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RNA synthesis by mouse myeloma (MPC-11) cells was rapidly and progres-
sively shut off by infection with vesicular stomatitis virus temperature-sensitive
(ts) mutants permissive for transcription. In sharp contrast, mutants or defective
vesicular stomatitis virions restricted in transcription were incapable of causing
progressive inhibition of cellular RNA synthesis even at massive multiplicities of
infection. A viral product synthesized 30 to 60 min after permissive infection with
tsG114(I) appeared to be essential for prolonged inhibition of RNA synthesis in
cells switched up to restrictive temperature.

The killing of cells and the inhibition of host
RNA (1, 21, 23) and protein (10-12, 14, 22)
synthesis by vesicular stomatitis (VS) virus ap-
parently require the production of certain func-
tional viral components, but none have yet been
identified. Since previous work in this laboratory
revealed that mouse myeloma (MPC-11) cellular
RNA polymerase activity was quite susceptible
to shut-off by VS virus (21), we have sought to
determine which viral function might be in-
volved in this inhibition. It has been suggested
that there are two possible mechanisms respon-
sible for the inhibition of host protein synthesis
by VS virus (22). One is a multiplicity-dependent
effect that results in an initial drop in cellular
activity, and the second is progressive and re-
quires the synthesis of viral mRNA and/or poly-
peptides following infection (10, 13). In an effort
to test whether these mechanisms might also
function to alter host RNA metabolism (21),
MPC-11 cells were tested for their response to
infection with variousVS virus temperature-sen-
sitive (ts) mutants restricted in different func-
tions. In addition, we examined the effect on
cellular RNA metabolism of defective-interfer-
ing particles which cannot synthesize mRNA or
proteins owing to massive deletion of the ge-
nome. Since the defective particles employed in
these experiments are known to transcribe only
a short sequence from the 3' terminus of the
deleted viral genome (3, 18), we undertook to
examine what role partial transcription of the
genome might play in the alteration of cellular
RNA biosynthesis.
The growth and maintenance of mouse mye-

loma (MPC-11) cells, the production of wild-
type VS virus (Indiana serotype, San Juan
strain), and the measurement of RNA synthesis
in the myeloma cells were performed as previ-

ously described (21). Two RNA- ts mutants of
VS virus employed in these experiments were
provided by C. R. Pringle, Institute of Virology,
Glasgow, Scotland (16); the mutant from com-
plementation group I (tsG114) is defective in
primary and secondary transcription (5, 9, 15),
and the group IV mutant (tsG44) fails to repli-
cate but can carry out primary transcription at
the nonpermissive temperature (2, 19, 20). Mu-
tants ts052(II) and tsO23(III) were kindly pro-
vided by A. Flamand and F. Lafay, Faculte des
Sciences, Universite de Paris-Sud, Orsay, France
(4, 6). All the mutants were grown on BHK-21
cells and titrated by assay ofPFU on monolayers
of L cells. Defective-interfering particles were
produced by undiluted passage on BHK-21 cells
from stock preparations obtained from S. U.
Emerson of our department. The particles were
purified by a series of sucrose gradient centrifu-
gations and determined to be free of plaque-
forming virus by plating on monolayers ofL cells
(3).

Previous work had demonstrated that wild-
type VS virus almost completely inhibits incor-
poration of [3H]uridine into rapidly synthesized
RNA in MPC-11 cells by 4 h postinfection and
causes a significant decline in RNA metabolism
of host nuclei measured in vitro (21). In an
attempt to determine what viral functions are
responsible for this inhibition, ts mutants of VS
virus from complementation groups I, II, and IV
were tested at restrictive temperature for their
ability to alter host RNA synthesis.

Figure 1 compares the capability of the differ-
ent mutants to inhibit incorporation of [3H]uri-
dine into cellular RNA products at the nonper-
missive temperature of 390C. Only tsG114(I)
restricted in transcriptional activities failed to
shut off host RNA metabolism when incubated
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at 39°C for 4 h. Although mutant tsG4
not appear to inhibit cell RNA syr
rapidly as tsO52(ll), extension of i

time for an additional hour resulted
identical values of RNA inhibition for
type, ts052(II), and tsG44(IV) infecte(
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FIG. 1. Inhibition of RNA synthesis i
cels following infection with ts mutants c
at 390C. Mouse myeloma cells were infectes
type (WT) (), tsG44(1V9 (V), or tsO52a(II
viru at a multiplicity of infection of20 Pi
a similar experiment, cells were infe
tsG114(I) at a multplicity of 1 (0), 20 (0),
PFU/cell. Following infection, the cells
tained at39°C, and ceURNA synthesis waw
by pulse-labeling the cells for 15 min I

containing 2 ACi of[3HJuridine per ml (24
at hourly intervals postinfection. The dai
sented as the percentage of acid-insoluble
thesized by mock-infected cells maintainec
same conditions. Incorporation of [3H]
control cells ranged from 6.2 to 6.6 pmol/
tein.

I4(V) did (data not shown).
Athesis as It has been postulated that VS viral inhibition
ncubation of cellular macromolecular synthesis is primarily
in almost due to perturbation of host cell plasma mem-
the wild- brane by a structural component of the invading
d cultures virion (1). This hypothesis can be tested with

mutant tsG114(I) since it synthesizes no viral
mRNA or protein in L cells infected at 39°C (10)
or MPC-11 cells infected at 39°C (data not
shown). As depicted in Fig. 1, tsG114(I) caused

l 114(I) only -10% reduction in cell RNA synthesis at a
multiplicity of infection of 1 and only about 20%
loss at multiplicities of 20 or 200. These results
indicate that, although there is an initial minor
decline in cellular RNA synthesis, the absorp-
tion of large quantities of metabolically inert
virus to the cell surface does not in itself produce
the drastic reduction in cellular synthesis caused
by VS virus. This observation is consistent with

is 44 (I) the results reported by Wertz and Youngner
(22), who were able to detect a slight drop in cell

Iwt protein synthesis immediately after adsorption
to L cells of UV-irradiated VS virus.
The inability of tsG114(I) to inhibit cellular

RNA synthesis at 39°C suggested that primary

in MPC 1J1 transcription of the viral genome is essential to
of vSvirus compromise host RNA as well as protein (10)
d with wild synthesis. However, proof was required that ac-

) (A) of VS tive transcription by tsG114(I) at permissive
FU/cell. In temperature would result in inhibition of cellular
ected with RNA synthesis comparable to that of wild-type
,or 2( (0) and other ts mutants. The results (Table 1)
were main- demonstrate that mutants from groups I
s measured through IV are all capable of shutting off cellular
in medium RNA synthesis at 310C. Although inhibition of
6 Ci/mmol) RNA synthesis by mutants at this temperature
ta are pre- was not as marked as that at 39°C, shut-off was
under tyhe as complete as that produced by wild-type infec-

'uridine by tion at the permissive temperature (Table 1).
'mg ofpro- These temperature differences in the degree of

inhibition are almost surely due to lower incor-

TABLE 1. Effects of wild-type and temperature-sensitive mutants of VS virus on MPC-11 cellular RNA
synthesis at 31 and 39°Ca

RNA synthesis'

infection (h) Wld type tsGl14 (I) ts052 (II) ts023 (III) tsG44 (IV)
31°C 390C 310C 390C 310C 390C 310C 390C 310C 390C

0 98 97 97 90 94 90 94 98 92 91
1 65 76 91 83 87 56 63 56 76 66
2 53 48 62 77 55 36 49 36 71 57
3 46 22 55 77 57 18 46 16 63 44
4 39 7 35 80 36 6 41 6 50 19

a MPC-11 celis were infected at an input multiplicity of 20 PFU per cell for 30 min at 230C. Immediately after
adsorption, the cells were pelleted and suspended in media prewarmed to 31 or 390C and incubated in 10-ml
spinner cultures. At various times postinfection, samples of cells were removed and pulse-labeled, and the
amount of radioactive acid-insoluble RNA product was determined as previously described (21).

bValues expressed as the percent RNA synthesis in mock-infected cells incubated at the appropriate
temperature.
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poration of [3H]uridine, reflecting a reduction in
overall cellular metabolism at 310C. Incubations
extended to 6 h postinfection resulted in 90%
inhibition of RNA synthesis (data not shown).
Therefore, it appears that tsG114(I) must un-
dergo primary transcription and possibly trans-
lation to exhibit a progressive inhibitory effect
on cellular RNA synthesis.

Additional evidence for the requirement of a
critical transcriptional event was sought by tem-
perature shift-up experiments. MPC-11 cells in-
fected with tsG114(I) were incubated for brief
periods at permissive temperature to initiate
viral RNA and protein synthesis before shifting
to the restrictive temperature. When cells in-
fected with t8G114(I) were first incubated at
310C and subsequently shifted to 390C, there
appeared to be a critical period of time required
for the production of the inhibitory component
(Fig. 2). If infected cells were incubated for 30
min or less, there was only a 20 to 25% decrease
in cellular RNA metabolism which did not
change during incubation at 390C for 4.5 h.
However, upon extension of the initial incuba-
tion to 60 min, there was a rapid decline in the
ability of cells to synthesize RNA following the
shift-up to 390C (Fig. 2). In fact, the degree to
which cellular RNA synthesis was inhibited dur-
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FIG. 2. Effect of temperature shift on the rate of

inhibition of RNA synthesis in cells infected with
mutant tsG114(I). MPC-11 cells were infected (multi-
plicity of20PFUper cell) at 23°C and maintained at
either the permissive temperature of 31°C (-) or
shifted (arrows) from 31°C to the nonpermissive tem-
perature of39°C at 30min (A) or 60min (0) following
infection. At hourly intervals, cells werepulse-labeled
for 15 min in media containing [3HJuridine, and the
incorporation of radioactivity in acid-insoluble ma-
terial was determined. The data are expressed as the
percentage of RNA synthesis in mock-infected cells
incubated under comparable conditions.
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ing the second incubation period was signifi-
cantly greater than that observed in tsG114-in-
fected cells maintained at 310C for the entire
period of 5 h (Fig. 2). These results reveal that
some viral product must be made before maxi-
mum RNA shut-off of the cell can occur; once

the mutant viral function is expressed, an in-
crease in temperature does not reverse the proc-
ess but even tends to hasten the inhibition of
cellular RNA synthesis.
The propagation of VS virus at high multi-

plicity results in the production of virus particles
that are smaller and contain shorter genomes
than the normal VS virus particle (8, 17). Since
such particles fail to replicate alone, these T
particles provide a means of examining the ef-
fects of a nonreplicating truncated particle on
cellular RNA metabolism. Until recently, no
transcriptional products had been found to be
synthesized by purified T particles in which the
3' end of the genome was deleted. However, it is
now evident that certain defective particles syn-
thesize a unique leader RNA sequence of -45
nucleotides in length (3, 18). If the transcription
of this short sequence is involved in shutting off
host RNA metabolism, then infection of cells
with purified T particles should result in a re-
duction of the incorporation of [3H]uridine into
acid-insoluble cellular RNA products. When
MPC-11 cells were infected with purified parti-
cles, derived from the 5' end of the genome but
designated LT (3), there was no significant re-
duction of host cell RNA synthesis (Table 2).

TABLE 2. Effect of defective-interfering particles of
VS virus on cellular RNA synthesis at various

multiplicities of infectiona
% RNA synthesis by MPC-11 cells at

Time postinfection the following multiplicities of
(h) infection:b

100 500 1,000 10,000
0 98 100 88 85
1 97 100 79 91
2 92 104 84 88
3 94 97 72 83
4 98 87 74 86

aFoliowing adsorption of defective-interfering par-
ticles for 30 min at 230C, MPC-11 cells were incubated
at 37°C in 10-ml spinner cultures. At the times indi-
cated, samples of infected or mock-infected cells were
pulse-labeled with [3H]uridine for 10 min at 370C, and
the amount of trichloroacetic acid-precipitable mate-
rial was determined as described previously (21).

b Values indicate percent incorporation of [3H]uri-
dine by mock-infected cells and represent the average
values of two independent experiments. The multi-
plicity of infection is based on the amount of protein
in the defective-interfering preparation and is ex-
pressed as the number of particles per cell.
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Even at a multiplicity as high as 10,000 particles
per cell, there appeared to be only a slight re-

duction (-10 to 15%) in RNA synthesis. Thus,
even if the very short leader sequences are tran-
scribed in vivo by this type of T particle, it
appears that they play no role in inhibition of
cellular RNA polymerase activity. Recent evi-
dence indicates that only LT particles, derived
from the 3' end of the genome and capable of
transcribing N, NS, M, and G genes, can kill
cells, and that short defective-interfering parti-
cles are incapable of cell killing (13). Previous
reports concerning shut-off ofRNA synthesis by
metabolically inactive short defective-interfer-
ing particles (1, 8) might be explained by the
fact that earlier investigations were performed
with a different class of defective particle or
could be contaminated with infectious B parti-
cles.
The results presented in this paper indicate

that certain viral products must be made before
drastic and prolonged shut-off of host RNA me-

tabolism. At the present time, it is not known
whether this product is transcriptional or trans-
lational in nature because all attempts to block
viral protein synthesis by inhibitors, such as

cycloheximide or puromycin, resulted in marked
inhibition of cellular RNA synthesis (unpub-
lished data of P. K. Weck). Cycloheximide has
been found to inhibit DNA-dependent RNA po-
lymerases in eucaryotic cells (7). Although the
defective-interfering particle product alone can-
not shut off the cell, it is still possible that a
leader RNA sequence transcribed from another
region of the intact genome is all that is required
to inhibit host RNA synthesis. This question of
whether transcription of the viral genome alone
is sufficient to cause a decrease in host cellular
RNA synthesis is presently being investigated.
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