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HeLa cell protein synthesis is rapidly suppressed after infection with purified
vaccinia virus. This was measured in three ways. (i) In the presence of 5 ,Ig of actino-
mycin D per ml, viral protein synthesis was prevented and the decline in host protein
synthesis was measured directly. (ii) Virus particles irradiated with 800 ergs or more
of ultraviolet (UV) light per mm2 are defective in their ability to initiate viral protein
synthesis, but they still inhibit host protein synthesis. After addition of UV-irradiated
virus, the decline in host protein synthesis was measured. (iii) Polyacrylamide gel
electrophoresis was used to distinguish between host- and virus-induced proteins.
The following results were obtained. (i) The inhibition of HeLa cell protein synthesis
begins within 20 min after infection with purified vaccinia particles. Greater than
95%O inhibition occurs within 1 to 4 hr after infection, depending on the viral multi-
plicity used. (ii) The synthesis of viral ribonucleic acid or viral protein is not required
for the inhibition of host protein synthesis. (iii) The ability of the virus particles to
inhibit cell protein synthesis is lost after heat or detergent treatment. (iv) The ability
of the virus particles to inhibit cell protein synthesis is retained after UV-irradiation.
(v) Vaccinia viral protein synthesis in preinfected cells is resistant to the effects of
superinfection with UV-irradiated vaccinia particles. (vi) Inhibition of cell protein
synthesis is complete and does not involve the continued synthesis of small poly-
peptide fragments. (vii) A decrease in the size of host polyribosomes rapidly follows
infection with vaccinia virus. The results are interpreted as a selective effect of some
constituent of the vaccinia virus particle or virus-activated host enzyme on host
protein synthesis at a level beyond that of transcription.

V Many viruses dominate the metabolic activities
of their host cells. In extreme cases, a complete
block occurs in the synthesis of host macromole-
cules. Vaccinia inhibits host cell deoxyribonucleic
acid (DNA) synthesis (13, 17, 18), the transport
of ribonucleic acid (RNA) from the nucleus to
the cytoplasm, and, eventually, nuclear RNA
synthesis (2, 30) and cell protein synthesis (5, 11,
14, 22, 29, 32). Vaccinia inhibits host protein
synthesis in the presence of actinomycin D (32)
or of interferon (14). The latter findings have led
to the suggestion that the virus particle or specific
proteins within the particle block cell protein
synthesis. These studies demonstrate that a func-
tional viral genome is not required for the rapid
and essentially complete inhibition of HeLa cell
protein synthesis.

MATERIALS AND METHODS
Cell culture. HeLa S3 cells were maintained con-

tinuously in exponential growth in suspension with
Eagle's modified medium (6) supplemented with
5% horse serum.

Virus. Vaccinia strain WR was grown in HeLa cells
and purified by a sequence that included differential
centrifugation and two zonal sucrose density gradient
centrifugations (12, 28). Sucrose was removed by
pelleting the virus twice; virus was stored in 1 mM
tris(hydroxymethyl)aminomethane(Tris)-chloride (pH
8.8) at -70 C. A 30 to 40%O recovery of plaque-form-
ing units (PFU) was obtained. The number of virus
particles was determined both from the protein con-
centration and from the absorbancy at 260 nm [pri-
marily light scattering; (12, 28)]. Either method indi-
cated a particle to PFU of 40 or 50:1. Plaques were
counted on monolayers of either primary chick
embryo cells or HeLa cells by use of an agar overlay.

Infectioni. Purified virus was sonically treated at
20 kc five times for 15-sec intervals at 0 C, and then
added to concentrated (4 X 106 cells/ml) suspensions
of HeLa cells at 37 C. Continuous mixing of virus
and cells was accomplished with magnetic stirring
bars. Approximately 50 to 60% of the PFU were
adsorbed during a 30-min incubation. Untreated
cells, as well as cells pretreated with actinomycin D
(5 ,ug/ml, Cancer Chemotherapy Branch, NIH) or
with cycloheximide (300 ,ug/ml, Upjohn Co., Kala-
mazoo, Mich.) adsorbed 40 to 50%7 of a purified
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3H-thymidine-labeled virus preparation in 30 min. At
the end of the adsorption period, the cells usually
were diluted 10-fold with fresh medium.

Ultraviolet (UV)-irradiation of vaccinia. Purified
virus (1 to 2 X 109 PFU) in 1 ml of 1 mm Tris (pH
8.8) was irradiated with a General Electric G15T8
Sterilamp in open 60-mm plastic petri dishes. During
the period of irradiation, the suspension was stirred
continuously with a small magnetic bar.

Incorporation of labeled precursors. L-Phenyl
alanine-14C (350 to 355 mc/mm; Schwarz BioRe-
search Inc., Orangeberg, N.Y.) and mixed L-amino
acids-14C (New England Nuclear Corp., Boston,
Mass.) were used. Unless specifically noted, the
growth medium was modified by the use of dialyzed
horse serum, and the concentration of phenylalanine
was reduced to 0.01 mm, or the usual amount of es-
sential amino acids (6) was reduced 10-fold. The
kinetics of virus formation and the yields of virus ob-
tained, using either of the modified media just de-
scribed, were identical to those obtained with growth
medium. All incubations were done while immersed
in a 37 C water bath in stoppered tubes flushed with
5% CO2 and air. Continuous mixing was maintained
with magnetic stir bars. Incorporation of the labeled
precursor was stopped by pouring the cells into cold
isotonically buffered saline that contained an excess of
the appropriate 12C-amino acids. The chilled cells were
centrifuged at 2 C, washed once, and then resuspended
in 1 ml of the saline solution. The suspension was
made 1 N in NaOH and incubated at room tempera-
ture for 15 min to release amino acids bound to
transfer RNA. Unincorporated 14C-amino acids were
removed by three cycles of trichloroacetic acid pre-
cipitation, centrifugation, and dissolution of the
precipitate in 0.1 N NaOH. Finally, duplicate 0.1-ml
samples in 0.5 N NaOH were analyzed for protein
(20) and counted in a low background gas-flow geiger
counter. In one experiment, the trichloroacetic acid
precipitates were collected and washed on membrane
filters (B-6; Schleicher & Schuell Co., Keene, N.H.)
for scintillation counting. In all experiments, zero-
time samples were measured and the radioactivity
was subtracted from the incorporation values.

RESULTS

Inhibition ofcell protein synthesis in the presence
of actinomycin D. Vaccinia virus exerts rapid and
profound effects on the metabolism of exponen-
tially growing HeLa cells. The effect of purified
virus on amino acid incorporation is shown in
Fig. 1. The change in rate of amino acid incorpo-
ration results both from the inhibition of host
protein synthesis and from the initiation of viral
protein synthesis. The inhibition occurs more
rapidly with higher multiplicities of virus. The
change in the species of proteins synthesized by
HeLa cells after vaccinia infection is illustrated by
polyacrylamide gel electrophoresis of the radio-
actively labeled proteins (Fig. 2). The prominent
peaks (Fig. 2b) have been identified as viral pro-
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FIG. 1. Effect of virus multiplicity on amino acid
incorporation. HeLa cells were infected with purified
vaccinia virus as described inz Materials and Methods.
After 30 min, the cells were diluted to 4 X 105 cells/ml
and, after an additional 30 mini, 14C-amino acids were
added. Cells were removed at indicated intervals and
the counts/min per ,ug of trichloroacetic acid-precip-
itable protein was determined. Symbols: 0,11o virus;
*, 10 PFU/cell; A, 50 PFU/cell; *, 100 PFU/cell.

teins by immunodiffusion (22). A detailed analy-
sis, by polyacrylamide gel electrophoresis, of
sequential protein synthesis after infection with
vaccinia will be described elsewhere (22).
The change in protein synthesis after vaccinia

infection is paralleled by the synthesis of viral
RNA. This is shown by a burst of uridine in-
corporation (Fig. 3). The incorporation is reduced
to a low level by incubating the cells in actino-
mycin D (5 ,ug/ml) for 30 min prior to and during
infection (Fig. 3). Shatkin (32) found no signifi-
cant synthesis of viral proteins in cells pretreated
with 2 jig of actinomycin D per ml. Under these
conditions, and by use of a crude virus prepara-
tion at a multiplicity of 10 to 20 PFU/cell, he
made the interesting observation that net cell
protein synthesis stops 4 hr after infection,
whereas uninfected actinomycin D-treated cells
continue to make protein for more than 12 hr.
This inhibition of HeLa cell protein synthesis also
occurs with highly purified virus in the presence
of 5 Ag of actinomycin D per ml (Fig. 4). The
very rapid effect of the purified virus particles is
illustrated by an experiment in which virus and
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4C-amino acids were added simultaneously to
actinomycin D-treated cells (Fig. 5). The reduc-
tion in amino acid incorporation is approximately
40(' in 10 to 20 min, and is nearly complete
after 30 min. At this time and with the same con-
centration of actinomycin D, uridine incorpora-
tion can barely be detected (Fig. 3). Separate pre-
treatment of the virus with 5 ,ug of actinomycin
D per ml for 30 min at 37 C before adding it to
actinomycin D-treated cells did not significantly
affect either the slight residual uridine incorpora-
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FIG. 2. Chianges in proteinz syiithesis after vacciiiia

viruis inifection. HeLa cells in suispensionz were injrcted
with PFU of puirified virus per cell. Thzree houirs

after inifection, 1.6 X 107 cells in 40 mnl were incuibated

.for 60 miii with 8 of'4C-pheny1alanine. The cells were

washed anid disrupted by soniic treatmenit. Pairticutlate

material was removed by cenitrifimgationi at 100,000 X g

jbr 2 hr. Portionis of the superniatanit flutid, conitaininig
25 to 30%11 of the acid-precipitable radioactivity, were

fractionated into componients by disc gel electrophoresis

(22) by use of 7.5%l polyacrylamidle gels. Thze proteinis
contained in the gel were fixed for 18 hr int 7.5%l acetic

acid conztainiing 1%~/ amido-black. Excess staiii anid

niniicorporaited 14C-phenylalanine were removed by

elecirophoresis in 7.5(' acetic acid. The gels were

sliced lonigituidinally anid dried as described by Faiir-

baniks, Reeder, antd Levinithol (8). Autoraidiogr-aphs
were made by exposuire to X-ray filmi for 10 daiys.

Optical denisity tracinigs were made with a Joy,ce-Loebl

microdenisitometer. (a) Uninifected cells. (b) Viruis-

inifected cells.
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FIG. 3. Effect of vaccinia virus anid actiniomycint D
onz utridine in2corporationi by HeLa cells. HeLa cells
were treated with actinomycin D (5 ug/ml) for 30
min at 37 C. The cells were centrifuged an2d resuspended
at 4 X 106 cells/ml in fresh actinomycini D medium
conttainintg 0.1 mii uridine. Purified viruts (50 PFU/
cell) anid iuridine-5-3H (17 uAc/ml) were added. In onte
case, the virus was pretreated with 5 uig of actinomycint
D per ml for 30 miii at 37 C. Cells nzot treated with
actinomycini D were also infected, anid theni incubated
with isotope. Unintfected cells were treated identically.
At initervals, triplicate 0.1-mil samples were added to
106 carrier cells in 8 ml of cold phosphate-buffered
salinie containinig I m If 12C-uridine. The cells were
centrifuged at 2 C antd resutspentded in I ml of cold,
distilled water. Onze set of samples was made 0.5 N in
KOH anid incubated for 18 hr at 37 C. The other sets
were stored frozen during this time. All samples were
precipitated with cold 5%' trichloroacetic acid; thent
collected anid washed on filters. After drying, the filters
were placed in scintillationi vials anid countited. Incor-
porationz into RNA was calculated from the trichloro-
acetic acid-precipitable counits minius the remainzing
trichloroacetic acid-precipitable couits after alkaline
hiydrolysis. The latter correctioni was small. Symbols:
0, no viruis; 0, 50 PFU/cell; A, actiniomycini D-
treated cells; A, actiniomycin D-treated cells + 50
PFU/cells; E, actinomycin D-treated cells + 50 PFU
of actinomycin D-treated virus per cell.
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tion (Fig. 3), or the inhibition of cell protein
synthesis.

Concentrations of virus required for rapid in-
hibition of host protein synthesis do not disrupt
HeLa cells in the presence of actinomycin D
(Table 1), and they lead to the production of
viral RNA, viral proteins, and infectious virus in
the absence of actinomycin D.
A trivial cause for the decrease in amino acid

incorporation after vaccinia infection, failure of
'IC-amino acids to penetrate the cell, was investi-
gated. At 1 and 2 hr after infection, actinomycin
D-treated cells were incubated for 30 min with
14C-amino acids. The cells were washed rapidly
three times with cold, buffered saline. The tri-
chloroacetic acid-precipitable and trichloro-
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FIG. 4. Inhibition of HeLa cell proteinl synlthesis
by purified virus in presenlce of actinomycin D. HeLa

cells were treated with actinomycinl D (S ug/ml) for

30 min. The cells were resuspentded at 4 X 106/ml in

fresh medium containting actinomycin D and 0.05 m-lf
phenzylalanine. Purified virus was added; after 30 mniii
the cells were diluted in the same medium to a conlcenl-
tration of 4 X 105/ml. At indicated times, S-mi portions

were incubated for 30-mill intervals with 1.25 jic of

L-phlenylalanine-"4C. The counts/mmn per u.g of trichloro-

acetic acid-precipitable proteinl was determined. The

values are plotted at the midpoint of each incubation

period. Symbols: 0, no virus; *, 25 PFU/cell; *,
PFU/cell; *, 100 PFU/cell.
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FIG. 5. Aminio acid inicorporationi after infection
of HeLa cells in the presentce of actiniomycini D. HeLa
cells were treated with actiilomycint D (5 uAg/ml) for
30 miil at 37 C. Thte cells were resuspeiided at 4 X 106/
ml ii fresh growth medium conitaininlg actinomycin D.
Purified virus (50 PFU/cell) anid 14C-amiiio acids
were added. At 10-mim initervals, 4-ml portionis were

removed aiid rapidly chilled with cold phosphate-buf-
fered salinie con2taiiiing excess '2C-amino acids. They
were then washed aiid inicubated with I N NaOH aiid
trichloroacetic acid-precipitated. Tlhe precipitates were

collected oii filters aiid couiited iii a liquid sciiitillatioii
spectrometer. Symbols: 0,1o virus; 0, 50 PFU/cell.

TABLE 1. Stability of actiiiomycint D-treated HeLa
cells after iiifectioii with vacciiiia virus

Determination of protein (j.g) at

Ilours after virus multiplicities (PFU/cell) of
infection

0 10 50 100

1.5 64 64 61 64
2.5 64 64 64 66
3.5 64 64 56 57
4.5 58 54 57 58

a Portions containing approximately 2 X 106
cells were removed at indicated times, washed,
precipitated with trichloroacetic acid, and dis-
solved in 0.5 ml of 0.5 N NaOH. Lowry protein
determination was done on 0.1 ml with crystalline
bovine serum albumin as a standard.

acetic acid-soluble radioactivity were determined.
Expression of amino acid incorporation as tri-
chloroacetic acid-precipitable radioactivity
(counts/min) divided by acid-soluble radio-
activity corrects for differences in entry of 14C
amino acids. The results in one experiment,
expressed in this manner, was a 91 %o inhibition
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of cell protein synthesis 1 hr after infection with
50 PFU of vaccinia per cell and a 96% inhibition
2 hr after infection.
The possibility existed that after vaccinia in-

fection of actinomycin D-treated cells, short
chain polypeptides (not precipitable with tri-
chloroacetic acid) were made. This possibility
was ruled out by passage of the trichloroacetic
acid-soluble material through a column (1 by
100 cm) of G-15 Sephadex equilibrated with 1 %
formic acid. The presence of small peptides was
not detected; the elution profile was identical to
that of the '4C-amino acids.

Inhibition of cell protein sylnthesis by UV-
irradiated virus. The inhibition of cell protein
synthesis by vaccinia in the presence of actino-
mycin D suggests that a functional viral genome
is not required for this effect. This was tested by
irradiating the virus with UV light. The infec-
tivity (measured by plaque assay on chick em-
bryo monolayers) of the virus could be reduced
by nearly 10-6 with little loss of its ability to
inhibit cell protein synthesis in the presence of
actinomycin D (Table 2). Even after much greater
irradiation, this ability is largely retained by the
virus particles (Fig. 6a).

Viral protein synthesis requires a functional
viral genome. The prediction was made, there-
fore, that after a large amount of UV-irradiation,
the ability of the virus particles to initiate viral

TABLE 2. Effect ofUV irradiationi oni ability of virius
to inlhibit cell proteini sy,ithesis

Amino acid incorporation
(% of uninfected cells)

UN' Surviaib at bours after infectionc
(ergs/MM2)a

I to 1.5 2 to 2.5 3 to 3.5 4 to 4.5

0 1 56.7 10.3 5.3 2.8
135 3 X 10- 61.5 18.2 6.3 2.8
270 4 X 10-4 67.5 18.8 5.2 4.7
810 I 2 X 10-6 75.4 20.2 8.8 3.9

a Purified virus (2 X 109 PFU/ml) in 1 mm
Tris (pH 8.8) was irradiated in 60-mm plastic
petri dishes.

I Survival was measured by plaque assay on
primary chick embryo monolayers.

c Actinomycin D-treated cells (5 ,ug/ml) were
infected with the same multiplicity of virus par-
ticles equivalent to 25 PFU/cell of unirradiated
virus. After 30 min the cells were diluted from a
concentration of 4 X 106/ml to 4 X 105/ml. At
the indicated times, '4C-amino acids were added to
5-ml portions. After 30 mmil, the reactions were
terminated. Uninfected cells were treated in an
identical manner. The counts/min per mg of
trichloroacetic acid-precipitable protein was de-
termined and the percentages were calculated.
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FIG. 6. Inzhibitioln of HeLa cell proteint sy'ithesis
by UV-irradiated virus in the presenice and absentce of
actintomycin D. Purified virus (2 X 109 PFU/ml) in
1 mirI Tris (pH 8.8) was irradiated with a germicidaIl
lamp as described. Separate portionts of HeLa cells in
0.1 aminio acid medium were ilfected with the same
multiplicity of viruts particles equiivalenzt to 25 PFU/cell
of iunirradiated virus. After 30 mili, the cells were
diluted from a conicenitrationl of 4 X 106 cells/ml to
4 X 105 cells/ml. At the inzdicated times, 5-ml por-tionts
were inicutbated for 30 miti with 1.25 juc of '4C-aminio
acids. Uninlfected cells were treated in ant idelntical
manner. The coilits/mi/i per ug of trichloroacetic
acid-precipitable proteini was determinied. The experi-
melit was repeated with actinomycin D-treated cells.
(a) Actiitoinyciii D. (b) No actiliomyciii D. Symbols:
0, nzo virlus; *, iuirradiated virus; 0, irradiated
(2,700 ergs/mm2) virlus; A, irradiated (8,100 ergs/
mm2) virius.

protein synthesis could be blocked without
affecting the ability of the particles to inhibit cell
protein synthesis. The inhibition of cell protein
synthesis by UV-irradiated vaccinia in the ab-
sence of actinomycin D is shown in Fig. 6b. Net
amino acid incorporation by cells infected with
unirradiated virus results from the inhibition of
cell protein synthesis and the synthesis of viral
proteins. The significant finding is that virus
irradiated with 2,700 ergs/mm2 inhibits cell pro-
tein synthesis, but synthesizes little or no viral
proteins. After much more irradiation, the ability
of the virus particle to inhibit cell protein synthe-
sis does decline. The decline is similar to that
which occurs with irradiated vaccinia in the pres-
ence of actinomycin D (Fig. 6a); in view of the
high dose required, the decline may be an effect
on the viral protein rather than on the viral DNA.

Specificity of the inhibition. If the inhibitory
effect of vaccinia is specific for host cell protein

I\
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32 not indicate the level at which infected cells have
achieved immunity. If cell protein synthesis is
first blocked by treatment with irradiated virus,
superinfection with live virus does not stimulate
protein synthesis (Fig. 7). Possible explanations
include (i) the failure of the superinfecting virus
to properly penetrate the cell, (ii) a requirement of
host protein synthesis for the initiation of viral
protein synthesis, and (iii) sensitivity of very

3- early viral protein synthesis to the inhibitory
process.

Effects of protein denaturing agents. Incuba-
tion of vaccinia at 56 C causes a progressive loss

-//, in the ability to inhibit HeLa cell protein syn-
thesis (Table 3). Virus heated at 56 C for 30 min

3 - 2// has completely lost the ability to rapidly inhibit
3 _ o cell protein synthesis in the presence or absence

of actinomycin D. Virus treated with a 0.05%
D - } _ . concentration of the detergent NP-40 (Shell,

Ltd., England) for 60 min has also lost the ability
to block cell protein synthesis (Table 4). These

0 30 60 90 120 methods of denaturation have been reported
M N U TES (4, 7) to create particles that are readily taken up

by host cells, but that fail to leave the phagocytic
7. Eifect of UV-irradiated virus on amino acid vacuoles. There they are gradually destroyed.
ration in infected and uninfected HeLa cells. A The fate of the particles has not been verified by
on electron microscopy in these experiments.z ()nn nnrtin)n wn.v inlrorto ntJ orn-_timaLuLith eYVte r nFur-iuslt.. t.rri 'uriturf wuaY Inreles-u ut zer(w-tire wilrl

25 PFU of virus per cell; another irradiated (800 ergs/
mm2) was infected with the same number of virus
particles. The remaining cultures were not infected.
After 30 min, all the cells were washed and resuspended
in fresh medium. At this time, infection or superfinec-
tion was performed with either unirradiated or irradi-
ated virus. After anl additional 30 mitt, the cells were
diluted to a concenitration of4 X 105/ml and 1.25 JAc of
14C-amino was added. Samples were removed at 30-min
intervals and the counts/min per,g of trichloroacetic
acid-precipitable protein was determined. Symbols:
0, 0IO virus; A, unirradiated virus added 30 min after
zero-time; O, irradiated virus added 30 min after zero-
time; 0, unirradiated virus added at zero-time and
irradiated virus 30 min after zero-time; U, irradiated
viruts added at zero-time and unirradiated virus 30 min
after zero-time. Thle time scale on the abscissa refers to
mintutes after additioni of 4C-amino acids.

synthesis, UV-irradiated vaccinia should not
affect the synthesis of viral proteins in cells pre-
infected with unirradiated virus. Accordingly,
HeLa cells were infected with 25 PFU of live
vaccinia per cell. After 30 min, the cells were
washed and then challenged with the same
amounts of irradiated virus. Amino acid in-
corporation was measured following the latter
addition. Irradiated virus inhibited cell protein
synthesis in uninfected cells, but had no effect
on viral protein synthesis in preinfected cells
(Fig. 7). This experiment shows the specificity
of the effect on uninfected HeLa cells, but it does

TABLE 3. Effect ofheating at 56 C ont ability of virus
to inhibit cell protein synithesis

0

2.5
5.0
10.0
30.0

1

6 X 10-'
5 X 10-2
<104

Amino acid incorporation
(% of uninfected cells) at
hours after infectionc

22
46
62
77
117

2 to 2.5 3 to 3.5

9
25
40
70
115

4
13
24
37
84

4 to 4.5

3

7
18
33
100

- Purified virus, suspended in growth medium
containing 5% horse serum, was sealed in glass
vials and totally immersed in a 56 C water bath
for the indicated times. Inactivation was stopped
by placing the vials on ice.

I Survival was measured by plaque assay on
primary chick embryo monolayers.

c Actinomycin D-treated cells (5 ,ug/ml) were
infected with the same multiplicity of virus parti-
cles equivalent to 30 PFU/cell of untreated virus.
After 30 min, the cells were diluted from a con-
centration of 4 X 106/ml to 4 X 105/ml. At the
indicated times, 14C-amino acids were added to
5-ml portions. After 30 min, the reactions were
terminated. Uninfected cells were treated in an
identical manner. The counts/min per jig of
trichloroacetic acid-precipitable protein was de-
termined and the percentages were calculated.
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Irreversible inhibition of cell protein synthesis
by vaccinia in the presence of cycloheximide. Even
purified preparations of vaccinia may contain
small amounts of RNA (12, 28). These experi-
ments have not ruled out the possibility that this
RNA may be used to synthesize specific proteins
that are involved in the inhibition of cell protein

TABLE 4. Effect of NP-40 delergenit oni ability of
viruis to inthibit cell proteini synithesis

Amino acid incorporationC
(% of uninfected cells)

Treatment at hours after infection

1 to 1.5 2 to 2.5 3 to 3.5 4 to 4.5

None 22.8 10.2 4.8 2.0
NP-40a 95.8 91.6 76.9 87.3
Heat' 90.2 105.0 98.2 72.6

Purified virus (2.5 X 109 PFU/ml) was treated
with .05% NP-40 detergent in 1 mm Tris (pH 8.8)
for 1 hr at 37 C. The virus was pelleted and re-
suspended. Survival was less than 10-4.

b Purified virus (2.5 X 109 PFU/ml) in 1 mM
Tris (pH 8.8) was heated for 30 min in a sealed
vial totally immersed in a 56 C water bath. Sur-
vival was less than 10-i.

c Actinomycin D-treated cells (5 ,g/ml) were
infected with the same multiplicity of virus par-
ticles equivalent to 33 PFU/cell of untreated
virus. After 30 min, the cells were diluted from
4 X 106/ml to 4 X 10)/ml. At indicated times,
5-ml portions were incubated with 14C-phenylala-
nine. After 30 min, the reactions were terminated.
Uninfected cells were treated in an identical
manner. The counts/min per ug of trichloroacetic
acid-precipitable protein was determined and the
percentages were calculated.

synthesis. The following experiments were d2-
signed to test whether viral protein synthesis .s
required prior to the inhibition of cell protein
synthesis. The experiments depend on the re-

versibility of cycloheximide as an inhibitor of
protein synthesis. Cells were infected with vac-

cinia in the presence of both actinomycin D and
cycloheximide; after intervals of time, the latter
drug was washed out. After washing, the ability
of the cells to synthesize protein was measured.
If the viral inhibitor is associated with the virion,
the removal of cycloheximide should not lead
to the resumption of cell protein synthesis. Al-
ternatively, if the inhibitor is a protein synthesized
after virus infection, this protein could not have
been synthesized in the presence of cycloheximide.
In the latter case, removal of cycloheximide
should permit cell protein synthesis to continue
until the hypothetical inhibitor is synthesized
and accumulates within the cell.

Preliminary experiments confirmed that con-

centrations of cycloheximide from 20 to 300
,ig/ml reversibly inhibited amino acid incorpora-
tion in HeLa cells from 91 to 98c,%, respectively,
within 15 min. Cells pretreated with actinomycin
D and cycloheximide, (Table 5) were infected
with 25 PFU of vaccinia per cell. After 2 hr, some
of the cells were washed and resuspended in cold
medium that was free of cycloheximide. Other
cells were washed and resuspended in cold media
that contained the original concentration of cy-

cloheximide. Uninfected cells were treated in a

similar manner. Care was taken to keep the cells
at 2 C during the entire washing procedure to
prevent protein synthesis from occurring prior
to the addition of 'IC-amino acids. Only after the

TABLE 5. Inzhibitioni of cell proteiil synithesis by vaccilnia in the presenice of actinoInycin D anld C'ycloheximtidea

Trichloroacetic acid-precipitable protein
clture no. Actinomycin D Cycloheximide Virus Cycloheximide (counts/mn per mg) at time (min)Culture no. (pg/ml) (pg/ml) (PFU/cell) (;4g/ml) in wash

20 40 60 80

1 5 0 0 0 12,702 31,441 44,268 66,985
2 5 300 0 300 303 833 1,250 1,407
3 5 300 0 i 0 8,939 20,428 31,823 41,137
4 5 0 25 0 969 1,770 2,561 2,982
5 5 300 25 300 959 934 1,214 1,227
6 5 300 25 0 1,390 2,403 2,862 3,233

a HeLa cells were treated with actinomycin D or actinomycin D + cycloheximide. After 30 min, three
cultures were infected with purified virus. After 30 min of adsorbtion, all cells were resuspended to a
concentration of 4 X 105/ml. The initial concentration of actinomycin and cycloheximide (0 or 300,ug/
ml) was maintained. After infection for 2 hr, all cells were washed three times at 2 C. Some cultures were
washed free of cycloheximide, but in others the wash medium contained 300,Mg/ml of cycloheximide.
T he cells were resuspended in fresh cold medium of the same composition used for the wash. "4C-amino
acids (0.33 ,ic/ml) was added and the cells were returned to the 37 C water bath. At 20-min intervals
samples were removed and the counts/min per mg of trichloroacetic aid-precipitable protein was deter-
mined.
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addition of 14C-amino acids were the cells re-
turned to the 37C water bath. Cells were re-

moved at timed intervals, and amino acid in-
corporation was measured. The results are

presented in Table 5. The three upper lines of
Table 5 show (i) amino acid incorporation by
uninfected cells in the presence of actinomycin
D, (ii) the inhibition of protein synthesis by
cycloheximide, and (iii) the ability of uninfected
cells to resume protein synthesis after washing
out cycloheximide. The three lower lines are the
identical experiments conducted simultaneously
with virus-infected cells. They show (i) the inhi-
bition of cell protein synthesis by vaccinia in the
presence of actinomycin D, (ii) the inhibition of
protein synthesis by cycloheximide in virus-
infected cells, and (iii) the failure of the virus-
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FIG. 8. Effect of vaccinia virus on host polyribo-
somes. HeLa cells (4 X 106/nl) were treated for 20
min with S ,ug of actinomycin D per ml. The cells were
divided inito two portions; one was infected with 25
PFU of vaccinia virus per cell. After 30 min, the cells
were diluted to 4 X 105/ml in the same medium. At
40, 60 anid 90 min after infection, 8 X 107 cells were
rapidly centrifuged, and then resuspended in cold,
Earle's solutioni. The cells were washed and the cyto-
plasm was obtained by Dounce homogenization in 1.2
ml of 10 mif Tris-chloride, 10 mM KC1, 1.5 mMf MgC2
(pH 7.4). The nuclei were removed by low speed cen-
trifugation and the supernatant fluid was layered otn
top of a preformed 15 to 30%c linear sucrose gradient
in the latter buffer. Centrifugation was at 63,580 X g
for 105 mini in the SW 25.1 rotor. The gradient was
collected by piercing the bottom ofthe tube andpumping
through a 2-mm Gilfordflow cell.

infected cells to resume protein synthesis after
washing out cycloheximide. Comparison of lines
3 and 6 is particularly important. This experiment
demonstrates that, after vaccinia infection, the
synthesis of RNA or protein is not required for
the viral inhibition of cell protein synthesis. This
experiment was repeated, using lower concentra-
tions of cycloheximide, with the identical con-
clusion.

Effect of vaccinia virus on polyribosomes. The
effect of vaccinia virus on host cell polyribosomes
was examined. HeLa cell polyribosomal protein
synthesis decays with a half-life of 3 to 4 hr after
treatment with actinomycin D (26). The stability
of HeLa cell polyribosomes is demonstrated in
Fig. 8. If virus is added to HeLa cells in the pres-
ence of actinomycin D, an enhanced rate of
breakdown occurs. A loss of heavy polyribo-
somes and an increase in single ribosomes is
apparent 40 min after infection with 25 PFU of
purified vaccinia per cell (Fig. 8). The decrease
in polyribosome size is progressive.

DISCUSSION

Mengo, polio, Newcastle disease, and herpes
virus have been shown to inhibit host macro-
molecular synthesis. With these viruses, the in-
hibitor responsible for the suppression of host
protein synthesis is synthesized after infection
(1, 27, 34, 35). In the case of adenovirus, the
inhibition does not occur until viral antigen pro-
duction has started 16 to 20 hr after infection (3),
although inhibition has been attributed to pro-
teins that are structural components of the virus
(19). The inhibition of host protein synthesis by
vaccinia virus is quite different. The very rapid
inhibition of HeLa cell protein synthesis after
vaccinia infection, the multiplicity effect, the
ability to establish the block in the presence of
actinomycin D and cycloheximide, and the reten-
tion of this ability by irradiated virus unable to
support significant viral protein synthesis indi-
cate that a functional viral genome is not re-
quired for inhibition of host protein synthesis.
Because all experiments reported here were car-
ried out with highly purified vaccinia prepara-
tions, the large, complex vaccinia particle itself
must be responsible for the block in cell protein
synthesis. It has not been established, however,
whether specific proteins or other constituents of
the virus are directly responsible for the block, or
whether cell enzymes that are released after virus
penetration are involved. At least 17 to 20 poly-
peptides can be resolved by polyacrylamide gel
electrophoresis of dissociated vaccinia virions
(10, 22), and at least two enzyme activities are
associated with the virion (16, 23, 24).
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The rapid inhibition of cell protein synthesis
may be partly responsible for other viral effects
such as cytopathic changes (9), the block in the
transfer of nuclear RNA to the cytoplasm (2, 30),
and the block in cell DNA synthesis (13, 17, 18).
The latter effect has also been reported to occur
in the presence of a protein inhibitor (13).
The rapidity with which protein synthesis is

inhibited indicates that the block must occur at
the level of translation of messenger RNA
(mRNA) and not at the level of transcription.
The progressive reduction in the size of cell
polyribosomes after vaccinia infection, observed
when viral RNA synthesis is prevented, is con-
sistent with either degradation of host mRNA or
interference with ribosome attachment to mRNA.
Joklik and Merigan (14) reported a breakdown
of host polyribosomes in vaccinia-infected cells
that were pretreated with interferon. Under the
latter condition, viral RNA is synthesized, but
apparently it cannot associate with ribosomes.

It is possible that the viral translation process,
in contrast to the host translation process, is
immune to the inhibition caused by the vaccinia
particle. Alternatively, the large amounts of viral
RNA that are synthesized may obscure a relative
inhibition. It is known that early viral mRNA is
relatively stable (15, 21, 25, 31), although this
has not been tested as a function of the multi-
plicity of infection. Experiments are in progress to
distinguish between various mechanisms of in-
hibition and to determine the nature of this
selectivity.
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