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The translational efficiency of mRNA molecules transcribed from plasmid DNA transfected into COS-1
monkey cells can be increased 10- to 20-fold by the coexpression of the adenovirus virus-associated RNAs I and
II. Experiments described here demonstrate a similar increase in translational efficiency by the addition of
2-aminopurine, an inhibitor of double-stranded RNA-activated protein kinase, to the culture medium. Both
virus-associated RNA and 2-aminopurine presumably exert their effect by alteration of the functional level of
eucaryotic initiation factor-2. The translational stimulation mediated by both means is shown to be restricted
to the plasmid-derived mRNAs because there is no qualitative or quantitative alteration in host protein
synthesis. The results are consistent with models invoking a localized activation of double-stranded RNA-

activated kinase leading to a translational block.

To initiate polypeptide chain synthesis, eucaryotic initia-
tion factor-2 (eIF-2) forms a ternary complex with GTP and
initiator Met-tRNA (for reviews, see references 14 and 15).
The ternary complex binds a 40S ribosomal subunit, forming
a 40S initiation complex. Subsequently, an mRNA molecule
and the 60S ribosomal subunit are added to form the 80S
initiation complex, with the concomitant hydrolysis of GTP
to GDP. To reinitiate, GDP bound to eIF-2 must be replaced
by GTP, a reaction catalyzed by the guanine nucleotide
exchange factor. The phosphorylation of the alpha subunit of
eIF-2 results in stabilizing the guanine exchange factor—IF-
2-GDP complex, thereby inhibiting recycling. This depletes
the amount of functional eIF-2 competent for translation
initiation.

Two protein kinases have been shown to regulate initia-
tion by phosphorylation of the alpha subunit of eIF-2 (15).
The hemin-controlled inhibitor of protein synthesis has been
studied in reticulocytes and is activated by various stimuli
including hemin deprivation and heat treatment (6, 19). The
double-stranded RNA (dsRNA)-activated inhibitor (DAI) is
induced by interferon, and its activity is dependent on
dsRNA (12, 18, 20, 31). Translational control mediated by
DAI protein kinase has also been studied in adenovirus-
infected cells, in which it has been found that two RNA
polymerase III transcripts from the adenovirus genome are
expressed at high levels and are required for efficient trans-
lation of adenovirus mRNAs late after infection (27). The
virus-associated (VA) RNA I is involved in the control of the
level of active eIF-2 (17, 21-23). VA RNA I can inhibit the
activation of DAI kinase by dsRNA in vitro (11, 16). It has
been proposed that dsSRNA which may result from asymmet-
ric transcription of the replicating adenoviral genome in
infected cells can activate DAI kinase to phosphorylate the
alpha subunit of eIF-2, resulting in inhibition of translation
initiation. VA RNA may prevent the translational block by
inhibiting activation of DAI kinase. In addition to the role of
VA RNA in adenovirus-infected cells, VA RNA can poten-
tiate the translation of mRNA in transient transfection
experiments (7, 25, 26). Although the role of VA RNA is not
well understood in transient DNA transfection, it is probable
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that VA RNA is responsible for promoting translation by
preventing dsRNA activation of the DAI kinase.

If VA RNA acts by inhibition of DAI kinase in transient
transfection experiments, then 2-aminopurine, a relatively
specific inhibitor of DAI kinase in vitro (3), should exhibit a
similar effect. The effect of VA RNA and 2-aminopurine in
potentiation of mRNA translation in transfected COS cells is
shown in Fig. 1. A plasmid was constructed to express
murine adenosine deaminase (ADA) from the adenovirus
major late promoter, from an mRNA that contains the
majority of the adenovirus tripartite leader sequence which
is present on adenovirus late mRNAs. The plasmid was
constructed with (p9ADAS5-29) and without (p9A) the pres-
ence of the adenovirus VA RNA genes I and II (Fig. 1a).
Transfection of COS-1 cells yielded approximately 10-fold
greater levels of ADA synthesis when the VA genes were
present (Fig. 1b, compare lanes 3 and 5). The bands migrat-
ing at 43 and 48 kilodaltons were shown to be ADA by
immunoprecipitation with ADA-specific antisera (data not
shown). The addition of 10 mM 2-aminopurine to cells
transfected with the VA deficient expression plasmid re-
sulted in a 12-fold increase in ADA translation (Fig. 1b,
compare lanes 5 and 6). Lower concentrations of 2-
aminopurine had a lesser effect (Fig. 1b, lane 7). 2-
Aminopurine also increased translation of ADA in cells
transfected with the VA RNA genes containing plasmid
p9ADAS-29 (Fig. 1b, compare lanes 3 and 4). ADA synthesis
in the 2-aminopurine-treated cells represented over 15% of
the total protein synthesis. Northern blot analysis indicated
that the increased translation was not a result of an alteration
in the ADA mRNA level (data not shown). Rather, the level
of translation of the mRNA derived from the transfected
plasmid was dramatically stimulated by the presence of VA
RNA or by 2-aminopurine. Since both VA RNA and 2-
aminopurine may interact with DAI kinase, the results
suggest that the level of DAI kinase activity is important in
modulating the amount of translation from the ADA mRNA
in transfected cells. These results also demonstrate the use
of 2-aminopurine as a useful tool to dissect the role of DAI
kinase in biological regulation in cells.

To address whether VA RNA or 2-aminopurine has any
effect on host protein synthesis or whether the stimulation
was specific for plasmid-derived mRNA, it was necessary to
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FIG. 1. Effect of VA RNA and 2-aminopurine on total protein synthesis in cells transfected with ADA expression plasmids. (a) The ADA
expression plasmids (p9ADAS-29 and p9A) are depicted (30). Both plasmids utilize the adenovirus major late promoter (AdMLP); contain the
simian virus 40 (SV40) origin and enhancer element; contain the first, second, and two-thirds of the third leaders of the adenovirus tripartite
leader present on adenovirus late mRNAs; and possess an intron of 200 bases (10). The 3’ noncoding region contains a DHFR cDNA and the
simian virus 40 early polyadenylation signal. p9A has a deletion of 1.2 kilobases of DNA that encodes adenovirus VA genes I and II. (b)
Plasmid DNAs were transfected into COS-1 cells by DEAE-dextran-mediated transfection with the addition of a chloroquine treatment (13,
24). Mock indicates COS cells not transfected with DNA (lanes 1 and 2). At 48 h posttransfection, 10 mM 2-aminopurine (2-AP) was added
to the indicated samples, except for one sample transfected with p9A in which 2 mM aminopurine was added (lane 7). After 16 h, cells were
labeled with [**S]methionine (100 wCi/ml) for 45 min, and total cell lysates were prepared and analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, as previously described (9). Molecular weight standards are shown (lane M).

study the pattern of protein synthesis of the subset of cells in
the population that had received plasmid DNA. To isolate
the subpopulation of transfected cells, the cells were
transfected with dihydrofolate reductase (DHFR) expres-
sion plasmids with or without the VA RNA genes, p91023(B)
and pD61, respectively. After transfection, the cells were
stained with a fluorescein conjugate of methotrexate, a folate
analog which binds DHFR, and labeled in vivo with
[>’SImethionine. The cells that expressed significantly in-
creased levels of DHFR resulting from expression of the
transfected DNA were isolated by fluorescence-activated
cell sorting (8). Analysis of cells transfected with p91023(B)
and pD61 indicated that approximately 30% of the cells
expressed significantly elevated levels of DHFR when com-
pared with cells that had not received DNA (mock in Fig.
2a). Cells that had received the plasmid containing VA RNA
(p91023) exhibited approximately 10-fold higher levels of
fluorescence than did the cells that had received the VA-
deficient plasmid (pD61) (Fig. 2a). However, the fluores-
cence obtained from either transfected population allowed
the convenient isolation of the subpopulation expressing the
introduced DHFR gene. Radiolabeled extracts of the total
and populations selected by fluorescence-activated cell sort-
ing were analyzed directly by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis and fluorography. The
pattern of protein synthesis in the original unsorted popula-
tion demonstrates that the presence of VA RNA or 2-
aminopurine resulted in increased translation of the mRNA
encoding DHFR (Fig. 2b). Analysis of the pattern of protein
synthesis in the isolated transfected subpopulation demon-
strates the ratio of synthesis of actin to other endogenous
proteins, and the synthesis of actin per unit number of cells

was unchanged in the presence or absence of 2-aminopurine
or VA RNA (Fig. 2b, lanes 7 to 9). Therefore, the synthesis
of endogenous proteins was apparently unaffected by 2-
aminopurine or VA RNA. However, DHFR synthesis in-
creased approximately 5- and 11-fold by comparison with the
level of actin synthesis in cells treated with 2-aminopurine
(Fig. 2b, lanes 7 and 8) or in the presence of VA RNA (Fig.
2b, lanes 8 and 9), respectively. These results demonstrate
dramatic specificity of the translational potentiation which
was restricted to the plasmid-encoded mRNA. Results of
RNA blot hybridization demonstrate that the differences in
DHFR synthesis in the presence and absence of VA RNA
and 2-aminopurine were not the result of differences in
mRNA levels (Fig. 3).

The present results demonstrate that the increase in trans-
lation observed with 2-aminopurine and VA RNA was
specific to the DHFR mRNA that was encoded by the
introduced plasmid. No effect was detected on host mRNAs.
This indicates that the plasmid-encoded mRNA is unique in
some regard relative to the host mRNAs. One explanation
for the specificity of this enhanced translation by VA RNA
proposes sequence-specific interactions of VA RNA with
mRNA. However, to date, a number of different mRNAs
containing different 5’ and 3’ untranslated sequences have
exhibited VA stimulation of translation in transfection ex-
periments (7, 25, 26). In addition, 2-aminopurine would not
be expected to demonstrate sequence specificity. Alterna-
tively, the results with 2-aminopurine may suggest that the
reduced efficiency of translation of the mRNA derived from
the plasmid results from a localized activation of DAI kinase
in the vicinity of the affected mRNA. One possibility is that
dsRNA, generated from asymmetric transcription of the
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FIG. 2. Total protein synthesis in COS cells transfected with DHFR expression plasmids in the presence and absence of VA RNA and
2-aminopurine. The DHFR expression plasmids pD61 (VA deficient) and p91023(B) (VA containing) have been described previously (7, 29).
COS cells were transfected and at 60 h posttransfection were labeled with [>*S]methionine for 1 h. Mock indicates cells not transfected with
DNA. Total cell extracts were prepared and analyzed by sodium dodecyl sulfate-polyacrylamide gel electrophoresis. To isolate the
transfected subpopulation, fluorescein-methotrexate was added at 1 pM to the medium 24 h before the cells were labeled with
[>*SImethionine. (a) Analysis of cells transfected with p91023(B) and pD61. The fluorescence scale represents 5 logs. Positively fluorescent
cells (10°) (arrow indicates the fluorescent gate) were isolated with an EPICS V fluorescent cell sorter. (b) Cell extracts were prepared and
analyzed directly by sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 5 to 12% polyacrylamide gradient gel. Protein
concentrations of the cell lysates were determined by the Bio-Rad protein assay. 2-Aminopurine (10 mM) was added where indicated at 10
h before [**S]methionine labeling. The positions of actin and DHFR migration and the positions of the molecular weight markers are indicated.
Addition of 2-aminopurine (2-AP) is indicated. Band intensities were quantitated with an LKB 2202 Ultroscan laser densitometer. DHFR

represents 28% of the total protein synthesis in lane 9.

plasmid DNA, is associated with the plasmid-derived mRNA
and directly activates DAI kinase. Thus, the activated kinase
would be bound specifically to the mRNA containing dSsSRNA
features, resulting in specific, localized depletion of eIF-2.
This explanation is consistent with the results of De
Benedetti and Baglioni (4), which demonstrate the specific
inability to initiate translation of vesicular stomatitis virus
mRNA containing a poly(U) tail hybridized to the poly(A)
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FIG. 3. RNA blot hybridization of transfected COS cells. RNA
blot hybridization analysis of total RNA isolated (2) from cells
transfected, treated with 2-aminopurine, and harvested at 64 h
posttransfection, as described in the legend to Fig. 2. Gel electro-
phoresis and RNA transfer to nitrocellulose were performed (5, 28),
and the blot was hybridized to a nick-translated DHFR cDNA
insert. COS cells not transfected with DNA are indicated as mock
(lane 1). Results from separate transfection and RNA blot hybrid-
ization experiments are shown (lanes 1 to 5 and lanes 6 and 7).
Addition of 2-aminopurine (2-AP) is indicated.

tail. However, alternate explanations, such as the channel-
ing of mRNAs to proper intracellular compartments (1) or
the existence of different ribonucleoprotein particles result-
ing from transcription complexes associated with episomally
as opposed to chromosomally localized genes, cannot be
ruled out to account for the restricted translational speci-
ficity. Experiments are being conducted to test these possi-
bilities.
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manuscript.
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