . resuspended
cells and dilutions therefrom were plated onto confluent i-Z cell
monolayers, (106-cells per 35 mm diﬁh). allowed to attach for 2 h qt.
379, then overlaid with SM plus 0.5% methylcellulose. (4000 cps), and,

where indicated, including 20 mM ammonium chloride. Plaques “were




read after 24 h at 37° as”"described in section 2.&;1.

2.5 Contact Fusion Assay

In the comparative studies of MHV replication inf various cell
lines (L-2, LMTK™, LM-ATCC and C-1300), a contact fusion aésay was
performed to detect the presence of fusion-active ﬁHV protein(s) at
the surface of infected cells. The presence of such activity is
indicated when a given infected cell line can rapidly (within 3 h)
induce 'cell fusion with a neighbor1ng uninfected cell. To ensure
that the infpcted cells were not in contact, they were sparsely
seeded in 35 mm plates at 103 cells/plate and then inoculated with

MHV at appropriate moi, so that equal numbers of infected cells could

be produced among the various cell lines (see Tables 1 and 2).

Following‘ adsorption and washing, these cultures were incubated S h

at 379, At this time 10® uninfected cells ("indicator cells") were

added to complete the monolayer, and incubation continued for a
further 3 h at 379. Cultures were scored either positive or negative

for cell fusion at this time as indicated by syncytium formation.

2.6 Pusion Index (F.I.) Calculation

To sem’uaptitate the level of virus-induced cell fusion, a
fusion ind;x (F.I.) was determined for each‘cekl culture at varfous
times. P.I. ’ ' ‘

| Monolayer cultures of the various cell lines in 35 pm dishes
were 1nocplpted with MHV at the indicated moi and maintained in SM

~

(lections 3.3 and 3.7) or where indicated, SM ;1th 20 mM ammonium

ghldride (s.ction 3 15). At various time intervals;’P.I., the



cultures were fixed in 100% methanol, air dried, then Giemsa stgined
for 20 min., The cultures were washed in 95% ethanol, and then air
dried. Stained cultures were viewed .through a Leitz light microscope
using a 12.5X eyepiece and 50X objective lens. To calculate the F.I.,
four representative fields of view were taken and the_:verage F.I.

determined using the formula:

F.I. = 1 - number of mononuclear cells per field .(infected culture)
number of mononuclear cells per field (uninfected culture)

2.7 [22Na]+ Influx Assay -l

Confluent monolayer cultures of L-2 ceils in 35 mm dishes (106
cells pér dish) wvere MHV infeeted at an moi o} 20. After” 30 min.
gdsorption‘ at room temperature, the ceils were incubated in SM at
37°. ' At various Eimes P.I. one series of platég were processed for
caleulation of the F.I. (secqioﬁ 2.6) while another identical series
were prepared for the {22Na)* influx assay. Cells were washed three
times in Tris-bufferbd sorbitol (TBS; 20 mM Tris-HC1 (pH 7.4), 0.25°M
sorbitol; . -prewarmed to 37°) and then incubated in the presence of
'IzzNa]+ (20uCi/ml in TBS) f;r 30 min. at 37°. ‘Cultgres were then
rapidly washed five times with PBS followed by harvesting in 0.5 ml
0.1M NaOH. Intracellular lzzNa]+ was determined by scintillation

counting in Atomlite (NEN). ' \

2.8 Isolation of Cellular Membranes

The procedure of Atkinson (1973) was used, with modification,

, )
for the isolation of L-2 cell membranes. Typically, each preparation
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was obtained from 109 MHV-infected L-2 cells maintained in suspension

(section 2.1). At 50X cell liftoff in the "indicator plate" (section .

2.3) the cells were pelleted by centrifugation at 1000 g for 30 min.,
then resuspended in a small volume of SM and the pellets pooled and
repelleted. The final cell pellet (wet volume 2 m}) was resuspended
in 20 ml teticulocyte ;tandard buffgr (RSB) (10 mM Tris-HC1 (pH 7.4),
10 mM NaCl, 1.5 mM MgClz) and the cells allowed to swell for 5 min.
at 4°, The cells were disfupted by dounce homogenization on ice (10
strokes in a tight-fitting glass dounée) and completion of cell
breakage confirmed%checking an aliquot by phase microscopy. The
nuclei were pelleted by centrifug;tion at 650 g for | min. and - the
post‘ngclear supernatant (approximately 16 ml) was layered onto
discontinuous sucrose gradients (buffered with 10 mM T®is-HCl (pH
7.4)) prepared.in 30 ml capacity glass Corex 6D;pont). tubes. The
gradients consisted of a 6 ml- 45% sucrose cushion ove?laid with 20 ml
of 30Z su¢rose, on top of which 3 ml of sample (diluted in RSB) ua;
layered. Typically, each 30 ml gradieht received the ‘post-ndcle;r
supernatant fraqm the equivaiént 0£108 infected cells. The gradients
were centrifuged at 6000 8 for 20 min.  at 4° in an HB-bn rotor
(Dupont) and the.cloudy band visible at the 30%/45%~sucrose interface

removed with a 3 ml syringe fitted with an 18 g Qeadle. - These

plasma-membrane enriched fractions (approximately 3 ml per. gradigp;)

. L O
" were further enriched by diluting them S fold in PBS and peileting

.

only the largest memprane fragments (particularly plasma membrane
ghosts) by centrifugation at 6000 g for 5 min. The pellets were

pooled and this process repeated once more. Thé.sampla composition

1
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was then examined by phase micrascopy to confirm the presence of

1 -

plasma membrane ghosts. THe final pellet was.resuspended in 2 ml MEM
) . N . ‘ . ¥
and stored frozen at -70°. :

- * - »

2.9 Membrane Fusion Assay

. N o . >
The ability of the MHV-infected L-2 cel} membranes- prepared

aboye tQq, induce fusiod in monolayer cultureé'of the vario?s.‘cell
lines ués tested as follows.\ %rom the 2 ml membrane sample, 600 ul
was used for each Eembrane fusion assay.:_To—half of this ¥ample (300
P - . - . N .

ul) was a?ded 300 ul of'ZO,pg/ml trypsin (or'phymotrypsin)‘in MEM (10
ug/ml final concentration),while the other half‘reéeived 300]§1 MEM.
B;th conﬁrol -and protease coﬁtdinihg samples were incubated 1 h -at
37° and protease digestion‘terﬁinated by'addit{ont o{ ﬁ;c;-tosy}-L-
lygyl-chloromethyl. ketone -.ffLCK)‘ (or -‘N-ct-tosyl~phen9lilanyl-
'chloromethyl:keFone (TPCK))vat a final concentratijon of/dO’éﬂ. These

brane prepé;atiéns wége‘then added to confluent 6:;:189er cugture;
?::k\Jul per well) of L-2, Lﬁ-QTCC aﬂa Vefo cells grown in muitiwell
trays (4.x 103 celie‘ﬁ:; well). After incubatien a€‘37°‘for 1 h, Lh;

~ N -
cells were ¥xtensively washed with MEM, Giemsa stained (section 2.6)

and photographed using a Leitz Dialux 20 microscope.

2.10 Protease Digestion of [335)-methionine Labelled MHV-infected L-

.

~

2 Cell Membranes

.
-

A - confluent monolayer culture of L-2 cells in a 100 mm plate
(107 cells) was inbculated with MHV (moi = 10) and incubatdd at’ }7°

in SM. Hhen app:oximately 802 of the’ monollycr had undergono cell

fusion (6 h P. I.) the cells were. labelled with’ [3551-uthioninc (100




auCi/ml  in 2 m] methionine-free MEM (MFM)) for | h at 37°, by which
time virtually 100 of the monolaver had fused. The cells were
washed with PBS, harvested in PBS by scraping with a teflon policeman
and pelleted by centrifugation at 650 g for 2 min. at 4§¥. The pellet
was resuspended in 2 ml RSB, swollen for 5 min. at 4 and dounce
honogeni:ed.‘ Nuclei were pelleted at 650 g for 30 Jsec and the
supernatant (2 ml) layered onto a 302/45% discontinuous suc‘;fe
gradient (as described in section 2.8) prepaced in a 30 ml ‘capacity
polyallomer centrifuge tube {(Beckman). The graeient was spun in an
SW-27 rotor (Beckﬁan) at 6000 g for 10 min. at 4, The centfifuge
tube was punctu;ed at the bottom and 2 ml fractions arop-collected
and aliquots the;efrom checked for [3°S}-methionine activity by
ccintillation coonting in Atomlite (NEN). The peak of [3SS]j
~methionine incorporation corresponding to material from the 30%/45%
sucrose interface was idégtified and then pelleted as small aliquots
ip 1.5 ml ippendorf microfuge tubes after being diluted 5 fold in
PBS. The samples were spdﬁ’JO min. at &3,000 g at 4° and then

.

resuspended in various concentrations of trypsin Sr chymotrypsin in
y -
200 pul of MEM. After )1 h incubation at 37°, the protease inhibitots

TLCK anQI}CK, respectively, were added to a final concentration of

10°4 M. The samples were then frozen at -70°, lyophilized and.

resuspended in dissociation buffer~(section 2.12) prior to analysis

by sodium-dodacyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE; section 2.13).

'S

2.11 Isotopic Labelling of Proteins',n MHV-Infected Cell Cultures

For ltandltd’\lpotoﬁic labelling, = confluent monoiayet cell

- l .‘ .  a
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cultures were MHV infected at the indicated moi, washed and incubated
at 37° in SM. At the indicated time P.I,, the SM was removed and
replaced with methionine-free SM (MFM) plus {355)-methionine (sp.act.
524-1048 Ci/mmole; Amersham) at the given concentration (tvpically
100 puCi/ml), and incubated for 30 min. to 1 h at 37°,

For pulse-chase studies (section 3.13), a 15 min. pulse-

labelling period was used, followed by a chase period where the

\\ isotopic medium was removed and replaced by MFM and incubation at 3;:'

continued-for varving intervals of time.

2.12 Preparation of Cell Extracts for SDS-PAGE

.

Cell monolayers were washed with PBS or MEM and harvested by
scraping with a teflon policeman in dissociation buffer (DB) (1 mM
PMSF, 7 mM Tris-HC} (pH 6.8), 62 SDS, 3.46 M 2-mercaptoethanol, 30X

glycerol and 0.006X bromophenol blue) (typically 200 ul per 106

cells). Harvests were transferred to small plastic tissue ' culture
r tubes (Falcon #2054; 5 ml capacity) or 1.5 ml Eppendorf microfuge
. s .
tubes. If samples were viscous, gentle, repeated aspiration through
a syriﬁge fitted with a 21 g needle was performed to shear cellular
“ . v .
. DNA. Ai} samples were stored frozen at -70°,
\ «9‘\
2.13 Linear Gradient SDS-PAGE N

The . vertical d%scontinuous system of Laemmli (1970) was used
except that the separating gel consisted of a continuous 5-182 4
polyacryiamide gradient. Such gradients were generated using a two-
chambered gradient former, each chamber of which contained 17 ml of

the appropriate concentration of stock acrylamide/bisacrylamide in a




ratio of 30 to 0.8 in 1.5 M Tris-HCl (pH 8.8) containing 0.)% . SDS.
Polymerization was initiated by the addition of 50 ul ammonium
persulfate and 5 ul of N, N, N', N'-tetramethylenediamine (TEMED).
The stacking 3e1'consisted of 4.5% acr&lamide/bisacrylamide in a
‘ratio of 30 to 0.8 in 0.625 M Tris—HEl (pH 6.8) containing 0;12 SDS.
A constant current of 30 mA was applied for the duration of a run
(approximately 3.5 h) until the bromophenol blue dye marker reeched
the bottom of the gel. Gels (1.0 mm thick) were then either fixed
and stained ‘fsection 2.14) or prepared for fluorography (section

2.23). .

2.14 Silver Staining Procedure

Non-isotopically 1labelled proteins resolved by SDS-PAGE were

visudlized using the silver stain procedure of Wray et al., (1981). .

The gels were soaked in 507 methanol overnight, with several changes
of methanol, on s rockiﬂé platform. The methanol was discar
the gel soaked for 15 min., with rocking, in a solution containin

0.8%7 AgNO3, 0.76X NaOH in 0.2 M NH,OH prepared with distilled H,0.
The gel was then washed in aistilled H,0 for 10 min. and then
developed in 0.02% formaldehyde, 26_&M citric acid for 5-10 min. The
development was stopped by soaking the gel in H90 followed by soaking
in a 457 methanol, 10 acetic acid solution. - »

The wet gel was then analyzed by densitometric scanning (section

2.24). ’ ~ .

2.15 Immunoprecipitation of IBSS]-methionine Labelled Proteins

~
The procedure of Lee et al., (1981), was used with slight

Ay -,
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modification for radicimmunoprecipitation. MHV infected cell
monolavers (&4 x 105 or 10° ;ells) which had been labelled with [37S}-
methionine (section 2.11) were harvested by  scraping in
immunoprecipitation buffer (IP buffer) (Nusse et al., 1978; composed
of 10 mM NajHPO,, 0.15 M NaCl, 1.0% Triton-X-100, 0.5% sodium
deoxycholate, 0.1% SDS (pH 7.2)).

Anti-MHV polvclonal antibody was prepared by thre: successive
intra-peritoneal inoculations (1 week apart) of lvsed MHV- fnfected L-
2 cells in complete Freupd's adjuvant {2-3 mg total protein per
injeqtion) into adult Swiss white mice. One week fdllowing the third
injgction, .mice were bled by cardiac puncture and the serum fraction
exhauétjvely absorbed against lysed L-2 cells, Following
centrifugation at 13,000 g for 30 min., antibody was aligquoted out
X and stored frozen.at -709,

In a typical immunoprecipitation, 5-10 ug of lJSS]—labelled-
protein in 20 ul IP buffer was pre-adsorbed for 1 h against 2 ul of a
102 suspension of protein-A §gar;ng Staphvlococcus aureus (quan 1
strain) prepared according to Kessler (1981). This mixture was then
washed onc; in buffer A (0:15 M NaCl, 0.5 Triton-X-100 (Kodak), 3 mM
EDTA, SO mM Tris-HCl (pH 7.4) and 0.02% NaN;) followed by three
washes in buffer B (same as buffer A except 0.05% TritonX-100). The

mixture was pelleted in a minifuge at 13,000 g for 5 min. and the

-

supernatant antigen transferred to a fresh microfuge tube containing
20 ul of a 1/500 dilution of mouse anéi-HHV polyclonal antibody.

The antjbody-antigen mixture was incubated overnight at 4° with

gentle rocking. Then, to this was added 20 jul of a washed 10X




~

suspension of Staphylococcus protein-A and incubation continued for
30 min. at room temperature. The pellet was washed several times
with 0.5 ml buffer C (0.5 M NaCl, O0.1%Z SDS, 50 mM Tris-HCl (pH 7.4)
and 1.02 Triton-X-lOO) and-pelleted at 33,000 8, each time discarding
the supernatant. The final pellet was taken up in 30 ul DB (section
2.12), immersed in boiling water for 3 min., microfuged at 13,000 g
for 5 min. and then the s;pernatant labelled protein analyzed by SDS-

PAGE (section 2.13) and fluorography (section 2.22).

2.16 Enzyme-Linked Immunosorbant Assay (ELISA)

. The ELISA procedure of Buchanan et al., (1981) was used with
modification. Monolayer cultures of L-2 cells, grown.in flat-bottom
96 well trays (approximately 8 X 104 cells per well), were infected
with MHV at the indicated moi (40 ul per weli), and incubated at 37°.
At various times P.I., cultures were fixed with bz‘formaldehyde in
PBS for 5 mir., washed three times in PBS and permeabilized Wwith 1.0%
Triton-X-100 in PBS for S5 min. at room temperature. One further wash

in 0.052 Tween-20 (polyoxyethylene sorbitan monolaurate) in PBS was

“followed by incubation in a 30X normal goat serum (Gibco) solution,

prepared in 1.0% Triton-X-100" in PBS, for 30 min. at 37°. This was

followed by incubation in a 1/2000 dilution (in 5% normal goat serum)

of mouse anti-MHV antibod;‘(section'Z.IS) .overnight at 49, The
monollyers were then washed five times in 1.0% Triton-X-lOb in PBS
and incu’cted for 1 h at 37° with a 1/1000 dilution (in 5% normal
goat serum) of. goat anti-mouse IgG (heavy and light chain) conjugated

tq alkaline phosphatase (Bio Can Scientific 1Inc.). Following
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extensive washing, the monolavers were incubated for 30 min. to 1l h
at 379 with p-nitrophenyl-phosphate substrate (1 mg/ml in carbonate
buffer (10 mM Na,CO3, 35 mM NaHCO3, 1 mM MgCl;)) for color
development. The colorimetric reaction was stopped by addition of
1/10th volume of SN NaOH and the absorbance.of each well read at 405
nm in a Dynatech ELISA reader (Alexandria, Virginia).

For quantitation of HHQ‘}rotein svnthesis per infected cell, 35
mn cultures (100 cells) of L-2 cells were MHV-infected at a moi of
Q.01 and incubated at 37° in SM. At 6, 9 and 12 h P.I., one series
of infected cultures were harvested for assay of total protein
content by the method of Lowry et al. (1951), while a duplicate
series was harvested in DB (section 2.12) and subjected to SDS-PAGE
analysis (sectidn 2.13) wusing immunoprecipitated MHV proteins
(section” 2.15) as \ﬁ; standards. The specific proportion of MHV
protein in each sample total was assessed by a densitometric scan
(section 2.24) of the silver-stained gel (section 2.14). The ELISA
absorbance values obtained for MHV-infected L-2 cells (moi = 0.01)
were then correlated with amounts of synthesieed MHV protein, and in

combination with the infectious centre data (Table 2), converted to

pg aof MHV protein synthesized per infected cell.

2.17 Guanidine-hydrochloride Extraction of RNA

~

For agarose gel electrophoresis (section 2.21) and in wvitro

translation (section 2.22), MHV-infected L-2 cell RNA was e;tract;d
using a modified procedure of Strohman et al, (1977). Cell

.monolayets wvere washed with PBS, harvested by scraping in a solution

of 7.6 M guanidine-HCl, 0.1 M potassium acetate (pH 5.0) and
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homogenized‘ in a tight-fitting glass dounce.on ice. After addition
of 0.6 volume $5% ethanol, mi;ing and cooling at -20° overnight, the
mixture‘was centrifuged at 3000 g for 10 min, The pellet was taken
up in buffer containing 7.6 M guanidine-HCl, 0.02 M EDTA and vortexed
at room temperature. Following addition of 2 M potassium acetate (pH
S.0) to a final concentration of 0.1 M, 0.5 volume 95% eth;nol was
added and the mixture was placed at -20° overnight. The precipitate
was then centrifuged at 3000 g for 10 min. The pellet was dissolved
in 20 mM EDTA (pH 7.0) -and extracted at room temperature with 3
volumes chloroform/butanol (4:1, v/v). The aqueous phase was
combined with two additional aqueous washings of the organic phase
and mgde 3 M in sodium acetate using 4.5 M sodium acetate (pH 8.0).
After cooling at -20° overnight, ;ﬁe precipitate was centrifuged . at
8700 g for 60 min. to yield an RNA pellet which was subsequently
precipitated twice from ethanol.
For use in dot-blotting (section 2.19) this extraction procedure
was simplified (Cheley and Anderson) 1984). Cell monolayers were
_/harvested directly with 1 ml of 7.6 M guanidine-HCL in 0.1M pgtass}um
acetate (pH 5.0). The viscous mixture was homogéniied by aspiration’
5 times through a 1.0 ml plastic syringe fitted with a 21 g needle.
Syr{nge éontea}s were transferred to small plastic tissue culture
tubes (Falcon #;OSA), “mixed with 0.6 ml 952 ethanol, cooled at -20°
overnight and c;ntrifuged at 5000 g for 20 pin. to.produce the final
RNA pellet.

The concentration of extracted RNA was determined by measuring?

absorbance at 260 nm in a spectrophotometer (Bausch and Lomb).
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Concentration of RNA = 1 X 40 ug RNA/A,¢qg
. dilution factor

2.18 Preparation of Complementary DNA

. Complementary- DNé (cDNA) was' synthesized in ghe presence of
actinomycin D, c;lf-thymus primers and purified AMV polymerase using
the procedure of Shank et al. (1978). Purified MHV (sgrain AS9)
nucleocapsid ptoteiﬁ messenger RNA (mRN4y?) isolated from preparative
formamide polyacrylamide gels (Cheley et al., 1981a3), was kindly
provided by Stéphen B. Cheley and servei.as the template for the cDNA
vreaction;. '

A typical reaction contained 0.1 ug mRNAN.'O.AS Mg each of dATP,
dGTP and dTTP (Boehringer}, 50 mM KCl, 4.6 mM MgCl,, 1.0 mM
dithiothreitol (DTT), 30 mM Tris4HCl (pH 8.1), 100 ug/ml actinomycin
D (Calbiochem), 100 uCi [ 32P}-dCTP (> 400 c1/moie; Amersham), 10 ug
calf-thymus DNA primers and 50-100 units AMV reverse irﬁnsCrlptase
(Dr. J. Beard, Life Sciences, St. Petersburg, Fla.). The ab;ve
mixture was incubated for 45 min. at 40°, base treated for 2 h by
making the reaction O.Q M in NaOH using 3 M NaOH and then neutralized
by making the reaction 50 mM in Tris-HCl1 (pH 5.6) and an equ31 volume
of 3-M HC1l was ad&ed as in the base-treatment. The pH was checked by
micro-dotting 1/2 pl aliquots onto pH indicator ‘strips. The above
reaction mixture was apélied to a 2.5 x 30 cm Sephidex G-75
(Pharmacia) column and eluted with buffer (containing 0.3 M NaCl,
0.02 M Tris-HC1l, (pH 7.4), 0.3 mM EDTA.and 0.12 SDS) in order to

saparate cDNA from radiolabel according to the proéedure of Cohen et.

al., (1979). Peak fractions were pooled and the cDNA precipitated




with 100 pug yeast tRNA (Sigma) and 2 volumgs'of 952 ethanol.

In order to remove contaminating celXPular s; uences, the cDNA
product was annealfd with 500 ug of uninfected f{i cell RNA in 0.6 M
NaCl at 68° for 45 min. The annealing mixture was then made 0.12 M
in phosphate buffer (pH 6.8) and t%e single-strangéd sequences- were
eluted from an hydroiyapatite column at 60° with 0.12 M sodium
phosphate buffer (pH 6.8). The fractions containing single-stranded

[32p)-cDNA (usually 80-85% of the total radiocactivity applied) were

collected and pooled.

2.19 Dot-blot Hybridization

RNAgpellem (_eac;; fl‘J 106 cells) prepared as outlined in
secti;n 2.17 were taken up in 250 ul 157 formaldehyde to which was
added 250 nl 20X stand;rd saline citrate (SSC; 1 X SSC is 0.15 M
sodium chloride, 0.015 M trisodium citrate). Samples were
subsequently he¥ted for 15 min. at S0° then placed on ice. For dot-
blot hybridization, 50 aml aliquots or serial 10 ‘fold dilueions
therefrom were applie& in a Schleicher and Schuell '"Minifold"
filtration apparatus to nitrocellulose sheets (0.45 aum, Millipore)
supported on three layers of slab dryer filter paper (Bio-Rad
Laboratories). Both nitrocellulose sheets and filter paper had been
previously equilibrated with 10X SSC. After sample application the
sheets were baked-1 h at 80° and kept at 4% until needed.

Prior -to application of the [32P;'CDNA, the sheets were pre-

annealed for 24 h at 39.5° with annealing buffer consisting of 50%

formamide, 1 mg/ml yeast tRNA, 200 ug/ml salmon sperm DNA (see

4
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below), 3X SSC and 1X Denhardt's buffer (0.02% v/v  bovine serum .-
albumin, 0.02% polyvinyl pyrrolidine and 0,022 Ficoll; Denhardt,
1966). Salmon sperm DNA was made 0.6% w/v in 20 mM Tris-HCl, (pH
7.4). The DNA was sheared by passage throegh an 18 then 20 g needle.
~ To 10 ml of sheared DNA were added 5 ml IN HCl, and the solution
bqiled for 25 min. After neutralization with NaOH, 2 volumes ofa951

ethanol were added and precipjitated DNA recovered by centrifugation

for 30 min. at 10,000 8-, The DNA pellet -was lyophilized and

resuspended in 30 mls of 20 mM Tris-HC1 (pH 8.0).

After pre;annealing, annealing buffer'containing 0.5-2 x 10%
dpm/ml [32pP)-cDNA was applied and the shaets were incubated for 48 h
ay 39.5° and then washed according to the procedure of Thomas (1980).
The air-dried sheets were autoradiographed for 2-5 days with a Cronex
intensifying screen (Dupont) to yield the dot-blots.

For quantitation of MHV-specific RNA synthesis, densitometric
scanning of dgt-blot autoradiographic images was performed to assess
relative le'vel.s 'of viral RNA synthesis. In combination with the
infectious center data (Table 2), the relative levels of MHV RNA per
infected cell was calculated at the indicated times P.I. To convert
this data to pg MHV RNA per infected cell, the following
standardization procedure was performed. Using purified MHV
nucleocapsia protein mRNA (mRNAy) from 109 cells (kindly provided by
Stephen B. Cheley), the yield of mRNAy per cell was calculated by
spectrophotometr; (section 2.17). Aliquots  of this mBNAN were

- : included as an internal standard on all dot-blot hybridizations to

: \
calibrate the intensity of the autoradiographic 'image with amount of




applied mRNAy. Since the [32P]-cDNA.probe used in these studies$, was
made against mRNAN, and all MHV RNAs contain the mRNAy sequence
{Cheley et al., (1981a)), there is a direct correlation between
autoradiographic image intensity and amount of total MHV RNA in the
applied dot-blot samples. Therefore, the relati?e levelgntf MHV .RNA
per infected cell calculated above were expres;ed as pg MHV RNA per

infecied cell using this calibration procedure.

2.20 [5—3H]-uridine Labelling of MHV-infected L-2 cell RNA

Cultures of L-2 cells (107 cells per 100 mm dish) inoculated
with MHV at an moi of 20 were adsorbed 30 min. at 4° then incubated
in SM at 37°. AT 0 gimmediately after virus adsorption was

complete), 1, 2or 3 h Pi}- culture medium was changed to fresh SM

containing 20 mM ammonium chloride. Cultures were supplemented with

actinomycin D' (2 ug/ml) at 4 h P.I. and subsequently labelled at S h

P.I. with [5-3H}-uridine in SM (10 uCi/ml). Cultures were harvested

at % h P.I. by the guanidine-HCl procedura~{section 2.17), ang the ‘

RNA pellets taken up in 1 ml of 50X dimethyl sulfoxide (DMSO), 7 M

urea (ultra pure, Schwarz-Mann), 10 mM Tris-acetate (pH 5.0).
/

Samples were 'heated at 50° for Ei/mdn. and then placed on ice

immediately prior to loading on tha agarose gel (section 2.21).

*

2.21 Agarose Gel Electrophoresis

A solution consisting of 0.7% agarose (Seakem) tn 50% DMSO, 7 M
e

urea, 10 mM Tris-acetate (pH 5.0) was heated at 68° for 45 min. to

dissolve the agarose. Gels were poured into the sam§ vertical system

-

used for protein gels (glass plates with 1.0 mm spacers; section

a7
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2.13) and allowed to gel slowly at room temperature for 2-3 h. Small
aliqhots of the tritiated RNA (10 ul from 1 ml sample) were mixed
with 10 ul of 30X glycerol plus 0.006Z bromophenol blue and loaded
onto the gel. Sample§ were_flectrophoreséd at 20 mA constant current
for S h in running buffer consisging of 507 DMSO, 7 M urea in 10 mM
Tris-acetate (pH 5.0). Gels were washed for 1 h in a 10% methanol-
102 acetic acid solution to remove DMSO and urea and then processed

for fluorography using ENIHANCE (NEN) (section 2.23).

2.22 In Vitro Translation

\

MHV-infected L-2 cell RﬁA extracted bx the guanidine-HCl
procedure (section 2.17) was translated in a cEi}-freé rabbit
reticulocyte lysate system (BRL) using a modification of the
manufacturer's protocol. Components of the translation cocktail

consistea of the reticulocyte lysate (3 X; contdining 3.5 mM MgClj,
0.05 mM EDTA, 25 mM KCl, 70 mM NaCl, 0.5 mM DTT, 25 uM hemin, SO
ag/ml creatine kinase, 1 mM CaCly;, 2 mM EGTA), a protein biosynthesis
reactionj;ixture (10X; containing 250 mM HEPES (pH 7.2), 400 mM KC1,
106 mM creatine phosphate, 19 L-amino ackds (0.5 mM each minus
methionine)), potassium'a;etate (2 M (pH 755)); magneaigm‘ace;at; (2

M (pH 7.2)), steril® §20. ({3355} -methiontne (15 uCi/ul) and RNA

, 5 ;:fgg;gded_in sterile H50).

. To determine optimaléf+ and Hg++ concentrations for translation
of the RNA trial.rgaction; were performed varying either kK* or Hg++
concentrations while other‘:ba;ihoters were kapt copstant. The
f - . . ] A .

3

optimal concéntrations of k% and ﬂg+fjwerg ﬁound‘£5 be p?,:h and 1.0 ",

mM ‘respectively. “,§_ -.i

B ’
. . B -
L 4 . . v
. : . -
. . ’ . . - - ,
N . N ., e N ~
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Therefore, each standard translai}on reaction (30 ul voluma)
consisted of 1.3 ul potassium acetate, 1.6 ul mégnésium acetate, 3.0
nml biosyngheSis mix, 10 ul reticulocyte lysate, 2 ul [Jssl-methiqgine
(30 uCi), and’ 12 ul of water containing the desired amount of RNA
(0.5 ug/ul). -« '

RNA wal routinely lyophilized prior to use and then tagen up in
deionized water, heated at 50° for 20 min. and then chilled on ice
prior to use in the reactions. The mixtures were vortexed and
incubated at 30° for 1 ;ith intermittent vortexing. Translat;ion
was terminated by addigffion of 30 ul DB (section’2.12) and the [355}-,
methionine 1agelled products analyzed by SDS-PAGE (section 2.13) and
fluorography (2.23).

éér the translaiions_involving addition of NaCl, a concentrated

stock solution was used so that a 30 ul final reaction volume was

maintained. All other parameters were identical to above.

2.23 Autoradiography and Fluorography

Isotopiéall; labelled samples resolved by SDS-PAGE (section

2.13) and agarose gel electrophoresis (section 2.21) were processed

for fluofbgraphy (Bonner and Laskey, 1974) ;n orde; to enhance
autoradiograbhic imaging. . Gels were prepared for fluorography by

L 1‘upr‘eg‘nation with ,EN3HANC.B (NEN) for 1 h followed by soaking in H,0

. .:_. | for 1 he Gels weie d;ﬁed:on Whatman fitter paper 3 in a slab gel
‘dfiofd (Bi;;rad ﬁo&EIA22hi ufider heat aﬁd vacium for 1 h. The dried

T gels 'wrc exposed to Ko‘ﬂ X-omat XAR film at -70° and develdped

a

"according to standard procedure. Dot blots which had been annealed

s a®
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with [32P]-CDNA pfpbe were ptocessed for autoradiography by

»

N

‘exposdre to Kodak film at -70° and standard dbvelopnent,

[
.

\

2.24 Densitometric Scanning - : R -

To quantitate relative levels of protein and RNA densitometric

K4 [}

"scans of developed X-ray films and silver-stained géls was performed

on an LKB laser,densitoﬁeter (model 2202) interfaced with a Hewlett-

Packard integrator (model 3392A).
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CHAPTER 3 .

RESULTS >

3.1 Comparative Infectability of L-2 and LMTX"™ Cells with MHV

To perform valid comparisons between L-2 and IMTK cells with .
respect to their ability to support replication of MHV, it was
initially necessary to standardize results on an infected cell basis.
Toward fhis end, cultures of 3-2 and IMTK~ célls were 1noculated
with the A59 strain of MHV at moi's ranging from 0.01 to 10 and,
following a two hour incubation period (to permit virus
internalization), numbers of infected cells were determined by

. _ infectious center assay (sectioh 2.4.5). At 3 given moi, MHV
infection of L-2 cells gave rise to a gfeater number of infected

cells than LMTK™ cells (Table 1). At high moi's, (moi =5 and 10)

the L-2 cells were approximately one hundred-fold more infectable
than LMTK™ cells. Upder non-saturating conditions, that is, when the
moi was less than 1.0, the LMTK™ cells were. found to be approximately o
five-hundred fold less infectable than correspondingly inoculated L-2
cells. Also evident from Table | is that comparable numbers of

h infected cells are produced, dor ex;mple, when L-2 cells are .

~ . -
inoculated at an moi of 0.01 and LMTK™ cells are inoculated at an moi

f 10
° *

Therefore, for the purposes of studying the various parameters

-

.
of~ MHV replication in these two cell lines, one can .produce equal

A numbers of infected L-2 and LMTK™ cells by appr;priate choice of moi.

k-




TABLE 1}

Comparatjve Infectability of L-2 and LMTK ™ Cells with MHV

Number of cells 1nfe;ted

moid L-2 cells LMTK ™ cells Ratio
10 1.1 x 109 1.4 x 10% 78
5 9.3 x 10° 6.4 x 103 145
1 6.0 x 10° 1.8 x 103 333

0.5 T 3.4 x 108 8.1 x 102 420

0.1 £ 9.0 x 104 1.9 x 102 474

0.01 1.1 x 10% 2.1 x 100 524

3 As determined by plaque assay (section 2.4.1) on L-2
cells.

b Cultures of 109 cells in 35 mm dishes were inoculaied
with MHV at the moi indicated, washed, and numbers of
infected cells determined by infectious center assay
(section 2.4.5).

- -
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3.2 Yields of Virus and Viral RNA from MHV-Infected L-2 and LMTK~™

Cells are Combarable

In collaboration wi;h S. Cheley, (Mizzen, et al., 1983) the
output of progeny'virus and synthesis of viral RNA in L-2 and LMTK~
cells was determined.

Since 1infectious center assay indicated that a much higher moi
was required to produce comparable numbers of infected LMTk™ as L-2
cells (Table 1), virus yields (section 2.4.1) were determined on
cultures inaculated with a range of moi's. If L-2 ‘and LMTK™ cells
.were equally efficient virus producers, virus outputs from the two
cell tvpes would be comparable, once cultures were standardized on
the basis of equal numbers of infectious centers. On this sis,
virus production from LMTK™ cells (moi = 10) would be expected to
most closely parallel that seen in L-2 cells inoculated at an moi of
0.01. In fact, in terms of both virus yields and chronological
similarity, the LMTK™ virus titration curve was most comparable to
tha£ of L-2 cells inoculated at‘an moi_of 0.1. Hence, on an infected
cell basis, LHTk' .cells are more efficient than L-2 cells ;n
producing infectious progeny MHV. : .

In long-term cultures of MHV-infected L-2 (moi = 0.01) and LMTK~
(moi = 10) cells, peak virus output in both cell lines (107 pfu/ml)
occurred by 24 h P.I. '
In contrast to MHV-infected L-2 cellg} which were. terminated

after 48 h P.I. due to cell death, MHV-infected LMTK cells continued

to produce progeny virus in &n undulating fashion over the seven day

period of study. Longer-term studies (data not shown) indicate that




infected LMTK ™ cell cultures continue to produce progeny virus over a
period of several weeks, in a cyclical fashion similar to that
previously described for a number of persistently infected cell lines
(Lucas et al., 1978). Periodic infectious center assays of ;uch long
term cultures revealed that between 1 and 10Z of tha cells were
infected at any given time point, suggesting that MHV persistence in
LMTK~ «célls is mediated by a carrier-culture mechanism, involving
virus propagation and transmission among a relatively small fraction
of thé total cell population.

Virus isolaged from infected LMTK™ <cells - displayed no

appreciable temperature %ensitivity when assayea for grPch in L-2
cells at 32.5, 37 or 39.5°C. Plaque morphology on L-2 cells was also
unaltered from that seen with stock HHV.. As with previously
described persistent MHV infection§ (Lucas et al., 1978), it
therefore seems unlikely that MHV persistence necessitates the
production of ts virus mutants.
A "Supetpatant MHV-infected LMTK ™ culture fluids, which had been
ftéed‘ from virus by centrifugagion at 100,000 g for 1 h had no
{nhibitory effect on virus replication when incubated with VSV
inoculated L-2 cells. Therefore, no evidence,was found for the
production of soluble antiviral factofs which might suppress virus
production and contribute to persistence. : .

Using an MHV-specific (32p)-1abeled cDNA probe (section 2.18)
(Cheley et al., 1981a) the relative amounts of positive-sense viral

RNA were determined in MHV-infected L-2 and LMTK™ cells by dot-

blotting (section 2.19) of guanidine-HC1 extracted RNA (section 2.17)
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(Mizzen et~al., 1983). LMTK ™ cultures inoculated with an moi of 10
showed ‘a pattern of viral RNA synthesis most closely resembling that
seen in L-2 cells inotulated at an moi of 0.01, that is, a one
thousand-fold less moi than that emplo;éa for the LMTX ™ cells. This
value is in reasonably pgood agreement with the difference ir
infectability of the two cell lines as determined by infectious
center assay (Table 1). There would, therefore, appear to be no
significant difference in the levels of MHV RNA synthesis,” on an

infected cell basis between L-2 and LMIK ™ cells.

3.3 Differential Expression of MHV-Induced Fusion in L-2 and LMTK"

Cultures

The express;on of virus-induced cell fusion, a characteristic
cytopathic effect of HHY in cell culture (Figure 1), was found to
differ markedly between L-2 and ‘LMTK™ cells with respect to both
kinetics of syncytium formation and syncytial morphology.

The progression of MHV-induced cell fusion, expressed as, a
gsgfon Index (F.I.) (section 2.6) in long-term cultures of L€ and
LHTK'/cells is shown in Figure 2. The Fusion Index, calculated at
the indicated time P.I. in L-2 (moi's of 10, 1.0, 0.1, 0.01) and
LMTK" (yoi = 10) cells, semi-quafititates the proportion of the
monolayer which has undergone fusion to produce ;ulti-nucleate
syncytia. An F.I. value of 1.0 indicates the absence ofhmononuclear
cells; that is, cénplete éusion of the monolayer into a collection of

syncytia. Conversely, an F.I. value of 0O indicates that all the

cells in the monolayer exist in their normal, mononuclear state.

<~
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Figure 1: Light micrograph of MHV-induced cell fusion in
L-2 cells. Uninfected (panel A) and MHV-infected (panel B)
monolayer cultures of L-2 cells were fixed, Giemsa stained
(section 2.6) and phot;graphed using a Leitz Dialux 20
micrdséope. Note the numerous syncytia {panel B)
characteristic of MHV infection in L-2 cells, each containing
a large collection of nuclei from the fused cells.
Intérsﬁersed among the syncytia are single mononuclear cells

that have not yet fpsed with the surrounding syncytia.






Figure 2: ?rogression of MHV-induced cell fusion in long

term cultures of L-2 and LMTK™ cells. Monolayer cultures of

L-2 (solid 1lines) and LIMIK~ (dashed lines) cells were

inoculated with MWV at various moi's and monitored for cell
fusion ®ver a seven day period. Cultures were fixed and
Giemsa stained, followed by calculation of the Fusion Index
(F.I.) of each sample (section 2.6). L-2 cells were
inoculated' at an mol of 10 (@), 1.0(mm), 0.1 (O) and
0.0 ( 0OO). IMTK™ ceélls were inoculated at an moi of 10

( &)
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The induction and,'_siad of - fusion in infected L-2 cells is very

rapid and complete. In response o increafi%b moi's this process is
accelerated,‘\pnd in every ggase, completeiy consumes the monolayer
(F.I. =-1.0). In contrasf;' the F.I. inNMTK ™ cells is seen to
increase slowly and reach é maximal value of 0.2 by 24 h P.I.
Moreover, there was no increase in the F;I. with time; rather, it
fluctuated around this ceiling value over the seven day period -of
study. . -
. Cyclical variations of cell fusion over_perfoé; of several weeks
have been a common feature of MHV-infected LMTK ™ cultures maintained
it our laboratory. '

A light micrographic comparison of MHV-induced cell fusion
(Figure 3) in L-2 (panels E to H) and LMTK™ (panels A to D) cells
illustrates the differences in syncytial morphology that are also
indicative of Jdepressed fusion‘levéls in infected LMTK™ cells.
Individual syncyiial foci in infected L-2 cultures (e.g. panels G and
H) were .r;ughly circular and ré;idly expanding, suggesting facile
recruitment of neighbdriné uninfected cells, In contrast, LMTK~
syncytia displayed little radial expansion. Rather, Athey tended t;
remain narrow and spindle-gha;ed. thus preserving relatively large
areas of uninfected cells. The progression of fusion throuéhout the
infected L-2 culture is—suggested bx the sequence of panels H to F in
Figure 3,‘which repreésent parallel MHV-infected cultures (moi = 0.01,
0.1 and 1.0 respectively) bhotographed at 8 h pi. For compari;;n,

panels D to B show fusion induced in LMTK™ cultures (moi = 0.1, 1.0

and 10) in the same experiment.

Py
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Figure 3: Light‘micrographig comparison of MHV-induced "

cell fusion din L:i/pnd LMTK™ “cells,. Cultures of LMTK™
- t

(panels A .to D) and L-2 (panels E to H) cells were mock-
infected (4 and E) or MHV-infected at moi's of 10 (B), 1.0 (C
and F) 0.1 (D and G) and 0.01 (H). Photographs of
representative fields of the‘live cultures were taken at 9 h
. using a Leitz inverted microscope. Arrow indicates

syncytium.
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Taken together, these observations Bn virus-induced cell fusion
are highly suggestive of a dynamic balance between infected and
uninfécie& cells in MHV-infected LMTK™ cultures, which would

contribute to a persjstent state.

-

3.4 Demonstration of Viral Structural Polypeptides in MHV-Infected

- L=2 and LMTK ™ Cells R

To test for the presence of viral structural proteins, including

the protein responsible for cell fusion (Collins et al., 1982), in

MHV-infected L-2 and LMTK™ cells, immunoprecipitation {(section 2.15)
was performed on extracts prepared from cultures labelled with [355]-

methionine (section 2.11) at 8 h P.I. The ‘ resultant radioimmuno-

. , 1)
precipitates were analyzed by SDS-PAGE ¢section 2.13) and®

fluorography (section 2.23).

" As ;hown in Figure 4, all three viral structyral polypeptides,
E) (and precursor PE;), N and E) were present in both L-2 and LMTK~
cells in similar proportions. Tgerefore, the observed’}ack of f;szé
in HHY-infected LMTK™ cells is not likely due‘;o defective s;nthesié
of the viral fusion-protein,; which has been shown by Coliins t al.,

(1982) to be the E; protein. ' . .

3.5 Depressed LMTK™ Syncytiogenesis is Due to Membrane Resistance to

MHV-Induced Fusion e

To determine whether the reduced level of cell fusion observed

in MHV-infected LMTK" ‘vs. L-2 cultures was a consequenc¢e of inherent

membrane fusion resistance or a lack .of expression of viral fusion-

protein at the cell surface, a contact fusion assay was performed

v
-

BN




"y ?iggre 4: Demonstration of MHV structural polypeptides in
ST . :
MHV-infected L-2 and LMTK ™ cells)..Culture dishes (35 ma, 10

ceils) of LMTK~ (lai' A) or L-2 (lanes B and C), inoculated

/ét an moi of 10, were labelled with [3§l]-methionine {section

-7 2.11) for 1 h at 0 (lane C) or 8 (ianes-A and B) h P.I. -gell

extracts were immunoprecipitated with anti-MHV serum (section
' e "2.15) and equal aliquots'subjeééed to fluorographic SDS-PAGE
ksections 2.13 and 2.23). MHV pol&pegtide__designations {Ep, .
N, E, and PE;) are b9'the convention Qf Sturman et al.,
(1980) .—
. A
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(section 2.5). The ability of infected L-2 or U'ﬂ'X' cells to induce
fusion with neighboring, uninfected "in{ic’:er"'L-Z or tMTK ™ cells
was examined (figure 5). ?usidh was aﬁ;;yed within 3 h after
addition of. the indica‘tot ce)1'13 to monitor contact fusion with the
infected cells and to avoid fusion expression as a result of possible
i-nfectxon of the indicator cells. '
The addition of indicator L-2 cells to sparselv-seeded cultures
o‘ither infected L-2 (panel C) or LMTK ™ (panel A) cells resulted in
t the rapid spread of fusioﬂ."thr out the indicator ce}ls. However,
when LMTK™ cells were u‘sed axdicator:s. no fusion was observed
{panels B and D):
Since infected LMTK™ cells induce fusion with neighboring"
uninfected L-2 cells, there is no }ac‘:k of viral fusjon protein at the
infecsed LMTK™ cell surface. \ﬁoweQer. uninfected LMTK" i’lls do ;;{
undergo .rapid fusion swith either infected L-2 or LMTK" cells, .-
indicating that the difference in cell fusion between infected L-2
and LMTX" cultures s due to resistance of uninfected IMTK™ cells to ‘
undergo fusion with infected neighbors. This fusion: resistance must
be due to an inherent property of the LMTK ™ cell membrar;e. Such a
-~ cor;clusion is also inferred by observations made earlier (Figure 3),

namely- that IMTK™ syncytia remain narrow and display lit}lé radial

expansion when compared to L-2 syncytia.
) . ! -

*3.6 Cbaracte;istics of MHV Replication in Selected Cell Lines

fe

In the ' preceding section it-was demonsttated that a cell line

e .(iﬁ‘l‘!') which supported a persistent MHV infection 2iffer.d from the
a

By

»

. '!';xlly permissive L-2  cell line in two charactéristics, namely a ) y



Figure 5: Demonstration of cell surface fusion activity in
MHV-infected L-2 and LMTK™ cells. To washed, sparse cultures
of 10° infected L-2 (moi = 0.01; panels C and D) and LMTK
(moi -'1Q§ panels A and B) cells were added 10% uninfected L-
2 (pan‘I; A and C) or LMTX ™ (panels B and D) cells to
complete the monolayer (10° ceils per 35mm  dish).
Photographs of representative fields were taken 3 h after
addition of the uninfected cells (8 h P.I.) Jging a Leitz

inverted microscope.

»
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relativé resistance to initial ﬁHV infection and to virus-induced
cell fusion. Subsequently, .in_ surveying the properties of MHV
replication in other cell lines, it was apparent that persistent MHV
infections were readily established in cells with similar
characteristics. Therefore, a study was undeftaken to determine if
the documented characteristics of MHV persistence in LHTK' cells were
applicable to other cell lines.. and if so, to underscore the
gene}alit; of'such mechanisms of MHV persistence. Much of the data
pertainjng to- MHV infection of LMTK™ <cells described he}ein is
similar to‘$hat found in sections 3.1 to 3.4, but is included here‘as
a reféqence point for cémpar{son with the other cell lines.

Shown in Table 2 is an oberview of selected cell lines, the
oqtqpne of MHV infectionl and information regarding initigl infection
and fusion expréssion. Three of’the cell lines (section 2.1) (LMTX,
LM-ATCC and C-1300; moi = 10) were found to produce much \fever
anbers of ipfcctqg cells compared to fully permissive L-2 cells,
qﬁen\ exposed to the same virus inoculum. Two of these cell lines
(LHTi' and . LM-ATCC) became persistgntly infected while the C-1300

.

cells were destroyed by cytocidal infection within 16 h in 8 manfer

approaching that obsé;Qed in the L-Z‘iﬁfcétion (iol*f_O.;).

‘3.7 Exptession of Cell Fusion in tho‘§¢ai:Pof-issivo Cell Lines

A major difference between the C-1300 and the LMTK™ or. LM-ATCC

- e

cealls was the expression of virus-induced cell fusion (Figure 6).
» : . . . .
The F.I. values (gaction 2.6) for L-2 cells (moi = 0.1 and 0.0}) and

LMTK™ cells (moi -‘10) are in-close agreement with previous data

-

[




TABLE 2

-

' N .
Chazacteristics of*MHV Infection of Cultured Cell Lines

Cell moid Infectious® Virus output .
Centers (%) = per Infect
Cell€
L-2 10 99 61.2
- .

L-2 1.0 59 57.6
L-2 0.1 9 . 72.1
L-2 0.01 0.9 53.0
C-1300 10 1.5 200.0
LMTK ™ 10 1.8 615.0
LM-ATCC 10 0.2 . 48.2
Vero 10 0.0 0.0

0.0

C-6 10°, 0.0

’

Tyvpe of
+Infection

acute,
fusogenic

acute,
fusogenic

acute,’
fusogenic

acute,
fusogenic

acute,
fusogenic

persistent,
weakly
fusogenic

persistent,
weakly
fusogenic -

refractory

“refractory

N :
3  Based on MHV titered on L-2 cells

(section 2.4.1).
—~ e

-

by plaque assay

Percentage of cells infectéd Ey MHV as determined by

» infectious center assay (section 2.4.5).

S - Ratio of total ‘plaque-assayable virus in 12 h tulture
fluid divided by total numper of infectious centers.

i ~ - : - . llq
f
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Figure 6: MHV-induced“cell fusion in permissive and semi-

permissive cell lines. Monolayer cultures of permissivé L-2
(solid lines) and semi-permissive C-1300, LMTK ™ and LM-ATCC
cells (dashed lines) in 35 mm dishes (100 cells per dish)
were H?W infected and monitored for cell fusion expression.
At the indicated times P.I. cultures ‘\;:ere processed for'
calculation of the Fusion Index (F.I.; section 2.;6‘). The
semi-permissive cells C-1300 ( ¢ ), LMTK” ( A ) and LH-ATEC'
(A) were all .infected at an moi of 10; L-2 cells were

infected at an moi of 0.1 ( Q) and 0.01 ( O).

’
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(Figure 2) indicating the relative fusion resistdpte of the LMTK~
cell line. The ot;Er two cell lines, C-1300_ and LM-ATCC, we;e
sg;ongly contrasted byespeir expression of virus-induced cell fusion.

The progression of cell fusion in - lgib cells was similar to that
observed 1in the fusion-per?}ssive L-2 cell (moi = 0.1), whereas in
LM-ATCC ce}ls. cell fusion was reduced-even more so than in the LﬁTK'
cell line. It would therefogg appear that, while LHTK; and LM-ATCC
" cells can support continued MHV infection by restrictihg-vi;us spread
to disérete pockets of infected celle, the C-1300 cells soon succumb
to cytociddi\ipfection througﬁ unrestricted virus dissemination via

cell fusion. ¢

3.8 Infectiou; Centre.issa; of the Semi-Permigsive Cell Lines

e #or purposes -ofl s&uent analysis, a semi-permissive category
of cells yas defined vith respect to MHV infection. Semi-permissive
cells, in contrast to fully permissive L-2 cells, givé rise to
e substcntlnlly lo;e; (100-1000 fold) mmbers of infected cells as
“iaicated by in{actious centre assay. In Table 2 are the results of
infectious centér assay for permissive (L-2), semi-permissive (LMTK",
LM-ATCC and C-1300) and non-permissive (C-6 and Vero) cells. Using
L-2 cells  as a reference, different moi's of MHV inoculum were
employed and rosultant.nunbcrs of infectious centers determfned. Aé)
shown in Table.2 éhcro are, with decreasing moi, fewer infected L-2
cells, approximating those"hxpebted.fron the Poisson distribution
(Dulbdcco and Vogt, 1954). A In general, * for -a givenm moi,. the semi-

permigsive cells give rise to fewer numbérs of infectious ‘centras

than permissive L-2 cells. Using thege data it was possible to
. . . . .




; . ~
assess parameters of viru® replicatiqp, * on" # infefted cell basis, .
\ *

for the various cell lines under sgﬁq?.
\\<\é}l three semi-permissive cell L‘zfs, assayed at 12 h P.1., were
found ta replicagz\\yiglds of prbgeny MHV, per infected cell,
~—— N '
comparable to or greater than permissive L-2 cells (Table 2). The
abilit& of these semi-permissive cell lines to serve as efficient

virus "factories" is an interesting phenomenon and will be discussed

later (section 4.2).

3.9 -Viral RNA Synthesis in the Semi-Permissive Cell Lines

In order gto rule out the possibility that viral RNA synthesig '
was deficient in the séui-permlssive cell lines, a dot-blot analysis
rformed using a [32P}-labeled virus-specific cDNA probe (Cheley

1., 1981a). Dot-blot analysis of MHV RNA from L-2 cells infected

at decreasing moi's produces the paftern shown in Figure 7 A-D. At
high moil (Figure 7 A).vira'l'RNA synthesis peaked rapidly and ;us
rerminated by 8-9 h P.I. due to complete destruction of the cell
monolayer.. With decreasing moi's, the pattern of viral RNA synthesis
was similar but shifted to later times P.I., -a{sociatcd with
prolonged survival of the monolayer.

Viral RNA synthesis in the semi-permissive ‘cell lines,” LMTX"
(Pigure 7 E) and LM-ATCC (Figure ? }), resembled both chronologically
and quantitatively that observed {n permissive L-2 cells, when
relative differ.nco; in infectious centers (Table 2) are taken 'into

_account. A similar relation holds true for thc.scni-pcrgi:nivo C-

]
1300 ¢ells (Pigure 7 G), wjth the exception that viral RNA was no




Fiéhre 7: MHV-RNA synthesis in permissive, semi-permissive

‘e and non-permissive célls. RNA was extracted (section 2.17)
. ' )
from MHV-infected monolayer -cultures (35 mm dishes, 106

cells) of L-2 (panels A to D), LMTK~ (panel E), [LM-ATCC

(panel F), C-1300 (panel G), vero (panel H) and C-6 (panel I)

cells at 0, 4,8, 12 or 16 h P.1I., and aliquots corresponding
to that extracted from 104 or 103 cells were dot-blotted onto

nitrocellulose (section 2.19). Symthesig of HHV;specific RNA

was detected by hybridizatiog witl, a .[32P)-labelled cDNA
probe made against isolated nucleocapsid (N) 'p;ptein mRNA
(section 2.18 and 2.19) and subsequent autoradiography
(section 2.23). Cells were inoculated with Hﬁv,at néif; of
.10 (panels A, E to I), 1.0 (Panel BY, 0.1 (panel C} and 0.01

(panel D).
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Figure 8: Quantitation of MHV RNA synthesis in peérmissive

(solid line) and _semi-permissive cells (dashed lines).
Densitometric scanning of tge dot-blot autg;;éﬁogram shown in
Figure 7 was performed (using pu;ified MHV mRNAy as internal
standard;‘ section’ 2.19) and in conjunction with infectious
centte' tesults.(Table 2) this data was plotted as pg of ﬁHV

RNA per infected cell. Cultures were inoculated at moi's of

10 (C-1300 (Q ), LMTK ( A ) andy LM-ATCC ( A )) and 0.01

(L2 (ON.
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Figure 9: Demonstration of MHV structural polypeptides in

permissive and semi-permissive cells. Cultures of L-2 (lanes
. p .
/

A and B), C-1300 (lane C), LMTK ™ (lane D), LM-ATCC (lﬁpe E)
and Vero (laneg F) cells in multiweil t;ays (4 x 102 cells per
well) were either uninfected lane (A) or MHV-infected at an
moi of 10 (lanes B to F). At 6 h (lane-B) and 12 h (lanes C

to F) P.I., cells were labelled with [3SS]-me€%ibnine for 1

h, harvested for immunoprecipitation ‘(section 2.15) and

subjected to 'SDS-PAGE (sectidn 2.13) and fluorography
(section 2.23). Equal aliquots were used in lanes C to F

~

whereas lane'B received a 1/10th aliquot of the sample. The

positions of the MHV structural proteins are indicated.
) ™
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1982). Although not dt;ntitatives the above SDS-PAGE analysis
demonstrates the presence of this glycoprotein in its fully mature

180K MW form in MHV-infected L-2, LMTK™, LM-ATCC and C-1300 cells.

3.11 Quantitation of MHV Polyvpeptides in the Semi-Permissive Cell

‘Lines

Having estaSlished that all MHV structural polypéptides a?e
present in the infected semi-permissive cell lines, an ELISA,(section
2.16) ;as develdped to quanéitate the amount of total MHV protein
synthesized in the‘permissive and semi-permissive cell lines.

The ELISA was performed on MHV-infected L-2,<;LMTK', IM-ATCC and
C-1300 cultures grown in 96-well microtitre trays using differential
moi to standardize nﬁmbe;s of infected cells. In order to correlate
the absorbance values obtained by ELISA with amounts of viral -
protein, a s;parate experiment was performed (section 2.16)F ta
‘determine the. total and MHV-specific protein contents of L-2 cells
.inoculateé at moi's of 0.1 and 0.01 (to approxiﬁate the number of
infected  ©cells obtained' in the . semi-perqissive infections).
Therefore, the relat;onshig Setuee; the ELISA absorbance values and
.corresponding amounts of MHV proéein was‘deter;i;ed for infected F-2
cells and applied‘ltd the _semi-permissive cell lines. ﬁaving
quqnéitated MHV protein synthesi; in this manner, this dﬂ*a,"if then
expressed in tegms of ug MHV protein synthesigzed per infected cell
(Figure 10) using the infectious fentre data ih Table Zl From Figure

10 , it is evident that the‘?7ﬂi—permissive cell 1lines synthesize

comparable levels of MHV protein, per infected cell’, «as permissive L-

<
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Figure 10: Quantitation of MHV protein synthesis in

- .
. —~
permissive and semi-permissive cells. Cultures of permissive

(solid line) and semi;permissive.(dashed lines) cells in 96
well microtitre trays (approx. 6 x 10% cells per wéll) were
MHV inf?cted at vdrious moi's to standardize equal numbers of
infected cells gTable 2). Cultures wete;inoculated ;t moi's
of 10 (C-1300 (O ), IMTK™ ( A) h}\d IM-ATCC ( A)) and
0.01 (L-2 (Q)) and at 6, 9 and 12 h P.}. the monolayers
were processed'for ELISA (section 2.16). In conjumetion with
the ELISA, parallel experiments were performed on infected L-

2 cells (moi = 0.01) to determine total and MHV-specific

protein contents at 6, 9 and 12 h P.I. (segtion 2.16). Using

‘the infect ious center results (Table 2), and the above ELISA

and MHV protein content data, the calculation of pg MHV

protein per infected cell was performed and plotted as shown.

4
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2 cells, with maximm aceumulation (4-7 pg/cell) occurring by 12 h

P.I. .

3.12 Assessment of Membrane Fusion Activity in Permissive and Sesi-

Permissive Cell Lines

Even though the semi-permisg}ve cell lines, on an infected cell
basis, display no deficiencies with respect to most aspects of MHV
replication (protein, ENA synthes?s and virion production), two of
these cell lines, LMTK™ and LM-ATCC, support a persistent infection
in which there is a marked reduction in cell fusion (Figure 6). —

To further characterize the reduced fusion capacity of these
cells,‘ a . contact quion assax was performed in which uninfected
LMTK™, LM-ATCC or C-1300 cells were seeded together with infected L-2
cells (Table 3). Eontact fusion (within 3 h) w;s observed only with

C-1300 cells. However, in the reciprocal assay (infected LMTK™, LM-

ATCC or C-1300 cells seeded with uninfected L-2 cells), fusion

9

-occurred in each case, demonstrating the presence of fusion-active

protein at the surface of the semi-permissive cells. ’

Preliminary . experiments indicated -that crude lysed cell
preparations from MHV-infected L-2 cells w;uld rapidl& (within 1 h)
induce fusion when. added to uninfected L-2 cell monolayers (ie.
"fusfon ’fron without").‘. Howeyé;. cellular membranes Efteed of
cytosolgble . components) prepared from such lysates failed to ;yﬁﬁce
fusion. These findings suggested that ;.soluble factor vas required

for the fusion process. Since Sturman et al. (1985) had reported

‘that purified trypsin-treated HHV‘virionﬁ\could induce “fusion from
: N

without'", experiments were performcd'to investigate the possibility

A




TABLE 3

<

Demonstration of Cel} Surface Fusion Activity in MHV-Infected ”

Permissive and Semi-Permissive Cells by Contaqt Fusion Assay

Infected cell type?

moiC 0.01 1 10 10

L-2 C-1300  LMTK~ LM-ATCC

Uninfected L-2 + + + +

"Indicator" .

cell typeP C-1300 + ND ND ND
LMTK " - ND ND ND
LM-ATCC - ND ND ND

a 109 cells seeded in a 35 mh dish were MHV infected at

the moi's indicated to produce equal numbers of
infected cells (Table 2).

b 10 uninfected cells were added to the sparsely-seeded

infected celis to complete the monolayers and after 3 h
incubation at 37°, éxncytia formation scored as + or -.
(ND; not determined). ‘

¢ As determined by plaque as®ay (section 2.4.1) on L-2
*  cells. \

e

<+

(A

86



<

4

that an intracellular protease was involved in MHV-induced L-2 c;ll
fusion. Purified membranes isolated from infected L-2 cells (section
2.8) were é;nitored for their ability.to induce fusion in permissive
(L-2), semi-permissive (LM-ATCC) and non-permissive (Vero) cells in a
membrane fusion assa& (section 2.9). As shown in Figure 11 A, C, E,
none of these combinations resulted in manifestation of - fusion.
However, when the membranes were pre-incubated with trypsin (or, in
other experiments, chymotrypsin; 10 ug/ml for 1 h at 379), thezl'pas
rapid fusion with L-2 cells (Figure 11 B) but not with LM-ATCC or

Vero cells (Figure 11 D and F). In control experiments with

» - N

protease-treated uninfected L-2 cell membranes, no fusion activity
could be demonstrated (data not shown). This suggests that fusion
expression 1is. a c¢onsequence of proteolytic activation of viral;
rather than cellular polypeptide(s).

-

To identify biochemical changes which correlated with the
[ ] . .
protease-dependent activities of the membranes described above,

parallel preparations were obtained from MHV-infected L-2 cells which

had been labeled with [3SS]-methioéine from 5-6 h P.I. The purified

radiolabeled membranes were subjected to protease digestion (section

2.10) with either .~trypsin or chymotrypsin at a 'range‘ of

concentrations ineldﬁing that used in the membrane fusion assay.

Following protease treatmént. the distribution of radiolabel among "

the memprane polypeptides was examined by fluorographic SDS-PAGE
(Figure 12).. Of interest is the ‘observed reduction in radiolabeled
E,(p180) with increasing concentrations of either trypsin or

chymotrypsin. In additipa, beginning at.a chymotrypsin concentration

LR
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Figure 11: Light micrograph of membr;ne fusion ‘assay
performedV with permissive (L-2), semi-permi;sive (LH-ATCC)V
and non-permissiva {(vero) cells. To uninfected 35 mm dish
cultures (108 cells) of L-2 (banels A and B), LM-ATCC (panels
C -and D) and Vero (panels E and F) célls was added puriffe
MHV-infected cell membranes (segtion 2.8 and 2.9). In panels
B, D and F,- the membranes were pre-incubated with 10 _ug/mi’

trypsin for 1 h at 37° prior to addition to the monolayers.

After 1 h incubation at 37°, the membranes were washed off'
7 —

-~

M . the monolayers and the cultures fixed, Giemsa’/ktained
(section 2.6) and photographed using a Leitz Dialux 20 A
v . - B ." . A \‘
nﬁcroscbpe. In..panel, B (L-2 cells plus proteashjtreated

N w
& ]
. membranes) ’numerous areaQ,of cell fusion are evident (arrow

. * indicates syncyfium).

o .
o R

»Y



¢




~ »
Figure 12: Protease treatment of membranes prepared from
[35S)-methionine-labelled MHV-infected L-2 cells. MHV,
infected L-2 cells in a 100 o dish (lb7 cells) were lab?lled
with [3SS]-methionine from 536 h P.I. (section 2.10) and the
cellular membranes harvested as described (section 2.8).
Aliquots wgée incubated “for 1 h at 37° with trypsin or
chymotrypsin at concentrationé of 0 mg/ml (lane 1), Q.S,ug/ml"
(lane 2),- 1.0 ug/ml (lanes 3 and 8), 5.0 ug/ml (lanes &4 and
95. -10 ug/ml (lanes 5 and 10), 50 ug/ml (lanes 6 and 11) and
100 ug/ml (lanes 7 and:12). Protease digestion was then

terminated with TLCK (for trypsin) ‘and TPCK (for °

. chymotrypsin), thé samples lyophilized, and analyzed by

fluorographic SDS-PAGE (sections 2.12, 2.13 and 2.23). The.
positions of the MHV- structural proteins (E;(pl80), N, B, and
PE;) are indicated as well as the ‘product of E,(pl80)

protéolytic digestion, E;(p90).

[
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of S ug/ml ar a trypsin concentration of 10 ug/ml (Figure 12 lane 4
. \ .
or 10)5 a polypeptide with an apparent molecular weight of 90K (by

comparision with molecular weight protein standards) was detected.

This polypeptidebwas related to E;(pl80), as indicated by peptide -

’

mapping (data not shown) and is li&ire}ated to the 90K MW form of
the E; which is found in varying amoun®s in MHV virions (Sturman and

Holmes, 1977; St@rman et al., 1985). &he extent of proteolysis

of E,(pl80) and appearance of the 90K MW form, Ej (p90), do nqot
- ]

~ correlate quantitatively, suggesting that additional proteolytic

- w _-‘

\_,'

14

events may be taking place. .
3 : \ - ‘

¢

/3.13 The Nature of the E, Glycoproteim in MAV-Infected L-2 Cells

-

-

. In MHV virions’, the glycopretein E5 may exist in either a 180K

.ﬂ
or 90K W..Eot_'m (Sturman and Holmes, 1977) and the latter form may be
respondible ‘faf "fusion from without" induted by trypsin-treated

“virions '(Sturman-et al., 1985). .Sin't:e L-2 cgl_}.s f.are extremely

al., 1977; Mizzen et.

susceptible to "fusjon from withiﬁ“’(Lécas et
al, 19B3) it is of interest to note Epat-the 180K MW form of E; is by

. \ A
far the predominating species labeled in infected L-2 cells {(Cheley

»
~
. RS

and Anderson, 1981).

¢ . Ina pulse-chaé? stuéy‘gf infected L-2 Fu}tufe§f pulse-labeled
Eé(plSO) (section 2.t1) de;lihed fapidly and with proionged "chase®
peripds (90 ﬁ;n. ‘and 120 min.) gave rige to small amounts of E,(p90)
.(Flgufe 13 A, lanes 3 and'b). The distribution of radiolabel in the

other MHV polypeptides under thesf'cbnaitionﬁ vas similar to rhat

‘previously‘publishqq_(Qhelex and Anderson, 1981). Note that whether

¢ Tox e Vi

92
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Figure 13: Behaviour of pulée-labelled E,(p180) 1n the
absence or presence of protease inhibitors. Cultures of MHV-
infected L-2 cells.(mox‘=,}0) in 35 mm dishes (109 cells)
were pulse-labelled wjth‘[3?§]>meth{onine (section 2.11) for
1S min. "at 5 h P.I. and‘"éhaseJﬁ‘qither in the absence
(F{gureA13A) or presence (Figure 13B) of proté@se inhibitors.
In Figure 13A, tgg ch;se periods were 0 (lane 1), 45 (lane
2), 90 (lane 3) ang 120 min.(lane 4). The positions of ‘the
MHV structural molypeptides (Ez(pISQ). N, E; and PE&) or
related forms (EZ;pQO) and p50) are inéicated. in Figure 13B,
pulse-labelledr (P)‘Ez(plﬁd) was chased (C) for 120 min. in
med ium w?thout (CON) ‘or with the proteése-Ainhibitors TLCK,

L% .
TPCK or ZPCK qﬁ a final concentration of 1074N,

b
.
..
o

X
s
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the conversion of Es(pl80) to E;(p90) is achieved by ‘exogenous

protease treatment of membranes isolated from infecteal cells
(membrane fusion assay) or by pulse-labeling of ,infected m;ﬁélayers,
the amount of E,(pS0) generated is much less than expected if this
event is simply cleavage of parental E,(pl80) to E,(p90) species.
Therefore, within thg infected cell, E,;(pl80) may be susceptible to
N

extensive intracellular proteolysis. \

To examine this possibility, a pulse-chase experiment was

performed in the presence or absence gf specific protease inhibitors. ="
. . :

e kY
Al

L
Cultures of L-2 cells, inoculated with MHV, were maintained in medium:.- /

containing either .no inhibitor, or the inhibitors TLCK, TPCK or ZPCK
at ~a concentration of QO’AH. At 4 h ;.I. the cultures ue;e pulseé.
w{th I3SS]-methionine aﬁd subsequently chased. As shown in Figure 13
B, pulse-labeled E,(p180) disappeared rapidly during the cLase period
in normal medium, as well as in hedium plus TLCK. However,: the
érotease inhibi?ors T;CK and ZPCK markedlylkrolonged the sufvlbal
time of E,(p180), suggesting inhibit}on of proteo{ysisi The pulse:
chase relationships for the remaining radiclabeled polypeptides ASE
shown 1in Figure 12 B were not affected by any of the three prBtease.
inhibitors,
N : .

In addition, -TPCK and ZPCK, but not TLCK, were also effective in
inhibiting MHV-induced cell fusion ig vitro. At 7 h P.I., at which .
time MHV-infected L-2 célls {moi = 10) WeréAcompletaly fused into a
syncytial \sheet, parallel cultures étented with TPCK or 2ZPCK

(starting at 3 h P.I.) contained qnly'bccasional. syncytial foci..

Given the demonstrated activities of TLCK against trypsin (Shaw et . .

T
¥i

P )

~




al., 1965 and TPCK; ZPCK against chymogrypsin (Schoellmanq and Shaw,
1962; Segal et sl1., 1971) the above results implicate a chymotrypsin-
like enzyme in intracellular processing of E;(pl80X and in activat{gg
MHV-induced cell fusion in L-2 cells.

‘ Therefore; when viewed in light of MHV replication in permissive
and semi-permissive cell lines, differénces ip host-cell proteolytic
processing of E;(pl80) and/o; the abiliéy'bf the cell plasma membrane
to undergo fusion when pr:Ebntgd with fusogenic E; wultimately
determine yhether a cell will experience acute or persistent MHV
infection.

Subsequeﬂt to completion of this work, a publication (Frana et.

al., 1985) .confirmed many of these results on hdst;’éal specific

pro;teolytic processing of MHV-E;(pl180). .

3.14 Effect of Ammonium Chlorife on the Production of Progeny MHV

Having established Ghat in MHV infection of a variety of cell limes

in wvitro, viral persistence is regulated by host cell determinants

governing both early (initial infection) and late (expression of cell

fusion) events in the replication cycle, modefafion.of these membrane
fusion ,events in MHV replication in a fully permissive host cell
.could conceivably le;d to a state of viral persistence.

Ammonium chloride had been Feported in the literature to inhibit

both early events such as viral uncoatingl(e.g. Helenius t al.,

\ ‘

_1982) and late events in viral replication, .such as induction of cell
‘fusion (Holland and Person, 1977).
At the time this work was undertaken, the effect{s) of ammoniu¥

chloride on coronavirus replication were not known. Therefore, the

96




cultures.

A2Y

rationale for using ammonium chloride was -two-fold: first, to {

document its effects on the replication cycfé of MHV and: second, on

the basis of its reported effects on viraf,reﬁlication. to employ
ammonium .chloride in ah attempt to consert the normally acute MHV
infection of L-2 cells to a state of vira} persistence.
V .
The presence of ammonium chloride in the culture medium at a
concentration of 20 mM delayed the production of progeny MHV by
roughly & h in MHV-inoculated ,L-2 cells (Figure 1Z).  As shown in
Figure 14 A, intracellular MHV progenX (section 2.4.2) is first

detectable under normal culture conditions at.approximately 4-5 h

P.I. :In contrast, intracellular MAV progeny does not ;pgear until -

-
’

approximately 8 h P.I. in the presence of ammonium chloride. From
the times of initial appearance of | progeny vikgf) however, the
’ [

replication profiles, either in the presence or absence of ammonium
. .
chloride, are very similar. Moreover, the Tfhal titers. of MHV

. Q
produced in either case differ .only by a fraction of a log.
. [

A similar delaying effect of ammonium chloride was observed on
. )

A4 A

the production of extracelluldr virus (section .4.1), Under normal
conditions, MHV-infected L-2 . cells first produce ,'detectable

extracellular virus at approxihately S h P.I. (Figure 14 B). In the

. presence of ammonjium chloride, however, "~ extracellular virus is not

seen until 9-10 h P.I. Again, as in the case of intracellular virus,
. L ]
the subsequent replication curves and final virus titers are very

similar, whetler monipo;éa from control or ammonium chloride-treated



Figure 14: Production of intracellular (pane} A) and
extracellular (panel B) virus fr% MHV-infected L-2 cells
maintained at 379 in the absence (@— @) or presence
(Q==>Q) of ‘20 mM ammonium chlori‘de. MHV-infected cultures .
of L-2 cells (moi = 20) in 35 mm dishes (10% cells) were

assgyed far -intracellular virus (section 2.4.2) and extra-

cqllular virus (section 2.4.1) at the indicated times P.l.

K



ra’

»
o

Q
i
12

10
A

"
1
f
!
1
!
1
!
1
'
'
o
/
1
2
’
’
oy
/
‘
o
i1

‘/

o
/
®

" 4

/. ‘
"o;_\,-o'
'R
HOURS P/l

°
\.
—

2

1 1 1 1
T~ © n - ™ ~

7+
6
5
4
3
2

/ . ,
b~ < TN /N34 >0 -0 TN /N4d *D01-
JH1LI1L SNHIA



3.15 Ammonium Chléoride Delays MHV-Induced Cell Fusion
. -
The above results suggest that the action of ammonium chloride

is fo attenuate a step in MHV replication, which once overcome,
permits normal v;rus prdduction. If this step is an-early one, the
normal chronology,tor the majority of the events associated with MHV
replication will be displace&;By a4 toSh time iﬁterval similar to

that observed with virus replication. In agreement with this

prediction, the manifestation of cell fusion, as indicated by the

- F.I1. data (section 2.6), was found to be ‘delayed by ammonium chloride

to an extent similar (4-5 h) to that observed with the production of

virus progeny (Figure,}S). Furthermore, like the replication curves,

: the F.I. data from ammonium chloride-treated ang control cultures are

virtuaily superimposable once this 4-5 h delay is taken into account.
There would, therefore, appear to be no specifically inhibitory

effect of ammonium chloride on MHV-mediated cell fusion per se.

3.16 Number of Cells Infected by MHV in the Presence of Ammonium
Chloride '

In order to confirm that the effect of ammonium chloride on MHV
replication“-g;s one of attenuation rather than suppressioﬁ. the

number of xp{oductively infected L-2.célls was monitored by an

infectious,’ center assay. Cultures of MHV-inoculated L-2 cells were

incubated...for 2 h at 37°C in the presence or absence of ammonium

v * .
chloride, thgn trypsinized and plated’  on uninfected L-2 cell

monollyérs in order to quantitatively screen for numbers of

productively infected cells. As shown in .Table 4, ammonium chloride-



4

Figure 15: HHV:induced cell fusion in the absence and
presence of'ammoniu; chloride. MHV-infected cultures of L-2
cells (moi = 20) in 3S_mm’dishes (106 ceils) were incubated
in the absence (.——‘.) or presence (Or— — () of 20 mM

ammonium chloride at 37°. Cultures were processed for

- (‘ .
calculation of the Fusion Index (F.I.; section 2.6) at the-.

-~

indicated times PI
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TABLE 4

Ammonium Chloride Does Not Hafkedly Qeduce the

+
Number of Cells Infected with MHV *
~ 4 M
Number of .cells infected?®
Initial Medium ) Assay Medium /
(0-3 h P.1.) Control NH,Cl .
Control « 6.8 x 1073 6.1 x 103
NH,C1 5.2 x 103 4.9 x 103
a Cultures of L-2 cells in 35 mm dishes (10% cells) were
inoculated with MHV at an moi of 0.01, adsorbed 30 min.
at 49 and thén .incubated 2 h in the absence (tontrol) or
presence (NH,Cl) of 20 mM ammonium chloride. Cells were
recovered. -intact by trypsinization and aliquots were
plated ‘out for infections center assay on monolayers of
L-2 cells (section 2.4.5). Assays were performed for 24
h in the absence (coptrol) or presence (NH,Cl) of 20 mM
ammonium chloride i:fthe medium. .
v
/
\
) )
&
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treated cultures had similar numbers of infected cells as untreated
cul;ures.\ Moreover, little  difference was observed even when -
ammonium chloride was inciuded in the medium used for the infectious

center assay incubation. The size of the plaque produced by each

. infectious center, however, was considerably smaller in the case of

the N\calls which were cultured in the preQE:fe of ammonium chloride.

This result 1is entirely consistent with the idea that ammonium
i . : .
chloride attenuates or delays MHV replication, without imposing an

absolute block.
-

3.17 Effects of Ammonium Chloride on Early Stages of MHV Infectio

In agreemeﬁt with the studies by Krzysiyniak ana Dupuy (1984),%
our prelipinary expetiments had shown that MHV adsorption ,to L-2
celfg was unaffected by t;e presence of ammon ium _chloride.
Accordingly, all studies reported here were peréormed with the
addition of ammonium chloride immediately following <the adsorptioﬁ
period. Thg entry of MHY into the host Eeil appears to be one
involving viropexis (David-Ferreira and Manaker, 1965) in which virus
inoculum is internalized within a cytoplasm?c'vésicle or‘ endosome.
In order to investigate wheth;; ammonium chléride affected the

process of virus internalization (section 2.4.3), MHV-adsorbed cells ]
~wére warmed to 37°C for various intervals in the presence of Absence
of ammonium chloride, then stripped of external virus with éroteinase

K, and assayed for internalized virus by infectious 'center assay.

The results shown in Figure 16 A demonstrate - that virus

internalization - occurred with equal efficiency, 'whether or not

ammonium chloride wés'préiént. In either case, uptake of MHV into

[N
- , \

- \




‘(B). In (A), 35mm dish cultures (108 cells) of H:H"(-‘adsorbed

_ expressed as \percentag‘e of the maximal titer obtained

_,( 20' min., ammonium chloride treated).: _ B

Pigure 16: Effect of ammonium chloride | on  wvirus
internalization (A) #and infectivity of internalized wvirus
L-2 ‘cells (per:'f;)rmed at 4°) (moi = 20) were warx;)ed ta 37° foy
various times in. the absence (.—;- @) or ﬂpresence
(O——0Q) of 20 mM apmonium chloride. After treatment with
proteinasé K to remove external virus (secttof 2.4.3),. cells

were assayed for internalized virus by’ infectious centre

-
.

assay (section 2.4.5). In (B), a second‘.se; of MHV-
inéc’ulatedi cultures (same conditions as (A)) were warmed to -
37° for .ZQ.min. in the aBsenc,e (@— @) or presence
Lc)--t)) of 20 mM ammonium Ehlq:ide. Cells were Tharvested

and lysed for assay of infectivity of intracellular 'virﬂs‘ At

the indicated. times P.I. (section 2.4.4). Results are

~

) . MY .
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the <cell occurred rapidly upon exposure to 3Q?C and was essentially
J

/

céhplete after 2 h. Ve

Events subsequent to virus uptake; which result in the
liberation of wviral genome into the cvtosol havg not been
characterized in cqronavirus replica;ion. One possibility, analogous
to that observed uith‘ﬁ;ny envelopgd viruses, is that the viral
envelope undergoes fusion with the membrane of the surrounding
vesicle (e.g., Marsh et gi,’1983). Since this latter fusion event is
known to be inhibited b& lvsosomotropic amines ‘in the case of
infection with certain viruses, such as the enveloped togaviruses
(Helenius et al., 1982), we monitored the effect of ammonium chloride
on the eklipse phase of MHV infection. Virué\grcoating, as well as
any other degradative processes occurring dugiﬂg the eglipse phase,
can be monitored by foilowing thg decline in infectivity  of

internalized MHV inoculum. In order to allow a reasonable degree of

virus internalization to occur, MHV-adsorbed cells were warmed to

L]

37°C for 20 min. in medium with and without ammonium chloride. Under

»

these conditions, approximately 50X of cell-bound virus is
internalized (Figure 16 A). Cells were then treated with proteinase
K to remove external vitus, - incubated at 37°C in the presence or

‘absence of ammonium chloride, then subsequently lysed and assayed for
infectivity of "!internalized inoculum (section 2.4.4).  While this
proéedure does not permit analysts of events occurring during the
first 20 min., it is evident from the results shown in Figgke 16 B
that the eclipse phaﬁe in MHV infection is strikipgly affected by the

presence of ammonium chloride. At the first time point examined (20

107




endosomal uhéoacing . as opposed t§ a possible

»

~

min.), virus eclipse was seen to occur more rapidly in the absence of

ammonium  chloride, as judgea by a 177 decrease in relative
infectivity of intracellular inoculum. The effect of ammonium
chloride on virus eclipse became more pronounced with . time. Thus,

“while in normal MHV infection, virus eclipse was complete by 3 h

P.I., the process oecurred with cleayly less efficiency in the

presence of ammonium chloride (Figure 16 B), so that even as late as

5 h P.I. considerable infectivity was associated with the
internalized virus inoculum. " Taken together, this data on the
v ; e

eclipse stage og MHV infection suggests an inhibitory effect of

ammonium chloride on one or more processes involved in the wuncoating

of MHV. It is not possible, however, with this data to distinguish

-

which. proportion of the eclipsed virus represents legitimate

- . i °

"dead-end" pathway o}‘
lysosoﬁal dégradation. Indeed, in light of ‘the infectiousl c;nter
data (Table 4), it is apparent that, even-in the presence of ammonium
chloridé. HHV must éventually uncqQat to a similar deéreék:xg§~that
attained in untreated cells. Given the evidence that‘ ammon ium
chloriée inhibits the aét;;ities of both l;gosomes (Ohkuma and Poole,
1978) and endosomes (Maxfield, 1982) the results of Figure 16 B are

best explained on the basis of combined iphibitéry actions on

lysosomallendjsemal processing of 1nternaiized MHV.

3.18 Effects of Ammonium Chloride on HHV-RNA Synthesis

If the eciipse phase is the primary site of action of ammonium

chloride during. MHV replication, then attenuation or delay of.
‘ ‘

4
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infection at this early stage would be expected to give rise to
similar delays in subsequent virus-encoded functions. Since the
first easily assayable function follo;ing eclipse is v;ral RNA ‘
synthesis, we exa@ined levels of MHV RNA produced in infected cells
maintained in the presence or absence of ammonium chloride. [5-3H]-
urﬁdine-labeled RNA (section 2.20) e;tracted at 6 h P.1. from HHV;
infected L-2 <cells (section 2.17), maintained in the presence or
» absence ' of ammoﬁium chleride, was subjected to agarose gel
. eleétrophoresigl(section 2.21) and fluorographx (section 2.23). The
normal pattern of HHV-quoded RNAs (Cheley et al., 1981) numbered
accérding to the convention of Siddell et al. 9!983)_vas obtained
(Figure 17 lane C). When ammonium chloride was present immediately
following adsorption, the level of radiolabeled MHV RNA was reduced
(Figure 17 lane 0) to 8% of the control level, as detefmined by
q.bcomparativé densitometric Sfanning .of lanes 0 and C. When the
addition aqf ammonium chlpride was delayed by 1, 2y or 3 h_}ollowing
adsorption, Lgis permitting progressively more virus uncoating,” the
levels of radi;labeled MHV RNA were seen to increase (Figure 17 lanes

* 1, 2, and 3) to 34, 52 and 857, respectively of that obtained in the

normaly MHV infection (lane C). Furthermore, the normal

electrophorétic ‘ﬁattern of MHV RNA was obtained in the presence of
ammonium chloride.

To investigate the effect of ammonium chloride on the kinetics
L

of viral RNA synthesis, a quantitative time-course analysis of viral

RNA levels was performed on MHV-infected cells maintained in the

presence or absence of ammonium chloride. éhown in Figure 18 A and B

P




- %

Figure I7:. Effect of ammonium chloride on the production

of MHV-RNAs. Cultures. of L-2 cells in 100 mm dishes were
:adsorbed with MHV (moi = 20) at 4° and inc;bated in the
;bsence (C) or presence of 20 mN ammonium chloride, added
either immediately after édsorption (0), 1 hP.I. (1), 2n
P.I. (2) or 3 h P.I. (3), Viral RNA was radiolabelled by
. culturing the. infected ‘cells with [5-3H)-uridine in the
presence of actinoﬁycin D (section 2.20): Cultures were
harvested at 6 h P.I., and th; RNA extracted by guanidine-HCl
(section 2.17) and'analyzed by agarose gel electrophoresis
(section 2.21). An autoradiograph of the -dried, ENSHANCE

(NEN) - treated gel is shown. Numbering of the MHV-specific

RNA fpecies follows the convention of Siddell et al:, (1983).
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Figure 18: Time-course study of MHV-RNA and polypeptide
;;nthesiSA in the absence or preSence of 20 mM ammonium
chloride. Replicate 35 mm cultures (108 cells) of MHV
infected L-2 cells (moi = 20) maintained in thf absence (CON)

or presence (NH,Cl) of 20 mM ammonium chloride were processed

at the indigfated times P.I. for dot-blot analysis of wviral

RNA using a [32P]-HHV specific cDNA probe (sections 2.17,

2.18 and 2.19; panel A), or were [3SS]-meth§onine labelled
for analysis of MHV proieins by SDS-PAGE ( sections 2.11. and
2.13; panel C). Relative quantitation of viral RNA (B) and
pro\tein (D) was pe;formed by densitometri.c scanning of the
autoradiograms shown in (A) and (C), respectively. Symbols
in B and D represenf data from cultures maintained in the

absence (@ —— @) or presence (O— — () of 20 mM

ammonium chloride.
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'is the qutoradiographic dot-blot analysis of MHV RNA extracted from
control and treated cultures, and corresponding densitometric scan.

HMV-;;fected L-2 cells, maintained in normal medium, first showed

" detectable levels of viral RNA at 3 h P.I.; this was delayed until

approximately 6 h P.I. when ammonium chloride was present.

Nevertheless, the ammonium chloride-treated culture eventually (at 12

“h ?.I.) _produced levels of viral RNA very similar to the maximum

Yo

levels produced in the untreated culture. Although the kinetics of

-

RNA synthesis were noticeably slower in the presence of ammonium

chloride, this is likely due to a certain degree of desynchronization

in- the initiation of RNA transcription, as a consequence of the

protracted.eclipse (uncoating) stage (Figure 16 B). Thus, it would
appear that ammonium chloride does not inhibit viral RNA synthesis in

a quantitative manner, but rather delays its onset.

3.19 Effects of Ammonium Chloride on MHV Protein Synthesis

In a time-course manner analogous to that used for viral RNA
quantitation, viral protein synthesis was monifpred in infected L-2

cells maintained in the presence or absemnce of ammqniuh chloride.

" Shown 1in Figure 18 C and D is the fluorographi¢ SD&-PAGE analysis of

TaYy -
[3581-methionine-labelezf-HHV proteins from’ ;aétrol and treated

cuitures. and correspo;EQng densitometric scan. Intracellular
synthesis of viral polypeptides is delaye& by some 4-6 h in the

presence of ammonium chloride. Nevertheless, all three structural

polypeptide classes (E,, N, and E;) are synthesiiéd in normal

propostions (Figure 18C) and in evehtual levels (Figuze 18D) similar

to those seen in untreated cells. Therefore, these results on the
- i .
13
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effects of ammonium chlo?idequ MHV replication indicate that viral
uncoatipg is the prima¥ry site of inhibition, and that subsequent
replication events are accordingly delaved, but not otherwise
inhibited. Furthermore, . thls data provides evidénce'for endosomal
uncoating of‘HHV, as reported -for other enveloped viruses (Hélenius
et al., 1982; Schlegel et al., 1982). However, unlike its reported
. .

" effects on the cytopathic activity of other viruses (eg. Holland anJ’
Person, 1977), ammonium chloride did not inhibit the progression of.
MHV-induced cell fusion, and therefore, aeébite attenuation of'early
events in virus repli;afion, was insufficient to prevent the lytic
. infection produced in permissive L-2-cells.

Restri'ction of virus dissepination via cell fusion, ihe}éfore,
"is of «critical importance in regulating the acute vs. persistent

v

state in MHV infected cells.

L 4 R
3.20 Characterjzation of Plasma ﬂémbrane Permeability During MHV

Infection

Since the expression of MHV-induced cell fusion, mediated by the
‘host cell plasma membrane, détegyines to a great extent the outcome
of infection (ie. acute vs persistent), it was of interest to study
the function of the plasma membrame during-expression of cytopathic
activity by MHV. Po; these studies, the l&tic, fusogenic MHV
infection of L-2 cells was usef as a model since the expression of
cytopathic effect (cell fusion) is maximal compared to other cell

‘lines (s?e Figures 1| and 6). - A

. . "
The alteration of intracellular monovalent catiod  levels

<

»
*
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(particularly Natand K%) is a common result of lytic infection by
several 3animal viruses (Carrasco and Smith, 1976; Hackstadt and

ﬁalla;ia, 1982; Nair, 1984; diug et al., 1984) and is presumed to

contribute to the cytopathic effect seen in the infected cells.- It

has been proposed that alterations in membrane permeability during

virus infection woudd account for the altered intracellular

monovalent cation 1levels (Carrasco, 19'/'("; Pasternak and Micklem,

1981.). ' . o
. )
The integrity of the L-2 cell plasma membrane was examined
during the'course of high multiplicity MHV infection (moi = 20) by
measuring permeability to [22Na]+ (section 2.7). Shown in Figure 1§

F.I. values at various times P.I.
_B; 2 h P.I., when no cell fusion is evident (F.I. = 0) there was
a small amount of[ZZNa]+ influw into the infected cells, which is

suggestive of reported early membrane permeability changes due to

virus binding ahg penetrationw(Carrasco and Smith, 1980; Kohn, 1979)..

Note that Figure 16 A indicates that MHV iﬁternalization occurs over
the first 2 h P.I. The [22Na)t influx over the period of 2 to 4 h
P.I. was relatively unchanged from the initial increase seen early in
infection but in?reased dgamat?gaii;-b to 6 h P.I. The expression of
cell fusion, as given by the F.I. 4values.' closely paralleled this
large [22Na]*  influx lgte in infection. ¢ Thetefore, this data
suggests a correlation between expression of cell fusion and

modification of plasma membrane permeability to [22N§}+.

-

is TWeinflux of [22Na)* into infected L-2 cells and co;respéhdin§4-'_
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Figure 19: Cor‘rela.t'ion' of [ZzNa]T upt/ak/e (.—-')‘ and
T - ot N " e
. extent of cell fusion (@-~—@) in MHV-infected L-2 cells."

.Duplicate MHV-ipfected ':L-'Zv'cuitutes (moi = 20) in 35 mm
dishes (1,0/ cells) were assayed for permeability to

SN tracéllular [22Na)t (section 2.7) or-expressio\n of cell
o ,

fusion (by calculation of the Fusion Index (F.I.; - segtion

2.6) at the indicated times P.I.
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3.21 Virus-induced InRibition of Cellular Protein Synthesis

Associated with many lytic virus infections is the rapid

1nh1bition of cellular protein synthesis, whrth in some. cases, has

been correlated wlth chahges in membrane pcrmeabxlxty (ﬁenedatto at

al.,1980; Garry et al. 1979)\“{£erefore, celIular protein sihfé#sx’

was studied in HHV infected L-2 cells to, determine the temporal

.

felatiohship between membrane leakiness and01nhxb1tion of hdst cell -

proteiﬁ ‘synfhesis.. -f3SS]—methionine labeltd prctexns from MHV -

-

znfected L- 2 cell cultures (m01 = 20) hatvesxed‘nt varioas thes P.1.

were analyzed by SDS:PAGE and fluorography.- The levels of» tbtal,
* 3 . o ) - .
cellular and viral ﬁrotein 'synthesis’ at "each tlﬁe‘ point were

. e
-

determined by den51tometr1c scanning and. plot:ed as shown in Figure

‘ "20. Several feat.urgs are worthy of note— First, r.otal prote'in:

synthesis deélined consxderably, start1ng at 3 h PR.J., eveniually'

/

; reachmg only 7% of its griginal level by % h P.1.. 'Second _ the

declxne in total protein synthesis was due essentially to dimlnxshed )

~yp

translation of host cell polypeptides,' seen most clearly by tha

abrupt decline in synthesis betwgén 2 and 4 h P.I. Third, ‘the

syﬂthegis of virus specific polypeptides, which.w3s first evident at

-~ . .
. \ ) .
3 h P.I., proceeded rapidly until (by S and 6 h P.I.)Vit accounted

for virtually all protein synthesis in the infected cell. - -
By coﬁpating Figure 19 and 20 it is clear that thé;inhibit}on of
. _ . »

celTular protein syqtheéls by MHV begins well before,aﬁy_significant

1 Z2na )t influx tto the cell.- . Indeed, by & h P. I.,. uhnn celiular

- protein synthesis had declined by 902, the [zzNa]+ influx ascéci;ted

»

with cell fusion was minimal. Therefore, in this system, &hare is no

R S

~



AN
CRAPTER 4
DISCUSSION

4.1 Establishment of MHV persistence in LMTK™ cells

A number of strains of MHV have received much interest as a

result of their demonstrated ability to become persistent under

-
certain conditions, both in vivo and.in vitro (Leibowitz et al.,

- 1984; Lucas et al., 1987, 1678; Robbdb and Bond, 1979; Sorensen et.
al., 1980). A variety of mechanisms implicated in in vitro MHV

-

persistence have beén reported in the literature, involving the

generation of DI partiéles (Hakiné et al., 1984, 1985) and

temperature-sensitive ‘(HolweS .and Behnke, 1981), cold-sensitive

(.

(Stohlman et"al., 1979) and small plaque (Hirano et al., 1981) virus

[y

mutants. .Studies u‘ Lucas et al., (1977,71978) however, demonstrated

that MHV persistence in a number of cultured cell lines did not

entdil the proﬁuctipn of detectable virus mutants, suggesting that

. these were not mandatory for establishment of -the persistent state.
From the study of MHV replication in LMTK™ cells (section 3.1 to
3.5), 1t is apparent that in this sfstem,, virus persiétence is host

cell-regulated and does not involve any apparent change in the;i?put

Y

virus.
LMTK™ cells possess twp fundamental characteristics which allow
cultures to support a persistent infection of MHV: a reduced level

of infectabjlity and a resistance:to undergoing syncytial formatjon,

when in contact with MHV-infected cell neighbors.

o

From the initial studies on the relative infectability of L-2

136 N
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direct correlation between (#2Na)* influx and inhibition of cellular

protein synthesis.
-

3.22 Na* Enhancement of In Vitro Translation of MHV mRNA

While modificht;on of membrane permeability to sodium ions

appears not to have initiated host ‘inhibition, it is possible that

such changes can promote viral gene expression and host shut off.

Indeed, the messages specified by both DNA and RNA viruses (eg.
Cherney and Wilhelm, 1679; Saborio et al., 1974) are efficigntly
translated under a&ltered ionic conditions which block cellular

protein synthesis.

Therefore, the traﬁslatibn of cellular and MHV mRNAs wa$ studied

, ——

in an .in witro translation, system (sectiom 2.22) in response to
varying concentrations of sodium ions. Shown in Figure 21 is the
SDS-PAGE fluorogram of [35S]}-methionine-labeled proteins translated

from RNA extracted from MHV-infected L-2 celds; under standard

" conditions (optimized for Kt and Hg*+ concentration) and with

addition of NaCl (10 to 40 mM) to the reaction mixture.

Both viral and. cel}ular translation responded in a° similar
fashion‘to increasing amounts of inﬁut RNA (left half of Figure' 21),
reaching a maximum at 1.0 _ug RNA per reaction. Under these
conditions, and beginning at Q.S)ug RNA per .?eaction. the MHV
polypeptides w?re detected against a cogélex background of celiular
translation products. The pattern of MHV proteins ;yntﬁesized in
this cell-free* system were similar to thog’e previously reported
(Leibowite st al.,1982; Rottier et al.,1981) and included a partially

glycosylated form of E,(E,(p150)), a non-structural protein, p30 as

Ll

o

-
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Figure 21: Na't enhancement of in vitro translation of MHV

mRNAs. Total RNA, prepa}ed from MHV-infected L-2 cells in

100 mm dishes (107 cells per dish) by guanidine-HC1

extraction (section * 2.17) was .quantitated by

spectrbghotometry (sectioﬁ.Z.l?), lyophilized aﬁd translated
L, A . . ca®

in vitro *{fn ‘e cell-free rabbit reticulocyte system (BRL)
. . L.

" under standgrd conditions (section 2.22). The left ﬁalf of

Figure 21 shows the translation products made in response to
0.1, 0.5, 1.0 and 2.0 ug RNA per reaction. In the right half
of Figﬁre 21 are the translation products made with 0.1 g
RﬁA per reaction in response to the addition of 10, 20, 30
.and 40 mM NaCl to the s;andard reaqtion mixture. The

endogenous reticulocyte lysate bands RL;, RL;, and RLj are
. ‘ v

indicated, as well as positions of the typical in wvitro

-

translation products of MHV RNAs (Rottier et al., 1981;

Leibowitz et al., 1982).

4
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well as N and PE;.

However, addition‘of NaCl to the reaction mixtures (right half
of Figure 21) profoundly altered the translational specificity in
favour of viral mRNAs. Using 0.1 ug RNA per reaction, the addition
of 20 and 30 mM NaCl specifically enhanced translation ot HHV. mRNAs
(with 20 mM Na¥ being optimal), while cellular translation was
inhibited. By comparing densitometric scans of the standard and 20

mM sodium-enhanced translations using 0.1 ug RNA, the synthesis of N
*

and PE; were found to be enhanced by sodium approximately %ive-iold
while synthesis of the largést virgl polvpeptide, Eszl§0) was
enhanced\ even moreso (note that E;{(pl50) is not normally detected
using 0.1 mg RNA). However, the translation of all mRNAs was totally
inhibited by inclusion of 40 mM NaCi in the reactions, suggesting

that _at this ionic strength, all mRNA-ribosome interactions are
prevented.

In vivo, under physiojogical ionic conditions, increased
cellular permeability to monovalent ions would result in net Na‘t
influx (and K% efflux) because of the normal active maintenance of
low Na+_: high Kkt levels intracellularly {(typically i0-30 mM Na‘t
110-120 mM K*; Quissell and Suttie, 1973).

Therefore the.deqonstration of Nat influx associated ,with MHV-
induced cell fusion and the enhanced translation of viral message in
the presence of elevated Na?.levels provides evidence that like many
other viruses, the cytopathic activity of HHV in L-2 cells may be

associated with membrane leakiness and consedhent perturbation of

intracellular monovalent ion levels.




CHAPTER 4
DISCUSSION

4.1 Establishment of MHV persistence in LMIK™ cells

A number of strains of MHV have received much interest as a

resuit of their demonstrated ability to become perSistent under

-
certain conditions, both in vivo and.in vitro (Leibowitz et al.,

1984; Lucas et al., 1947, 1978; Robb and Bond, 1979; Sorensen et.

al., 1980). A variety of mechanisms implicated in in vitro MHV

-

persistence have beén reported in the literature, involving the

generation of DI particles (Makino et al., 1984, 1985) and

L]

temperature-sensitive :(Hblies .and Behnke, 1981), cold-sensitive '

L]

(Stohlman et"al., 1979) and small plaque (Hirano et al., 1981) virus

.

mutants. .Studies HS Lucas et al., (1977,71978) however, demonstrated

that MHV persistence in a number of cultured cell lines did not

entail the proauction of detectable virus mutants, suggesting that

these were not mandatory for establishment of the persistent state.
From the study of MHV replication in IMTK ™ cells (section 3.1 to

‘3.5), it is apparent that in this system, virus persigtence is host

cell-regulated and does not involve any apparent change in theié?put

hY

virus.

LMTK™ cells possess twp fundamental characteristics which allow
cultures to support a persistent infection of MHV: a reduced level
of infectability and a resistance‘to undergoing syncyfial formation,
when in c;ntact with MHV-infected cell neighbors.’

3

From the initial studies on the relative infeétability of L-2
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and LMTK™ cells with MHV, infectious centre data {(Table 1) indicated
that MTK™ cells were approximately 500-1000-fold 1less infectable
than correspondingly inoculated L-2" cells. Despite the documented
differences in infectability, when standardized on the basis of equal
.
numbers of infected.cells (eg. moi = 0.01 on L-2 and moi = 10 on
IMTK™; Table 1), MHV-infected L-2 ;nd LMTK™ cultures vere comparable
with respect to production of infectious progeny virus and svnthesis
ofiviral RNA (section 3.2). Furthermore, immunoprecipitation of MHV
structural polypeptides from infected L-2 and LMTK™ cultures (Figure
A) demonstrated:the presence of all three classes of viral protein

h -

with ﬁornaﬁpappéfent MW's, including the protein rgsponsible for vell
fusion, E; (Collins et al., 1982).“However. the expression of MHV-
induced. cell fusion, characteristic of the acute infection in L-2
cells (Figure 1), was markedly reduced in infected LMTK cells. Both
the kinetics of cell fusion (Figufe 2) and morphology of “syncytia
(Figure 3) are indicative of the relative fusion resistance of
infected LMTK™ cultures. Despite reduced expression of cell fusion,
it is apparent that adequate amounts of viral fusion protein are
expressed at the surface of infectedlb'iK' cells from the results of
the contact fusion assay (Figure 5). Thus, the reduced incidence of
cell fusion in the LHTK' culture is likely due to inherent resistance
of the LMTK™ cell ;Tasma membrane to participéte in MHV-induced
syncytia formation\

The rghuced levels of cell fusion in MAV-infected LMTK™ (as

contrasted with _L-Z) cell cultures would act as a dissemination-

limiting factor, thus contributing to the continued survival of

- . -
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remaining uninfected cells. .Survival of uninfeeted IMTK™ cells is
ailso assur;d as a result of their resistance to in}tial ‘MHV
infection. Results presented in Table ] indicate that MHV, even at
an ﬁgi of 10 can only'infect about 1% of 1inoculated [MTK™ ells.
Levels of circulating virus (of the order of 107 pfu/ml) would.
therefore, be inadequate to ensure infection of a substantial
proportion of all LMTK™ cells (ca. 106 cells/culiure). It is
apparent, then, that ™HV persistence in IMTK™ cells represents a
”carrie;-éuliure” éechanism. ~maintained by a dynamic balance éetueen

infected- and upinfected cells. Persistence is, therefore, a feature

]
of the entire culture and not of indjvidual cells.

Although it is conceivable that some genetically altered form of
MHV is generated in LMTK™ cells which accounts for persistence, it is

inikely}for the fallowing reasons. First, virus recovered from MHV-

infected IMTK™ cells is indistinguishable from inpuf MHV in terms of .

non-ts replication and 'plaque morphology in L-2 cells. Second,
persistence in LMTK™ cells is already established within the ,first
’

day of virus inoculation (c.f., complete lysis of L-2 cells w;thin
this time), arguing against appreciable genetic selection of a
"persisting' virus variant. Furthermore, the presence of anti-viral
substancesg (such as inte%feron) in persistently-infected LMTK™
culture media could not be demonstgpgted.

Therefore, the commonly reported mechanisms of viral persistence

in vitro which include production of DI particles (Holland et al.,

1979), ts mutants (Preble and Younger, 1980) and induction of

interferon (Sekellick and Marcus, . 1978, 1979), do not appear to be

ES
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operative in the maintenance of MHV ﬁersistence in LMTK™ cells.
Features displayed by the persistent MHV infection of LMTK"
cells, such as éycling virus titres, low levels of infectious
centers, little cytopathic effect and non-alteration of i;put virus
are similar to those previously'describeé for MHV infections of a
variety ®f other cell lines (Lucas et al, 1578). It is possible,
therefore, that dissemination-limiting mechanisms such as reduced

infectability and fusion-'resistance, as described for LMTK ™ cells,

may be operative in a wide spectrum of host cells persistently

infected with MHV.

4.2 Replication of MHV in Permissive and Semi-Permissive Cell Lines

v

Despite extensive research efforts, the mechanisms underlying

coronavirus persistence remain poorly understood. An attractive

‘animal model for virus-mediated chronic neurological disease involves

3

infection of rats or mice with the JHM strain of MHV: (Cheever et. o«

al., 1949); Haspel et al., 1978; Nagashima et él., 1978; Sorensen gﬁ

-

al, 1980; Weiner, 1973). Typical of such-infections is a state of

prolonged virus persistence in the CNS in which djscrete pockets of’

virus-infected cells coexist among areas of apparentiy- normal.;-

uninfected tissue. While the JHM strain of MHV has been the virus of

¢

choice in such expe}imental systems, there is evidence that other MHV

strains, -such as MHV-3 (Le Prevost et al, .1975) and AS9 (Hitanmo et:

£y

al., 1980), also readily undergo infections of a chroni¢ natyre in

1]
rodents.

In addition, however, to producing infections of a slowly

- progressive type, many MHV .strains are also capable of | inducing
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dramatic, acute disease (reviewed by Wege, et al., 1982).
Elucidating the cdhdi;ion; which favor persistent oveé acute
infection 1is, accordingly, important to the understanding of MHV-
induced disease.

In the preceding section, an in vitro model for MHV persistence
in murine fibroblast cultures (LMTK™) was discussed in which a steady
state balance between virus replication and cell survival was
maintainéd by host-imposed restr;ction of cell fusion. The results
p;esented in sections 3.6 to 3.11 extend these findings to other
cultured cell lines ;nd suggest that intrinsic resistance to MHV-
induced cell fusion may represent a‘géneral mechanism of in vitro MHV
persistence. ’

A survey of the properties of MHQ replication in permissive L-2
and semi*bermissive LMTK™, C-1300 and LM-ATCC cells \(Table 2)
indicates that the characteristics of virus repliéation in C-1300 and
LM-ATCC cultures shares many similarities with that described
previously for persistently infected LMTK™ cultures (section 4.1).

Like LMTK™ cells, .the C-1300 and LM-ATCC cells displayed a
reduced level of infectability by MHV, and as such, these three cell
linés are defined as being semi-permissive for MHV replication.
Under conditions where virtually 100X of permissive L-2 cells are

infected by MHV (moi = 10), onIy 0.2 to 1.5% of the semi-permissive

cells become infected (Table 2). Furthermére. like LMTK ™ cells, the

¢
C-1300 and~LM-ATCC cultures, per infected cell, were not deficient in

. either the production of progeny virus (Table 2) or in the synthesis

of viral RNA (Pigures 7 and 8) and protein (Figures 9 and .10),

13
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compared to permissive L-2 cells. Virus released from IM-ATCC and C-

1300 cultures was also apparently wild-type, on the basis of its non-

ts replication and normal pladue morphology on L;2 cells (data not /
shown).

The quantifation of viral RNA and protein~during the course of
ﬁHV reglication in the permissive and semi-permissive cultures
. (Figures 8. amd 10) indicates that the synthesis of these o . 4
macromolecules is not significantly delayed in onset ror markedly
reduced in amount, per infected <cell, in the semi-permissive
cultures, compared to permissive L-2 cultures.

An . interesting trend is observed in Figutes'S and iO ;hat would. .-
suggest siﬁilatities.in MHV replication within L-2 and C-{300 cells,
on the one hand, and LMTX  and LM-ATCC cells, on the other, on the
basis of thé tempo;al synthesis of viral RNA and ﬁrotein. These
similaritiés are reinforced by_daéa regarding the express{:ﬁ o?i MHV -
induced cell %usion (Figure 6 and Table 3). Although the C-1300
cell is considered séhi-permissive for MHV repliéation on the basiél
of redu;ed infectability, it is clearly distinct>from %HTK' and IM-
ATCC cells on the basis of susceptipility to virus-induced cell
fusion. Results presented in Figure 6 indicate that, per infected
cell, the expression of cell fusion by C-1300 cells is comparable to
that observed in fusogenic L-2 cells. In each case, cell K fusion
engulfs and terminates that mondlayer. In conté;st, cell fusion in

. & )
LMTK~™ and LM-ATCC cultures was markedly reduced when examined on an

infected cell basis. In these cuith%es, fusion was a reiati&ély

static process, restricted to infrequent, isolated syncytial ‘foci._'

[ 4




The results of the contact fusion assay (Table 3) reinforce the
éistinction $etyeen fusion-permissive L-Z. and _C-1300 cells and
fusion-resistant LMTK™ and LM-AJCC cells. As demonstrated for LMTY"
cells, LM-ATCC cells also possess an intri;sic resistance to MHV-
induced cell fusion that functions at the level of the plasma
membr;ne.

'Hhen these results are considered together, some géneral
conclusions can be drawn regarding the replication of MHV in these
5;11 lines. _

First, reduced infectabiiity to MHV is a feature
common to all the semi-permissive cells. Second, resistance to MHV-
induced cgil fusion is chara&istic of LMTK™ and IM-ATCC celds
only, with $-1300 cells being fusion.permissive. 'Third, most aspects
of MHV replication (virus release, RNA and protein syngﬁZSis), per
infect;d cell, A4re normal in the semi-permissive cells. Fourth..the

expression of MHV-inducedicell fusion is the critical determinant

-influencing the outcome of MHV infection in these cultured ceii!<
) \

‘Intrinsic resistance to this fusion mediates the persistent, carrier-\\\‘\‘

culture state, whereas fusion~Permissive hosts are ultimately.
destroyed by unrestricted virus diss;mina:fon and cytopathic effect.
Some features regarding’ the assembly and-release of MHV from acutely
and persistently cultures are noteworthy in 1light of “these
conclusions. In their study of MHV replication in 17Cl-1 aﬁ? -2
lcells, Massalski et al. (1982) found that host cell type pldyed a -

fundamental role in regulating the infectious process. These authors

observed that the more efficient and prolonged release of virus from

132

-




! 2 ' ‘

17€1-1 cell;\§as associated with a marked reduction in cell £usion.

On the othar hand, the ripid syncytiogenesis an§ cell i&lling cipsed

in L-2 cells by MHV was bélieVed to undeclie the reduced efficieﬂcy

-

-« . :
in virus assembly, as witnessed by extensive accdlulation of

- .

nucleocapsid cores within -ihé cytoplasm. Similar resglis were

N

observed for MHV replication iﬁ a variety of cell lines by Fr;na et.
al (1985). Here, eff}cient assembly and release of virus was

associated with cultures whére:cytopaihology wvas reduced.

(Y
»

in the pregent " study, - an analégous situation exists, -for
! - . - ) + M

\

example, with MHV infection of f&sion-permissive L-2 .and fusion-
s . . .

resistant IMTK™ cells. The output of virus,  per infedted.cell. by

-

LMTK™ cells is about 10-fold greater than L-2Z cells (Table 2), and is

\

maintained ' by persistently infected cultutes\lghg.after termination

of the L-2 cells. Therefore; persisteﬁtly”infected.culturés'such as

’ ._\ ’ - ’
the 17Cl-1 rells mentioned above-and the LMTK. cells in the present

stpydy can serve as eff}cient."virus faétorie#" since virus assembly
and\release is not preématurely terminated by cytopathic effect.
, N )
MHV: persistence in vitro has been commonly associated with the

S [l N . . . -
production LY; mutant virus (Hirano gﬁ-gl., 1981; Holmes and Baﬁngg,

1981; Leibowitz et ‘al'., 1984; Makino et al., 1984, 1985; Stohlman et.

al., 1979). Furthermore, similar mechanisms- are. knowva to be -

operative in otﬁar~pefsisteni virus infections in vitro, ‘1nvolv1n§.

-~ 'y

most notably, the rhabdo&itns, vesicular stomatitis virus (Vsv)

(Hoiland.gg al., 1924, 1979; d'ﬂara'gg al,- 1984; Youngner et .al.,

. , i "
1978, .1981). As demonstrated in this study, persistencs did not

necessitate the -production of virus. variants;..Bdt'-%i;hot; , vas

. . -
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controlled at the level of the host cell.

Coronaviruses exhibit a high degree of .host dependence in
replication, cytopgthology, tissue tropi#m and virulence (reviewed by
Sturman and Holmes, 1983; Wege et al., i982). There are important
host controls over coronavirus replication at several levels.
immune response pIa}s am important role in resistance to coronavirug-
induced disease in vivo (Dupuy et al., 1975;\Schindler et é;., 1982;
Sorensen et al., 1982; Virelizier, 1981). However, 3enetic‘factors
are also important at the single-cell level. Resistance to different
strains of murine coronaviruses is determined by a single host gene
inherited as an autosomal recessive trait. For example, C3H mice are

resistant to MHV-2 (Bang and Warwick, 1960), A/J mice are resistant

‘to MHV-3 (Vireliziér and Allisen, 1976), and SJL/J mice are resistant

_to JRM (Stohlman and Frelinger, 1978; Knobler et. al., 1981). Such
genetic factors governing resistance to.MHV infection are also found

in the rat (Sorensen et al., 1982). "The applicability of studies
conducted in vitro to undersfhnding MHV pathogenesis in vivo is

e

strengthened by the striking correlation between in vivo resistance
4

to MHV infection and the chdracteristics of MHV replication in vitro.
The pattern oévfusceptibility and resistance observed in the
mouse is reflected in the ability of MHV to replicate in primary

- cultures of peritoneal macrophages (Knobler et al., 1981; Krzystyniak

~

and Dupuy, 1981; Stoh;w‘n t al., 1982; Virelizier and Allison,

1976), hepatocytes (Arnheiter et al., 1982) and neuronal cells

. (Dubois-Dalcq et al., 1982; Knobler et al., 1981). In these

: «
cultures, genetic resistance in vivo was associated with a reduction

-
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in vitro, in both virus replication and cytopathic effect (lysis or
cell fusion), These effects could nat be correlated to immune
mechanisms such as interferon induction, but.appeared to represent
some ‘''intrinsic" featﬁte(s) of the host cell. Similar studies
involving primary cultures of endothelial and Kupffer liver cells
(Pereira et. al., 1984) and embryonic fibr;blast cells (Lamontagne
and Dupuy, 1984) also demonstrated a marked reduction in cell fusion
in cultures derived from ''resistant’ hosts. Lamontagne and Dupuy
(1984) alsa demonstrated that the virus shed from the persistently
. »

infected embryonic' fibfoblast cultures was fully pathogenic in
susceptible mice, arguing against the generation of virus variants.

Collectively, these results support the contention that in vitro

MHV persistence can be maintained through host-cell modulation of

virus-induced cell fusion, as demaenstrated for the permissive and

L]

semi-permissive cell cultures in the present study.

The in vivo relevance: of the present study is further
strengthen@d by -theviﬁportance of cell fusion in dissagination of
virus in the animal. The JHM strain of MHV is well documented as an
inducer of acute (Bailey et al., 1949; Lampert et.al., 1973) and
chronic (Stohlman and Weiner, 1981) demyelinaf?ﬂh in mice, as well as
subacute\hnqlglination in rats (Nagashima et.’ él.. 1978; Sorensen et
al., 1980), due to a cytolytic infection of ol;;:dendrocytes.
However, replication of JHM 1in neurons, which reflects genetic
susceptibility of the host, produces an acute, fatal necrotizing

encephalomyelitis (Haspel et al., 1978; Knobler et al., 1981).

The 'typc of disease produced by JHM (acute vs. ch}onic) is

13



directly related to the tropism for, and replication in, neurons and

oligodendrocytes. Replication of JHM in neurons is an acute, lytic’

infection with extensive neuronal involvement as a consequence of
extracellular virus spread. ‘Replication of JHM in oligodendrocytes,
however, 1is much less acute;.t(angmission of virus by ceil fusion is
highly . restricted, giving rise to characteristic foci of
. demyelination.

Persistent infection of the mouse CﬁS was demonstrated by
Knobler et al. (1982) using a JHM mutant, °ts 8, which displayed a
unique tropism for oiagodendrocytes, while sparing neurons.# The
chronic .demyelination observed in the animals was correlated with
persistent infection of oligodendrocytes. The importance of cell

x

fusion in modulating disease is also indicated by in vivo studies
demonstrating that during the course of chronic JHM disease, virus
persists ‘}n the animal despite a continued neutralizipg an dy

response (Sorensen et al., 1984;" Stohlman and Weiner, 1981) ich

would inhibit the exfracellglar (neuronal) mode of wvirus
dissemination.‘ Two different modes of spread in the animal were
indicated by Buchmeier et al. (1984) in studies which showed that
administration of neutralizing monoclonal antibodies blocked JHM
replication in neurons but not oligcdendrocytes. Bucﬁneier et al.
(1984) and others (Wege et al., 1984), have shown tﬁ#t for “aaat{body
to be protective in vivo against acute JﬁH disease, it must " both
nougralize virus ;nfeclivity and inhibit ce}l fusion in vitro. Virus
dissonipntion bé. cell fusion isA also an 1mpqrtani‘ factor in
paral&xoviru:-induc.d Jiscalc: fhe expression of mumps virus fusing

(a3

A
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activity in vitro correlated with nreuropathogenicity in vivo

(McCarthy et al., 1980), and similar observations with respect to
neurovirulence and cell fusion have been made for parainfluenza virus
3 (Shibuta et al., 1982) and canine parainfluenza virus (évermann et
al., 1980). In antibody protection studies with parainflueﬁza virus
3, Merz et al. (1980) also demonstrated that protection against
disease required neutralization of extracellular virus as well as
inhibition of cell fusion to prevent spread of virus.

Therefore, 1in many virus-host systems, manifestation of disease
is correlated to dissemination of virus via cell fusion. With the

demonstrated correlation between in vivo disease expression and

properties of in vitfo MHV replication, the present study of MHV
replication 'witbin fusion-permissive and resistant cell lines

represents a model svstem with applicability to MHV-induced disease.

4.3 Characterization of MHV-induced Cell Fusion

Proteolytic gprocessing of viral proteins is an essential stage
in the growth of viruses belﬁnging to many differ;nt virus famiiies.
Such intracellular events are required for both the generation of
discrete polypeptide spectes, as in, for example, the maturation off
poliovirus (Jacobson and ﬁaltimore. 1968) as well as in the
activation of biological activity of proteins, such as the »fésion
proteins of paramyxo- and orthomyxo viruses -(Lazarowitz and Choppin,
1975; Scheid and Choppin, 1974). -

A rolg'for protease has been implicated in enhancing infectivity ‘

(Sturman and Holmes, 1977), plaque production (Otsuki and Tsubokora, -



\
-

1981; Storz et al., 1981) and fusion activity (Frana et al., 1985;
Storz et al., \1981; Sturman et al., 1985; Toth, 1982; Yoshikura and
Tejima, 1981)  of coronaviruses. In the case of MHV, trypsin-
activated whole virions caused rapid fusion ("fusion from without')
with cell monolayers (Sturman et éi.. 1985); sucﬁltrypsiﬁ ;étivation
was associated with a cleavage reaction in which the 180K MW form of
E; was converted to two 90K MW forms.

The results péesented in sections 3.12 and 3.13 provide
biochemical evidence for protease activation of MHV-induced cell
fusion in L-2 cells and demonstrates a host cell-specific response to
sych fusion. From the results of the contact fusion assay (Table 3)
and radioimmunopreclpitation data (Figure 9) it is argued that
while fusion-resistant LMTK~ and LM-ATCC cells synthesize mature E,
(iBOK MW) and express fusigenic protein at their surface, these cell
lines are resistant to fusion induction by this protein. These
findings are complemented by the results of the membyane fusion assay
(Figute 11) which demonstrates that addition of trypsin (or
cpymotrypsin);activated, plasma membrane-enriched fractions from MHV-
1nfect?d L-2 cells to uni;fected monolayers of ILM-ATCC cells ;oes not
-elic%t cell fusion, while,such prbpatations are fusipgn-active on
uninfected L-2 cell monoiaycrs. The results presented in Figure 12
identify the biochemical changes which correlated with the protease-
.depcndont activities of such membrade preparations.” Trypsin Sr
chymotrypsin digestion 6f'thése membranes resulted in a reduction of

‘radiolabelled “E;(plB0) and appearance of a 90K MW form of B,

designated By(p90). The relatedness of these two forps of E;, as
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demonstrated by others, (Sté¥man et al., 1985) was confirmed by one-
dimensional peptide mapping (data not shown). The relationship

between the generation of E;(p90) and induction of .cell fusion is

inferred from the observation that membrane preparations which were

not protease-digested were not fusogenic in this assay. Such samples

contained no detectable radiolabelled E;(p90), but only E,(pl80). It~

should be noted th§t while all three classes of MHV polypeptides are
associated with these membrane preparations, only the Ej unde;goes
significant protease-dependent cleavage under these conditions.
Furthermore, the specific role of E; in the induction of éell fusion
has been clearly defined by siudies involving inhibition of cell
fusion by monoclonal antibodies to E; (Collins et al., 1982).

Therefore, the fusogenic properties of these protease-treated
membranes can be ascfibed ts gene;ation of Eo(pS0). This contention
is further supported by the findings'of Frana et al., (1985) ;ho
demonstrated that virions grown in sac(-) cells contain only the p90
form of E,. Such virioms mediated 'fusion-from-without" when
adsorbed to L-2 cell monolayers.

In MHV virions, the glycoprotein E, may exist in either the 180K
or 90K MW form (Sturﬁan and Holmes, 1977), ~the ratio of which g
dependent upon the host cell used for virus propaga;ion (Prana et.
al., 1985). Since the fusion permissive L-2 cells used in the
present study are extremely susceptible to "fusion-from-within" (eg.
' Figure 1), thﬂ finding that the vast majority of labelled
intracellular ) eiihts in the 180K HQ form in these cells (Cheley

and Anderson, 1981) is intriguing. . The results presented in Figure

A
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13A confirm these findings and further demonstrate that E;(p90) can
only be detected with prolonged chase periods (90 min or 1longer).
However, evidence from this pulse-chase study plus thai obtained from
protease-treated membranes (Figure 12) indicate that the small
amounts of E7(p90) produced under such conditions are less than

expected if conversion of 22(3180) to E;(p90) was quantitative.

These results suggest that in the infected cell, E;(pl80) may undergo -

extensive proteolysis. Since the pulse-chase relationships of the
other MHV structural polypeptides are in agreement with previous
documentat{on (Cheley and Anderson, 1981), -the absence of other
labelled species that‘could be as;tibed to Ei(plSO) proteolysis in
Figure 13A would suggest that a significant proportion of' E, is
digested into small peptide fragments not resclved by SDS-PAGE.

The significance of this finding, while at present unknown,
could reflect Tthe enhanced susceptibility 'of cleaved E,(p90) to
further proteolytic. attack by cellul;r enzymes.

If cleavage of-Ez is required for cell fusion to occur during
HHV 1nfection{ then inhibition of cgllulat protease activity might be

expected fo in&ibit coronavirus-induced cell fusion. In the present
M ] '

'y

study, the protease inhibitors TPCK and ZPCK; .but not TLCK, weré
found to inhibit cell fusion in MHV-infected L-2 cells. The pulse~
chase behaviour of E;(pl80) in such cultures (Figure 13 B) revealed
that reduction of cell fusion was associated with géecific inhibition
of B,(p180) proteolysis, ‘which as shown in Figure 13 A, is necessary'
for generation of iz(p90). The pulse-chase relationships of the

other MHV proteins were not affected under. these conditigns (regioﬁ
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of gel not shown). Given the specificities of TLCK for trypsin (Shaw

t al., 1965)}and TPCK, ZPCK for chymotrypsin (Segal et al., 1971;

Schoellmann and Shdw, 1062) the pattern of inhibition of cell fusion
and E;(pl80) proteolysis by these synthetic protease inhibitors ‘is
highly suggestive that a  cellular chymotrypsin-like enzyﬁe is
responsible for generation of Ep(p90). Houéver. the finding that
both trypsiﬁ and chymotrypsin treatment of .MHV-infected cell membrane
preparations activates tMe ”fgsion-from-witﬁput" phenomena (Figure
11) as well as generating E5(p90) (Figure 13; indicates that
extracellularly, both enzymes are capable of generating fusogenic E,.
The s;mplest interpretation of these results is that tryptic or
cﬁymotryptic cleavage of E,(pl180) can expose a ;upatiye "fusion-
sequence'' in the Ez(p90) species, perhéas through conformational
change. Since these enzymes hav; very dif%erent substrate
specificities (trypsin for arginine and 1ys;ne residues; chymotrypsin
for aromatic and large nonpolar residues such as tyroiipe.

tryptophan,phenylalanine and leucine), the activation of fusogenic Ej

can be achieved by relatively non-specific means.

”

It has been recently reported that trypsin treatment of’ MHV

virions was associated with cleavage of E;(pl80) to E;(p90) and.

subséaueﬁt activation of “fusion-from=without'" by such virions
(Sturman et il., 1985). These authors have demonstrated th;t two
different 90K MW cleavage fragments, designated 90A and 90B are
pronced by tryptic digestion of E,(pl180). One of these 90K MW
fragments, 90A, was found to be acylated, -a feature common to the

envelope glycoproteins of orthomyxo- paramyxo-, A and alpha viruses

13

141



(Schmidt, 1682). Therefore, by analogy with the locat{i&é and
proposed "functions' of fatty acids in these spike glycoproteins, it
is presumed that the coronavirus E, is associated with the viral
envelope through the 90A domain, aided by the presence ¢f hydrophobic
fatty-acid near the site of protein insertion into the lipid 5{§ayer.

In the case of another coronavirus, infectious  bronchitis virus
(IBV), the large peplomeric glyco}roiein (155K Mw) is cleaved
-asymmetrically, giving rise to 90K and 84K MW products (Stern and
éefton. 1982). The significance of this cleavage is indicated by
studies demonstrating IBV hemaégigtinin activation by trypsin (Corbo
and Cunningham, 1939), although this is not a universal feature of
hemagglutinating coronaviruses (Bingham et al., 1975).

Nhileg it is clear from‘the present :‘de and others (Frana et.
al., 1985; Sturman et al., 1985) that cleavage of MHV-E; is
associated with cell fusion, it is not known whether cleavage of E,
‘is required for coronavirus infectivity, as there is yet no source of
MHV with entirely uncleaved E,.

Sturman et al. (198§§’observed that partial cleavage of E5 by
17€1-1 cells was sufficient to activate infectivity but not raﬁid
cell fusion and that further cleavage of E, b; trypsin did not
enhance infectivity but did activate rapid cell fusion. Similarly,
partially cleaved influenza hemagglutinin is sufficient to activate
infectivity (Klenk et al., 1975).

From suéh observations, it may be inferred that in the case of

MHV, a higher local concentration of cleaved E; is required for rapid

fusion than infectivity. - However, as demonstrated in ‘the present

14
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study (eg. Figure 11), even when presented with highly fusogenic Es,
the expression of cell fusion is highly host-cell-dependent.

Proteolytic cleavage of‘ peplomeric glycoproteins has been
demonstrated for several other enveloped RNA viruses and often plays
a role in the functie;‘ef the viral glycoprotein (reviewed by Klenk
and Rott, 1980; White et-al., 1983). The similarity‘in proteol&tic
activation oﬁfcell-fusing activity of coronaviruses, posieive-§trand

RNA viruses, and negative strand orthomyxo- and paramyxoviruses is of

considerable interest, as this host-controlled modification is an

- . important determinant of virus pathogewicity (Bosch et al., 1979;

——

Garten et al., 1980; Scheid\and Choppin 1976)}.

fn the case of the Sendai virus F protein and influenza virus HA
protein, cellular proteolytic cleavage of the nascent precursor
molecule is ‘required for both virus infectivity and cell fusion
activity (Huang et al., 1981; Lazarowitz and Choppin, 1975; Scheid

and Choppin, 1974, 1976;’\Hhite t al., 1981). Common to these

"-._‘_

activation mechanisms is the formation of a disulfide-linked,
bipartite molecule in which,i hydrophobic N-terminal sequence located
in the envelope anchored domain (F; for Sendai, HA; for 1nf1uenza) is
created. These N-terminal sequences (some 20-30 aa’ in length)
mediate the membrane fusion events associated with virus pe;et}ation
and cell fgsion‘(Richardson et al., 1980; Richardson et. al., 1983).
Wﬁile unknown at present,- one might expect by ansalogy the} the
N-terminal sequences of the 90A domain of cleaved MHV E; possess a

hydrophobic character to facilitate fusion with lipid bilayers.

Another important feature of proteolytic activation® of the
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paramyxo- and orthomyxoviruses is the enzymatic specificity required
for fusion activation. Infectious, fusigenic virions were produced

only in host cells which possessed enzymes capable of effecting

. proper cleavage of nascent F, or HA,. Treatment of inactive virions

in wvitro with trypsin, 4but not ‘chymotrypsin restored biological

—

activity (Lazarowitz and Choppin, 1975; Scheid and Choppin, 1974).

Sequence analyses of the N and C terminii of in vivo and in vitro‘

trypsin-activated HA revealed complete identity, implicating a
cellular trypsin-like enzyme in fusion activation (Garten et al.,

1981).

These findings are 1in coentrast to the activation of fusion

activity in vitro by béth tryptic and chymotryptic generation of

E,(p90) (Fighres- 11 and 12). However, in vitro proteolytic

activation of some paramyxovirus glycoproteins, such as the Newcastle

disease virus (NDV) neuraminidase‘%an be accomplished by a wide_

- variety of enzymes, including trypsin, chymotrypsin, elastase and

thermolysin (Nagai and Klenk, 1977). Therefore, while in vivo

activation of E; within HHV-ingected L-2 cells appears to be a
function of a chymotrypsin-like enzyme, in vitro activation may be
telétively non-gpecific.

The vi;;lence and pathogenicit; of paramyxoviruses 1s closely

related to host-cell dependent activation of the F protein (Nagai et.

al., 1976, 1979; Scheid and Choppin, 1976). These studies have shown

_that persistence of the inactive F, form results in a limited,trﬂon-

cytopathic infection. Such an infection is transformed to a

cytopathic one (fusogenic) by addition of a protease capable of
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cleaving F, to active F protein. However, other studies have shown

‘that F activation 1is not sufficient to guarantee fusion. One

’///(ﬂ—~—_‘\‘\\\fmportane factor which affects fusion is the susceptibility of the

Choppin, 1966).

plasma membrane to the direct fusing effects of the cleaved fusion
protein. The paramyxovirus SV5 causes rapid fusion and death of BHK
cellg but induces a peréisteng, productive, non-cytocidal infection
of primary monkey kidney cells due to differences in the response of

.

the cell membrane to the viral fusion glycoprotein (Holmes and

L4

‘Similar findings are of céntral importance to the present étddy
of MHV replicat;on in permissive and semi-permissive cell lines.
Although Frana et al. (1985) have demonstrated host-cell dependent
differences in the processing of E,, the.authors werézhot able to
correlate these differences with the extent of cell fusio; observed
in four cell lines. _ Furthermore, in a related study (Sturmah et.
al., 1985), it was noted that some cell iines were more susceptible
to immediate fusion by concentrated, trypsin-activated MHV than
others. ‘

Therefore, intrinsic resistance of the host-cell plasma membrgne
to MHV-induced fusion, ag demonstrated in the preseyt study to

v
mediate in vitro virus persistence, represents a general mechanism

for moderating MHV pathogenicity.

;:h Effect of.~6;Qnium Chloride on MHV Replication in L-2 Cells

From the?f;;::;ing discussion it is clear that the host cell can

influence the outcome of virus infection. In vitro MHV persistence

was associated with host cells which were less eusceptible to virus-
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induced cell fusion, due to an inherent property of their plasma
membrane (as yet uncharacterized). The importance of membrane fusion
in the replication of en&eloped viruses is ‘indicated by the mechanism

of virus penetration, which must occur if infection is to proceed.

€

This. critical early step in virus replication‘is mediated throuih‘

fusion of the viral envelope and a cellular ﬁembrane, resulting .in
the '"uncoating' of th; virus genome and its release into the cytosoi.
With the exception of thejyparamyxoviruses, the majority of envelopgd
viruses peneérate via endocytosis (to be discussed later). A
‘relétively late event in the replication of viruses is the expression

of cytopathic effect. For some of t enveloped animal viruses,

this activity is manifested as induct n.of cell fusion ("fusion from

SN

within'"), which represents a membrane fusion event involving the

apposing plasma membrines:of adjacent cells.

Given the reported inhibitory effects of ammonium chloride on

 viral penet;aiion (HelgniuQng al., 1982) and cell fusion (Holland

and Persons, 1977), it' seemed plausible that with' this agent, ;cute .

MHV infection of -2 cells could be moderated. In  this’ regard,

ammonium chloride had been reported to prevent the lytic growth of"

reovirus and establish a pgrsi;lent infection in mouse L _qell&l

(Canning and Fields, 1983). Sipce in vitro MHV persiséence was

associated with decreased infectability and a resistande * to cell

[

fusion, MHV replication in the presence of ammonium chloride might’

“Beécome persistent within a normally permissive host.

The results of this study,"ptelehted‘in sections 3.14 to 3.19,

indicate that ammonium chloride (20 mM) attenuated MHV. replication in
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L-2 cells but was not sufficient to prevent the infection frdm =

following a lytic, fusogenic course. All post-eclipse Quhcoating)

parameters examined, -including progeny MHV production (Figure ' 14),

.' " p . ’_
cell fusion (Figure 15) and RNA and prstein synthesis ((Fijures 17 and

18) were found to be chronologically displaced hy about 4-7 h, but
P .

not otherwise inhibited, when the infsction was performed in the
presence of 20 mM ammon fum chloride. These results deno;strate that
smmonium chloride intervenes,prdmarily.at‘a stage ptisr to synthesis
of viral RNA (positive-sense species) during the MHV replicafion'

cycle. The results ptesented 1n Figure 16 “localize the inhibitory

action ofﬁammmn1um chlorzde to virus penetration. It had been

previously demonstrated that virus adsorption was not affected by

ammonium chioride (Xrzystiniak and Dupuy, 1984). The next.step -in
endocytic entry, internalization, was shown.to slso Be unaffécted by

ammonium chloride (Pigure'16 A). Hovever. the subseduent step,‘virus
e

uncoating (virus:endosome, fusion),  was markedlx inhxbited by
ammonium ‘chloride. Since Jirus. uncoaéini'fresu&ts in loss of

Ao

infectivity due to disruption of the Girion.i the réduction in the
' .

7 '
loss of infectivity of’ internalized-ﬂﬂv in the presende of ammonium

[
! 1=

chloride suggests that the uncoéting process &s 1nhibited. Under the

conditions of thgfpresent srudy, the thibx:ion'of HKV uncoating by

ammon ium chloride,. howewér, &3 ndt an abholute bloek ’ sin e virus
. o i )
infection, although delayed, eyentually follOHs ajptqductive course
. B \,I' !

in a fashioh smilar to unt{ated‘\c"lls ' v .'

..----—.a

The inhibition of ' HHV uncoatjhg hy lﬂnoq‘un chlbrida
Y
_evidance that this s virus effects entxy 1q§o‘th1}$oll‘b§ an dndocyttc
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pathway. While a limited number of ;iruses, such as Sendai virus’
enter. cells by a direct~fusion process of viral envelope with host
plasma membrane (Choppin and Compans, 1975), -the vast majority of
lipid-enveloped viruses are taken up by an endocytic mechanism
(Dales, 1973; Fan and Sefton, 1678; Marsh and Helenius, 1980; Simpson

t al., 1969). 1In tﬁe case of the rhabdovirus, vesicular stomatitis

virus (Schlegel et al., 1982), and the togavirus, Semliki Forest .

virus (Helenius et él., 1980; Marsh et al., 1983)2 the.endocytic
process has been shown to involve uptake into clathrin-coated pits
similar to those implicated in the weceptor-dependent uptake of
hormones and other proteins (Dickson et al., 1981; Goldstein et. al.,
1979). Once inéidq the coated vesicle and* subsequent endosome
(Helenius et al., 1980) or receptosome (Willingham and Pastan, 1950).
however, a low pH-dependent fusipn event mediates final ;ntry of the
vl;al genome into the cytosol (Helenius et al., 1980; Maeda et al.,
1981; White et al., 1981). o

' Lysosonotropi; agents stch as ammonium thoride and a variety of
3-1nes have been demonstrated to inhibit the replication of viruses
from the toga- (Helenius et al., 1982), rhabdo- (Schlegel et al.,
1982), orthomyxo- (Kato and Eggers, 19§9)l retro- (Pazmino et al.,
1974) and herpes- (Shimuzu et gl;. 1972) virus families. A common
characteristic “of these agents is that énax‘ are weak basés ~and
aEcunulate . within acidic intracellular compartments, Tmotably
lysosomes, thereby elevating pH (Ohgd;n and Poole, 1978).
Pertur8ation of thc pPH vithin lysosomes and related vesicies has been

shown (Belenius st al., 1980; Marsh st al., 1983) to inhibit the
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fusion Qf the prelysosomal (or endosomal) membrane with the viral
envelope of the togavirus, Semliki Forest virus. Such fusion
inhibition thereby interferes with virion uncoating and liberation of
the viral éenome into th; cvtosol.

The role of lysosomes and related acidic compartments in the
replication of coronaviryses is not well wunderstdod. Coronavirus
infection frequently involves the intracellular accumulation of
virus-fillea, electron-dense gtructures which have been interpreted
te be lysosomes (David-Fereira and Manaker, 1965; Ducatalle and
Hoorens, 1984). Such structures are observed within 2-3 h P.1. and
have, therefore, been suggested to be involved in virus uptake.
Further evidence for a lysosomal role in coronavirus replication was
providgd by studies in which lysosomotropic agents were found to
inhibit production of virus progeny and cytopathic effect in cells
infected with MHV (Krzystyniak and Dupuy, 1984; Mallucci, 1966).
There has to date, however, been no documentation, by electron
microscopic or other means, of the uncoating process of iniracellular
coronaviruses. The present results provide evidence fo; pH-dependent
endosomal uncoating of MHV in L-2 cells. This event is likely
mediated by the E, glycoprotein since it is responsible for the cell
fusionaactivity of the virus (Collins et al., 1982).

Endocytic uncoating of animal viruses represents 3 membrane
fusion @gocefs-that gs’funé;hentally similar to tpe direct fusion-
penetration of paramyxoviruses, and tq4; lev iEPent. induction of

. . \ -2

cell fusion. The data available at'present indicates that this

fusion activity is the property of a single glycoprotein species

-
@




! 150

encoded by the viral genome and found in the virion as an external
“spike" protein. For the purposes of discussion, the fusion proteins
identified thus far can be tentatively classified into three groups
(White et al., 1983): (1) fusion proteins with N-terminal
hydrophobic sequences, (2) fusion proteins with internal fusion
sequences and (3) fusion proteins without apparent hydrophobic fusion
sequences. ' e

Repreé;ntatives of the first class include the paramyxovirus F
proteins (Gething et al., 1978; Richardson, et al., 1980), the
orthomyxovirus HAs (Dopheide and Ward, 1680; Porter et al., 1979) and

the spike glycoproteins of murine retroviruses (Lenz et al., 1982;

Schinnick et al., 1981). The N-termini are derived by proteolytic
cleavage of an inactive precursor molecule. While orthomyxo- and_::>
retrovirus fusion is pH-dependent (Maeda et al., 1981; Pazmino et
al., 1974), paramyxovirus fusion is relatively pH-independent (Lenard
and Miller, 1981).

The tl _Blycoproteins of the alphaviruses Semliki Forest virus
and Sindbis virus belong to the second class of fusion proteins. ’
From sequencing data, a hydrophobic sequence ciose to\the'ﬁ-terming?
was identified as a strong candidate for a fusion sequence. (Kondor-
Koch et al., 1982; Rice and Strauss, 1981). Fusion is pH-dependent
(Dalrymple et al., 1976; Helenius et al., 1980) and dges not require
E} cleavage. |

The third class of fusion proteins are represented by the

rhabdovirus G-proteins of vesicular stomatitis virus and rables

virus. From sequencing data on both of these glycoproteins, no

-



hydrophobic domains or highly conserved regions such as those
- - -
" observed in the alpha-virus Ey ovr influenza HA proieins are present

(Rose et al., 1982). These proteins are not proteolyvticatly
activated and fusion is pH-dependent {(White et al., 1981; Mifune et.
al., 1982).

The molecular events involved in pH-dependent virJQ\ uncoating
are best characterized in this case of influenza virus. Here pH-
dependent fusion with the endosomal membrane is accompanied by a
conformational change in the hemagglutinin glycoprotein resulting in
exposure of a fusiqn-active. hydrophobf& peptide sequence at the N-

terminus of HA, (Skehel et al., 1982). This hydrophdbic sequence is
presumed to initiate the fusion event by insertion into the liéid
bilaver of the apposing endésomal membrane. o

At present, very little is known about the structure of the
coronavirus E; fusion protein or its mechanism of action. However,
on the basis that proteolytic cleavage of E; activates' fusion

activity (Sturman et al., 1985), the E, superficially resembles the

-y [ ~
fusioﬁzﬁtggeins conmon to the para- and orthomyxoviruses,
oy UL !
LY .

RN

4.5 Cytopathiclifiects Associated with MHV Infection

The modification of membrane permeability during virus infection

is a widespread phenomenon (Carrasco and Smith, 1980; Kohn, 1979) and

has been associated with alterations of intracellular moﬂ&valeﬁt

cation levels (Garry et al., 1982; Pasternak and Micklem, 1981) .

Such permeability changes are observed during the late phase of

infection by picornaviruses (Carrasco and Smith, 1976; Nair, 1984),
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héfﬁesviruses (Benedetto et al., 1980), paramyxoviruses (éenedetto et

3

al., 1980) rhabdoviruses (Garry et al., 1979; Nair, 1984),

papovaviruses (Contreras and Carrasco, 1979), and togaviruses (Garry

et al., 1979; Ulug et al., 1984). Interestingly, the messages

specified by a number of DNA and RNA viruses _ including vagcinia
(Oppermann and Koch, 1976), adenovirus (Cherney and Wilhelm, 1979),
poliovirus (Saborio et al., 1974), Sindbis virus-kGarry et al.,
1979), vesicular stomatitis virus and reovirus (Nuss et al., 1975)
are efficiently translatéﬁ under altered ion conditions which
effectively block cellular protein synthesif;_

The results presented in Figure 19 indicate that MHV infection
of L-2 cells leads to induction of membrane permeabiiity changes, as
described‘above for a wide variety of viruses. %wo features are of
interest in Figure 19: éirst,l there is-a snafi but  significant
[22Na)t infiux within 2 h P.I. that is suggestive of altered membrane
permeability during the binding and endocytic entry of MHV. The
Apermeability of the plasma membrane becomes modified early during the
adsorption-penetration phase of infection with a number of RNA and
DNA virusesj/ggth enveloped and non-enveloped (Carrasc9,'1981; Foster
et al., 1980; Igpraim et al., 1980). These studies have demonstrated

that such permeability changes involve the passage through the

s

‘membrane of low MW as well as high Mw comﬁounds.‘}although with
different efficiencies. The disruption of the normal idénic gradient
(1e Na*/k*) leads to a transient drop in the membrane potential
(Impraim et al., 1980; Kohn, 1979).

»That these early permeability changes are related to the pH-
*
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dependent fusion event effecting entry of virus into cells was

demonstrated for the haemélytic paramyvxoviruses, Sendai virus and

Newcastle disease virus (Foster et al., 1980; Klemperer, 1960).

These pérmeability changes also underlie the ability of these viruses

to mediate cell fusion (Knutton and Pasternak, 1979). It has been

shown that the pH-dependent endocytic entry‘ of influenza- virus
elicits similar permeability changes. Interestingly, these changes

(Na+ influx and/o; K* efflux) are observed for Senda! and influenza
virus only at the pH-optimum for v&rqs-cell fusion (Patel and
Pasternak, 1983).

A second feature of 1interest in Figure 19 is the striking
Lorrelation between the large [22Na]+ influx and expression of cell
fusion observed late in MHV infection in L-2 cells. As mentioned
earlter, alterations in membrane p;rmeability are commonly observéd
late in infection, during expression of cytopathic effect by a number
of viruses. Specifically, Na* influx has been demonstrated in cells
- infected with members of the picornavirus (Egberts et al., 1977;
Nair, 1981, 1984), rhabdovirus (Nair et él.. 1984) alpha virus (Garry

et al., 1979; Gray et gl..w)983) and poxvirus (Norrie et al., 1982)
groups. However, there is at present no ddcumentation of .Na* influx
during the course of virus infection whefé cell fusion is the primary
cytopathic effect; The' dramatic Naf influx observed during the
p;agression of cell fusion in MHV-infected L-2 Tells is not an
unexpected result, considering the disruption of membrane structure

on such a large scale. Polykaryon formation by the paramyxoviruses

(fusion from vithougs, initiated by virions with cleaved F protein is

’




.
known to result in similar Na% influx (Foster et al., 1980). By

analogy with that defined system, HHV-inﬁuced L-2 cell fusion (fusion

from within), while at present largely uncharacterized, would appear:-

to perturb membrane integrity in a similar fashion.

The results presented in Figure 20 indicate that the inhibition
of host protein synthesis in MHV-infected L-2 cells is not initiated
by alterations in membrane permeability. Similar results were
obtained ‘for infections ﬁnvolving vesicular stomatitis yvirus
(Francoeur and Stanners, 1978), poliovirus (Nair et al., 1981) and
encephalomyocarditis virus and human rhinovirus (Nair, 1984).
However, in one system, namely Sindbis virus infection of avian
fibroblasts, a correlation between monovalent cation changes and host
inhibition was reported (Garry et al., 1979).

In herpes-virus infected Vero cells, inhibition of host protein
synthesis was observed in the absence of Na*-kK* alterations
 (Hackstadt and Mallavia, 1982). Thus, Nat-x* changgé in some systems
are not required for host shut down, nor do they occur soon enough in
several otk€r virus infections to initiate host inhibition.

Howev alterations in monovalent ion levels observed late

in infection w}tﬁ many viruses may contribute to cytopathic effect

through preferential translation of viral mRNA. The results -

presented in Figure 21 indicate that MHV mRNAs are preferentially\

translated over cellular species und"co.diticms of increased Na‘
conceritration. Since sodium 1ons,a’e known to be vinhibitory for

translation syst;ns in general, these results suggest that MHV mRNAs

may possess different ionic requirements and optima for maximal
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translation than their cellular counterparts. A comparison of
Figures 19 and 20 reveals that the bulk of viral-protein synthesis,
observed between 3-6 h P.I., occurs under conditions where there is
significant Nat influx, particularly 4-6 h P.I. Therefore, in the
MHV-infected <cell, the induction of cell fusion and concomittant
membrane permeability increase may 1lead to alterations of
intracellular ion levels that favor the translation of wviral

- a

messages.
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