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[3H]leucine-labeled proteins synthesized in BHK-21 cells infected with Sem-
liki Forest virus were fractionated by polyacrylamide gel electrophoresis (PAGE).
Cellular and virus-specific proteins were identified by difference analysis of the
PAGE profiles. The specific activity of intracellular [3H]leucine was determined.
Two alterations of protein synthesis, which develop with different time courses,
were discerned. (i) In infected cultures an inhibition of overall protein synthesis
to about 25% of the protein synthesis in mock-infected cultures develops between
about 1 and 4 h postinfection (p.i.). (ii) The relative amount of virus-specific
polypeptides versus cellular polypeptides increases after infection. About 80% of
the proteins synthesized at 4 h p.i. are cellular proteins. Since significant
amounts of nontranslocating ribosomes in polyribosomes were not detected up to
7 h p.i., the inhibition of protein synthesis is not caused by inactivation of about
75% of all polyribosomes but by a decreased protein synthetic activity of the
majority of polyribosomes. Indirect evidence indicates that an inhibition of
elongation and/or release of protein synthesis develops in infected cells, which is
sufficient to account for the observed inhibition of protein synthesis. Inhibition of
over-all protein synthesis developed when virus-specific RNA began to accumu-
late at the maximal rate. This relationship was observed during virus multiplica-
tion at 37, 30, and 25 C. A possible mechanism by which synthesis of
virus-specific RNA in the cytoplasm could inhibit cellular protein synthesis is
discussed. Indirect evidence and analysis of polyribosomal RNA show that the
increased synthesis of virus-specific protein is brought about by a substitution of
cellular by viral mRNA in the polyribosomes.

Infection of vertebrate cells in culture with
the group A togaviruses Semliki Forest virus
(SFV) or Sindbis virus drastically alters cellular
protein synthesis. The amount of radioactivity
incorporated from radioactive amino acids into
protein during a series of labeling intervals
decreases, and the ratio of virus-specific pro-
teins to cellular proteins synthesized during
these labeling intervals increases (2, 9, 24, 29).
Both of these effects can be observed in BHK-21
cells infected with SFV. This system seems
suitable for a more detailed study of these
processes, since the structural proteins of SFV
and the intracellular virus-specific proteins
have been characterized (1, 10, 18, 27) and since
the virus-specific mRNA molecules from which
they are synthesized have been identified (4, 28,
31, 34). As a first step in a study of the
alterations of protein synthesis induced in
BHK-21 cells after infection with SFV, the
results of an analysis of the synthesis of cellular
and virus-specific proteins, of the polyribo-
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somes, and of the accumulation of virus-specific
RNA in infected cells are reported in this
communication.

MATERIALS AND METHODS

Chemicals and isotopes. Sucrose (RNase free) was
obtained from Schwarz/Mann. Sodium deoxycholate
from Fluka (Switzerland) was purified from an etha-
nol solution by precipitation with hexane. Ac-
tinomycin D and Tween 80 were from Serva (Ger-
many). Radiochemicals were all purchased from the
Radiochemical Centre, Amersham (England). Phenol
was p.a. grade from Merck (Germany) and was
redistilled before use. DNase I was an RNase-free
preparation from Worthington. Omnifluor was bought
from New England Nuclear Chemicals GmbH and
Triton X-100 was purchased from Rohn & Haas
Deutschland GmbH (Frankfurt am Main, West Ger-
many). Pactamycin was kindly provided by W. Kers-
ten, Erlangen.

Solutions. The following solutions were used: lysis
buffer (10 mM KCl, 1.5 mM MgCl,, 10 mM
triethanolamine, pH 7.4); concentrated salt buffer
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(500 mM KCl, 5 mM MgCl,, 10 mM triethanolamine,
pH 7.4); RNA buffer (50 mM NaCi, 10 mM Na,-
EDTA, pH 7.4); and citrate buffer (70 mM trisodium
citrate, adjusted to pH 2.2 with HCl). *

Preparation of confluent monolayers. The prepa-
ration of freshly confluent monolayers prelabeled with
["4C]uridine and their infection with SFV have been
described (33). Cells were lysed, and the ribonucleo-
protein particles were fractionated on sucrose density
gradients as described earlier (31).

Labeling of protein with ['H]leucine and analy-
sis of protein by SDS-PAGE. Growth medium was
replaced by labeling medium consisting of Eagle
minimal essential medium, modified according to
Dulbecco and Freeman (5), containing only 0.08 mM
leucine with 10% fetal bovine serum and [3H Ileucine
or ["4C]leucine, as indicated in the description of the
experiments. After 30 min of incubation at 37 C, the
cells were washed with cold Earle balanced salt
solution and stored at -80 C. Proteins were analyzed
by sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) as described by Limmli (14).
Cells were prepared for this analysis as follows. Cell
pellets were thawed at 2 C, and 80 Al of the following
buffer mixture was added: 100 Ml of eightfold-concen-
trated spacer gel buffer of the electrophoretic system
plus 100 Al of DNase I solution (1 mg/ml in water)
plus 10 Ml of RNase A solution (1 mg/ml in water) plus
400 Al of water plus 100 Ml of glycerol. After 2 min,
SDS was added to 0.2%, and the sample was incu-
bated at 37 C for 1 min. After addition of 2 Ml of
2-mercaptoethanol and 5 Ml of a 20% SDS solution,
the sample was heated to 100 C for 1 min and cooled
to room temperature. Spacer and running gels con-
tained 3 and 7.5% acrylamide, respectively. Electro-
phoresis was at room temperature at 4 mA/gel. Gels
(diameter, 5 mm) were sliced into 1-mm slices and
counted in a liquid scintillation counter.
Determination of the specific activity of the

intracellular leucine pool. For each specific activity
determination (6) monolayer cultures containing
about 10' cells were taken 30 min after addition of
[3H]leucine to the growth medium and washed four
times for 30 s with 50 ml of ice-cold Earle balanced
salt solution at 4 C. Amino acids were extracted with
0.9 N perchloric acid for 2 min at 4 C. The total
amount of radioactivity extracted was determined,
the extract was neutralized with KOH, the precipitate
of potassium perchlorate was removed by centrifuga-
tion, and the supernatant was lyophilized. The lyoph-
ilized material was taken up in 1.5 ml of citrate buffer
(pH 2.2), an aliquot was used for determination of
radioactivity, and 1 ml of the sample was used for
fractionation and quantitation of the individual
amino acids by chromatography in a Bio Cal amino
acid analyzer.

Other techniques. Phenol extraction of RNA at
60 C and measurement of total radioactivity of aque-
ous samples was done as described earlier (32, 33).
Radioactivity incorporated into protein in cell cul-
tures was determined as follows. Cells were washed
with cold Earle balanced salt solution and suspended
in 0.1 N NaOH. After 30 min of incubation at room

temperature, the acid-precipitable material was pre-
cipitated by 10% trichloroacetic acid and filtered onto
glass-fiber filters (Whatman GF/B). The dried filters
were incubated with 2 ml of Soluence 350 solubilizer
for 2 h at 60 C, 18 ml of toluene scintillation fluid was
added, and the radioactivity was determined in a
liquid scintillation counter. Autoradiography was per-
formed as described by Perry (19).

RESULTS
Protein synthesis after infection. Infected

and mock-infected cells were labeled for 30-min
periods with [3H]- or ["4C]leucine, respectively.
The samples containing the [3H]- and [4C ]leu-
cine-labeled material synthesized at the same
labeling interval were mixed, and the polypep-
tides were fractionated by SDS-PAGE. Results
of such analyses are shown in Fig. 1. It can be
seen that during the 8 h of the SFV growth cycle
the amount of [3H]leucine incorporated into
protein in infected cells decreases and that the
pattern of newly synthesized peptides is in-
creasingly dominated by a few virus-specific
proteins (2, 9, 18). Arrows C and E in Fig. 1
indicate the position of the viral core protein (1)
and the two unresolved viral envelope glyco-
proteins E, and E. (1, 10), respectively. The
NSP 68 protein is a precursor to the viral
envelope glycoprotein E2 (27). Proteins NSP 90
and NSP 103 have not been definitely charac-
terized, but possibly both are also precursors for
the synthesis of the viral envelope glycoprotein
(18). The relative amounts of [3H ]leucine radio-
activity incorporated into virus-specific and
cellular polypeptides can be determined by
difference analysis (35) from the analyses shown
in Fig. 1. A region of normalization, which
contains no significant amounts of virus-
specific polypeptides, is chosen and consists of
gel fractions containing the polypeptides mi-
grating into the gel and migrating slower than
the NSP 103 protein, as indicated by the bars in
Fig. 1. The total 'H radioactivity in this region
is divided by the total 14C radioactivity in the
same region, and the 14C radioactivity in each
fraction of the gel is multiplied by this ratio.
The resulting normalized 14C profile, which is
indicated in (A) and (C) of Fig. 1, is defined as
host cell material, and the difference between
3H radioactivity incorporated in infected cells
and the normalized 14C radioactivity is defined
as virus-specific material (11).

Total [3H]leucine radioactivity incorporated
in infected cells into protein during different
labeling intervals can be determined by trichlo-
roacetic acid precipitation. Since the amount of
radioactivity incorporated during 30-min label-
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FIG. 1. Polyacrylamide gel electrophoresis of proteins synthesized in BHK-21 cells after infection with SFV.

Confluent monolayer cultures containing about 5 x 105 cells each were either infected with SFV or mock
infected. After the 30-min period used for these treatments (time 0), all cultures were incubated with fresh
growth medium at 37 C. Mock-infected cultures were labeled with [14C]leucine (2 iCi/ml) and infected cultures
were labeled with [5H]leucine (25 MCi/ml) simultaneously for 30-min periods (see Materials and Methods) at
various times after infection or mock infection, respectively. After the labeling period the cells were harvested,
washed, and stored as pellets at -80 C. The cells were prepared for electrophoresis, aliquots of the samples
containing ['H]- and [14C]leucine polypeptides synthesized at the same time were mixed, and the mixtures were
analyzed on 7.5% polyacrylamide gels as described in Materials and Methods. Gels were sliced, and the
radioactivity in the slices was measured. The direction of electrophoresis is from left to right. The gel fractions
used for normalization for difference analysis are indicated by the bars. The normalized 14C curves are shown
only in (A) and (C), since the measured and normalized 14C curves would be almost identical in the graphical
representation in (B). Normalization is done as described in the text. Virus-specific proteins are indicated by
arrows in (B) and (C). The analyses of the polypeptides synthesized between 1 and 1.5 h, 4.5 and 5 h, and
between 7.5 and 8 h p.i. and post mock infection are presented in (A), (B), and (C), respectively. Symbols: (0)
3H radioactivity (infected cells); (0) 14C-radioactivity (mock-infected cells); ( ) normalized 14C radioactiv-
ity.
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ing intervals into acid-precipitable material in
mock-infected cultures increases slightly with
time (data not shown), the radioactivity incor-
porated in infected cells is expressed as percent-
age of radioactivity incorporated in mock-
infected cells during a corresponding labeling
interval (Fig. 2B). The results obtained by these
analyses from a series of gels similar to those
shown in Fig. 1 are presented in Fig. 2, together
with the viral growth curve determined in the
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same experiment. It can be seen from the data
presented in Fig. 2B that between 2 and 4.5 h
postinfection (p.i.) the incorporation of [3H]leu-
cine into total protein rapidly declines to about
25% of the incorporation found in mock-infected
cultures. At 4.5 p.i. about 80% of the [3H]leu-
cine is incorporated into cellular protein (Fig.
2A).
The data presented in Table 1 show that the

specific activity of intracellular [3H ]leucine
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FIG. 2. Incorporation of [3H]leucine into protein and the synthesis of infectious virus particles at different
times after infection. (A) Quantitative results of a series ofgel electrophoretic analyses ofpulse-labeled peptides
similar to those shown in Fig. 1. Percentage of total [aH]leucine radioactivity in viral (a) and cellular (A)
polypeptides has been determined by difference analysis as described in the text and in the legend to Fig. 1. The
percentage of virus-specific protein synthesized (0) has been determined from the formula: percentage of viral
protein/100% = counts per minute in viral proteins + 5% of counts per minute in viral proteins/counts per
minute in total proteins + 5% of counts per minute in viral proteins. The percentage of cellular protein
synthesized (A) is calculated from the formula: percentage of cellular proteins + percentage of viral protein =
100%. This calculation reflects the fact that about 5% less 3H radioactivity is incorporated into viral protein
than into the same amount of cellular protein because of the relative low leucine content of viral core protein
(see text). (B) In the experiment presented in (A) the total amount of [3H]leucine radioactivity incorporated
during the various labeling intervals into protein in infected cultures has been determined by trichloroacetic
acid precipitation on an aliquot of the labeled cultures (see Materials and Methods). A series of mock-infected
cultures was labeled with [3H]leucine under conditions identical to the infected cultures, and the amount of
[8H]leucine incorporated into protein was determined as indicated above. The amount of [3H]leucine
radioactivity incorporated into protein in infected cells during each labeling interval is then expressed as
percentage of the [3H]leucine radioactivity incorporated into protein in mock-infected cells during the
corresponding labeling interval (U). The relative amounts of cellular (A) and virus-specific (0) material
snythesized at different times after infection are taken from the data given in (A) and are presented also as
percentage of the total [3H]leucine radioactivity incorporated in mock-infected cells. Virus multiplication was
determined by plaque assay of the growth medium at various times after infection (x).
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TABLE 1. Specific activity of intracellular [3H]leucine
in mock-infected and SFV-infected BHK-21 cellsa

Sp act of intracellular
Time (h) after mock [3H ]leucine (counts/min per
infection or infection nmol of leucine)c
at which sp act was

determined Mock-infected Infected
cells cells

0.9 15,100 15,400
1.9 15,300 14,800
3 16,200 17,300
4 15,800 17,500
6 17,200 19,600
7.5 15,700 20,400

a Virus-induced inhibition of incorporation of
['H Ileucine radioactivity into protein has also been
determined in this experiment. The time course of
this inhibition was similar to the one presented in Fig.
2B and is therefore not shown.

b ['H leucine was added to the growth medium to
20 MCi/ml 30 min before determination of specific
activity. At all times after infection and mock infec-
tion the [3H]leucine pool reached its final specific
activity within less than 8 min (data not shown).

cSee Materials and Methods for a description of
the experimental technique used. The specific activ-
ity of [3HJleucine at various times in infected and
mock-infected cells has been determined in two inde-
pendent experiments with comparable results. The
data obtained in one of these experiments are given in
this table.

reached at various labeling intervals is rather
constant at different times after infection and
similar in infected and mock-infected cells.
Therefore, the time course of the reduction of
incorporation of [3H leucine into total protein
presented in Fig. 2B is a quantitative measure-
ment of the reduction of total protein synthesis
occurring in infected cells.
To draw a conclusion concerning the relative

amounts of cellular and viral proteins synthe-
sized at different times after infection from the
amount of [3H]leucine incorporated into both
types of proteins, their relative content of leu-
cine has to be considered. The viral structural
proteins E1, E,, and C have a relative content of
58, 60, and 38 mol of leucine, respectively, per
1,000 mol of amino acids (10, 13). The NSP 68
protein is a precursor to E2 (27), and it seems
plausible to assume a leucine content of 60
mol/per 1,000 for this protein, similar to the
leucine content of E,. A content of about 58
leucine molecules per 1,000 amino acids has
been determined in hydrolysates of total protein
of BHK-21 cells (data not shown). Therefore,
only the leucine content of the viral core protein
deviates significantly (by about 35%) from that
of the average BHK-21 cell protein. Since about

15% of the ['H Ileucine radioactivity incorpo-
rated into virus-specific proteins is incorporated
into viral core protein rather constantly at all
times later than 3 h p.i. (data not shown; see
Fig. 1B and C), the amount of [3H]leucine
incorporated into a certain amount of virus-
specific protein is only about 5% (0.15 x 0.35 x
100%) lower than the [8H ]leucine radioactivity
incorporated into the same amount of cellular
protein. The relative amounts of viral and
cellular proteins synthesized at different times
after infection using this correction are pre-
sented in Fig. 2A. The relative amounts of
[3H ]leucine radioactivity incorporated into vi-
rus-specific and cellular protein rather closely
reflect the relative amounts of newly synthe-
sized virus-specific and cellular proteins. From
autoradiographic analyses of mock-infected and
infected BHK-21 cells labeled with [3H ]uridine
in the presence of actinomycin D (data not
shown), it can be concluded that SFV multiplies
in more than 95% of the cells of an infected
monolayer culture.
Analyses of the polyribosomes of infected

cells. Sedimentation patterns of polyribosomes
isolated at various times after infection from
untreated cells and from cells treated with
pactamycin (30) or with low concentrations (2
,ug/ml) of cycloheximide (8) have been deter-
mined. From the sedimentation profiles, the
percentage of total ribosomal material found in
polyribosomes can be calculated. Two precau-
tions were taken to get reliable data. (i) The
cells used for these experiments were prelabeled
with ["C Juridine in the rRNA and the radioac-
tivity profiles were analyzed to avoid base line
uncertainties of optical density measurements.
(ii) The total cells, including the nuclei, were
lysed, and the whole lysates were used for
polyribosome analysis to avoid loss of ribosomal
material in a nuclear fraction not analyzed for
polyribosomes (33). The results obtained are
presented in Fig. 3, together with the results of
the analyses of the virus-induced alterations of
cellular protein synthesis determined in the
same experiment. The data show that the inhi-
bition of cellular protein synthesis is not brought
about by a reduction of the amount of ribosomes
in polyribosomes. The polyribosomes of infected
cultures were almost quantitatively disaggre-
gated after treatment with pactamycin at all
times up to 7 h p.i. (data not shown), a finding
that excludes the existence of significant
amounts of nontranslocating ribosomes in poly-
ribosomes. Since increasing amounts of virus-
specific polypeptides are synthesized in infected
cells, these results would constitute indirect
evidence for the substitution of cellular by viral

J. VIROL.
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FIG. 3. Polyribosomes and cellular and viral pro-
tein synthesis in infected cells. Freshly confluent
BHK-21 monolayer cultures prelabeled with [14C juri-
dine (0.1 MCi/ml) for 24 h were either mock infected or
infected with SFV. At various times after infection,
six infected cultures were taken, two of which were
left untreated, whereas cycloheximide (2 Mg/ml) or
pactamycin (0.6 ug/ml) was added to two other
cultures, respectively. After 20 min of incubation at
37 C, the cells were harvested and lysed as described
in Materials and Methods, and polyribosomes and
free ribosomes in the lysate were fractionated by
80-min centrifugation on linear 15 to 35% (wt/wt)
sucrose density gradients in concentrated salt buffer
at 40,000 rpm, 2 C, in the SW41 Spinco rotor. The
gradients were fractionated, and the 14C radioactivity
of each fraction was determined. At the salt concen-
tration obtained in the lysates and used during cell
fractionation, the nonpolyribosome-associated ribo-
somes dissociate into subunits, whereas the mRNA-
associated ribosomes are stable (36). From these
polyribosome profiles the percentage of ribosomes
in polyribosomes has been determined. The radio-
activity found in the pellets of these gradients
was always less than 15% of the total radioactivity
sedimenting into the gradient and has not been
included in this calculation. Infected or mock-
infected cultures were also labeled for 30-min periods
with [sH]- or [14C]leucine as described in the legend
to Fig. 1. The polypeptides were fractionated by
SDS-PAGE, and the inhibition of incorporation of
[3H]leucine into protein and the switchover to viral
protein synthesis were analyzed as described in the
legend to Fig. 2. The percentage of ribosomes in
polyribosomes found in untreated cells and in cy-
cloheximide-treated cells is indicated by (0) and
(U), respectively. The [8Hjleucine radioactivity in-
corporated into total protein, cellular protein, or

virus-specific protein during the various labeling
intervals is indicated by the (x), (A), and (0),
respectively.
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FIG. 4. Analysis of polyribosomal RNA. Thirty
confluent monolayer cultures were either mock in-
fected or infected with SFV in the presence of
actinomycin D (0.05 Mg/ml). The cultures were then
incubated at 37 C with fresh growth medium tontain-
ing actinomycin D (0.05 Mg/ml), [3H]uridine (8 ACi/
ml), and unlabeled uridine (20 AM). The cells were

harvested at 6 h p.i. or post mjok infection, respec-

tively, and lysed as describe, in Materials and
Methods. Each lysate was load.onto two identical
15 to 35% (wt/wt) linear sucrose density gradients in
concentrated salt buffer and fractionated by 80-min
centrifugation in the SW41 Spinco rotor at 40,000
rpm, 2 C. The optical density distribution in the
gradients was measured, the polyribosomes contain-
ing four or more ribosomes were pooled, and the RNA
was immediately extracted from these polyribosomes
with phenol at 60 C. The RNA was then fractionated
by centrifugation on 10 to 30% (wt/wt) sucrose gradi-
ents in RNA buffer for 6 h at 40,000 rpm and 2 C in
the SW41 Spinco rotor. The [3H]uridine-labeled 268
virus-specific RNA and the unlabeled 28S rRNA are

not separated from each other under these conditions
of centrifugation. The optical density distribution in
the gradients was measured, and total radioactivity
was determined in an aliquot of each fraction. The
results of the analysis of the RNA from polyribosomes
of infected and uninfected cells are presented (A) and
(B), respectively. Symbols: ( ) absorbance at 260
nm; (0) [3Hjuridine radioactivity.
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mRNA in the majority of cellular polyribosomes
if only stable proteins are synthesized in in-
fected cells. If proteins translated from cellular
mRNA would be short-lived, the SDS-PAGE
patterns of proteins accumulated during 30-min
labeling intervals could be dominated by more
stable virus-specific proteins. The synthesis of
short-lived polypeptides has been analyzed by
measuring the time course of [3HIleucine incor-
poration into protein in infected cells at various
times up to 7 h p.i. ['H leucinee was taken up
into protein linearly with time during 15 min
after addition to the growth medium, indicating
that no significant amounts of short-lived poly-
peptides were synthesized in the infected cells
(data not shown). Together with the data of Fig.
3 this constitutes indirect evidence for a gradual
substitution of cellular by viral mRNA in the
majority of cellular polyribosomes during virus
multiplication.
Direct evidence for this mRNA substitution is

obtained in the experiment presented in Fig. 4.
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Cells were either mock infected or infected with
SFV and then labeled with [3H ]uridine in the
presence of actinomycin D (0.05 gg/ml). This
concentration of actinomycin D specifically in-
hibits the synthesis of rRNA (20). At 6 h post
mock infection or p.i., respectively, the cells
were harvested and lysed; the polyribosomes
containing four or more ribosomes were iso-
lated, and their RNA was extracted. The results
of the gradient fractionation of these RNA
preparations are presented in Fig. 4. Two spe-
cies of [3H ]uridine-labeled, virus-specific RNA,
which sediment at about 42S and 26S, respec-
tively, cosediment with the polyribosomes of
infected cells. It has been shown earlier (33)
that the 26S RNA is released from the polyribo-
somes by EDTA and bands at the same density
as the polyribosomes after fixation in cesium
chloride density gradients, and therefore is a
constituent of the polyribosomes. It can be
determined from the optical density profile
presented in Fig. 4A that about 6.4% of the
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FIG. 5. Virus-induced inhibition of protein synthesis and synthesis of virus-specific RNA at different
temperatures. Confluent monolayer cultures, each containing about 15 x 10' cells, were either mock infected
or infected with SFV in the presence of actinomycin D (1 usg/ml). Infection was done for 30 min at 37 C in all
experiments described in this figure. The cultures were then (time 0) covered with growth medium containing
actinomycin D (1 ug/ml) and unlabeled uridine (0.03 mM) and incubated at the temperature of the particular
experiment. The time course of RNA synthesis in the cultures was determined as follows. [3HJuridine was

added to some of the cultures at zero time, and cells were harvested at various times for the determination
of total acid-precipitable radioactivity and extraction of RNA. The amount of [3HJuridine radioactivity
incorporated into 42S and 26S RNA, respectively, was determined by sucrose density gradient analysis. The
time course of protein synthetic activity was determined by measuring the incorporation of ['HJleucine into
acid-precipitable material during 30-min labeling intervals. In all experiments ['H]uridine was added to

10 uCi/ml, and the amount of ['H]uridine and [3H]leucine radioactivity incorporated in one monolayer
culture is indicated in the figure. (A) 37 C; ['H]leucine labeling: 10 uCi/ml, 30 min. (B) 30 C; all other condi-
tions as in (A). (C) 25 C; ['H]leucine labeling: 10 MCi/ml, 40 min. The total [3H]leucine radioactivity incor-
porated in mock-infected or infected cultures is indicated by (0) and (A), respectively. The ['Hjuridine
incorporated into RNA in infected cells is indicated by (0) and (-) as indicated in the figure. ['HJuridine
incorporated into RNA in mock-infected cells is indicated by (x).
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combined mass of 28S, 26S, and 18S RNA in
this gradient is in 42S RNA. It is reasonable to
assume that the virus-specific 42S and 26S
RNA species have similar specific radioactivi-
ties, since both are made at the same time (Fig.
5) and have a similar content of uridine (12).
Since the ratio of radioactivity in 26S RNA to
radioactivity in 42S RNA in the gradient shown
in Fig. 4A is 0.68, it can be calculated that
4.38% of the combined mass of 28S, 26S, and
18S RNA in the gradient is in 26S RNA. From
these results and an estimation of the size of
the polyribosomes from which the RNA was iso-
lated, it can be calculated that about 50% of the
polyribosomes, the RNA of which has been ana-
lyzed in the experiment shown in Fig. 4A, con-
tained virus-specific 26S RNA as follows. It
has been estimated from optical density analy-
ses of the gradients used for isolation of poly-
ribosomes that the majority of these polyri-
bosomes contained between 4 and 10 ribosomes.
An average number of 7 ribosomes per polyribo-
some has therefore been used for the following
calculation. A polyribosome containing 7 ribo-
somes and one molecule of 26S RNA as mRNA
contains about 7 x 2.4 x 106 daltons of rRNA
(17, 21) plus 1.6 x 106 daltons of 26S RNA (16).
Of the total amount of 18.4 x 106 daltons of
polyribosomal RNA, therefore, 1.6 x 106 dal-
tons, corresponding to 8.6%, are in 26S RNA.
Since 4.38% of the total mass of 28S, 26S, and
18S RNA consisted of 26S RNA, about 4.38 x
100/8.6 = 51% of the polyribosomes contained
26S RNA. Since a significant percentage of the
42S RNA molecules sedimenting with polyribo-
somes at 6 h p.i. is not bound to the polyribo-
somes (33), the amount of polyribosomes con-
taining 42S RNA cannot be calculated from the
data presented in Fig. 4.
Time course of protein synthesis and syn-

thesis of virus-specific RNA. SFV multiplies
in actinomycin-treated BHK-21 cells with a sim-
ilar time course and to a similar titer of infec-
tious virus particles as in cells not treated with
the drug. The accumulation of virus-specific
RNA can therefore be followed by labeling
infected cells with [3H]uridine in the presence
of actinomycin D. In the experiment presented
in Fig. 5 the time course of the virus-induced
inhibition of protein synthesis and the accumu-
lation of virus-specific RNA have been deter-
mined at three different temperatures. In two of
the experiments RNA has also been extracted
from the infected cells, and the amount of
radioactivity in 42S and 26S virus-specific RNA
has been measured. It can be seen that a drastic
inhibition of overall protein synthesis develops

in the infected cells at all three temperatures,
that the time at which this inhibition starts is
temperature dependent, that the linear phase of
accumulation of virus-specific RNA and the
protein synthesis inhibition both start at about
the same time, and that both processes follow
different kinetics, the inhibition of protein syn-
thesis occurring more rapidly than the accumu-
lation of virus-specific RNA. In contrast to the
situation at 37 C, at 30 C more radioactivity is
incorporated into 26S RNA than into 42S RNA
at all times after infection.

DISCUSSION
Two virus-induced alterations of cellular pro-

tein synthesis can be detected in SFV-infected
BHK-21 cells: (i) a rapid inhibition of overall
protein synthetic activity to about 25% of the
activity found in mock-infected control cul-
tures, which developed between 2 and 4.5 h p.i.
in the experiment presented in Fig. 2, and (ii) a
switchover from the synthesis of cellular pro-
teins to the synthesis of virus-specific proteins,
which proceeds more slowly than the protein
synthesis inhibition described above and does
not lead to a significant recovery of cellular
protein synthetic capacity. That SFV infection
leads to a decrease of the incorporation of
radioactivity from labeled amino acids into
protein and to increasing incorporation of radio-
activity into virus-specific, as compared to
cellular, proteins has already been described (2,
9, 18). Similar effects have also been observed in
Sindbis virus-infected cells (23, 24, 29), albeit in
Sindbis virus-infected *hicken embryo fibro-
blasts maximal inhibition of overall protein
synthesis and maximal synthesis of virus-
specific proteins were observed at about the
same time (29).
The results concerning the structure of polyri-

bosomes at different times after infection give
some indication of which step of protein synthe-
sis is inhibited. No significant disaggregation of
polyribosomes occurred up to 7 h p.i., and
treatment of the infected cells with pactamycin
resulted in polyribosome disaggregation.

Therefore, the virus-induced inhibition of
cellular protein synthesis is not brought about
by a disaggregation or inactivation of cellular
polyribosomes but by a decrease of their protein
synthetic activity. This decrease can result from
a slow down of initiation or elongation or release
of proteins from polyribosomes, or by a combi-
nation of these effects. If initiation of transla-
tion would be selectively inhibited, the amount
of ribosomes in polyribosomes would decrease,
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the residual polyribosomes would contain fewer
ribosomes per polyribosome, and treatment of
the cells with low concentrations of cyclohexi-
mide should significantly reverse both changes
by specifically slowing down the movement of
ribosomes along the mRNA (8). The size of
polyribosomes did not decrease in infected cells
(data not shown), and the data of Fig. 3 show
that both other phenomena are observed only to
a very limited extent after infection. Therefore,
the 70% inhibition of total protein synthesis
observed in the experiment presented in Fig. 3
at 4 h p.i. cannot result from a virus-induced
specific inhibition of initiation of protein syn-
thesis. Double-stranded RNA inhibits initiation
of protein synthesis in vitro (7, 22), and it has
been suggested that the inhibition of cellular
protein synthesis observed in poliovirus-
infected cells is the consequence of virus-spe-
cific, double-stranded RNA-induced inhibition
of initiation of protein synthesis (7). The
inhibition of protein synthesis observed in
SFV-infected BHK-21 cells cannot be ex-
plained by such a mechanism. A similar con-
clusion has been reached for Sindbis virus-
infected chicken embryo fibroblasts by a differ-
ent approach by Shenk and Stollar (25).
Therefore either the rate of elongation and/or
of release of the finished peptide chains from
polyribosomes must be inhibited at 4 h p.i.
At present we have no experimental evidence
to distinguish between these possibilities.

In the experiments presented above, inhibi-
tion of protein synthesis and linear accumula-
tion of virus-specific RNA started at about the
same time during virus growth at 37, 30, and
25 C. These findings might be coincidental, but
they could indicate that the initial phase of
synthesis of virus-specific RNA at its maximal
rate is involved in the virus-induced inhibition
of cellular protein synthesis. A possible mecha-
nism, currently analyzed in our laboratory, by
which synthesis of virus-specific RNA in the
cytoplasm could inhibit cellular protein synthe-
sis is that consumption of cytoplasmic ribonu-
cleoside triphosphates might lead to a reduction
of the amount of these triphosphates available
for protein synthesis.

Indirect evidence and the analysis of the RNA
extracted from polyribosomes show that the
shift from the synthesis of cellular to that of
viral proteins is the result of a substitution of
cellular by viral mRNA in the cellular polyribo-
somes. The amount of virus-specific proteins
synthesized in infected cells increases during
the 3- to 8-h p.i. time period (Fig. 2). The data
presented in Fig. 5A show that the 26S RNA,
which presumably is the mRNA for all viral

structural proteins (3, 4, 31), accumulates in the
infected cells during a similar time interval.
From the sucrose density gradient fractionation
of the RNA extracted in the experiment pre-
sented in Fig. 5A at 7 h and 45 min p.i. from
infected cells, it has been calculated that 8.5%
of the mass of rRNA plus 26S RNA consisted of
virus-specific 42S and 26S RNA (data not
shown). Since the ratio of radioactivity in 42S
RNA to that in 26S RNA is 1.57 in this sample
(Fig. 5A), it can be concluded that 3.3 and
5.2% of the total mass of rRNA plus 26S
RNA is presented as 26S and 42S RNA, respec-
tively. If it is assumed that about 50% of cellular
ribosomes are found in polyribosomes (Fig. 3), it
can be estimated that about 6.6% of the mass of
polyribosomal rRNA plus 26S RNA is found as
26S RNA in these cells. It has been calculated
that 26S RNA constitutes 8.6% of the mass of
rRNA plus 26S RNA of a polyribosome contain-
ing seven ribosomes and one molecule of 26S
RNA (see Results). This calculation indicates
that sufficient 26S RNA accumulates in in-
fected cells to substitute the cellular mRNA in
the majority of cellular polyribosomes. Analyses
of cellular ribonucleoprotein particles at various
timbs after infection have shown that the great
majority of the 26S RNA accumulating in
infected cells is, in fact, bound to polyribosomes
(33; unpublished data). To us the most straight-
forward explanation of these findings seems to
be the assumption that the 26S RNA outcom-
petes the cellular mRNA for a component
necessary for initiation of protein synthesis on
all cellular mRNA molecules. Such a process
would lead to a gradual substitution of cellular
by viral mRNA, which would parallel the accu-
mulation of 26S RNA in the infected cells and
the final extent of which would depend on the
amount of 26S RNA made in the infected
culture. Since the virus-specific mRNA mole-
cules of SFV-infected cells recently have been
isolated and characterized (4, 28, 31, 34), it
might be possible to clarify the involvement of
such a mechanism in the mRNA substitution
observed in vivo by experiments studying the in
vitro translation of viral and cellular mRNA,
similar to the experiments reported recently for
the translation of encephalomyocarditis virus
mRNA (15).
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