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ABSTRACT With mRNA prepared from induced human
fibroblasts biologically active human interferon was synthe-
sized de novo in a cell-free extract from mouse cells. The
identity of the antiviral activity as human interferon was
demonstrated by its species and antigenic specificity.

Interferon was characterized as an antiviral entity by Isaacs
et al. (1, 2) in 1957. Since that time a vast literature on inter-
feron has accumulated (see refs. 3-5 for reviews). Viruses,
isolated double-stranded RNA, and other compounds have
been found to stimulate interferon synthesis by cells. Inter-
feron production serves as a valuable model of induced pro-
tein synthesis in eukaryotic cells. At present, however, rela-
tively little is known about the molecular mechanisms of in-
terferon induction and biosynthesis. To study interferon bio-
synthesis and gene expression, we have partially purified in-
terferon messenger RNA from human fibroblasts and have
translated this mRNA in a cell-free system from mouse cells
with the resultant production of biologically active human
interferon.

MATERIALS AND METHODS
Chemicals. Poly(I).poly(C) was supplied by the Antiviral

Substances Program, National Institute of Allergy and Infec-
tious Diseases. Cycloheximide was obtained from the Up-
john Co.; gentamicin, from Schering Corp.; and actinomycin
D, from Calbiochem.

Preparation of Human Fibroblasts Stimulated with
Poly(I)Poly(C). Each 0.5 gallon roller bottle was seeded with
about 1 X 107 cells of human FS-4 fibroblasts in 150 ml of
Eagle's minimal essential medium (MEM) containing 10%
fetal bovine serum and 50 jtg of gentamicin per ml (6, 7).
Nine days after seeding, the cultures were washed once with
solution A (137 mM NaCl, 27 mM KCI, 9 mM CaCl2, 5 mM
MgCl2, 81 mM Na2HPO4, and 15 mM K112PO4) and incu-
bated at 360 for 4 hr with 50 ml of serum-free MEM con-
taining 100 ,g/ml of poly(I)-poly(C) and 50 ,tg/ml of cyclo-
heximide (6, 7). After this 4-hr incubation, the induced cul-
tures were washed with ice-cold solution A and the cells
were scraped off the bottles into fresh ice-cold solution A
with a rubber policeman. The harvested cells were sedi-
mented by centrifugation in the GSA rotor of the Sorvall
RC-2B centrifuge at 40 and 2000 rpm for 10 min. The su-
pernatant fraction was decanted, and the cell pellet was fro-
zen and stored at -70° until used for the preparation of
mRNA.

Preparation of mRNA from Cells. Poly(A)-containing
mRNA was prepared from human fibroblasts stimulated

Abbreviations: Hepes, N-2-hydroxyethylpiperazine-N'-2-ethanesul-
fonic acid; MEM, Eagle's minimal essential medium; PFU, plaque-
forming units.

with poly(I)-poly(C) by phenol extraction and oligo(dT)-cel-
lulose chromatography as described (8, 9).

Cell-Free Protein Synthesis with mRNA Fractions in
Mouse Ehrlich Ascites Extracts. Messenger RNA fractions
were translated in a mouse Ehrlich Ascites cell-free extract
as described (8, 9). Each 0.050-ml reaction mixture con-
tained the following components: 0.15-0.23 mg of S-30 pro-
tein; 70 ltg of reticulocyte polysomal salt wash fraction pro-
tein (8, 9); 0.05-0.1 A2we unit of mRNA; 10 mM Tris-HCl
(pH 7.5) or 10 mM N-2-hydroxyethylpiperazine-N'-2-eth-
anesulfonic acid (Hepes) (pH 7.5); 120 mM KCl; 3.5 mM
MgCl2; 1 mM ATP; 0.1 mM GTP; 5 mM creatine phosphate;
8 jug of creatine kinase; 2 mM 2-mercaptoethanol; 0.13 uCi
each of [14C]leucine, ['4C]valine, and [14C]alanine of specific
activity 348, 265, and 171 mCi/mmol, respectively; and
each of the unlabeled amino acids at a concentration of 40
AM. Incubations were performed for 60 min at 300. Protein
synthesis was determined by amino-acid incorporation into
hot trichloroacetic acid-precipitable material. In addition,
the interferon titer of the cell-free incubations stimulated by
various messenger RNA fractions as well as control RNA
fractions was assayed as described below.

Assay for Interferon Activity. A modification of the
semimicro method described by Armstrong (10) was used.
Individual wells of Micro Test II tissue culture plates (Falcon
Plastics) were first filled with 100 gl of MEM with 5% fetal
calf serum, which had been buffered with sodium bicarbon-
ate (0.15%), Hepes (13.2 mM), and tricine (6.6 mM) to pH
7.6 and contained 100 jig of gentamicin and 2.5 jug of am-
photericin 'B (Fungizone) per ml. The reaction mixture for
cell-free protein synthesis was diluted 4-fold with this medi-
um and assayed directly for interferon activity. To prepare a
series of 2-fold dilutions, 100 Mil of the sample to be titrated
was added to the first well containing the same volume of
medium. Serial dilutions were prepared by transferring 100
Mil of this mixture to the adjacent well after thorough mixing
with an automatic micropipette. Each well was then seeded
with 30,000 FS-7 human fibroblasts (obtained by trypsiniza-
tion of confluent flask cultures) in 100 Ml of the above medi-
um. After 18 hr of incubation at 360 in a 5% CO2 atmo-
sphere, each well received 1000 plaque-forming units (PFU)
of the Indiana-type vesicular stomatitis virus in 50 ,l of the
medium described'above. Several wells on each plate served
as virus controls and cell controls. The titrations were scored
microscopically 48 hr after virus inoculation, when the virus
controls showed complete destruction by the virus. The
highest dilution of the titrated sample causing at least 50%
protection of cells was considered the end point. All interfer-
on titers are expressed in terms of reference units/ml, cali-
brated against the 69/19 reference standard for human in-
terferon (6). It should be noted that the samples assayed for
interferon activity were coded so that the individuals per-
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Table 1. Human interferon synthesis in mouse cell-free extracts stimulated by RNA fractions from
induced and uninduced human fibroblasts

Interferon
Oligo(dT)-cellulose activity
RNA fraction Cell source (units/ml)

None <16

Flow through Human fibroblasts induced
with poly(I).poly(C) and
cycloheximide <16

0.1 M KCl wash Human fibroblasts induced
with poly(I)-poly(C) and
cycloheximide <16

mRNA bound Human fibroblasts induced
with poly(I)-poly(C) and
cycloheximide 68

Flow through Human fibroblasts treated
with cycloheximide only <16

0.1 M KCl wash Human fibroblasts treated
with cycloheximide only <16

mRNA bound Human fibroblasts treated
with cycloheximide only <16

Flow through Human fibroblasts (uninduced) <16
0.1 M KCl wash Human fibroblasts (uninduced) <16
mRNA bound Human fibroblasts (uninduced) <16

The RNA fractions were prepared from induced and uninduced human fibroblasts as described in Materials and Methods. All the RNA
preparations were fractionated on oligo(dT)-cellulose into flow through, 0.1 M KCl wash, and KCl-free wash [poly(A)-containing bound
mRNA] fractions as reported (8, 9). Cell-free incubations and interferon assays were performed as described in Materials and Methods. All
assays were performed in duplicate. Assays in the absence of RNA and in the presence of RNA from induced cells were performed in quad-
ruplicate. All samples listed as <16 were negative at the lowest dilution that could be tested.

forming the interferon assays were not aware of the compo-
sition of the cell-free reaction mixtures.

Neutralization of Interferon. Interferon, prepared in the
cell-free extracts, was neutralized with the use of rabbit anti-
serum to human interferon as described (11, 12).

Inhibition of Interferon Activity in Cells Treated with
Actinomycin D. Human fibroblasts (FS-7 cell strain) were
seeded into the wells of a Micro Test II plastic tissue culture
plate (30,000 cells per well). Two days after seeding, the
cells in two wells were treated for 30 min with actinomycin
D (2 gg/ml in 100,gl of MEM) while two wells received the
same medium without actinomycin D. After 30 min the cul-
tures were washed. One actinomycin D-treated and one con-
trol culture were incubated for 6 hr with 100 ,l of the cell-
free product, diluted 1/20 in MEM containing 5% fetal bo-
vine serum (giving a final concentration of 4 reference units
of interferon per ml). The two remaining cultures (one acti-
nomycin D-treated and one control) were incubated in me-
dium without interferon. The wells were then washed and
inoculated with the Indiana type of vesicular stomatitis virus
(about 3 PFU per cell). The virus was allowed to adsorb for
1 hr and the cells were then washed four times to remove
unadsorbed virus. Each culture was replenished with 200 M1
of MEM containing 5% fetal bovine serum. Culture fluids
were collected 18 hr after virus inoculation, and the yields of
virus were determined by plaque titration in cultures of
mouse L cells.

RESULTS
Synthesis of human interferon in cell-free extracts

RNA fractions were prepared from induced and uninduced
human FS-4 fibroblasts. Induced cells were stimulated with
poly(I)-poly(C) and cycloheximide as described in Materials

and Methods. Uninduced cells were treated with cyclohexi-
mide only or not treated. Fractions not containing poly(A),
which passed directly through oligo(dT)-cellulose (flow
through), as well as poly(A)-containing fractions, which
were bound to oligo(dT)-cellulose, were translated in a cell-
free ascites system (Table 1). The results indicate that inter-
feron activity (68 units/ml) was synthesized only in the cell-
'free extracts directed by poly(A)-containing fractions from
induced human fibroblasts. RNA fractions not bound to the
oligo(dT)-cellulose from induced human fibroblasts and all
fractions from uninduced human fibroblasts stimulated no
detectable synthesis of human interferon activity in the cell-
free extracts (Table 1). All fractions from mouse plasmacyto-
ma cells (data not shown) stimulated no detectable synthesis
of human interferon activity in the cell-free extracts.

Evidence for de novo synthesis of human interferon
The interferon activity formed in the cell-free incubations
dependent on exogenous mRNA could represent de novo
synthesis of interferon or, possibly, interferon or poly(I)-
poly(C) carried over in the oligo(dT)-cellulose bound frac-
tion. To differentiate between these alternatives, interferon
activity was examined in cell-free reactions in the presence
and absence of the 60 min incubation at 30° (Table 2). The
data show that only reaction mixtures incubated at 300 for
60 min yielded interferon activity. In addition, sparsomycin,
a specific inhibitor of protein synthesis (13), abolished the
synthesis of human interferon in these cell-free extracts
(Table 2).

Species specificity of human interferon synthesized in
the cell-free system
Interferons exhibit species specificity (3-5). Thus, human in-
terferons are devoid of antiviral activity in cultures of chick
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Table 2. Synthesis of human interferon in mouse cell-free
extracts: Dependence on incubation and inhibition

by sparsomycin

Interferon
Min at activity

Additions 300 (units/ml)

None 60 <16
mRNA 60 40
mRNA 0 -<16
mRNA + 33 jiM sparsomycin 60 <16
33 jiM Sparsomycin, no mRNA 60 <16

The mRNA was prepared from induced human fibroblasts and
fractionated on oligo(dT)-cellulose as described in Materials and
Methods. The mRNA fraction eluted from oligo(dT)-cellulose in
the absence of KCl was used. Cell-free incubations and interferon
assays were performed as described in Materials and Methods.
All assays were performed in duplicate.

or mouse cells. The material synthesized in the cell-free
mouse extracts with mRNA from induced human fibroblasts
was active with human cells, but not in chick or mouse cells
(Table 3). This species specificity was thus consistent with
the activity synthesized being identical to human interferon.
Neutralization of human interferon with antisera
against interferon
Rabbit antisera prepared against human FS-4 cell interferon
were shown to neutralize the activity of homologous human
interferon (11). The same- antisera exerted no neutralizing
activity against interferons from some heterologous human
cells (12). Thus, it was determined if the activity synthesized
in the cell-free extract could be neutralized with antiserum
prepared against FS-4 human interferon. The antiviral ac-
tivity synthesized in the cell-free extract was indeed neutral-
ized with this antiserum (Table 4), indicating that the active
product is antigenically related to human fibroblast interfer-
on. Approximately the same dilution of antiserum was re-
quired for neutralization of human interferon produced by
intact FS-4 cells as for neutralization of a comparable quan-
tity of antiviral activity synthesized in the cell-free extract.

Prevention of cell-free interferon activity in cells
treated with actinomycin D
Activity of interferon can be blocked by treating cells with
actinomycin D prior to exposure to interferon (3-5). Thus,
the ability of actinomycin D to prevent interferon action
provides another criterion for identification of the cell-free

Table 4. Neutralization of antiviral activity synthesized
in cell-free extracts with antiserum against human

fibroblast interferon

Interferon Neutralization
source titer

Cell-free product 1:800
Standard interferon
preparation 1:1500

The neutralization titer is expressed as the highest dilution of
antiserum prepared against human fibroblast interferon neutraliz-
ing 10 reference units of interferon activity per ml. The cell-free
product was prepared with the use of mRNA preparedfrom human
fibroblasts treated with poly (I)-poly(C). The standard interferon
preparation was produced by intact human FS-4 cells stimulated
with poly(I).poly(C) as described (6).

activity. The data of Table 5 demonstrate that prior treat-
ment of cells with actinomycin D blocked the antiviral ac-
tivity synthesized in the cell-free extract.

DISCUSSION
The results demonstrate that mRNA for human interferon
can be isolated from human fibroblasts stimulated by poly(I)-
poly(C). This mRNA was used in a cell-free mouse extract to
produce biologically active human interferon.
The following evidence indicates we have synthesized

human interferon de novo: synthesis of interferon was de-
pendent on addition of mRNA from induced human fibro-
blasts, and synthesis required incubation at 300. In addition,
a specific inhibitor of protein synthesis, sparsomycin, abol-
ished synthesis of interferon.
The antiviral activity synthesized had the species specific-

ity characteristic of interferon. It was active on human cells,
but not on chick or mouse cells. In addition, specific antise-
rum against human fibroblast interferon inactivated the ac-
tivity synthesized in the mouse cell-free extract. Further-
more, as with interferon, the antiviral activity of the cell-
free synthesized material was not expressed in cells treated
with actinomycin D. The results, therefore, are consistent
with the de novo synthesis of human interferon in a cell-free
extract from mouse cells. We have used a tracer amount of
radioactivity in these experiments (see Table 3 legend).
With the use of a greater number of labeled amino acids of
high specific activity, highly labeled interferon could be
synthesized.

While this work was in progress, Reynolds, Zicha, and
Pitha (14) also reported the cell-free synthesis of human in-

Table 3. Species specificity of active cell-free product

mRNA from Interferon activity (units/ml)
induced

human fibroblasts Human cells Chick cells Mouse cells

Exp. 1
None <20 <20
mRNA 80 < 20

Exp. 2
None <20 <20
mRNA 40 <20

The mRNA prepared from human fibroblasts stimulated with poly(I).poly(C) was translated in mouse ascites S-30 and assayed for inter-
feron activity as described in Materials and Methods and the legend of Table 1. In the absence of mRNA, 27 and 24 pmol of [14C]aminoacids
were incorporated into protein in Exps. 1 and 2, respectively. In the presence of induced mRNA, 74 and 56 pmol of [14C]aminoacids, respec-
tively, were incorporated.
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Table 5. Effect of actinomycin D on antiviral activity
produced in cell-free extracts

Virus yield (PFU/ml x 10 -5)

Interferon No Plus
treatment of cells actinomycin D actinomycin D

Exp. 1
None 30 32
Cell-free product 0.9 21

Exp. 2
None 46 32
Human fibroblast
interferon 2.6 34

The ability of actinomycin D to prevent the action of interferon
was determined as described under Materials and Methods. The
cell-free product was identical to the preparation used in Table 4.
The translational product in the ascites cell-free extract was di-
luted 1/20 directly into MEM containing 5% fetal bovine serum.

terferon. Previously, RNA isolated from cells induced to
produce interferon was used to produce interferon in hetero-
logous intact cells (15-17). It was concluded in those studies
that mRNA for interferon was translated in the heterologous
intact cells.
The results demonstrate that biologically active human in-

terferon can be synthesized in cell-free extracts. Biochemical
and physical characterization of the cell-free product will
serve to answer whether it is synthesized as a precursor and
whether carbohydrate substitutions are required for full bio-
logical activity as was suggested previously (11). We do not
know whether the active cell-free product was glycosylated.
Study of interferon mRNA in stimulated and unstimulated
fibroblasts should provide some insight into the control and
mechanism of interferon biosynthesis. In general, the ability
to isolate and translate interferon mRNA in a cell-free sys-
tem will permit us to investigate the biosynthesis of interfer-
on and its gene expression.

In addition, human interferon may be the first biological-
ly active eukaryotic protein synthesized in a cell-free system
dependent on exogenous mRNA. The synthesis of a biologi-
cally active protein indicates that the cell-free system not
only is capable of synthesizing the primary amino acid se-
quence, but also has the capacity for performing those post-
translational processes, if any, required for producing a bio-
logically functional molecule. In the cell-free system all
these processes can be delineated.
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