
JOURNAL OF VIROLOGY, Feb. 1970, p. 132-144
Copyright 1970 American Society for Microbiology

Protein-Synthetic Activity of Ribosomes from
Interferon-Treated Cells

IAN M. KERR, J. A. SONNABEND, AND E. M. MARTIN

The National Institute for Medical Research, London, N. W. 7, England

Received for publication 7 November 1969

Cell-free protein-synthetic systems from normal and interferon-treated chick cells
were compared. No difference was found in the amino acid incorporation activities
of such ribosome-cell sap systems or in their response to polyuridylic acid. Through-
out a variety of experiments we failed to detect the formation of a discrete peak of
virus-specific polysomes, when ribosome monomers and subunits (from interferon-
treated or control cells) were incubated with labeled Sindbis or Semliki Forest virus
ribonucleic acid (RNA). Some binding of viral RNA did occur, but the complexes
formed were evident in sucrose gradients as a broad, rapidly sedimenting shoulder
on the ribosome monomer peak. Interferon pretreatment of cells did not affect the
formation of these complexes in vitro, nor did it alter their rate of breakdown on
incubation under amino acid incorporation conditions. Experiments with inhibitors
of protein synthesis showed that such "breakdown" was not dependent upon amino
acid incorporation and was not an index of translation. In these respects, our results
are in marked contrast to those of Marcus and Salb. These results, together with our
failure to detect any significant change in the protein composition of ribosomes from
interferon-treated cells, suggest that such treatment does not result in a modification
of the ribosome per se. They do not, however, rule out the involvement of a factor(s)
required for ribosomes and viral RNA to function in viral protein synthesis. Indeed,
it remains likely that interferon acts through such a mechanism, although the precise
level at which the inhibition occurs remains to be elucidated.

The inhibition of viral growth by interferon is
well documented (7, 33), yet its mode of action is
still not known. Early investigations by Taylor
(31, 32), Friedman and Sonnabend (10, 11),
Lockart (21), and Levy and Merigan (20) sug-

gested that exposure of cells to interferon induces
the synthesis of a new protein which inhibits the
synthesis of viral macromolecules without affect-
ing the normal synthetic activity of host cells. It
appears to be the synthesis of viral protein
rather than nucleic acid which is inhibited (16,
27, 30). This inhibition could theoretically occur
at any stage in the processing of the viral mes-
senger ribonucleic acid (mRNA) prior to or
during its combination with the ribosome or at
any point in its subsequent translation. Strong
support for the latter mechanism, i.e., an inhibi-
tion of translation, was provided by Marcus and
Salb (23), who compared the interaction of la-
beled viral and host cell RNA species with ribo-
somes from interferon-treated and control chick
embryo fibroblasts (CEF). They concluded that
ribosomes from interferon-treated cells could
combine with, but not translate, viral RNA, al-

though they retained the ability to translate host
cell mRNA isolated from polysomes. It was later
shown that mild trypsin treatment of these ribo-
somes restored their ability to translate a viral
RNA (24). They thus provided strong evidence
not only for the altered ribosome hypothesis but
also for the involvement in this alteration of
protein(s) synthesized in response to interferon.
Some reduction in the apparent affinity of inter-
feron-treated cell ribosomes for viral RNA was
also noted by these workers (23, 24), an effect
which was even more pronounced in the results
of similar studies reported by Carter and Levy
(3). Moreover, both groups observed that cell-
free systems from treated cells incorporated
amino acids less well in response to the addition
of viral RNA than did suitable control prepara-
tions (4, 23).
Our own approach was twofold. Firstly, we

sought evidence for changes in the protein com-

position of the host cell in response to interferon,
particularly in the proteins of the ribosome frac-
tion, which might reflect the synthesis of the
hypothetical inhibitory protein. However, an

132

Vol. 5, No. 2
Printed an U.S.A.



RIBOSOMES FROM INTERFERON-TREATED CELLS

extensive comparison of "4C-labeled ribosomal
proteins from interferon-treated cells with 3H-
labeled proteins from control ribosomes detected
no significant change. This work has been sum-
marized (29) and will be reported in detail else-
where. Secondly, at the functional level, we ini-
tiated studies to compare the protein-synthetic
activities of cell-free systems from interferon-
treated and control cells. The contrast between
our failure to detect differences in ribosomal pro-
teins and the results of Marcus and Salb (23, 24)
and Carter and Levy (3, 4), however, prompted
us to a detailed examination of the interaction of
viral RNA with ribosomes under the conditions
described by Marcus and Salb (23). It is this
aspect of our work which is reported here. The
first half of the paper is concerned with the char-
acterization of the cell-free systems used and with
a comparison of ribosomes from interferon-
treated and control cells, with respect to both their
intrinsic amino acid incorporation activities and
their response to a synthetic mRNA (poly-
uridylic acid). In agreement with both Marcus and
Salb (23) and Carter and Levy (4), we found no
difference between the two types of ribosome in
these respects. In the second half of the paper the
interaction of viral RNA with these ribosomes is
described. The results, in marked contrast to
those of Marcus and Salb, do not support the
altered ribosome hypothesis. Our recent findings
concerning the response of cell-free systems to
viral RNA do, however, favor an inhibition of
the function of viral RNA in protein synthesis
in the interferon-treated cell, but the level at
which this occurs remains to be elucidated.

MATERIALS AND METHODS
Materials Solutions of pyruvate kinase, adenosine

triphosphate (ATP), guanosine triphosphate (GTP),
phosphoenolpyruvate (C. F. Boehringer und Soehne,
Mannheim, Germany), and ethylenediaminetetra-
acetic acid (EDTA; BDH Chemicals Ltd., Poole,
England) were adjusted where necessary to pH 6.5 to
7.0 with 1 N KOH and buffered with 50 mrm tris(hy-
droxymethyl)aminomethane (Tris)-hydrochloride (pH
7.6). ,-Mercaptoethanol (Koch-Light Laboratories,
Colnbrook, Bucks, England) was redistilled and made
up as a 1 M solution buffered with 20 mm Tris-hydro-
chloride (pH 7.6). Sodium dodecyl sulfate (SDS;
BDH Chemicals Ltd.) was recrystallized from ethyl
alcohol prior to use. Bentonite (Fisher Laboratory
Chemicals, Fairlawn, N.J.) was washed as described
by Fraenkel-Conrat, Singer, and Tsugita (9) and then
with distilled water, freeze-dried, and stored in suspen-
sion (50 mg/ml) in 50 mm EDTA (pH 7.0). All of
these reagents were stored at -20 C. Polyuridylic
acid (potassium salt) was from Miles Chemical Corp.,
Elkhart, Ind. All radioactive chemicals were obtained
from the Radiochemical Centre, Amersham, Bucks,
England.

Interferon. Partially purified chick interferon was
the generous gift of Karl Fantes (Glaxo Laboratories
Ltd., Sefton Park, Stoke Poges, Bucks, England). It
mostly consisted of material equivalent to that puri-
fied on diethylaminoethyl (DEAE) cellulose as de-
scribed by Fantes (5). It was used as a solution of be-
tween 5,000 and 50,000 units/ml in 0.1 M sodium phos-
phate buffer (pH 6.5). Assayed as described previ-
ously (25), it had a specific activity of from 10' to 105
units/mg of protein, compared with 102 to 5 X 102
units/mg of protein for crude interferon.

Cells. Monolayer cultures of fibroblasts from 10-
day-old chick embryos were routinely prepared as de-
scribed by Taylor (32). In experiments requiring large
numbers of cells (over 1010), these were occasionally
obtained in suspension (approximately 7.5 X 107
cells/ml) in Parker's 199 medium containing 10% calf
serum from the Microbiological Research Establish-
ment, Porton, Wilts, England, and were prepared as
described by Zwartouw and Algar (34). The cells were
diluted to 5 X 106 cells/ml in Gey's salt solution con-
taining 5% calf serum, 0.25% lactalbumin hydroly-
sate, and 0.1% protease peptone (Difco) and trans-
ferred to 20-oz (600 ml) flat bottles (2 X 108 to 3 X 108
cells/bottle) yielding monolayers of 108 to 1.5 X 108
cells/bottle. For interferon treatmnent of the cells or
virus growth, Gey's salts solution supplemented with
2.5% calf serum, 0.25% lactalbumin hydrolysate or
0.1% protease peptone, or both, 7.5 ims Tris-hydro-
chloride (pH 7.6), and 0.025% NaHCO3 was routinely
used.

Virus stocks and assay of vinr , viral RNA, and
interferon. Preparation of high-titer Semliki Forest
virus (SFV) and Sindbis virus stocks, which were free
from interferon, and the assay of viruses, infectious
RNA, and interferon were as described for the SFV-
CEF system by M6cs et al. (25). Virus stocks rou-
tinely contained 0.5 pg/ml of actinomycin D (a gift
from H. D. Brown of Merck & Co., Inc., Rahway,
N.J.).

Assay of 'H-RNA. For the assay of RNA labeled
with 3H-uridine, whether free as ribonucleoprotein or
in intact virus, 5 ml of 0.3 N trichloroacetic acid was
added to samples (up to 1.0 ml) of the RNA solution
at 0 C. The precipitated RNA was collected on Oxoid
membrane filters (grade 0.45; Oxo Ltd., London,
England), washed three times with 5-ml batches of 0.3
N trichloroacetic acid at 0 C, once each with ethyl
alcohol, ethyl alcohol-ether [1:1 (v/v)], and ether,
and dried. After addition of scintillator [4 g of 2,5-
diphenyloxazole and 50 mg of 1 ,4-bis-2-(4-methyl-5'-
phenyloxazolyl) benzene per liter of toluene], the
membranes were assayed forradioactivity in a Tri-Carb
liquid scintillation counter (Packard Instrument Co.,
Inc., Downers Grove, Ill.) with an efficiency of22% for
3H.

Preparation of radioactive SFV RNA from infected
cells. At 1 or 2 days after seeding, monolayer cultures
of CEF in 6-cm petri plates (2.5 X 107 cells/plate)
were infected with 0.5 ml of SFV at an added multi-
plicity of 10 to 50 plaque-forming units (PFU)/cell.
After 45 min at 37 C, the infecting medium was re-
placed with 4 ml per plate of fresh medium containing
2 ,ug/ml of actinomycin D, and the incubation was
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continued at 37 C. At 1 hr later 3H-uridine (20 ,uc in
0.1 ml of medium, 500 to 3,000 c/mole) was added to
each plate. At 6 hr the medium was removed, the cells
were chilled to 0 C, and the RNA was extracted as de-
scribed by M&s et al. (25), except that the SDS-
phenol extraction was carried out at 60 C. Bentonite
was added to the aqueous layer from the phenol ex-
traction to a final concentration of 0.4 mg/ml, and the
mixture was stored at -70 C. Subsequently 4 M NaCl
was added to 0.4 M, and the RNA was precipitated by
the addition of 2 volumes of ethyl alcohol. After
standing overnight at -20 C, the RNA was pelleted
and dissolved in 10 nmv Tris-hydrochloride (pH 7.6),
0.1 M KCl, and 1 mm EDTA (TKE buffer). Typically,
about 106 counts/min of 3H-RNA was obtained from
108 cells. The RNA was layered on a 15 to 30% (w/v)
sucrose gradient (25 ml) in TKE buffer and centri-
fuged at 45,000 X g for 17 to 18 hr at 0 to 4 C in
the swing-out rotor (3 by 25 ml) of the MSE 50 ultra-
centrifuge (Measuring & Scientific Equipment, Ltd.,
London, England). Gradient fractions were collected
and monitored for material absorbing light at 260 nm
and for radioactivity; Fig. IA shows a typical prepara-
tion. Peak fractions were pooled to yield 45S and
26S + 45S SFV RNA preparations. To each pool,
bentonite and 2 M potassium acetate were added to
final concentrations of 0.1 mg/ml and 0.2 M, respec-
tively. The RNA was precipitated by the addition of 2
volumes of ethyl alcohol and stored at -20 C. Small
samples of each of these preparations were analyzed
(in parallel to their use in the cell-free system) on 5-ml
5 to 20% (w/v) sucrose gradients in TKE buffer with
mouse ribosomal RNA as a sedimentation marker.
Centrifugation was at 4 C for 110 min at 130,000 X g
in the swing-out rotor (3 by 5 ml) of the MSE 50
ultracentrifuge. Typical results are shown in Fig. 1B
and C.

Preparation of radioactive RNA from purified
Sindbis virus. Monolayer cultures of CEF in 20-oz
(600 ml) flat bottles (108 cells/bottle) were infected
with 4 ml of stock Sindbis virus (10 to 50 PFU/cell).
After 40 min at 37 C, the infecting medium was re-
placed with 14 ml of fresh medium containing 0.5 ug/
ml actinomycin D. After 1.0 hr at 37 C, 50,uc of 3H-
uridine (2,300 c/mole) in 1.0 ml of medium was added
to each bottle. At 15 hr the culture fluid was harvested
and centrifuged at 800 X g for 30 min at 4 C, and the
supernatant fluid was stored at -70 C. Concentration
and purification of the virus were carried out by zonal
centrifugation by using a slight modification of the
method described by Fox et al. (8). The infected cul-
ture fluid from 15 X 108 cells (225 ml containing
3 X 106 counts/min of 3H-RNA) was formed into a
15 to 30% (w/w) sucrose gradient over 60 ml of 40%
and 120 ml of 60% (w/w) sucrose in an MSE alumi-
num BXIV zonal rotor. Centrifugation was for 17 hr
at 43,000 X g at 4 C. More than 90% of the virus
was recovered in a volume of 45 ml at an average
sucrose concentration of 43% (w/w). The peak frac-
tions were pooled and diluted to 90 ml. Methanol was
added to a final concentration of 25% (v/v), and the
material was stored at -20 C overnight prior to
centrifugation at 80,000 X g for 3.5 hr at 4 C in
the no. 30 rotor of the Spinco model L ultracentrifuge.

For extraction of the RNA, the virus was resus-

pended in 2 ml of 0.5% SDS, 50 mm Tris-hydrochlo-
ride (pH 7.6), and 0.2 mg/ml of bentonite and mixed
for 10 min at 37 C with an equal volume of freshly
distilled phenol, which had been equilibrated with 50
mM Tris-hydrochloride (pH 7.6). Potassium acetate
was added to a final concentration of 0.2 M, and the
mixture was held at 0 C for 10 min before centrifuga-
tion at 10,000 X g for 10 min at 4 C. Bentonite was
added to the aqueous layer to a final concentration of
0.1 mg/ml, and the RNA was precipitated with
ethyl alcohol in the presence of potassium acetate as
described above. The RNA was subsequently frac-
tionated on a 25-ml 15 to 30% (w/v) sucrose gradient
in TKE buffer. Centrifugation was for 16 hr at
35,000 X g at 4 C in the SW25 rotor of the Spinco
model L ultracentrifuge. Fractions containing the peak
of 3H-RNA sedimenting at 40 to 45S were pooled and
precipitated with ethyl alcohol as above. Samples of
this RNA were analyzed on sucrose gradients, as de-
scribed for 3H-SFV RNA, in the presence of mouse
ribosomal RNA as sedimentation marker (Fig. 2).
The total 3H-RNA recovered by using this procedure
was 90 to 100% of that present in the purified virus.
RNA preparations were routinely stored either as

the alcohol precipitate at -20 C or in solution in
TKE buffer at -70 C.

Interferon treatment. CEF monolayers in 20-oz
(600 ml) flat bottles (108 to 1.5 by 108 cells/bottle)
were used throughout. At 1, or occasionally 2, days
after seeding, the monolayers were exposed to fresh
medium (20 to 30 ml/bottle) containing either 30 to
150 units per ml of interferon or, for control prepara-
tions, an amount of potassium phosphate buffer (pH
6.9) equivalent to that present in the interferon prepa-
ration. Incubation was continued for 17 to 24 hr be-
fore the cells were harvested. The efficacy of the inter-
feron treatment was always checked by assay of virus
growth in sample monolayers of the interferon-treated
and control cells infected with 10 to 50 PFU/cell of
SFV. In all cases interferon treatment reduced the
virus yield by greater than 99%. In some experiments
cells were exposed after harvesting to puromycin
(Lederle Laboratories, Pearl River, N.Y.) at a con-
centration of 0.33 mm for 30 min at 37 C with the
object of obtaining an increased yield of monomeric
ribosomes (15, 18, 23). In the experiments involving
comparison of ribosome and cell-sap fractions from
interferon-treated infected, infected, and control
cells, interferon treatment was for 14 hr at a concen-
tration of 55 units/ml and infection with SFV was at
an added multiplicity of 20 PFU/cell. After infection,
incubation was continued for 5.5 hr in the presence of
55 units /ml of interferon, in the case of the interferon-
treated cells, and 0.25 ,g/ml of actinomycin D, in the
case of the infected cells not treated with interferon.
The control cells were incubated for similar periods
with medium changes paralleling those required dur-
ing interferon treatment and infection. Sample cul-
tures of the interferon-treated-infected and infected
cells were incubated for 9 hr postinfection, and the
yields of virus were assayed to check virus growth and
the effectiveness of the interferon treatment.

Preparation of ribosome and cell-sap fractions.
Ribosome and cell sap fractions were prepared by a
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method based on that described by Kerr et al. (17)
for Krebs 2 mouse ascites-tumor cells. All procedures
were carried out as rapidly as possible at 0 to 4 C.
The medium was decanted, and the cell monolayers
were chilled on ice, washed twice with saline, and once
with 50 mi Tris-hydrochloride (pH 7.6), 25 mm KCl,
5 mm MgC92, 20 mm jB-mercaptoethanol. The cells were
scraped from the glass and homogenized in the above
buffer (108 ceUs/ml) by 25 strokes in a glass Dounce
homogenizer; 2 M sucrose was added to a final concen-
tration of 0.25 M. Under these conditions, greater than
95% cell disruption was achieved without obvious
nuclear damage. The homogenate was centrifuged for
30 min at 10,000 X g, and the supernatant solution
was recentrifuged for 90 min at 150,000 X g in the
MSE 50 ultracentrifuge. The fat layer was discarded,
and the remainder of the supernatant solution was
concentrated to 5 to 10 mg of protein per ml by pres-
sure dialysis at 8 to 12 lb/in2 overnight at 4 C against
40 to 200 volumes of 20 mm Tris-hydrochloride (pH
7.6), 5 mm mercaptoethanol, and 1 mi EDTA. After
centrifuging at 12,000 X g for 10 min at 4 C, this
dialyzed supernatant solution ("cell sap") was stored
in suitable small batches at -70 C. The microsome
pellets from the high-speed centrifugation could be
stored at -70 C for at least a month without loss of
activity. To prepare ribosomes, the microsomes from,
for example, 5 X 109 cells were resuspended, with the
aid of gentle mixing with a Potter or loose-fitting
Dounce homogenizer, in 2 ml of 250 mm sucrose, 50
mM Tris-hydrochloride (pH 7.6), 25 mm KCl, 5 mM
MgCl2, and 20 mm ,B-mercaptoethanol. Sodium de-
oxycholate (DOC; 5%) was added with mixing to a
final concentration of 0.5% and either total ribosomes
or "74S" ribosome and polysome fractions were iso-
lated as rapidly as possible. In some of the later experi-
ments, homologous cell sap was added (1 to 2 mg of
protein/ml) to the microsome suspension prior to
DOC treatment. Inclusion of cell sap at this stage
yielded ribosome preparations which supported an up
to twofold greater level of amino acid incorporation
in the cell-free system and which contained fewer
monomer ribosomes (approximately 20% instead of
30 to 40%). For total ribosomes, the DOC-treated
microsomes were layered on 5 ml of 7.5% (w/v)
sucrose in 10 mM Tris-hydrochloride (pH 7.6), 10
mM KCl, and 1.5 mm MgCl2 (TKM buffer) and centri-
fuged for 3 hr at 150,000 X g in the MSE 50 ultra-
centrifuge. For "74S" ribosome and polysome frac-
tions, the DOC-treated microsomes were layered as
rapidly as possible on 30-ml 7.5 to 45% (w/v) sucrose
gradients in TKM buffer and centrifuged for 100 min
at 80,000 X g in the no. 30 rotor of the Spinco
model L ultracentrifuge. Appropriate fractions were
pooled to yield the "74S" and polysome preparations
which were diluted twofold with TKM buffer and
centrifuged for 3 hr at 150.000 X g in the MSE 50
ultracentrifuge. The ribosome pellets were immediately
resuspended in 0.25 M sucrose and 20 mm Tris-hydro-
chloride (pH 7.6) with the aid of gentle mixing in a
loose-fitting Dounce homogenizer. The resuspended
pellets were centrifuged at 10,000 X g for 15 min at
4 C to remove "insoluble" material, and the super-
natant ribosome fraction was divided into small

batches for storage at -70 C. Ribosome and cell-sap
preparations could be stored for approximately 6
months without loss of activity in the amino acid in-
corporation assay, but deteriorated gradually there-
after, or on repeated freezing and thawing. Sucrose-
gradient analysis of typical total and "74S" ribosome
preparations is shown in Fig. 3. In view of the pos-
sible involvement of ribosomal subunits in the initia-
tion of protein synthesis, these were deliberately in-
cluded in the "74S" ribosome preparations, which
also usually contained a few residual dimers. With
these methods, yields of 125 to 250 ,ug of total or 40 to
80,ug of "74S" ribosomes per 108 cells were obtained.
About 25% of the ribosomes were discarded with the
mitochondrial fraction with this procedure, but inclu-
sion of the latter resulted in preparations which were
less active in the cell-free system.

Assay of amino acid incorporation in the cell-free
system. Two assays were routinely used. For those in
which incorporation of a single radioactive amino
acid was studied, the systems contained the following
(final concentrations) in a volume of 0.5 ml: 100 mm
Tris-hydrochloride (pH 7.6); 50 mM KCI; 5 mM MgC12
(15 mm where polyuridylic acid was added); 20 mM
,3-mercaptoethanol; 1 mm adenosine triphosphate
(ATP); 0.25 mM guanosine triphosphate (GTP); 5 mM
phosphoenolpyruvate; pyruvate kinase, 40 Mg/ml;
the "other" 19 amino acids, each 0.05 mM; 14C-L-
leucine (0.2 Muc per assay, 165 c/mole) or 14C-L-
phenylalanine (0.2 ,uc per assay, 495 c/mole); and
0.25 to 0.5 mg of ribosomes and saturating amounts of
cell sap. For those in which incorporation of a mixture
of 14C-amino acids was studied, the assay was identical
except for the adjustments necessary to the use of 40 to
100 yg of ribosomes and 0.625 JAc of a mixture of
14C-L-amino acids (54 c/gatom of carbon) in a total
volume of 0.1 ml. Incubations, unless otherwise
stated, were for 45 min at 37 C. At the end of the incu-
bation, an excess of cold amino acid(s) in 1 N NaOH
was added, and the mixture was incubated for 5 to 10
min at 37 C before precipitation of the protein in 0.3 N
trichloroacetic acid. The precipitated protein was col-
lected on Oxoid membrane filters, and the membranes
were processed and counted as for the estimation of
3H-RNA.

Assay of the interaction of radioactive viral RNA
with ribosomes in the cell-free system. Unless otherwise
stated, studies concerning the interaction of radio-
active viral RNA with ribosomes and cell sap were
carried out under the conditions described by Marcus
and Salb (23). The incubations were carried out in
two stages. First, 85 to 250,ug of "74S" ribosomes was
incubated with 3H-RNA in the presence of 50 mM
Tris-hydrochloride (pH 7.6), 100 mM NH4Cl, 7.5 mM
MgCl2, and 5 mm ,B-mercaptoethanol in a final volume
of 0.25 ml for 30 min at 0 C. Further additions were
then made to give final concentrations of 50 mM
Tris-hydrochloride (pH 7.6); 150 mM NHLCI; 7.5 mM
MgCl2; 5 mm ,3-mercaptoethanol; 1 mM ATP; 0.25 mm
GTP; 5 mM phosphoenolpyruvate; and 40 Mg/ml of
pyruvate kinase in a total volume of 0.5 ml. Incuba-
tion was continued as indicated in the individual ex-
periments. In experiments not involving the assay of
amino acid incorporation, all 20 unlabeled amino
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acids were included at a final concentration of 0.05
mM. In those in which amino acid incorporation was
measured, 500,g of ribosomes was used, the assay
was scaled-up to a final volume of 1 ml, and cold
leucine was replaced with 0.2 jsc of 14C-L-leucine (165
c/mole). Cell sap was included in amounts sufficient
to saturate the amino acid incorporation activity of
the ribosomes. Estimation of 14C-leucine incorporated
was as described above. Analysis of 3H-RNA bound
to ribosomes was on 30-ml, 7.5 to 45% (w/v) sucrose
gradients in TKM buffer. Centrifugation was in the
Spinco SW 25 or, for analysis of more than three
samples in parallel, in the 30 rotor under the condi-
tions detailed in the individual experiments. Identical
results were obtained in trial experiments with the two
rotors. Gradients were routinely monitored for mate-
rial absorbing light at 260 nm by using the Isco density
gradient fractionator (Instrumentation Specialties
Co., Inc., Lincoln, Neb.). Fractions (1 ml) were col-
lected and assayed as above for 3H-RNA.

Assay of ribonuclease activity in the ribosome and
cell-sap fractions. Incubations were carried out under
conditions identical to those described for the second
stage of the assay of the interaction of 3H-viral RNA
with ribosomes in the cell-free system, using 3H-
uridine-labeled SFV RNA as substrate. Incubation
was for 30 miin at 37 C and the remaining acid-in-
soluble 3H-RNA was estimated as already described.

Protein. Protein was estimated by the method of
Lowry et al. (22), with bovine serum albumin as
standard.

RESULTS

Characteristics of the cell-free system. The
characteristics of the amino acid-incorporation
activity of a typical cell-free system from CEF
are given in Table 1. In a system using total un-
fractionated CEF ribosomes, the incorporation
routinely observed corresponds to approximately
20 amino acids incorporated per ribosome, or 5
nmoles of amino acid per mg (0.25 nmoles) of
ribosomes. Assayed under the same conditions,
cell-free systems from Krebs mouse ascites-
tumor cells and rat liver were of similar activity
whereas the rabbit reticulocyte system was two to
three times more active. Amino acid incorpora-
tion in the chick system showed a typical depend-
ence on ribosomes, cell sap, an energy (ATP)-
generating system, and the Mge+ concentration.
It was inhibited by cycloheximide and puromycin
(Table 1). Most of the incorporation occurred
during the first 20 min of incubation at 37 C and
was complete by 45 min (see Fig. 7). Analysis of
the product both by electrophoresis on acrylamide
gels and by fingerprinting tryptic peptides showed
that incorporation was into a number of proteins.

Cell-free systems from interferon-treated and
control cells. In experiments involving comparison
of interferon-treated and control cell material,
ribosome and cell-sap preparations were always
isolated in parallel from the same batch of cells,

TABLE 1. Characteristics of the cell-free system

Incorporationa

System 14CAmiino 14C-Leu-
acid

cnmixture cn

Completeb 8,765
Minus ribosomes 500
25 jug of ribosomes 4,260
75 ,ug of ribosomes 11,690
Minus cell sap 800
35,g of cell sap 5,900
70,ug of cell sap 8,500
200,ug of cell sap 8,000

Completec 8,000
2.5 mM Mg'+ 1,350
7.5 mM Mg'+ 8,000
10 mM Mg2+ 7,800
15 mM Mg2+ 5,000
Minus ATP, GTP, phosphoenol- 1,285
pyruvate and pyruvate kinase

Plus 3.6 mM cycloheximide 1,950
Plus 1 mM puromycin 1,640

a Expressed in counts per minute per assay.
b Complete system contained 50 Ag of ribosomes

and 150 jug of cell sap protein.
- Complete system contained 0.5 mg of ribo-

somes, 0.75 mg of cell-sap protein, and 5 mM Mg2+.

a portion of which had been exposed to inter-
feron. There was no difference in the yield, poly-
some pattern or ultraviolet light absorption
spectra of ribosomes from these two types of cell.
In a typical experiment the yields from 5 X 109
cells of total and "74S" ribosomes were 6.4 and
2.1 mg, respectively, for control, and 6.2 and 1.7
mg for interferon-treated cells. The ratios of
optical density at 260 to optical density at 280 nm
of the control and interferon-treated cell ribo-
somes were 1.76 and 1.79. Assays in which the
concentration of the radioactive amino acid was
varied indicated that the pools of unlabeled amino
acids in the systems from interferon and control
cells were small and of similar size, and a direct
comparison of their activity was, therefore,
possible.
The intrinsic amino acid incorporation activi-

ties of such systems, prepared on four separate
occasions, are given in Table 2. The assays were in
the presence of limiting amounts of ribosomes. No
differences in ribosomal activity were detected;
nor could any differences be detected in the ac-
tivities of the cell-sap preparations, when assayed
either at rate-limiting concentrations or with
highly active rabbit reticulocyte ribosomes. The
responses to polyuridylic acid of "74S" ribosome
preparations from interferon-treated and control
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TABLE 2. Amino acid incorporation by ribosome-cell
sap systemsfrom interferon-treated and control

cells

Incorporation of 14C-amino
acid mixturea

Ribosomes Cell sap

1b 2 3 4

Control Control 5,740 6,100 3,500 6,200
Interferonc Control 6,200 5,9004,750 6,400
Interferond Control 6,200
Control Interferonc 5,950 6,650
Control Interferond 7,300
Interferonc Interferonc 6,300 6,200
Interferond Interferond 6,300
Rabbit Control 10,000

reticulo-
cyte'

Rabbit Interferonc 11,000
reticulo-
cytee
a Expressed as counts per minute per 50 ,Ag of

ribosomes.
b Experiment number. The results presented as

experiments 1 to 4 represent data obtained with
total ribosome and cell sap preparations from four
different batches of cells; each value represents the
average of at least two assays.

c Interferon treatment of cells was at concentra-
tions of from 35 to 50 units/ml.

d Interferon treatment of cells was at a concen-
tration of 140 units/ml.

The rabbit reticulocyte ribosomes were the
kind gift of R. A. Cox and were prepared as was
the "light" ribosome fraction described by Arn-
stein and Cox (1).

cells were identical (Table 3). Similarly, the cell-
sap preparations from these cells were equally
capable of supporting polyuridylic acid-stimu-
lated incorporation, even when assayed with the
highly active reticulocyte ribosomes. Incubation
of the assays was for 45 min at 37 C; accordingly,
all of the figures quoted are for extents of in-
corporation. Rates of incorporation were also
measured and were identical. Clearly, therefore,
interferon treatment of cells had no detectable
effect on either the intrinsic activity of these sys-
tems or on their response to polyuridylic acid. In
one series of experiments with a particular batch
of partially purified interferon, ribosome and
cell-sap preparations from interferon-treated cells
were 50% less active than corresponding control
preparations. This batch of interferon, however,
unlike those used in the remainder of these stud-
ies, was cytopathic when used at high concentra-
tions (150 to 450 units/ml). As this cytopathic
effect was not obvious at the concentrations
routinely used (35 to 50 units/ml), these results

TABLE 3. Response to polyuridylic acid (poly U) of
cell-free systems from interferon-treated and

control cellsa

i 4C-Phenylalanine
incorporationc

Ribosomes Cell sap Poly UT

PoNo°U + Poly U

Control Control 12.5 1,100 10,650
20 9,900

Interferon Control 12.5 1,000 9,900
20 9,360

Rabbit re- Control 13 280 8,500
ticulocyte 20 14,000

33 24,000
Rabbit re- Interferon 13 0 7,000d

ticulocyte 20 13,500d
33 24,000d

a Assays were with saturating amounts of cell
sap in the complete cell-free system with 15 mm
Mg2+. "74S" ribosomes from interferon-treated
and control cells were used. The rabbit reticulo-
cyte ribosomes were the kind gift of R. A. Cox and
were prepared as was the "light" ribosome frac-
tion described by Arnstein and Cox (1).

b Expressed in micrograms per 0.5 mg of ribo-
somes.

¢ Expressed in counts per minute per 0.5 mg of
ribosomes.

d These values were corrected by a factor of 1.08
for the difference in the size of the pool of unla-
beled phenylalanine in the cell sap preparations
from interferon-treated and control cells.

emphasize the caution necessary in interpreting
any differences observed on treatment of cells
with only partially purified interferon.

It seemed possible a priori that the antiviral
state might only be fully manifest in the inter-
feron-treated cell after infection. Accordingly,
the activities of ribosome and cell-sap prepara-
tions from control, 5.5 hr-infected, and inter-
feron-treated infected cells were compared. There
was no significant difference in the activities of
the three cell sap fractions, and, although ribo-
somes from interferon-treated cells were less ac-
tive than controls, they were more active than
those from infected cells (Table 4). This would
argue against any hypothesis involving the trig-
gering by infection of a generalized inhibition of
protein synthesis in the interferon-treated cell.
Nor was there any evidence for an inhibitory
effect of material from interferon-treated cells on
the activity of ribosomes from infected cells. These
latter were equally active when assayed with cell
sap from control and interferon-treated infected
cells (Table 4), and, in a separate experiment, the
addition of ribosomes from interferon-treated

VOL. 5, 1970 137



KERR, SONNABEND, AND MARTIN

TABLE 4. Amino acid incorporation by cell-free
systems from interferon-treated infected,

infected, and control cellsa

Incorporation
Ribosomes Cell sap 14C-amind

mixtures

Control Control 13,000
Interferon- 11,900

treated in-
fected

Infected 10,550
Interferon- Control 6,400
treated infected Interferon- 8,500

treated in-
fected

Infected 7,610
Infected Control 3,200

Interferon- 3,500
treated in-
fected

Infected 4,300

auetaiis ot tne interteron treatment and infec-
tion of the cells and of the isolation and assay of
the ribosome and cell sap fractions are given under
Methods. Each result represents the average of at
least two assays.

b Expressed in counts per minute per 50 jug of
ribosomes.

TABLE 5. Amino acid incorporation by ribosomes
from Semliki Forest virus (SFV)-infected cells

in the cell-free system in the presence and
absence of ribosomes from interferon-

treated cells

Ribosome preparations Incorporation of 14C-aminoacid mixturea

Assayed
separately:

Infectedb Interferon" sum of Mixed assay
separate
assays

lAg/assay Mg/assay

90 5,380
90 + 45 8,050 8,900
90 + 90 10,710 10,000
90 33 7,880 8,340
90 66 8,660 9,600
90 99 9,420 9,700

a Expressed as counts per minute per assay. The
separate and mixed assays were in final volumes of
0.15 and 0.3 ml, respectively. Assays were in the
presence of saturating amounts of cell sap from
interferon-treated cells (135 ug of cell-sap protein
per 0.15-ml assay) under the conditions described
under Methods.

6 Total ribosomes from SFV-infected cells.
c "74S" ribosomes from interferon-treated cells.

cells had no effect on the activity of ribosomes
from infected cells (Table 5). Unfortunately,
however, whereas the detection of such an in-
hibitory effect might have indicated the presence
of the hypothetical translation-inhibitory protein
or functionally similar substance(s), no firm con-
clusion is possible in the absence of such an effect.

Formation, breakdown and significance of viral
RNA-ribosome complexes in the cell-free system.
The results of Marcus and Salb (23) indicated
that ribosomes from CEF combined with 3H-la-
beled Sindbis RNA at 0 C in the cell-free system
to form complexes which sedimented on sucrose
gradients as a prominent discrete peak in the
250S region, where virus-specific polysomes
would be expected to appear. On incubation at
37 C, these complexes broke down. This "break-
down" paralleled amino acid incorporation and
was interpreted as representing translation of the
viral RNA message. With ribosomes from inter-
feron-treated cells, similar complexes were formed
(although with reduced efficiency) at 0 C. On in-
cubation at 37 C, however, "breakdown" did not
occur, and this was interpreted to result from an
inhibition of translation (23). In similar experi-
ments to be described here, 3H-labeled RNA from
purified Sindbis virus (Fig. 2) and both 3H-la-
beled 45S SFV RNA (Fig. 1C) and a mixture of
26S and 45S SFV RNA (Fig. 1B) from CEF in-
fected in the presence of actinomycin D were
used, together with "74S" ribosome preparations
from interferon-treated and control cells (Fig. 3).
Incubation of the 3H-labeled RNA with ribo-
somes in the cell-free system was under the condi-
tions described by Marcus and Salb (23). The
RNA bound to the ribosomes was estimated by
analysis on sucrose gradients. The values given
(Table 6) are for the amount of RNA which
formed complexes sedimenting more rapidly
than 74S. No significant difference in the ability
to bind viral RNA under these conditions was
observed for ribosomes from control and inter-
feron-treated cells regardless of the source of the
RNA (Table 6).
The nature of the viral RNA-ribosome com-

plexes formed was investigated by analysis on
sucrose gradients. In a typical experiment (Fig.
4), control "74S" ribosomes were incubated at
0 C with 26S plus 45S 3H-SFV RNA under the
conditions of Marcus and Salb (23) prior to
analysis. Encephalomyocarditis (EMC) virus was
included as a sedimentation marker (156S) (6).
As always, a diffuse spread of radioactive RNA
bound to ribosomes was seen in the polysome
region (see Fig. 5 to 7). No consistent difference
was observed in the gradient patterns obtained
with systems from interferon-treated and control
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FIG. 1. Sucrose-gradient analysis of 3H-Semliki
Forest virus (SFV)RNA from infected cells. (A) Analy-
sis of total 3H-RNA from the cytoplasm of CEF in-
fected with SFV in the presence of actinomycin D and
labeled with 3H-uridine from I to 6 hr postinfection.
The optical density trace shows 4S sRNA and 18S and
28S ribosomal RNA. (B) Analysis of 26S + 45S 3H-
SFV RNA. Analysis ofa sample of the RNA present in
pooledfractions 13 to 17 from the gradient shown in
Fig. IA. The optical density trace represents 4S, 18S,
and 28S mouse ribosomnal RNA species included as
markers. (C) Analysis of 45S 3H-SFV RNA. Analysis
of a sample of the RNA present in pooled fractions 18
to 20 from the gradient shown in Fig. JA.

cells (see Fig. 6). Many attempts were made with
the different viral RNA and ribosome prepara-
tions to detect a discrete peak of virus-specific
polysomes of the type described by Marcus and
Salb (23), without success. The very small peak of
radioactivity observed towards the bottom of the
gradient in Fig. 7 is an artifact of the collection of
the gradient consistently observed with the Isco
recording apparatus. No such peak was ever ob-
served with alternative methods of collection.
Among the variations tried were the use of fresh
and frozen cell saps prepared by the method of
Marcus and Salb (23), the use of unfrozen viral
RNA, an increase in Mg2 concentration to 15
mM and, finally, incubation under the conditions

1-2
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FIG. 2. Sucrose-gradient analysis of 3H-Sindbis
RNA from purified virus. Mouse soluble and ribosomal
RNA species were included as sedimentation markers.
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FIG. 3. Sucrose gradient analysis of total (A) and
"74S" (B) ribosome preparations from CEF. Centrifu-
gation was at 4 C on 30 ml of 7.5 to 45% sucrose
gradients in TKM buffer for 3.25 hr at 65,000 X g
in an SW 25 rotor of a modified MSE 50 ultracentri-
fuge. Sedimentation wasfrom left to right.

routinely used by us in the amino acid incorpora-
tion studies described above [these differed
slightly from those described by Marcus and Salb
(23) and gave somewhat higher (20 to 40%) in-
corporation activities]. Nor did such a discrete
peak of polysomes form on incubation of these
systems for brief periods (2 to 10 min) at 37 C.
When viral RNA, ribosomes, and cell sap were

mixed at 0 C and incubated at 37 C, there was a
gradual breakdown of the viral RNA-ribosome
complexes (Fig. 5), irrespective of whether the
ribosomes were from interferon-treated or con-
trol cells (Fig. 6). The results in Fig. 6 were ob-
tained with ribosomes from each of these sources
incubated in the cell-free system with unfrozen
3H-Sindbis RNA and freshly prepared undialyzed
cell sap of the type described by Marcus and Salb.
Similar results were obtained with both types
(Fig. lB and C) of 3H-SFV RNA in the routine
system with dialyzed and concentrated cell sap
from either inferferon-treated or control cells.
To determine whether such "breakdown"

paralleled protein synthesis in these systems, the
fate of the viral RNA-ribosome complexes was

followed under conditions inhibitory to amino
acid incorporation (Fig. 7). 3H-SFV RNA bound
to ribosomes in a cell-free system held at 0 C was

i5s,00
3H-RNA

i0o000
C4Lff

Sp,00
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compared, by analysis on sucrose gradients, with
that from three other systems each incubated 25
min at 37 C-one in the complete system, one in
the absence of the ATP-generating system, and

TABLE 6. Binding of 3H-labeled viral RNA to
ribosomes in the cell-free system6

RNA bound to
ribosomes

RNA preparation Ribosomes Fraction
Counts/ of
min added

RNA

SFV RNA (26 + Control 14,300 58
45S) Interferon 19,070 81

SFV RNA (45S) Control 750 48
Interferon 562 36

Sindbis virus RNA Control 1,580 76
Interferon 1,540 72

Sindbis virus RNAb Controlc 555 61
Interferonc 694 77

Sindbis virus RNA Controld 2,361 77
Interferond 2,395 78

a Details of the assay conditions are given under
Methods. "74S" ribosomes and control-cell cell
sap were used throughout. Incubations (second
stage of the Marcus and Salb type assay) were for
45 min at 0 C. The "RNA bound to ribosomes"
was that fraction of the 3H-RNA sedimenting at,
or more rapidly than, 745 in a 7.5 to 45% sucrose
gradient of the type shown in Fig. 5 and 7.
bFresh unfrozen Sindbis virus RNA.
e Assayed in the presence of unfrozen cell sap

freshly prepared according to the method of Mar-
cus and Salb (23).

d Ribosomes from cells exposed to a pulse of
puromycin.
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FIG. 4. Sucrose-gradient analysis of the complexes
formed on incubation of 26S plus 45S 3H-SFV RNA
with "74S" control-cell ribosomes at 0 C in the cell-
free system. Centrifugation was at 4 C for 90 min at
65,000 X g in the SW25 rotor oJ a modified MSE
50 ultracentrifuge. The encephalomyocarditis (EMC)
virus was included as a sedimentation marker; its
titer is in hemagglutination units (6). The higher S
values given here and in Fig. 5, 6, and 7 were calculated
by extrapolation from the distances moved by the 74S
ribosome and 156S virus markers.
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FIG. 5. Sucrose-gradient analyses showing break-
down of the 3H-viral RNA-ribosome complexes on

incubation at 37 C in the cell-free system. Control-cell
"74S" ribosomes were mixed with 26S plus 45S 3H-
SFV RNA and incubated in the complete cell-free
system with control-cell cell sap. Incubation was for
45 min at 0 C (e) andfor 5 (L), 25 (A), and 45 (0)
min at 37 C. Centrifugation was for 90 min at 80,000
X g in the no. 30 rotor of the Spinco model L
ultracentrifuge.
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FIG. 6. Sucrose-gradient analyses comparing the
breakdown in the cell-free system of the complexes
formed by 3H-Sindbis virus RNA with ribosomes from
interferon-treated and control cells. "74S" ribosomes
from interferon-treated and control cells were mixed
with 3H-Sindbis RNA from purified virus (Fig. 2) and
incubated in the complete cell-free system in the pres-
ence of fresh, unfrozen cell sap prepared from control
cells, as described by Marcus and Salb (23). Incuba-
tions were for 25 min at 0 C (A) and 25 min at 37 C
(0). Centrifugation on sucrose gradients was for 45
min at 80,000 X g in the no. 30 rotor of the Spinco
model L ultracentrifuge.

the third in the presence of cycloheximide. The
inhibitory effect of these latter two conditions on

endogenous amino acid incorporation is shown
in the lower graph (Fig. 7B). Despite this inhibi-
tion, breakdown of the RNA-ribosome com-
plexes occurred as rapidly in these systems as in
the control (Fig. 7A).
As there appeared to be no correlation between

"breakdown" and amino acid incorporation,
nucleolytic degradation of the viral RNA in these
complexes seemed a likely alternative explana-
tion. Indeed, the various preparations used were
found to have significant nuclease activity, al-
though no more than other typical cell-free sys-
tems (Table 7). Despite this, much of the viral
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FIG. 7. Breakdown of 'H-viral RNA-ribosome com-
plexes in the cell-free system under conditions inhibitory
to amino acid incorporation. (A) "74S" ribosomes from
interferon-treated cells were mixed with 3H-SFV RNA
and incubated for 25 min with control-cell cell sap in
the complete cell-free system (c) at 0 C; (U) at 37 C;
(0) at 37 C in the presence of3.6 mm cycloheximide;
and (A) at 37 C in the absence of ATP, GTP, and
phosphoenolpyruvate (energy). Centrifugation on

sucrose gradients was for 50 min at 80,000 X g in
the no. 30 rotor of the Spinco model L ultracentrifuge.
(B) 14C-leucine incorporation in the cell-free system
under the conditions of incubation used in A. The
amino acid incorporation activity of total ribosomes
from control cells was assayed under conditions identi-
cal to those used above: the assays were carried out in
parallel to those in A by using the same solutions.
Addition of 'H-SFV RNA, at the concentrations used
in A, to the complete cell-free system had no effect on
incorporation. The abscissa represents the time of in-
cubation of the assays at 37 C.

RNA survived for a sufficient time in the cell-free
system for it, in theory, to function as messenger.
Samples of 3H-labeled 45S SFV RNA were incu-
bated in the cell-free system for 60 min at 0 C
and for 10, 20, and 45 min at 37 C, extracted with
phenol-SDS at 37 C, and fractionated on sucrose
gradients with marker 14C- 26S plus 45S SFV
RNA (Fig. 8). The incubation at 0 C had little
effect on the RNA. More than 50% of it ap-
parently remained intact after 10 min at 37 C, and
30% survived the first 20 min of incubation (Fig.
8). Clearly, this method of analysis would not de-
tect "hidden breaks" in the RNA, but similar
studies concerning the survival of infectivity of
EMC RNA in the cell-free system (I. M. Kerr,
unpublished results) provided further evidence for
an unexpected degree of resistance of viral RNA

to nucleolytic degradation in these systems. An
attempt to saturate the contaminating nuclease
by the addition of excess unlabeled ribosomal
RNA had no effect on the formation or break-
down of the viral RNA-ribosome complexes.
Having established that "breakdown" did not

necessarily parallel amino acid incorporation and
could not be taken as an index of it, the question
arose as to whether the binding observed in the
formation of the viral RNA-ribosome complexes
was of the type involved in the functional binding
of mRNA. No conclusive answer to this question

TABLE 7. Nucleolytic degradation of 3H-Semliki
Forest virus (SFV) RNA on incubation in the

cell-free system

Ribosomes

No additionSa

Control (20 jUg)

Control (20 jAg)

Control (20 jug)

Cell sap

No addi-
tionsa

Chick liver
(60 ug)

Chick liver
(60 mg)

Control (57
Mg)

Interferon
(52 jAg)

Rabbit re-
ticulocyteb
(50 Mg)

Control
(114 MAg)

Controlc
(130 MAg)

Chick liver
(60 Ag)

Control (60
Mg)

Rabbit re-
ticulocyteb
(50 &g)

Time
at

37 C
(min)

0
30
0

25

25

25

25

30

30

25

25

Acid-insoluble
RNA

recovered
after

incubation

Frac-
Counts/ tion
min a3demm added

RNA

1,880 100
1,860 99
1,737 92

1,430 76

1,524 81

1,650 88

1,359 72

1,520

1,560

1,305

1,347

1,274

81

83

69

71

68

a Complete system as for the second stage of the
assay of the interaction of 3H-viral RNA with
ribosomes, but omitting ribosomes and cell sap.

b The rabbit reticulocyte (pH 5) enzyme fraction
was the kind gift of A. R. Williamson. In all as-
says involving its use, transfer RNA from rabbit
reticulocytes was included in sufficient quantity
to support optimum amino acid incorporation.

e Unfrozen cell sap was freshly prepared by the
method of Marcus and Salb (23).
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FiG. 8. Sucrose-gradient analysis of 3H-Semliki

Forest virus (SFV) RNA reextracted after various

periods of incubation in the cell-free system. 4SS 3H-

SFV RNA was incubated with 74S ribosomes from

control cells in the complete cell-free system in the
presence of control-cell cell sap, extracted with phenol-
SDS at 37 C, ethyl alcohol-precipitated, stored, and
analyzed on 5 ml of 5 to 20% sucrose in TKE buffer
gradients. Centrifugation was at 4 C for 2.5 hr at
130,000 X g in the SW39 rotor of theMSE 50 ultracen-
trifuge. 26S + 45S 14C-SFV RNA was included as a
sedimentation marker (X). (A) Untreated 45S 3H-
SFV RNA (U) and 3H-SFV RNA incubatedfor 60 min
at 0 C (e). (B) 45S 3H-SFV RNA incubated for 10
min (0), 20 min (A), and 45 min (O) at 37 C in the
cell-free system. The total recovery of acid-insoluble
3H-SFV RNA after incubation for 60 min at 0 C was
95% and after 45 min at 37 C was 70% of that ini-
tially added to each system.

was obtained, but several experiments which
bear upon it were carried out. Cell sap was essen-
tial for the binding of both types of 3H-SFV RNA
to ribosomes, but, strangely, there was no such
requirement in the case of Sindbis RNA. Sucrose
gradient analyses produced no evidence for the
formation of a viral RNA-cell sap protein com-
plex sedimenting at >70S, such as was described
by Girard and Baltimore (13) for poliovirus
RNA. The results of competition studies were

conflicting, for, although the addition of excess

ribosomal RNA had no effect on the binding of

viral RNA, the latter was equally unaffected
(at 7.5 or 15 mm Mg2+) by the addition of satu-
rating amounts of polyuridylic acid, irrespective
of whether this was added before or after the
viral RNA.

Finally, Darnell's group has used as a criterion
for the true polysome nature of ribonucleopro-
tein-RNA complexes sedimenting in the polysome
region of sucrose gradients the fact that, in HeLa
cells at least, polysomes break down very rapidly
(within 2 min at 37 C) on exposure to puromycin
at concentrations inhibitory to protein synthesis
(J. E. Darnell, personal communication; see also
references 15, 18). In cell-free systems from CEF,
however, although puromycin at 0.4 mm inhibited
amino acid incorporation by 65 %, the effect of its
presence from 2 to 10 min of incubation at 37 C
on naturally occurring polysomes was slight and
could only be detected with certainty by an in-
crease in the relative size of the peak of mono-
meric ribosomes. A similar effect of the addition
of puromycin was observed on occasion, with
the viral RNA-ribosome complexes formed with
ribosomes from both interferon-treated and con-
trol cells, but the results were variable.

Interestingly, with ribosomes from cells which
had been treated with puromycin, the ribosome-
viral RNA complexes formed in the cell-free sys-
tem both sedimented more rapidly (although still
as a broad shoulder) on sucrose gradients and
appeared to be more stable to incubation at 37 C
than did those from corresponding preparations
from untreated cells. The reason for this is not
known.

Putting these observations together, they do
perhaps suggest some specificity in the binding of
viral RNA with respect to messenger function,
but the several conflicting results make any firm
conclusion impossible.

DISCUSSION

Throughout these studies, in agreement with
Marcus and Salb (23, 24) and Carter and Levy
(4), we found no difference in the cell-free system
between the intrinsic amino acid incorporation
activities of ribosome and cell-sap preparations
from interferon-treated and from control cells, or
in their response to polyuridylic acid. Moreover,
although it seemed possible a priori that in-
terferon could act through a generalized inhibi-
tion of protein synthesis which is not expressed
until triggered by infection, our results with ma-
terial from interferon-treated infected cells give
no support to this hypothesis.

Despite many experiments under a variety of
conditions, we were unable to detect the forma-
tion of a discrete peak of virus-specific polysomes,
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when "74S" ribosomes, regardless of source, were
incubated with labeled Sindbis or SFV RNA.
Some attachment of viral RNA to ribosomes oc-
cuffed, but on analysis on sucrose gradients this
was evident as a broad shoulder extending from
the 74S peak to approximately 300S. No differ-
ence in the efficiency of formation of such com-
plexes was observed for ribosomes from inter-
feron-treated and control cells, nor was any
difference seen in the rate of breakdown of the
complexes at 37 C. Experiments with inhibitors of
protein synthesis indicated that this "break-
down" was not related to amino acid incorpora-
tion, and hence could not be taken as a reliable
index of translation. In all of these respects our
results are in marked contrast to those of Marcus
and Salb (23).

Obviously, in such complex systems, minor
differences in methodology could be crucial. For
example, the conditions of growth and treatment
with interferon were different in our experiments
from those for the specially aged cells used by
Marcus and Salb (J. Salb, personal communica-
tion). Although, using 7-day-old cells Toy and
Lockart obtained results identical to our own
(R. Z. Lockart, personal communication), it is
still impossible to exclude an effect of other, as yet
unrecognized, differences in procedure. Re-
cently, however, Marcus and Engelhardt (P. I.
Marcus, personal communication) have found
that "breakdown" of the virus-specific polysomes
formed in vitro in their systems does not, as first
reported by Marcus and Salb (23), correlate with
amino acid incorporation. They, too, would now
conclude, therefore, that such "breakdown" does
not necessarily involve translation of the viral
RNA. Accordingly, whereas it would still be in-
triguing to know the reason for these conflicting
results, it seems likely that the differences ob-
served have no functional significance.

In summary, as described elsewhere, we have
found no consistent difference in the protein com-
position of ribosomes from interferon-treated
and control cells (29), and, in the experiments re-
ported here, we observed no differences in the ac-
tivity of such preparations in the cell-free system.
It is of interest, therefore, that Guggenheim et al.
(14) have concluded, from their studies concern-
ing the response of human-chick cell hetero-
karyons to human and chick interferons, that it is
unlikely that interferon induces a modification in
the ribosomes. Although our results clearly do not
disprove the hypothesis (23) that interferon acts
through an inhibition of translation at the ribo-
somal level, they have served to focus our atten-
tion on possible alternatives. As early as 1966,
Joklk and Merigan followed the fate of vaccinia
virus mRNA in interferon-treated cells and con-

cluded that it did not combine with ribosomes to
form virus-specific polysomes (16), a result which
the authors emphasized could be in accord with
alterations at a number of levels besides the
ribosome, as indeed could much of the work re-
ported by Carter and Levy (3, 19). From studies
with cell-free systems, these latter authors have
presented evidence that ribosomes from inter-
feron-treated cells showed a reduced ability to
bind viral RNA (3) and a negligible incorpora-
tion of amino acids in response to it (4), whereas
their studies on the fate of 3H-labeled parental
viral RNA in cells in tissue culture showed a re-
duction in the ability of such virus RNA to com-
bine with what was taken to be the 40S ribosomal
subunit of interferon-treated cells (19).

It would seem to us, therefore, that the ap-
parently conflicting results in this field could be
resolved if the alteration in the interferon-treated
cell were to involve a factor(s) required for virus
protein synthesis which is not an integral part of
the ribosome, but which could be associated with
it under certain isolation conditions. There are
numerous reports in the literature suggesting the
possible involvement of factors of this type, for
example, in the initiation of protein synthesis (2,
12, 26, 28).

Recently, we have returned to EMC virus as a
convenient source of viral RNA active in the cell-
free system (17). Preliminary analysis of the pep-
tides produced by tryptic digestion of the product
synthesized would indicate that incorporation in
response to this RNA in the cell-free system is into
a specific viral protein(s), and initial studies with
it have provided results which would be in accord
with the scheme outlined above. Nonetheless,
only when the nature of the product formed in
such systems has been confirmed and the factors
required for the initiation and maintenance of
protein synthesis have been elucidated, will the
resolution of these many conflicting observations
be possible, and with this, perhaps, an under-
standing of the mode of action of interferon will
be achieved.
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