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We describe experiments which demonstrate that shortly after infection of
Friend erythroleukemia cells with herpes simplex virus (HSV), polyribosomes
dissociate and cellular mRNA degrades. Analysis of infected cell extracts on
sucrose density gradients demonstrates that the majority of the polyribosomes
have dissociated to monoribosomes at 2 h postinfection. Physical measurements
of infected-cell RNAs support this conclusion and demonstrate that the poly-
adenylated RNAs decrease in size. The degradation of mRNA is apparently a
stochastic process as judged by the failure to detect a shift in the Crtl/2 when
polyadenylated RNA extracted from infected cells at different times is hybridized
to globin complementary DNA. In experiments designed to determine whether
dissociation of polyribosomes is sufficient to cause degradation of globin mRNA,
the amount of globin mRNA in uninfected cells did not change when cells were
treated with NaF or pactamycin at concentrations sufficient to dissociate all
polyribosomes. In cells infected with UV-irradiated virus polyribosomes dissociate
but globin mRNA does not degrade, suggesting that it is possible to separate
dissociation from degradation.

During the course of productive infection,
many animal viruses inhibit the synthesis of
host-specific proteins. We are using Friend
erythroleukemia cells (FL cells) as the host to
elucidate the viral mechanisms responsible for
this effect in cells infected with herpes simplex
virus (HSV). These cells synthesize large
amounts of hemoglobin and globin mRNA when
grown in the presence of dimethyl sulfoxide
(Me2SO) (10); each of these products is easily
identified, globin by its migration in sodium
dodecyl sulfate (SDS)-polyacrylamide gels and
globin mRNA by hybridization to a complemen-
taryDNA (cDNA) copy (30). In a previous study
we followed the fate of globin and globin mRNA
during the course of productive infection of FL
cells by HSV and demonstrated that globin syn-
thesis was rapidly inhibited and that the amount
of globin mRNA decreased as the infection pro-
ceeded (21).
Host mRNA is not degraded in cells infected

with vaccinia virus (29), picornaviruses (5, 9, 36),
or vesicular stomatitis virus (VSV) (22). These
studies, and our own (21), would suggest that
the decrease in abundance of globinmRNA after
infection with HSV is a phenomenon unique to
HSV. In this communication we demonstrate
the following: (i) the shutoff of globin synthesis

in vivo is due to dissociation of polysomes, ren-
dering globin mRNA unable to associate with
polysomes; (ii) host mRNA is physically de-
graded after infection; (iii) the effect of HSV on
the dissociation of polysomes can be separated
from that of the degradation of mRNA; and (iv)
expression of the viral genome is required to
degrade cellular mRNA.

MATERLALS AND METHODS
Cell and virus. The FL cell line, clone 19 (23), was

maintained in Dulbecco-modified Eagle medium sup-
plemented with 15% horse serum (Flow Laboratories).
The growth properties ofFL cells under our incubation
conditions were described previously (Y. Nishioka and
S. Silverstein, in press). Hemoglobin synthesis was
induced by exposing the cells to 2% Me2SO for 4.5
days. HSV type 1, strain F, was obtained from B.
Roizman. The procedure for infection was as previ-
ously described (21).

Analysis of ribosomal profiles in sucrose gra-
dients. The procedures for analysis of ribosomal pro-
files are based on those described by Engelhardt and
Sarnoski (8). Cells were washed with phosphate-
buffered saline and resuspended in RSB-K (10 mM
Tris [pH 7.2], 10 mM MgCl2, and 10 mM KCI) at 5 x
107 cells per ml. After swelling at 40C for 5 min, the
cells were disrupted with a tightly fitting Dounce
homogenizer, and nuclei were removed by centrifuga-
tion at 2,500 rpm for 4 min at 4°C. One-tenth milliliter
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of the supernatant was layered onto precooled sucrose
gradients (15 to 50% in RSB-K), and the gradients
were centrifuged at 35,000 rpm for 2.25 h at 4°C in a
Beckman SW41 rotor. The elution profiles were ob-
tained utilizing a density gradient fractionator
equipped with a UV-flow analyzer (ISCO, Lincoln,
Neb.).

Hybridization. Globin mRNA was purified from
reticulocytes of DBA mice treated with phenylhydra-
zine. Briefly, phenol-extracted RNA was fractionated
in 15 to 30% sucrose gradients (10 mM Tris, pH 7.0),
and polyadenylic acid [poly(A)]-containing RNA in
the 9S region was isolated by two cycles of oligodeox-
ythymidylic acid chromatography. The purity of this
material was checked by assaying its biological activity
in a wheat germ protein synthesis system, and it was
then used as a template to synthesize cDNA with the
reverse transcriptase from avian myeloblastosis virus,
as described by Kacian and Myers (16). This cDNA
back-hybridized to globin mRNA with a Crti/2 of 10-3
mol/s. To determine the amounts of globin mRNA
sequences on polyribosomes, total polyribosomal RNA
was extracted from infected cells and hybridized to the
cDNA according to the procedure described by Ra-
mirez et al. (28).

Isolation of poly(A) RNA. Cytoplasm from HSV-
infected cells was prepared by Dounce homogenization
of cells that were swollen in RSB-K. Nuclei were
removed by centrifugation at 2,000 rpm in a PR-5000
centrifuge. After addition of SDS to 0.5%, cytoplasmic
RNA was extracted with phenol and then with chlo-
roform containing 2% isoamyl alcohol. The RNA was
precipitated with ethanol after the addition of NaCl
to 0.3 M. This material was resuspended in 10 mM
Tris-1 mM EDTA (pH 7.4), and SDS and NaCl were
added to 0.2% and 0.4 M, respectively. The poly(A)-
containing RNA was bound to oligodeoxythymidylic
acid-cellulose (Collaborative Research, T-3), exhaus-
tively washed with the same buffer, and then eluted
with 10 mM Tris-1 mM EDTA-0.2% SDS, pH 7.4.
The eluate was brought to 0.4 M in NaCl and rese-
lected on oligodeoxythymidylic acid-cellulose. This
second eluate was precipitated with ethanol, centri-
fuged at 10,000 rpm in the HB-4 rotor of a Sorvall
centrifuge, and resuspended in water prior to hybridi-
zation.

Distribution of poly(A) sequences in sucrose
gradients. Cytoplasmic RNA was extracted with
phenol and stored under ethanol at -20°C prior to
use. About 300,g of the cytoplasmic RNA was layered
onto precooled 15 to 30% sucrose gradients in 10 mM
Tris (pH 7.0) and 0.1 N NaCl. After centrifugation at
35,000 rpm for 24 h at 4°C in the SW41 rotor, the
gradients were fractionated through an ISCO UV ana-
lyzer to monitor the changes in absorbance at 254 nm.
From each fraction a 0.3-mnl sample was removed and
hybridized to 3,000 cpm of [3H]polyuridylic acid, a gift
from C. Milcarek [400 cpm is equivalent to 1 ng of
poly(A)], in 0.5 ml of 0.3 M NaCl, 0.1% SDS, and 30
mM Tris (pH 7.4). After 10 min of incubation at 45°C,
the reaction mixtures were quickly cooled to 0°C and
diluted with 2.5 ml of 10 mM Tris buffer (pH 7.4)
containing 0.3 M NaCl, and nonhybridized [3H]poly-
uridylic acid was digested with pancreatic RNase (20
,ug/ml) for 10 min at 0°C. Trichloroacetic acid-precip-

itable material was collected onto nitrocellulose filters,
and the radioactivity was determined in a Packard
Tri-Carb scintillation counter.

Analysis of protein synthesis by SDS-acryl-
amide gel electrophoresis. At intervals, 5 x 106 cells
were suspended in 0.5 ml of Dulbecco-modified Eagle
medium containing 0.lx the normal concentration of
leucine, valine, and threonine, 2% dialyzed horse se-
rum, and 0.5 ttCi each of ['4C]leucine, valine, and
threonine. The cells were incubated at 37°C for 30 min
and washed with phosphate-buffered saline, and the
cytoplasm was prepared by treating the cells with 0.5%
Triton X-100 in 10 mM HEPES (N-2-hydroxyethyl
piperazine-N'-2-ethanesulfonic acid) buffer (pH 7.8)
containing 5mM NaCl, 3 mM MgCl2, and 10% sucrose,
as described by Bastos and Aviv (2). After removing
the nuclei by centrifugation, the cytoplasm was dena-
tured by boiling for 2 min in a solution containing 50
mM Tris (pH 7.0), 2% SDS, 5% ,B-mercaptoethanol,
5% sucrose, and 0.005% bromophenol blue and sub-
jected to electrophoresis through 10 to 16% gradient
SDS-acrylamide gels, using the buffer system of
Laemmli (17). The gels were then processed for fluo-
rography (4), dried under vacuum, and exposed to
Cronex 2DC X-ray films.

Chemicals. The following chemicals were used in
this investigation: cycloheximide (Calbiochem, San
Diego, Calif.), emetine (Sigma, St. Louis, Mo.), sodium
fluoride (Fisher, Fair Lawn, N.J.), and pactamycin
(Upjohn, Kalamazoo, Mich.).

RESULTS
Quantitation of globin mRNA on poly-

somes. At early times after productive infection
by HSV there is a rapid inhibition of host-di-
rected protein synthesis accompanied by disso-
ciation of a major fraction of the polyribosomes
into monoribosomes (34, 35). The changeover
from cell-specific to virus-specific polypeptide
synthesis in FL cells infected with HSV is ex-
tremely rapid (21). Therefore, it was of interest
to examine the fate of host mRNA on the poly-
ribosomes of infected cells that appeared to be
synthesizing virus-specified polypeptides. Figure
1 shows the polyribosome profile of infected cells
at 2 h postinfection compared with a mock-in-
fected control culture. The polyribosomes have
dissociated into monoribosomes at a time when
the rate of protein synthesis in infected cells is
about 40% of the level observed in mock-infected
cells (21).
The amount of globin mRNA that persisted

on polyribosomes after infection was determined
by extracting polyribosomal RNA at 2 and 4 h
postinfection and hybridizing it to cDNA. The
kinetics of hybridization are shown in Fig. 2 and
are summarized in Table 1. Globin mRNA se-
quences rapidly disappeared from the polyribo-
somes. By 2 h postinfection, only 5% of the
sequences that were present prior to infection
persisted on the polyribosomes. By 4 h postin-
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fection, globin mRNA could not be detected on
the polyribosomes (Table 1, experiment 4).
These data are compatible with our previous
observations, which demonstrated that the
shutoff of globin synthesis is extremely efficient
shortly after HSV infection (21). Previously, we
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FIG. 1. Dissociation of polysomes by HSV. Cyto-
plasm prepared from 5 x 1l1' cells was layered onto
15 to 50% (wt/vol) sucrose gradients in RSB-K and
centrifuged for 2.25 h at 35,000 rpm in a Beckman
SW41 rotor. The absorbance profiles were obtained
with an ISCO density gradient fractionator. (A)
Mock-infected control; (B) 2 h after infection with
HSV at an MOI of 10.

demonstrated that at 2 and 4 h postinfection, 50
and 15% of the total globin mRNA sequences
remained. The rate of decrease in the amount of
hybridizable sequences on polyribosomes is 10-
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FIG. 2. Hybridization kinetics of polyribosomal

RNA with globin cDNA. At intervals postinfection,
polyribosomal RNA was extracted with phenol and
hybridized to globin cDNA. The results are plotted
as a function of the percentage of cDNA remaining
single versus Ct (concentration ofRNA in moles of
nucleotide per liter per time in seconds). Symbols:
(0) zero time; (0) 2 h postinfection (p.i.); (O) 4 h
postinfection.

TABLE 1. Fate ofglobin mRNA in infected and uninfected cells

CAI/,2 % Remaining
Expt

Control 2h 3h 4h 2h 3h 4h
1. Pactamycina 8.2 x 100 8.2 x 100 100
2. NaFb 4.6 x 100 4.6 x 100 100
3. HSV cytoplasmic RNA 3.5 x 100 9.5 x 100 3.0 x 10' 36 12
4. HSV polyribosomal RNA 3.0 x 100 6 x 10' NDC 5 1
5. HSV poly(A)+ RNA 1.5 x 10-' 1.5 x 10' 1.5 x 10' 100 100
6. HSV + NaFd 3.4 x 10° 4.2 x 100 83
7. HSV MOI = 10 1.0 x 10' 3.5 x 10' 29
8. HSV MOI = 100 1.0 x 10' 3.5 x 10' 29
9. HSV irradiatede 3.6 x 100 5.0 x 100 80
aUninfected cells were treated with 105 M pactamycin for 4 h to dissociate polyribosomes; cytoplasmic

RNA was extracted and hybridized to globin cDNA.
- Uninfected cells were treated with 5 mM NaF for 4 h, and cytoplasmic RNA was hybridized to globin

cDNA.
'ND, Not determined; see Fig. 2 for hybridization curve.
d Cells were infected at an MOI of 10 in the presence of 7.5 mm NaF; in this experiment the CrtI/2 of infected-

cell RNA in the absence of NaF was 1.3 x 101.
'Cytoplasmic RNA from cells infected with UV-irradiated virus was hybridized to globin cDNA; in the

control, cytoplasmic RNA from cells infected for 4 h with unirradiated virus was hybridized to globin cDNA.
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fold faster than that of total globin mRNA.
Effects of pactamycin and sodium fluo-

ride on polyribosomes and globin mRNA.
Because infection of FL cells with HSV results
in dissociation of polyribosomes and the degra-
dation of globin mRNA, we sought to determine
if there was any relationship between these
events. To examine the possibility that release
from polyribosomes was sufficient to allow
mRNA degradation to occur, polyribosomes of
uninfected Me2SO-treated FL cells were disso-
ciated with either 5 mM NaF or 10 ,uM pacta-
mycin; each of these agents inhibits initiation of
protein synthesis (7, 19). RNA was extracted
from cells treated with these drugs for 4 h and
hybridized to globin cDNA. The kinetics of hy-
bridization demonstrate that dissociation of
polyribosomes is not sufficient to account for the
rapid degradation of globin mRNA seen in HSV-
infected cells because there was no change in
the Crt1/2 of globin mRNA in cells exposed to
either NaF or pactamycin for 4 h (Table 1,
experiments 1 and 2).
mRNA degradation is stochastic. We de-

signed two experiments to determine whether
globin mRNA was uniquely degraded or if it was
representative of the total mRNA population.
In the first, total polyadenylated RNA was iso-
lated from infected cells at 2 and 4 h postinfec-

tion, and the kinetics of hybridization of this
class of RNA to globin cDNA was compared
with the kinetics of hybridization of total poly-
adenylated RNA from mock-infected cells. The
rationale for the interpretation of this experi-
ment is as follows; if degradation is a stochastic
process, then globin mRNA should be repre-
sentative of the total adenylated mRNA popu-
lation. Under these conditions the Cttl/2 should
not change because, although globin mRNA is
degraded, its abundance relative to other poly-
adenylated mRNA's will not change. Alterna-
tively, if globin mRNA is selectively degraded,
then the Ctt1/2 will shift to reflect this selective
degradation process. The data from one such
experiment are presented in Table 1 (experiment
5). The lack ofan apparent shift in Crtl/2 suggests
that degradation is stochastic and that globin
mRNA is merely a representative subset of the
total population of adenylated mRNA's. In a
second experiment, we measured the distribu-
tion of poly(A) sequences at 4 h postinfection.
In this experiment cytoplasmic RNA was cen-
trifuged through a sucrose gradient. The gra-
dients were fractionated, and poly(A) sequences
were assayed by hybridization to [3H]polyuri-
dylic acid. The results from one such experiment
(Fig. 3) reveal that uninfected FL cell poly(A)+-
containing mRNA is heterogeneous in size, with
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FIG. 3. Size ofpolyadenylated RNA after infection. About 300 pg of cytoplasmic RNA was layered onto 15

to 30% (wt/vol) sucrose gradients in 10 mM Tris (pH 7.0) containing 0.1 N NaCi and 1 mM EDTA. After
centrifugation at 35,000 rpm for 24 h in an SW41 rotor, the gradients were fractionated. From each fraction
a 0.3-ml sample was removed and hybridized to 3,000 cpm of [3H]poly-(U) [400 cpm is equivalent to 1 ng of
poly(A)]. Symbols: (0) Absorbance at 254 nm; (@ -) cpm. Sedimentation is from left to right; the optical
density markers are 4S and 18S RNA, respectively. (A) RNA from uninfected cells; (B) RNA from cells infected
with HSV for 4 h.
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a distinct peak at 9S corresponding to globin
mRNA (30). As predicted, infection with HSV
results in a dramatic change in the distribution
of poly(A) sequences (Fig. 3). The 9S peak dis-
appears, and a major peak of poly(A)-containing
RNA appears in the 4S region of the gradient.
These results provide direct physical evidence
for the degradation of cellular mRNA's in FL
cells infected with HSV.
Degradation is MOI independent. To de-

termine whether degradation of cellular mRNA
is mediated by a virion component or if expres-
sion of genetic information is required, the effect
of multiplicity of infection (MOI) on the rate of
degradation of globin mRNA was examined.
Cells were infected with either 10 or 100
PFU/cell, and 2 h later the cells were harvested
and cytoplasmic RNA was isolated by phenol
extraction. The relative amount of globin
mRNA was measured by hybridization to
cDNA. The results (experiments 7 and 8, Table
1) demonstrate that at 2 h postinfection there is
no difference in the rate of hybridization of
globin RNA to cDNA in cells infected with
either 10 or 100 PFU of HSV per cell. Analysis
of the kinetics of hybridization reveal that the
same amount of globin sequences were degraded
at either MOI (Table 1). Because there is no
increase in the rate of degradation over a 10-fold
increase in MOI, we postulate that degradation
results from expression of the virus genome and
not from a virion-associated component.
Degradation requires functional gene

products. The requirement for expression of an
early virus function that results in degradation
of cellular mRNA was examined by two inde-
pendent approaches. In the first, cells were in-
fected with HSV whose titer was reduced 4 logs
by exposure to UV irradiation. In cells infected
at an MOI of 100 (original titer), polyribosomes
dissociate, and the rate of amino acid
mcorporation decreases, as would be expected
from the polyribosome profiles. When an equiv-
alent amount of radioactivity from cells infected
with UV-irradiated and unirradiated virus is
subjected to electrophoresis through SDS-poly-
acrylamide gels, we note that the pattern of
proteins synthesized remains unchanged at 2 h
postinfection (Fig. 4). These results suggest that
there is very little, if any, virus-specified protein
synthesis. Globin continues to be synthesized,
and no virus-specified polypeptides are detected
in autoradiographs of cells pulse-labeled with
14C-amino acids for 30 min at 2 h postinfection.
When RNA extracted from cells infected with
UV-irradiated virus for 4 h is hybridized to glo-
bin cDNA, no significant decrease in the quan-
tity of globin mRNA sequences is detected. By
comparison, in cells infected with unirradiated

virus, only about 15% of the globin sequences
remain (Table 1, experiments 3 and 9). These
results are consistent with a model that requires
expression of an early virus function to degrade
cellular mRNA. In addition, they imply that
dissociation of polyribosomes can occur in the
absence of expression of an early function.
An alternate approach to show that an early

protein mediates degradation is outlined in Fig.
5. In this experiment cells were infected in the
presence of 100 ,ug of cycloheximide per ml, and
at various times after infection the cyclohex-
imide was removed by washing the cells with
prewarmed medium. Under these conditions, vi-
rus-specified protein synthesis is synchronized,
and only a polypeptides are synthesized imme-
diately after removal of the drug (14). The re-
sults of inhibiting protein synthesis, reversing
the inhibition, and subsequently blocking pro-
tein synthesis again are summarized in Fig. 5
and Table 2. Briefly, inhibition of virus-directed
protein synthesis with cycloheximide prevents
degradation of cellular mRNA for as long as 6 h
postinfection. Within 2 h after reversal, the
amount of globin mRNA that remains is the
same as that in cells infected for 2 h with HSV
in the absence of cycloheximide (cf. H and E). If
at 2 h after reversal cycloheximide is restored to
the infected cell culture, then the rate of degra-
dation decreases when compared with a reversed
culture (cf. F and G). These data demonstrate
that synthesis of an early protein, probably of
the a class, is required to degrade cellularmRNA
when FL cells are infected with HSV. They also
suggest that the protein responsible for degra-
dation is likely to be somewhat labile, because
in the absence of de novo synthesis the rate of
degradation of globin mRNA decreases. Degra-
dation of FL cell mRNA is prevented when
either emetine, which primarily inhibits poly-
peptide elongation (24), or NaF is used to inhibit
protein synthesis (data not shown).
Separation of dissociation from degra-

dation. The preceding experiments demon-
strate that the synthesis of early virus-specified
polypeptides is required to degrade mRNA in
FL cells. In FL cells infected with UV-irradiated
virus, polyribosomes dissociate (Fig. 4), but glo-
bin mRNA is not degraded (Table 2, experiment
9). These data suggest that the virion supplies a
product that is responsible for dissociation. To
examine this possibility, [3H]thymidine-labeled
virus was isolated on dextran gradients (32) and
heated to 560C for 10 min; under these condi-
tions the titer decreased from 3.8 x 1010 to 8 x
106 PFU/ml.
Heated and untreated [3H]thymidine-labeled

virus was allowed to adsorb to cells in suspension
for 1 h. At intervals, a sample of the cells was
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FIG. 4. Effects of UV-inactivated HSV on polysome profile and pattern ofprotein synthesis. Induced FL
cells were infected with HSV at an MOI of 10 or UV-inactivated HSV at the original MOI of 100. At 2 h
postinfection a portion of each culture was processed to monitor polysomal profiles in sucrose gradients. The
rest of the cells were pulse-labeled with 14C-amino acids for 30 min, and the cytoplasmic proteins were
separated by electrophoresis through 10 to 16% gradient SDS-acrylamide gel, processed for fluorography,
dried under vacuum, and exposed to Cronex 2DC X-ray film. The arrows indicate the position ofglobin. (A)
Control; (B) HSV; (C) UV-inactivated HSV.

removed and washed twice with phosphate-
buffered saline, and the amount of cell-associ-
ated virus was monitored by measuring trichlo-
roacetic acid-insoluble counts that pelleted with
the washed cells. The adsorption kinetics and
amount of label that pelleted with washed cells
were the same for heated and unheated virus.
When FL cells are infected with heated HSV,
the polyribosomes do not dissociate (Fig. 6).
These data suggest that dissociation of polyri-

bosomes requires a heat-labile, virion-associated
function.

DISCUSSION
In a previous publication we demonstrated

that when FL cells exposed to 2% Me2SO were
infected with HSV the synthesis of globin was
rapidly shut off and the amount of globin mRNA
decreased by 50% by 2 h postinfection (21). In
this paper we demonstrate that globin mRNA is
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D 2 4+C 6 most of the poly(A)-containing mRNA's are de-
+-*F graded after infection. Pizer and Beard (26) also

G quantitated the amount of polyoma virus-spe-
NK D E cific mRNA's present in transformed cells in-
-B fected with HSV and concluded that their abun-

C dance decreased. The results reported here ex-
tend our previous findings (21) and support

H theirs. Therefore, it appears plausible to postu-
mDB late that degradation of polyadenylated cellular
\ mRNA's is a feature common to cells infected

with HSV. Our suggestion that degradation is
apparently a stochastic process is supported by
data which demonstrate that the relative abun-
dance of adenylated globin mRNA remains con-

TIME
FIG. 5. Protein synthesis is required for degrada-

tion ofmRNA. Me2SO-induced FL cells were infected
in the presence or absence of cycloheximide, and the
amount ofglobin mRNA was quantitated by hybrid-
ization with cDNA at intervals postinfection. In the
first part of this experiment cells were infected with
HSV (MOI = 10) in the presence of 100i MLg of cyclo-
heximide per ml [(A) uninfected cell; (D) infected in
the presence of cycloheximide] and sampled at 2 h
postinfection; the star refers to the removal of cyclo-
heximide. (E) Cycloheximide was removed at 2 h
postinfection, and the infected cells were cultured in
complete media until the total elapsed time was 4 h;
(F) cells were treated as described in (E), and at 4 h
the drug was restored and the cells were allowed to
incubate in the presence of drug for an additional 2
h; (G) the cells were treated as in (E) and allowed to
incubate for an additional 2 h. In the second part of
this experiment (B), infected cells were incubated in
the presence of 50 pg of cycloheximide per ml for 6 h.
In the thirdpart ofthis experiment cells were infected
and samples were removed for hybridization at (H) 2,
(I) 4, and (C) 6 h postinfection. The plot schematically
represents the amount ofglobin mRNA remaining in
each instance as a function of the amount of globin
mRNA present in (A).

representative of the total mRNA population,
early virus-specified protein synthesis is re-
quired for degradation, and dissociation of cel-
lular polyribosomes appears to be mediated by
a virion-associated component. By analyzing the
change in sedimentation rate of polyadenylated
mRNA after virus infection, we concluded that
the loss of hybridizable sequences results from
physical degradation of the mRNA, and that

TABLE 2. Degradation ofglobin mRNA requires
the synthesis of a polypeptides

Relative amt of globin mRNA at h:
Condition

0 2 4 6

HSV 1.00 0.35 0.13 0.08
HSV + cyclohex- 1.00 1.00 1.00

imide
HSV + cyclohex- 1.00 1.00 0.35 0.18

imide reverseda
HSV + cyclohex- 1.00 1.00 0.35 0.24

imide reversedb
a Cells were infected in the presence of 100 jig of

cycloheximide per ml; at 2 h the cycloheximide was
removed, and 2 h later cytoplasmic RNA was extracted
and assayed for globin sequences by hybridization to
cDNA.

b Cells infected in the presence of 100 ,ug of cyclo-
heximide per ml were reversed at 2 h postinfection,
and after an additional 2 h of incubation in drug-free
medium 100 g of cycloheximide per ml was added back
to the infected culture. At 6 h postinfection cytoplas-
mic RNA was extracted, and globin sequences were
assayed by hybridization to cDNA.

FIG. 6. Polysome profiles ofFL cells infected with
heat-inactivated HSV. FL cells were infected with
HSV (MOI = 10) or heatedHSF (originalMOI = 100)
for2h, and the opticalprofiles ofcytoplasmic extracts
were displayed in 15 to 50% (wt/vol) sucrose gra-
dients. (A) Mock-infected control; (B) HSV; (C)
heated HSV.
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stant at 2 and 4 h postinfection. These data do
not exclude the possibility that different cellular
mRNA's are degraded at different rates.
The rapid decline in cell-specific protein syn-

thesis in general and globin in particular can be
explained by the disappearance of cellular
mRNA's from the polyribosomes in HSV-in-
fected cells. The data in Fig. 2 demonstrate that
globin mRNA is quantitatively released from
polyribosomes by 4 h postinfection. From this
experiment we infer that cellular mRNA's are
released from polyribosomes prior to their deg-
radation in the cytoplasmic space.

Previous studies from a number of laborato-
ries demonstrated that some animal viruses
possess virion-associated inhibitors which effec-
tively shut off host protein synthesis. For ex-
ample, adenovirus (18), vaccinia virus (11, 20,
31), and VSV (15, 37) all can shut off cellular
protein synthesis without expressing early virus
functions. Alternatively, the picornaviruses ap-
pear to require the synthesis of a virus-specified
function to arrest the host (1, 6, 25, 36). The
possibility that a picornavirus structural com-
ponent contributes to shutoff has not been com-
pletely dismissed (12, 27, 33). Infection with
HSV results in the rapid shutoff of host protein
synthesis and is accompanied by dissociation of
the polyribosomes (13, 34, 35). The dissociated
polyribosomes are subsequently recruited to
form polyribosomes that are predominantly syn-
thesizing virus-specified polypeptides (S. Silver-
stein and D. L. Engelhardt, submitted for pub-
lication). Earlier studies (3, 34) reported that
protein synthesis is required for herpesviruses to
inhibit host functions. In this study we demon-
strate that UV-irradiated virus is effective at
dissociating polyribosomes in the absence of any
apparent virus-specified polypeptide synthesis.
We have not ruled out the possibility that

only a small portion of the genome is expressed
and that a protein required in catalytic amounts
mediates polyribosome dissociation. However,
the observation that heated virus effectively ad-
sorbs to cells without resulting in dissociation of
polyribosome suggests that dissociation is me-
diated by a heat-labile, virion-associated activ-
ity. The mechanism responsible for polyribo-
some dissociation remains open to further inves-
tigation.

In independent experiments we demonstrated
that HSV-specified polypeptide synthesis was
required to degrade cellular mRNA. In the first
of these experiments we demonstrated that in
cells doubly infected with HSV and VSV, no
HSV-specified polypeptides could be detected
and globin mRNA was not degraded (unpub-
lished observation). In this paper, virus-specified
protein synthesis was blocked by the addition of

cycloheximide. Under these conditions degra-
dation of mRNA does not occur. If the block is
released, globin mRNA is subsequently de-
graded; when the block is restored, the rate of
degradation decreases when compared with cells
whose cycloheximide block is reversed.

In summary, we have described two events
that occur early after HSV infection of FL cells.
First, the dissociation of cellular polyribosomes
appears to be mediated by a heat-labile, virion-
associated function. Additional experiments to
support this conclusion are based on the effect
of superinfecting FL cells already infected with
VSV. Infection of FL cells with VSV does not
drastically alter the amount of ribosomes pres-
ent as polyribosomes (22). When these VSV-
infected cells are superinfected with HSV, (i) no
HSV-specified polypeptide synthesis occurs, and
(ii) globin mRNA is not degraded; however, (iii)
polyribosomes are dissociated. These experi-
ments strengthen our hypothesis that dissocia-
tion is mediated by a virion-associated function,
because we are unable to detect the synthesis of
any HSV-specified polypeptides and cannot de-
tect any degradation of globin mRNA. The sec-
ond early event, degradation of cellular mRNA,
requires expression of the virus genome. These
data are substantiated by experiments using ir-
radiated virus and the cycloheximide experi-
ments wherein we demonstrated that degrada-
tion ofmRNA requires synthesis of a virus-spec-
ified protein.
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