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ABSTRACT Translation of messenger RNA isolated from
poly(rI)poly(rC)induced human fibroblasts in cell-free ribo-
somal systems and in Xenopus oocytes resulted in the pro-
duction of biologically active proteins that had the properties
of human fibroblast interferon. The translation -in the
oocytes was much more efficient, giving approximately 500
times higher titers of interferon activity than the cell-free
systems. A control messenger RNA isolated from noninduced
human fibroblasts, did not code for interferon synthesis in
these systems. Both messenger RNA preparations stimulated
[3H]amino-acid incorporation into trich-oroacetic acid-insol-
uble material. The radioactive products and their immu-
noprecipitates were electrophoresed on polyacrylamide gels
under denaturing conditions. The products resulting from the
translation of the control (uninduced) messenger RNA in
oocytes contained a major protein of approximately 45,000
molecular weight. The messenger RNA isolated from poly(rI).
poly(rC)induced cells stimulated the synthesis of an addi-
tional 25,000 molecular weight protein that electrophoresed
in the same position as human fibroblast interferon. These
results suggest that human fibroblast interferon was synthe-
sized by the translation of its messenger RNA in Xenopus
oocytes and in cell-free ribosomal systems.

Interferons are species specific extracellular glycoproteins
(1) that impart an antiviral state in the recipient cells (2).
Both viral infections and some polynucleotide complexes
[e.g., poly(rI)-poly(rG)] can induce interferon in cells grown
in tissue culture. The interferon yields can be enhanced
when metabolic inhibitors are present during the induction
process (3-5). This effect is called "superinduction" and
suggests that, as with a number of other inducible responses,
the induction of interferon is regulated posttranscriptionally-
(6). However, the effects of the metabolic inhibitors used in
superinduction are too complex to allow an unambiguous in-
terpretation of their mechanism of action (7). Thus studies
on the molecular level are needed to determine the exact na-
ture of the mechanism controlling interferon production.

Biochemical study of the processes involved in the regula-
tion of interferon induction requires a sensitive method for
the detection of interferon messenger RNA (mRNA). De-
Maeyer-Guignard et al. (8) developed an assay based on the
species specificity of interferon and on the ability of heterol-
ogous cells to translate interferon mRNA. They showed that
when a complex of mouse interferon mRNA and diethylam-
inoethyldextran (DEAE-dextran) was applied to chick or
monkey cells previously treated with actinomycin D, mouse
interferon was produced. This system was used to character-
ize the interferon mRNA from mouse cells induced both by
poly(rI)-poly(rC) and by Newcastle disease virus (9). Using a
similar approach, we have recently shown that poly(rI)-po-

ly(rC)-induced mRNA for human fibroblast interferon is a
10-18S, poly(A)-containing RNA molecule (10). Although
this assay is very sensitive, it depends strongly on the physio-
logical condition of chick cells; it is also limited by the diffi-
culty in obtaining a quantitative relationship between the
amount of RNA applied to the recipient cells and the
amount of interferon produced, and therefore is not suitable
for the quantitation of interferon mRNA.
The current study describes two additional assays for

human fibroblast interferon mRNA using injection into Xen-
opus oocytes and translation in cell-free ribosomal systems.
The results presented indicate that both biologically active
and highly radioactive interferon can be produced in these
systems.

MATERIALS AND METHODS
Cells and Virus. Human foreskin fibroblasts (passages

5-15) were grown in roller bottles in Eagle's minimal medi-
um supplemented with 5% fetal bovine serum and gentami-
cin (50 gg/ml), and maintained as described (10). Vesicular
stomatitis virus (New Jersey serotype) was plaque purified
on mouse L cells and propagated on L cells pretreated with
DEAE-dextran (20 jig/ml). The resulting titer was 109
plaque-forming units/ml.

Interferon Assay. Interferon was assayed with vesicular
stomatitis virus, either by the colorimetric method of Finter
(11) or, when more accurate estimates of titers were re-
quired, by reduction in yield (12). One unit of interferon is
defined as the concentration giving 50% reduction in virus
yield. One unit of international reference standard titrated
as 1 unit in our assay.

Induction and Preparation of mRNA. Human fibroblasts
were induced with 100 gg/ml of poly(rI)-poly(rC) (P. L.
Biochemicals), in phosphate-buffered saline (0.1 M NaCl
and 0.02 M sodium phosphate buffer, pH 7.0) in the pres-
ence of cycloheximide (50 ,ug/ml) (5, 10). After 1 hr of incu-
bation at 370, poly(rI)-poly(rC) was removed and cells were
washed and overlayed with Eagle's minimal medium with
2% fetal calf serum containing 50 ,gg/ml of cycloheximide; 5
hr later, medium was removed and cells were washed with
phosphate-buffered saline, scraped, centrifuged, and stored
at -70°. The control fibroblasts were treated with cyclohex-
imide, but did not receive poly(rI)-poly(rC).

Total cellular mRNA was prepared as follows. Cell pellets
from 30 roller bottles were homogenized in 50 ml of cold 0.2
M Tris-HCl buffer, pH 9.0, 0.05 M NaCl, 0.01 M Na2EDTA,
and 0.5% sodium dodecyl sulfate. The homogenate was ex-
tracted five times with an equal volume of phenol-chloro-
form mixture (1:1, vol/vol) saturated with the same buffer
(13). The aqueous phase was made 0.2 M in sodium acetate
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and precipitated with 2.5 volumes of cold ethanol. To re-
move any contaminating double-stranded RNA which could
interfere with the protein synthesis (14), the precipitate was
redissolved in 0.2 M sodium acetate and adjusted to 2 M in
LiCl; the single-stranded RNA was pelleted by centrifuga-
tion and redissolved in 0.5 M NaCl buffered with 10 mM
Tris-HCl, pH 7.5. Under these conditions, radioactive po-
ly(rI)-poly(rC) did not copurify with the mRNA prepara-
tion. Poly(A)-containing RNA was prepared by chromatog-
raphy on oligo(dT)-cellulose (Collaborative Research, Inc.);
the fraction retained in 0.5 M NaCl and eluted with 10 mM
Tris-HCl, pH 7.5, was precipitated with ethanol, redissolved,
and used as mRNA (15).

Oocyte Assay. Qocytes were obtained by dissecting an
adult female Xenopus laevis, and the injections were per-
formed as described (16). Ten micrograms of mRNA prepa-
ration was dissolved in 50 ,.d of 66% L-15 medium and in-
jected into 50 obcytes. For radiolabeling, 500 ,.tCi of [3H]leu-
cine (New England Nuclear) was dissolved in 50 gl of 66%
L-15 medium (minus leucine) and injected with the RNA
preparation. Injected o6cytes were incubated at 250 in me-
dium for 24 hr; incorporation of [3H]leucine stimulated by
injected mRNA under these conditions was 15-fold higher
than in the endogenous reaction.

Cell-Free Protein Synthesis. A preincubated cell-free ri-
bosomal system was prepared from Krebs-II cells (17) and
enriched with a preparation of partially purified rabbit re-
ticulocyte initiation factors (18); 5 jig of mRNA gave, under
our conditions, optimal stimulation of amino-acid incorpora-
tion (50-fold above the endogenous reaction). Incubation
was at 370 for 1 hr. A cell-free protein synthesis system was
also prepared from rabbit reticulocytes (19), and the reac-
tion mixtures were incubated at 300 for 45 min.

Biochemical Characterization of Products from
Oocytes Injected with mRNA and from Cell-Free Ribo-
somal Systems. Immunoprecipitations were performed as
described (17). Since unpurified human fibroblast interferon
(purified human fibroblast interferon is not available as yet)
was used for immunization, the rabbit interferon antiserum
was partially purified by affinity chromatography on an
agarose column (Affi-Gel-10) with covalently attached prep-
aration of cell contaminating proteins (isolated by ammo-
nium sulfate precipitation from tissue culture medium after
overnight incubation with human fibroblasts).

Electrophoresis was performed in 10% polyacrylamide
gels (20). Mobilities were calculated as described (21). Mea-
surements of radioactivity and interferon activity of gel
fractions were performed as described (21).

Affinity chromatography on concanavalin A-agarose (Con
A-agarose, glycosyl X A) (Miles-Yeda) was used to purify the
radioactive material produced both in oocytes and in cell-
free ribosomal systems and was performed as described (22).

Chromatography on columns of rabbit antibody against
interferon (which was partially purified as described above)
covalently linked to agarose, was done as described (22, 23).

RESULTS
Antiviral Activity Produced in Oocytes Injected with

mRNA and in Cell-Free Ribosomal Systems. Table 1 shows
the antiviral activity produced by human mRNA in Xeno-
pus oocytes and cell-free incubation mixtures. The mRNA
prepared from human fibroblasts induced by poly(rI)-po-
ly(rC) stimulated the production of measurable quantities of
antiviral activity in the Krebs-II and reticulocyte cell-free ri-

titers of antiviral activity were obtained when this mRNA
was injected in Xenopus obcytes. The antiviral substances
produced in these systems were species specific; only human
fibroblasts, but not mouse L cells, were protected against
replication of vesicular stomatitis virus. The antiviral activi-
ty of the product was stable to ribonuclease treatment; tryp-
sin treatment (1 unit/ml) reduced the titers of the material
produced in oocytes from 64,000 units/ml to levels lower
than 100 units/ml, and completely destroyed the antiviral
activity produced in the cell-free system. The same decrease
in antiviral activity was achieved by freezing and thawing of
the o6cyte homogenate. This may be due to the high proteo-
lytic activity of obcyte homogenate (Premkumar, unpub-
lished).
The ability of the mRNA preparation to stimulate the syn-

thesis of a biologically active product deteriorated upon pro-

longed storage and repeated freezing and thawing; treat-
ment of the RNA preparation with ribonuclease completely
destroyed the template activity of this RNA to code for the
synthesis of human interferon in cell-free systems (Krebs-II
ascites). The preparation of mRNA from induced cells,
when used in the same concentration as used in cell-free sys-

tems (100 Ag/ml, with or without ribonuclease treatment),
did not induce the antiviral state in human fibroblast cells
and thus was free of any contamination by human fibroblast
interferon (Table 1). Thus, these results indicate that the in-
terferon was synthesized in the o6cytes and in the cell-free
ribosomal system, and its synthesis was an RNA-mediated
response.

Biochemical Characterization of Radioactive Products
from mRNA-Injected Oocytes. Electrophoresis of radiola-
beled products present in homogenates from Xenopus
oocytes injected with mRNA isolated from poly(rI)-poly(rC)-
induced human fibroblast cells and with mRNA from the
control cells is shown in Fig. 1. Both homogenates contained
a major radioactive peak which corresponded to molecular
weight of 45,000; however, electrophoretic analyses of the
homogenate from oocytes injected with mRNA from in-
duced cells showed a diffused spread of radioactivity in the
region between 18,000 and 40,000 daltons. With the same

amount of injected mRNA, the incorporation of [3H]leucine
into the acid-precipitable products in oocytes was signifi-
cantly higher (2-3 times) with mRNA from induced cells
than with mRNA from the control cells.
When the nonradioactive homogenate from the oocytes

injected with induced mRNA was analyzed by gel electro-
phoresis, antiviral activity (5000 units/ml) was recovered
(10% recovery) only from the 18,000-25,000 dalton region.
No biological activity (less than 10 units/ml) was recovered
from the gel of homogenate from oocytes injected with con-

trol mRNA. We have previously shown (21) that human fi-
broblast interferon, when analyzed under identical condi-
tions, gives only a single 25,000 dalton peak of antiviral ac-

tivity. Thus, these results indicate that the product of trans-
lation of mRNA isolated from poly(rI)-poly(rC)-induced
human fibroblast cells in oocytes has a similar electrophoret-
ic mobility as human fibroblast interferon induced by po-

ly(rI)-poly(rC) in these cells in tissue culture.
To purify the radioactive material produced in oocytes,

the oocyte homogenates were precipitated with partially pu-

rified rabbit antiserum against interferon and then analyzed
by gel electrophoresis (Fig. 1). Two radioactive peaks at
45,000 and 25,000 daltons were detected by this procedure
in homogenate from oocytes injected with induced mRNA;

bosomal systems; however, approximately 500-fold higher
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FIG. 1. Electrophoretic analysis of the [3H]leucine-labeled
proteins produced in o6cytes injected with mRNA. The upper
panel shows samples (50 ul) of the homogenate from o6cytes that
were injected with induced mRNA (5 ,ug) (0) and uninduced
mRNA (5 ,ug) (0). Electrophoresis of the immunoprecipitates of
homogenates with antiserum against interferon is shown in the
lower panel; o6cytes injected with induced mRNA (0) and with
uninduced mRNA (0). Molecular weight standards (X) are bovine
serum albumin (68,000), heavy chain of IgG (50,000), ovalbumin
(43,000), carbonic anhydrase (29,000), light chain of IgG (23,500),
and cytochrome c (12,170).

more radioactive material than the 25,000 dalton peak. Im-
munoprecipitation appears to result in a more distinct peak
at 25,000 daltons, which is not present in the control.

It was shown that interferons can be purified by affinity
chromatography with interferon antibodies (23-25). To ex-

amine the affinity of the radioactive product formed in
oocytes to these antibodies, the [3H]leucine-labeled material
produced in oocytes injected with mRNA from induced cells
was absorbed on a column of agarose to which rabbit anti-
bodies against interferon had been covalently linked. Five

-VI
x
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FIG. 2. Chromatography of homogenates from o6cytes inject-

ed with mRNA on Con A-agarose column. Homogenates from
o6cytes were diluted to 10 ml in phosphate-buffered saline (pH
7.0) (PBS) and applied to the column. The column was then
washed with 10 ml of phosphate-buffered saline and eluted with
urea buffer (6 M urea, 0.1% sodium dodecyl sulfate, in 0.02 M sodi-
um phosphate buffer, pH 7.0). Interferon activity was regenerated
as described (21). Human fibroblast interferon (10 ml, 5000 units/
ml) was assayed by antiviral activity (o); [3H]leucine-labeled prod-
uct from o6cytes that were injected with the uninduced mRNA
(0); o6cytes injected with the induced mRNA (0).

percent of the input radioactivity was eluted with pH 2.2
buffer (which elutes human fibroblast interferon from these
columns) while with the control material, 2% of the input ra-

dioactivity was eluted (data not shown).
The [3H]leucine-labeled material produced in o6cytes was

further purified by affinity chromatography on columns of
Con A covalently attached to agarose (22), and bound radio-
activity was eluted with a urea-containing buffer (Fig. 2).
The urea buffer eluted a large peak of [3H]leucine-labeled
material from the homogenate prepared from oocytes inject-
ed with induced mRNA; a much smaller peak of radioactivi-
ty was eluted from the control experiment. Electrophoretic
analysis of the radioactive material eluted from a Con A col-
umn with urea is shown in Fig. 3. The Con A purified mate-
rial from oocytes injected with induced mRNA contained
approximately the same amount of radioactivity in both
45,000 and 25,000 molecular weight peaks. The material

Table 1. Antiviral activity of translation products

Interferon titer in units

Human fibroblasts Mouse L
cells

Translation system mRNA Exp. 1 Exp. 2 Exp. 1

Krebs-II ascites Control <6 <6 <6
Induced 96 96 <6

Rabbit reticulocyte Control <6 <6 <6
Induced 96 96 <6

Xenopus oocytes Control <10 <10 <10
Induced 128,000 64,000 <10
Induced* <1

The titers reported are for 0.1 ml of cell-free ribosomal system or for 50 oocytes homogenized in 1 ml of phosphate-buffered saline (pH 7.2).
All interferon assays were done in Eagle's minimal medium supplemented with 15% fetal calf serum. Exps. 1 and 2 were done with two dif-
ferent preparations ofmRNA.
* mRNA preparation (100 jg/ml) in Eagle's minimal medium supplemented with 15% fetal calf serum, was applied directly on the cells;
after overnight incubation, cells were washed and assayed for the presence of antiviral state by reduction in yield of vesicular stomatitis
virus.

Biochemistry: Reynolds et al.
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FIG. 3. Electrophoretic analysis of [3H]leucine-labeled prod-

ucts from oocyte homogenate purified by Con A-agarose chroma-
tography. The fractions (28-34) from the Con A columns (shown in
Fig. 2) were pooled, dialyzed for 6 hr against deionized water, ly-
ophilized, dissolved in buffer (10 mM sodium phosphate, pH 7.0,
1% sodium dodecyl sulfate, 0.1 M 2-mercaptoethanol, and 8 M
urea), and electrophoresed. Material from oocytes injected with
uninduced mRNA (@); from oocytes injected with induced mRNA
(0). Molecular weight standards (X) are bovine serum albumin
(68,000), heavy chain of IgG (50,000), ovalbumin (43,000), carbonic
anhydrase (29,000), light chain of IgG (23,500), myoglobin
(17,200), hemoglobin (15,500), and cytochrome c (12,170).

from oocytes injected with uninduced mRNA contained
only one major peak of radioactivity, of 45,000 molecular
weight.

Thus the affinity chromatography procedure on a Con A-
agarose column, as well as on columns (23, 24) of antibodies
against interferon coupled to agarose (Reynolds et al., un-

published), did not separate the biologically active (25,000
dalton material) and inactive (45,000 dalton) products syn-

thesized in the oocyte system.
Biochemical Characterization of Radioactive Products

from Krebs-II Cell-Free Ribosomal System. The levels of
biologically active interferon produced in cell-free ribosom-
al systems were much lower than those synthesized in
oocytes. This could be caused not only by the lower rate of
interferon synthesis, but also by a difference in biological ac-

tivity or stability of the interferon synthesized either in cell-
free systems or o6cytes. The [3H]proteins synthesized in the
Krebs-II cell-free ribosomal system were therefore analyzed
by gel electrophoresis. Electrophoresis of the postribosomal
supernatant from cell-free incubation mixtures stimulated
by mRNA isolated from induced cells revealed, among

many other protein fractions, the existence of a 25,000 mo-

lecular weight radioactive peak. Under identical conditions,
human fibroblast interferon contained only a single 25,000
dalton peak of antiviral activity (21). Immunoprecipitation
of the postribosomal supernatant with antiserum against in-

terferon prior to electrophoresis did not preferentially enrich
the preparation for the 25,000 molecular weight species
(data not shown). These data indicate that the products from
the cell-free ribosomal system synthesized as a response to
the mRNA from induced cells were more heterogeneous
than those synthesized in oocytes. Thus, both biochemical
characterization of the radioactive products and low biologi-
cal activity indicate that the interferon synthesis in the cell-
free system used was much less effective than in obcytes.

DISCUSSION

The present data suggest that human interferon activity was
produced in Xenopus oocytes and in cell-free ribosomal sys-
tems as a response to mRNA isolated from poly(rI)-poly(rG)-
induced human fibroblast cells. The translation in the o6cyte
system was much more efficient, giving approximately 500
times higher titers of interferon activity (calculated per ,ug
of mRNA used) than the cell-free ribosomal systems. The in-
terferon activity resulted only from the injection of mRNA
from poly(rI)-poly(rG)-induced cells into Xenopus o6cytes,
and not from the injection of mRNA from the uninduced
cells. Also, the appearance in the immunoprecipitate of a
25,000 molecular weight species that had the same electro-
phoretic mobility as the interferon activity produced in
obcytes and human fibroblast interferon was seen only when
oocytes were injected with mRNA from induced cells. The
sensitivity to trypsin treatment and the insensitivity to ribo-
nuclease indicate that a protein is responsible for the ob-
served biological effect. This, plus the species specificity of
the antiviral activity produced, suggests that interferon was
synthesized in Xenopus oocytes by translation of its mRNA.

It is unlikely that the preparation of interferon mRNA
was contaminated with interferon protein. The level of in-
terferon present in the induced human cells at the time
when mRNA was extracted was very low (10), and the titers
of interferon resulting from the injection of this mRNA
preparation into oocytes were 2-fold higher than those pro-
duced by induction of human fibroblasts under optimal con-
ditions. Also, the preparation of mRNA from induced cells,
when tested directly on human fibroblast cells, was not able
to induce an antiviral state in these cells. Thus, these results
indicate that the low levels of interferon activity obtained in
cell-free systems are not due to contamination of the mRNA
preparation with human fibroblast interferon. Ribonuclease
treatment destroyed the ability of the induced mRNA to
stimulate interferon synthesis in the Krebs-II ascites system.
We have previously shown with the identical mRNA prepa-
ration that treatment with ribonuclease or sodium hydroxide
completely destroyed the ability of the RNA to code for
human interferon in chick cells, but treatment with deoxyri-
bonuclease or Pronase was without any effect (10).

There are two main reasons why the o6cyte system seems
to be superior to the previously described assay in chick
cells. It is much more efficient, giving 50-fold higher levels
of interferon than the chick cell system (10), and, thus, is
probably more sensitive for detection of low levels of inter-
feron mRNA. Furthermore, in the oocyte system, highly ra-
dioactive human interferon was synthesized, while the label-
ing of human interferon synthesized in the chick cells was
very low (Reynolds and Pitha, unpublished). This difference
probably reflects the lower internal amino-acid pool in the
oocytes. Whether this system is suitable for the quantitation
of interferon mRNA needs further evaluation. For studies of
events regulating the synthesis of interferon, however, the

Proc. Nat. Acad. Sci. USA 72 (1975)
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cell-free system is most appropriate. Although the activity
resulting from translation of the mRNA from induced cells
in the cell-free ribosomal systems used was rather low, the
fact that biologically active protein was obtained by transla-
tion of its mRNA in the in vitro system is encouraging; it
may be the first evidence that a biologically active protein
can be synthesized in cell-free systems as a response to stim-
ulation by eukaryotic mRNA.
While the antiviral activity was produced in Xenopus

o6cytes only as a result of stimulation by mRNA isolated
from poly(rI)-poly(rC)-induced cells, and not by mRNA
from uninduced control cells, both preparations of mRNA
served as effective templates for the synthesis of radioactive
proteins in this system. This reflects the fact that preparation
of a total poly(A)-rich RNA was used for injection and no at-
tempts were made in the present study to purify the inter-
feron mRNA. One major radioactive protein was identified
from the oocyte homogenate by gel electrophoresis. This
45,000 molecular weight species was synthesized in response

to both induced and uninduced mRNA. The amount of this
protein produced in oocytes injected with mRNA from in-
duced cells was higher than in oocytes injected with mRNA
from the uninduced control. This may indicate that stimula-
tion of human fibroblasts with poly(rI)-poly(rC) not only in-
duces transcription of interferon mRNA, but may also en-

hance the transcription of mRNA for proteins other than in-
terferon that are constitutively produced by these cells. A
difference in stability between the induced and control
mRNA preparations, however, could also account for these
results.

It has been suggested that human fibroblast interferon,
like other species interferons, is a glycoprotein. It is not com-
pletely clear as yet whether glycosylation of the interferon
molecule is essential for its antiviral activity, or a prerequi-
site for the secretion of interferon by the cell. The question,
therefore, arises whether glycosylation of the interferon mol-
ecule occurred also in the oocytes. Although the binding to
immobilized Con A may be an indication of the presence of
a single or multiple carbohydrate moieties on the interferon
molecule, it is not an unambiguous proof, since the possibili-
ty of hydrophobic interaction between Con A and human fi-
broblast interferon has also been suggested (22).

In summary, the production by Xenopus oocytes of a

25,000 dalton protein with the properties of interferon, and
its partial purification, suggests that this system may be suit-
able for preparation of radiolabeled human interferon, suit-
able for physicochemical studies. The synthesis of biological-
ly active interferon in cell-free systems should permit study
of the regulation of interferon synthesis on the molecular
level. Further purification of interferon mRNA from the
majority of other cellular mRNAs should increase both the
efficiency of translation and the purity of the synthesized in-
terferon.
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