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Evidence was provided that interferon 
(IF)  is not directly responsible for the an- 
tiviral state in IF-treated cells but rather it 
acts by inducing the cells to produce one or 
more substances, perhaps protein (s) which 
are able to prevent viral growth directly or 
indirectly. Specifically, IF activity can be 
prevented by pretreating the cells with ac- 
tinomycin D or with inhibitors of functional 
protein synthesis, i.e., puromycin or fluoro- 
phenylalanin (FPA) (1-4), suggesting that 
the development of the antiviral state in- 
volves synthesis of messenger ribonucleic acid 
(mRNA) and proteins. Although this inter- 
pretation comes from indirect evidence it will 
be used as a working model to be critically 
examined in view of the present findings. 

We have used cycloheximide as an inhibi- 
tor of protein synthesis to prevent IF activity 
in mouse embryo (ME) cells. Unexpectedly 
the cultures treated with IF in the presence 
of cycloheximide showed substantially the 
same level of resistance as did the control 
cultures treated with IF alone. In the present 
study an attempt was made to explain this 
apparently anomalous result. 

1 Present address: Institute of Microbiology, Uni- 
versity of Siena, Italy. Guest worker at NIH under 
a fellowship from Italian National Research Council, 
Group of Experimental Medicine. 

Materials and Methods. Cycloheximide 
(Sigma Chemical Co.) was used at final con- 
centration of 10 pg/ml. Actinomycin D 
(Merk Sharp Dohme) was used at  final con- 
centration of 5 pg/ml unless otherwise spe- 
cified. DL-p-fluorophenylalanine (Mann Re- 
search Lab.) was used at final concentration 
of 80 pg/ml when the drug was dissolved in 
phenylalanine (PA)-free medium or 600 
puml  unless specified otherwise, when medi- 
um containing 50 pg/ml of PA was used. This 
dose of FPA has been previously shown to 
inhibit 70% of the incorporation of phenyla- 
lanine14C in the system (5). The reversi- 
bility of these inhibitors was confirmed by 
the full yield of vesicular stomatitis virus 
(VSV), strain Indiana, from cultures treated 
with cycloheximide or FPA for 5 hr and then 
washed free of inhibitor before VSV chal- 
lenge. 

Mouse IF was prepared and assayed as 
previously described ( S ) ,  50 or 100 units/ml 
were used. 

Primary ME tissue cultures were prepared 
from 15-day-old embryos (NIH strain) using 
Eagle’s minimum essential medium (MEM) 
supplemented with 10% of fetal bovine 
serum and antibiotics. During the experi- 
ments the concentration of serum was 2%. 
The level of antiviral resistance was ex- 
pressed as inhibition of yield of VSV after a 
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TABLE I. Effect of Cycloheximidc on Protein Synthesis and Multiplication of VSV in Mouse 
Embryo Cells. 

Cyclohcximidc Phcnyl:il.mine-"C Inhibition phenylala- Inhibition VSV 
(Clg/ml) (counts X 100) nine incorporation (%) yield (%) 

0 
10 
100 

161 - 
6 96.3 
2 98.8 

- 
>99.9 
>99.9 

single growth cycle as previously described 

The effect of cycloheximide on protein syn- 
thesis has been studied by determining the 
rate of incorporation of PA-14C (0.2 pCi/ml) 
into acid precipitable labeled material in ME 
incubated at  37" for 30 min in PA-free medi- 
um. Counting of radioactivity was performed 
in a Packard Tri-Carb scintillation counter. 

Results. Inhibition of protein synthesis b y  
cycloheximide. Two different concentrations 
of cycloheximide, 10 and 100 pg/m1, were 
added to triplicate samples of ME tissue cul- 
tures. After l hr a t  3 7 O ,  incorporation of 
PA-14C was determined. Moreover, the effec- 
tiveness of cycloheximide on mu1 tiplication of 
virus was investigated in one set of tubes chal- 
lenged with VSV in the continued presence of 
cycloheximide. The results (Table I) show 
that both concentrations of cycloheximide 
strongly inhibit protein synthesis and VSV 
growth. 

Eflect of cyclokeximide and FPA on the 
development of interferon-induced antiviral 
activity. In  Table 2 are reported the results 
of a representative experiment of the effect of 
treatment of ME cells with a mixture of IF 

( 5 ) .  
and cycloheximide or FPA. The ME cells 
were treated with a mixture of IF and inhibi- 
tor for 5 hr and challenged with VSV ( 2 5  
plaque-forming uni ts/cell ) after removal of 
inhibitor and IF. As shown in Table I1 de- 
velopment of resistance was prevented by 
FPA but resistance did develop in the 
presence of cycloheximide. 

These results show that the development of 
resistance (antiviral protein) occurred under 
conditions of 96% inhibition of protein syn- 
thesis by cycloheximide. The possibility that 
the 4% residual protein synthesis during cy- 
cloheximide treatment was sufficient to sup- 
port synthesis of substantial amounts of an- 
tiviral protein was tested by combined treat- 
ment of ME with interferon, cycloheximide, 
and FPA. Any antiviral protein synthesized 
under these conditions would be nonfunction- 
al due to the 70% incorporation of FPA as 
evidenced in line 2 of Table 11. As shown in 
the last 2 lines of Table 11, resistance did 
develop when the cells were washed free of 
interferon, cycloheximide, and FPA and then 
challenged with VSV. This finding indicates 
that the antiviral protein was produced after 
removal of cycloheximide and interferon. 

TABLE 11. Effect of Combined FPA and Cycloheximide on Development of Interferon-Induced 
Antiviral Activity. 

Treatment for 5 hr before Yield of VSV Reduction of Reduction of 
wash and VSV challenge (loglo) VSV yield (log,,,) VSV yield (7%) 

Medium' 6.4 
Interferon 5.6 
Interferon + FPAb 6.6 

Interferon + FPA + cyclohexinlide 5.6 
Medium + FPA + cycloheximide 6.4 

Interferon + cycloheximide" 5.4 

- 
0.8 
0.0 
1 .o 
0.8 
- 

- 
84 

0 
90 
84 
- 

a Phenylalaninc-free medium. 
* FPA = 80 pg/inl in phcnylalanine-free medium. 

Ten hg/ml. 
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TABLE 111. Effect of Treatment of Mouse Embryo Cclls with Interfcroii :iii(l Cyclolicsiiiiidc 
Followed by Replacement with Actinotnyein D. 

Yield of VSV (loglo) 
after wash, refeed- 
ing with actinomy- 
cin D, incubation 

Treatnictit for 5 lir before for 3 hr and chal- Rcductioti of Rcdue,t.ioti of 
addition of aetinomycin D“ leiigc with VSV VSV yield (logl,) VSV field (%) 

Expt. 1 
None 
Interferon” 
Interferon + cycloliexinlitlc 

Expt,. 2 
Notie 
Intcrf cron 
Interfcron + c.yclolicxitnide 

Expt. 3 
None 
Interferon 
Interferon + cycloheximide 

6.2 
3.9 
4.2 

6.3 
4.2 
4.4 

6.4 
4.2 
4.7 

- 
2.3 
1.8 

- 
2.1 
1.9 

- 
2.2 
1.7 

- 
99.5 
08.4 

- 
99.2 
08.7 

- 
09.4 
98.0 

0.2 ml of 5 &g/ml added to 1 ml volume in each tube for yz hour before wash. 
100 units/ml. 

Development of resistance in M E  treated 
with interferon and cycloheximide followed 
by replacement with actinomycin D. The an- 
tiviral protein which is produced by cells 
after removal of interferon and cycloheximide 
could result from (a) cell-bound interferon 
which is not removed by the washing 
procedure ,and which stimulates messenger 
RNA leading to antiviral protein, or (b) 
formation of the proposed mRNA in the 
presence of cycloheximide and interferon and 
rapid translation to antiviral protein after 
washing. To distinguish between these possi- 
bilities IF and cycloheximide were used to 
pretreat ME. Actinomycin D was added at  
the time of removal of interferon and cyclo- 
heximide, to prevent the possible formation 
of mRNA after removal of cycloheximide and 
interferon. Specifically, after 5 hr of pre- 
treatment, 5 pg of actinomycin D was added 
and after 30 min more the cultures were 
carefully washed and refed with medium con- 
taining 1 pg/ml. of actinomycin D. Three hr 
later the cultures were challenged with VSV. 
The results are presented in Table 111. 

Resistance to VSV developed after removal 
of IF and cycloheximide and replacement 

with actinomycin D. Control sets demonstrat- 
ed that actinomycin D was able to complete- 
ly inhibit the development of IF-induced 
resistance when applied at  the same time as 
IF. This finding excludes the possibility that 
the hypothesized mRNA for antiviral protein 
was produced after removal of IF and cyclo- 
heximide. The result favors interpretation 
(b) above; i.e., in the presence of interferon 
and cycloheximide, the mRNA for the antivi- 
ral protein is transcribed and is rapidly tran- 
slated after removal of cycloheximide. 

Translation of the proposed mRNA for an- 
tiviral protein in the presence of FPA. Ad- 
ditional experiments were performed to con- 
firm the interpretation that the proposed 
mRNA is translated after removal of inter- 
feron and cycloheximide. These experiments 
also served to determine whether or not the 
mRNA was stable during treatment of ME 
with FPA. The general plan was to induce 
mRNA only and then allow translation in the 
presence of FPA. Specifically ME cultures 
were treated with IF, cycloheximide, and 
FPA to induce mRNA (Fig. 1 ) .  After 1.5, 
4, or 5.5 hr different sets of tubes were 
washed 3 times and refed with’ plain medi- 
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HOURS OF TREATMENT WITH INTERFERON t 
CYCLOHEXIMIDE & FPA 

Fic. 1 .  Effect of treatment of mouse embryo cells 
with interferon, cycloheximide, and FPA followed by 
replacement with only FPA: FPA (loo0 pg/ml) 
in Eagle's medium + 2 %  fetal bovine serum; 
shaded bar, refed with FPA; solid bar, refed with 
Eagle's medium. 

um; other groups of tubes were washed and 
refed with FPA containing medium. After 3 
hr at  37' the tubes were washed again to 
reverse FPA and challenged with VSV. As 
shown in Fig. 1, consistently less resistance 
developed when the mRNA was translated in 
the presence of FPA as compared with the 
absence of FPA. This result indicates that 
functional translation of the mRNA is pre- 
vented by FPA applied after removal of cy- 
cloheximide. I t  also suggests that the hy- 
pothesized mRNA is unstable in the presence 
of FPA alone since the preestablished 
mRNA did not induce resistance between the 
time of removal of FPA and the time of 
VSV challenge. 

Discussion. On the basis of the experimen- 
tal results, the failure of cycloheximide to 
inhibit development of resistance in IF- 
treated ME cells is consistent with the inter- 
pretation that a mRNA for antiviral protein 
is produced during the phase of protein inhi- 
bition (Table 111). After reversal of cyclo- 
heximide and resumption of protein synthe- 
sis the mRNA becomes available for transla- 
tion into antiviral protein. However, the an- 
tiviral protein must be synthesized rapidly to 
account for its inhibition of the simultane- 
ous virus challenge. This concept of the effect 
of cycloheximide is consistent with its mode 
of action. I t  has been observed that cyclohex- 
imide inhibits transfer of amino acids from 

soluble RNA to polypeptides thereby leaving 
polysomes largely intact. When the drug was 
removed, protein synthesis resumed at  nor- 
mal rate in a very short time (6-8). These 
observations indicate stability of mRNA in 
the presence of cycloheximide. In our opinion 
the main conclusion of this study is that 
formation of an informational RNA appears 
to be separated in time from the production 
of its proposed antiviral protein. This finding 
strongly supports the working model that 
interferon exerts its antiviral activity by new- 
ly inducing an antiviral protein (1-4). 

More difficult appears the evaluation of the 
effect of FPA on production and stability of 
the theoretical mRNA for antiviral protein. 
However, a speculative interpretation may be 
attempted on the basis of the following con- 
siderations. FPA does not arrest RNA syn- 
thesis and also does not arrest protein synthe- 
sis but rather is incorporated into developing 
polypeptide chains, thereby rendering them 
nonfunctional (9).  Thus in the presence of 
FPA, interferon should be able to induce the 
mRNA for the AVP which should then give 
rise to nonfunctional AVP. Indication that 
the mRNA for the antiviral protein is short 
lived in the presence of FPA comes from the 
failure of preestablished mRNA in M E  to 
produce A V P  after treatment with FPA 
(Table 11). A short half-life for this mRNA 
during normal translation in the absence of 
FPA has also been observed (10). Control 
experiments showed that any fallacious pro- 
tein that might be formed in the presence of 
interferon and FPA does not inhibit subse- 
quent development of resistance after re- 
moval of FPA but retention of interferon. 
Therefore, the failure of interferon to induce 
resistance in the presence of FPA may be 
directly attributed to formation of fallacious 
AVP. Failure of resistance to develop after 
removal of combined interferon and FPA 
may be due to the relative instability of the 
hypothesized mRNA for AVP in the presence 
of FPA. I n  addition, the evidence that 
mRNA for AVP is synthesized in the absence 
of protein synthesis and is translated when 
production of additional RNA is inhibited by 
actinomycin D indicates that the production 
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of proposed antiviral protein is directly in- 
duced by IF without synthesis of newly in- 
duced, mediating proteins. It remains to be 
determined whether these findings will apply 
to the cells of other species. 

Summary. Mouse embryo cultures treated 
with interferon in the presence of the inhibi- 
tor of protein synthesis, cycloheximide, 
showed substantially the same level of resis- 
tance as did the control cultures treated with 
interferon alone. In  contrast fluorophenyla- 
lanine (FPA) prevented the development of 
resistance. When cells were treated for 5 hr 
with a combination of interferon, cyclohex- 
imide, and FPA, washed and then challenged 
with virus, antiviral resistance did develop. 
Mouse embryo cultures treated with a combi- 
nation of interferon, cycloheximide and FPA 
to induce mRNA and then washed and refed 
with FPA-containing medium developed con- 
sistently less resistance than did cultures 
refed with medium alone. These findings 
were interpreted to indicate that in the 
presence of interferon and cycloheximide, 
mRNA for the antiviral protein (AVP) may 
be transcribed, and it is then rapidly tran- 
slated after removal of cycloheximide. I t  also 
suggests that the hypothesized mRNA is un- 
stable in the presence of FPA alone. Actino- 
mycin D, added at  the time of removal of 
interferon and cycloheximide did not prevent 
the development of antiviral resistance. This 

finding that the proposed mRNA for AVP is 
synthesized in the absence of protein syn- 
thesis and it is translated when production of 
additional RNA is inhibited by actinomycin 
D indicates that the formation of proposed 
AVP is directly induced by interferon with- 
out synthesis of newly induced, intermediary 
proteins. Taken together these findings s u p  
port the working model that interferon exerts 
its antiviral activity by newly inducing an 
antiviral protein. 
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