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The VAI RNA of adenovirus is a small, RNA polymerase III-transcribed species required for the efficient
translation of host cell and viral mRNAs late after infection. VAI RNA prevented activation of the
interferon-induced P1/eIF-2« kinase. In its absence the kinase was activated, eIF-2a was phosphorylated, and
translational initiation was inhibited. H5dI331 (dI331), a mutant which cannot express VAI RNA, grew poorly
in 293 cells but generated wild-type yields in KB cells. The growth phenotype of the mutant appeared to
correlate with the kinetics of kinase induction and activation. Active kinase appeared more rapidly in cell
extracts prepared from infected 293 cells, in which dI331 grew poorly, than in extracts of KB cells, in which
the mutant grew well. However, when kinase was induced in KB cells by interferon treatment and then
activated subsequent to dI331 infection, viral protein synthesis was less severely inhibited than in interferon-
treated 293 cells. Thus, activated kinase per se is insufficient to severely inhibit di331 protein synthesis in KB

cells.

The adenovirus VA RNAs are small transcripts (160
nucleotides) synthesized in large amounts late after infection
by RNA polymerase III (13, 24, 28). There are two VA RNA
genes, designated VAI and VAII, located at about 30 map
units on the adenovirus type 5 (Ad5) chromosome (10, 12).
To explore the function of these RNAs, we constructed two
AdS variants, each of which fails to encode one of the VA
species (26). The mutant that fails to produce the VAI RNA
(dI331) grows more poorly than its parent in the human 293
cell line. Analysis of its defect indicated that VAI RNA is
required for the efficient initiation of translation late after
infection (22, 26). Both viral and host cell protein synthesis
become dependent on VAI RNA late after infection (14, 26).

The translational defect results from activation of the
P1/elF-2a kinase and subsequent loss of initiation factor 2
(eIF-2) activity (14, 21, 23). The role of the kinase in loss of
eIF-2 activity has been documented in several systems (for a
review, see reference 6). During the initiation process,
elF-2, which is composed of three subunits (o, B, v),
functions in a ternary complex with GTP and Met-tRNA;.
GTP is hydrolyzed to GDP as the 80S initiation complex is
formed and elIF-2 is released. The eIF-2-associated GDP
must be exchanged for GTP before the factor can mediate a
new round of initiation. This exchange is catalyzed by the
GTP-recycling factor termed eIF-2B. It does not occur when
the elF-2a subunit has been phosphorylated. Rather,
phosphorylated eIF-2 sequesters the limited quantities of
elF-2B in a tight complex, preventing the recycling reaction
(for a review, see reference 16). Thus, GTP is no longer
recycled, eIF-2 does not function catalytically, and the
frequency of initiation is decreased.

Synthesis of the P1/eIF-2a kinase is induced by interferon,
and it is activated by double-stranded RNA (dsRNA) (9, 15,
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18, 29). VAI RNA prevents activation but not induction of
the kinase in response to interferon (8). Furthermore, VAI
RNA can inhibit activation of the kinase by dsRNA in
extracts prepared from interferon-treated cells (8, 11). Not
surprisingly, whereas wild-type AdS is insensitive to inter-
feron, growth of dI331 in 293 cells is inhibited by the antiviral
agent (8).

It makes good sense that the kinase is activated in extracts
prepared from di331-infected cells that have been pretreated
with interferon. The kinase is induced by interferon and
subsequently activated since VAI RNA is not available to
inhibit the process. However, activated kinase was origi-
nally observed in di331-infected 293 cells that were not
treated with interferon (21, 23). In this instance the agent
responsible for induction of the kinase is unknown.

In contrast to its growth response in 293 cells, we report
here that dI331 grows as well as wild-type virus in KB cells.
The growth phenotype of the mutant appears to correlate
with the kinetics of P1/eIF-2a kinase induction and activa-
tion. Active kinase appears more rapidly in cell extracts
prepared from 293 cells, in which dI331 grows poorly, than in
extracts of KB cells, in which it grows well. Kinase is
efficiently induced in both cell types by interferon treatment
and is activated subsequently to d/331 infection. Although
di331-directed late translation is dramatically reduced in
interferon-treated 293 cells, mutant translation is only mod-
estly affected in KB cells. Thus, activated Kinase is insuffi-
cient to severely inhibit protein synthesis in dI331-infected
KB cells.

MATERIALS AND METHODS

Viruses and cells. Wild-type Ad5 (H5w300) is a plaque-
purified derivative of a stock originally obtained from H.
Ginsberg, Columbia University (New York, N.Y.). H5dI309
(dI309) is a phenotypically wild-type derivative of H5w300
that carries a series of altered restriction endonuclease
cleavage sites (7). dI331 lacks 29 base pairs within the
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FIG. 1. Growth kinetics of mutant and wild-type viruses on a
variety of human cell lines. Cells were infected at a multiplicity of 3
PFU per cell, and virus yield was measured by plaque assay on 293
cells. Symbols: @, di309, O, di331.

intragenic control region of the VAI RNA gene and, as a
result, fails to produce VAI RNA (26). All infections were at
a multiplicity of 20 PFU per cell unless otherwise noted in
figure legends.

The 293 cell line (a human embryonic kidney cell line
transformed with a DNA fragment carrying the left 11% of
the AdS genome) has been described previously (3). HeLa
and KB cell lines were obtained from H. Young, Columbia
University, and A549 cells were obtained from the American
Type Culture Collection (Rockville, Md.). All cells were
propagated in medium containing 10% calf serum. Plaque
assays were performed on 293 cells as described previously
(26). For interferon treatment 1,000 U of human aA inter-
feron per ml was used, which was kindly provided by S.
Pestka, Roche Institute (Nutley, N.J.). Cell cultures were
pretreated with interferon for 24 h prior to infection and were
then refed with medium containing interferon after infection.

RNA preparation and analysis. Procedures for isolation of
cytoplasmic poly(A)* RNA from infected cells and for
Northern-type RNA blot analysis have been described pre-
viously (4). The DNA probe used to analyze L5 mRNAs was
a recombinant plasmid which carried the Ad5S DNA segment
between 88.3 and 91 map units. To monitor VA RNA
synthesis, infected cell nuclei were isolated and labeled for
30 min with [a-3?2P]JUTP (500 p.Ci/ml, 600 Ci/mmol) before
total nuclear RNA was prepared and analyzed by electro-
phoresis (26).

Polypeptide analysis. To analyze polypeptide synthesis,
infected cells were labeled with [**S]methionine (50 pnCi/ml,
1,100 Ci/mmol) for 60 min. Preparation of cytoplasmic
extracts, immunoprecipitations, and sodium dodecyl sulfate
(SDS)-polyacrylamide gel electrophoresis were carried out
as described previously (20). Fiber immunoprecipitations
used a polyclonal antibody prepared against electrophoreti-
cally purified fiber polypeptide as antigen. The fiber antibody
was kindly provided by C. Anderson, Brookhaven National
Laboratory.

Polypeptide phosphorylation. Extracts were prepared from
cells 22 h after infection at a multiplicity of 20 PFU per ml.
In vitro phosphorylation assays have been described in
detail (17). Briefly, the reaction mixture contained 20 mM
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HEPES (N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic
acid; pH 7.5), 48 mM KCl, 2 mM dithiothreitol, 4 mM
magnesium acetate, 100 mM ATP containing 10 pCi [y-
32ZPJATP (500 wCi/ml, 7,000 Ci/mmol), and 10 ul of S-10
extract containing about 20 pg of protein. Purified eIF-2 was
included at 20 wg/ml. Samples were processed for electro-
phoresis after incubation at 30°C for 10 min. For im-
munoprecipitations sheep polyclonal antiserum raised
against purified eIF-2 was used.

Phosphatase assay. Purified eIF-2 was phosphorylated with
partially purified P1/eIF-2a kinase and [y-*?P]ATP and then
separated from residual labeled ATP by DEAE-cellulose
chromatography and gel filtration on Sephadex G25. To
assay for phosphatase, the 3?P-labeled eIF-2 was incubated
at 30°C with 20 pg of S-10 extract in a final volume of 50 ul
under the conditions described above for kinase assays,
except that the [y-3?P]ATP was omitted. After various times
of incubation, fractions were removed, boiled in SDS-
containing electrophoresis sample buffer, and subjected to
electrophoresis in a 12.5% SDS-containing polyacrylamide
gel.

RESULTS

Variable growth response for di331 in different cell lines. A
variety of human cell lines were tested for their ability to
support the growth of di331 (Fig. 1). Whereas the VAI
mutant generated a 25-fold reduced yield compared with the
wild-type virus in 293 cells, the two viruses displayed
identical growth kinetics in KB cells. Intermediate growth
responses for dI331 were observed in 549 and HeLa cells.
The different growth responses were also evident when late
polypeptide synthesis was monitored (Fig. 2). The 293 cells
infected with wild-type virus (d/309) displayed a high rate of
viral polypeptide synthesis by 20 h after infection, while
dI331-infected 293 cells did not. Similar quantities of late
viral polypeptides were produced in dI309- and dI331-
infected KB cells. It is interesting that d/331 directed syn-
thesis of near normal levels of late polypeptides in the HeLa
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FIG. 2. Electrophoretic analysis of polypeptides synthesized in
various cell lines late after infection with mutant or wild-type
viruses. Cells were labeled with [**S]methionine (50 wCi/ml) for 60
min 22 h after infection with dI309 (309) or di331 (331) at a
multiplicity of 20 PFU per cell (UN, uninfected cells). Extracts were
prepared and subjected to electrophoresis in a 12.5% polyacryl-
amide gel containing 0.1% SDS.
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cell line studied here, but we have previously observed a
severe reduction in late protein synthesis in a different HeLa
cell line (22).

Variable growth correlates with activation of Pl/elF-2a
kinase. The basis for the differential growth response of
di331 in various cell lines was explored. Mutant di331
continued to encode VAII RNA. In fact, it produces more of
this RNA than wild-type virus (26). Since it probably func-
tions similarly to the VAI species, it seemed possible that
VAII RNA could be expressed at higher levels in the
permissive KB cells than in 293 cells. However, this proved
not to be the case (Fig. 3A). The same amount of VAII RNA
was produced in each cell line tested. Similarly, d/331-
encoded late mRNAs were not overproduced in the permis-
sive KB cells (Fig. 3B).

Next, extracts were produced to test for activaion of the
P1/eIF-2a kinase (Fig. 4). Both eIF-2a and eIF-2@ subunits
were phosphorylated in this experiment. The two subunits
are phosphorylated by different kinases, and B-subunit phos-
phorylation is not known to affect eIF-2 activity (25, 27). As
reported previously (21, 23), P1/eIF-2a kinase activity was
substantially elevated by 20 h after infection of 293 cells with
di331. No increase over the uninfected cell level was ob-
served in wild-type virus (dI309)-infected 293 cells. In con-
trast, no increase in kinase activity was observed in extracts
prepared from d/331-infected KB cells 20 h after infection.
To test whether kinase was induced but not activated in the
20-h KB cell extracts, assays were repeated in the presence
of an activator (reovirus dsRNA). No increase in activity
was detected under these conditions (data not shown),
indicating that kinase was neither induced nor activated by
20 h after infection of KB cells with dI331. Increased kinase
activity in the absence of added dsRNA was observed,
however, in KB cell extracts prepared 32 or 44 h after
infection with dI331 (Fig. 4). Thus, increased kinase activity
can be observed in dI331-infected KB cells, but only after a
delay relative to the 293 cell.

The apparent delay in production of active kinase in
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FIG. 3. Electrophoretic analysis of VA RNAs and L5-specific
mRNAs synthesized in various cell lines after infection with mutant
or wild-type viruses. 309, mutant d/309; 331, mutant dI331. (A).
Analysis of VA RNAs. Nuclei were prepared 22 h after infection at
a multiplicity of 20 PFU per cell and labeled for 30 min with
[a-2PJUTP (200 wCi/ml). Total nuclear RNA was prepared and
subjected to electrophoresis in an 8% polyacrylamide gel containing
8 M urea (B). RNA blot analysis of L5-specific mRNAs. Cytoplas-
mic poly(A)* RNA was prepared 22 h after infection at a multiplicity
of 20 PFU per cell, and 0.5-pg fractions were subjected to RNA blot
analysis.
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FIG. 4. Electrophoretic analysis of elF-2 phosphorylated in ex-
tracts prepared from mutant or wild-type virus-infected 293 or KB
cells. Extracts were prepared from uninfected cells (UN) or 22 h
after infection with di309 (309) or di331 (331) at a multiplicity of 20
PFU per cell. Kinase assays were performed with added elF-2 (20
ng/ml). After incubation in the presence of [y-*2P]JATP for 10 min at
30°C, phosphorylated elF-2 was immunoprecipitated and subjected
to electrophoresis in a 12.5% polyacrylamide gel containing 0.1%
SDS. elF-2a and -B subunits are labeled.

di331-infected KB cells could be an indirect effect of en-
hanced phsophatase activity that catalyzes the dephospho-
rylation of elF-2a-P (1). To test phosphatase levels,
phosphorylated elF-2a was added to 293 or KB cell extracts,
and its rate of dephosphorylation was monitored (Fig. 5).
Dephosphorylation proceeded at the same rate in all extracts
tested (50% in about 60 min), indicating that the phosphatase
is present at the same level in 293 and KB cells and that its
activity is indifferent to viral infection.

We conclude that the lag in production of active kinase in
di331-infected KB as compared with 293 cells is due at least
in part to a delay in the induction and activation of the kinase
in KB cells. This delay likely gives dI331 opportunity to
synthesize its late polypeptides and generate normal yields
in KB cells.

Growth response of di331 is not likely owing to differential
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FIG. 5. Electrophoretic analysis of phosphorylated eIF-2 sub-
jected to phosphatase activity present in extracts of mutant or
wild-type virus-infected 293 or KB cells. Extracts were prepared
from uninfected cells (UNINF) or 22 h after infection with dI309
(309) or di331 (331). 32P-labeled eIF-2 was added to the extracts and
incubated at 30°C. After various times (indicated in minutes above
the lanes), fractions were removed and subjected to electrophoresis
in a 12.5% polyacrylamide gel containing 0.1% SDS.
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FIG. 6. Electrophoretic analysis of polypeptides phosphorylated
in extracts prepared from interferon-treated (+IFN) or untreated
(—IFN) 293 or KB cells. Extracts were prepared from either
untreated cells or 24 h after the addition of 1,000 U of human oA
interferon per ml. Kinase assays were performed in the presence of
various quantities of added reovirus dsRNA (0 to 100 pg/ml; the
amount is indicated over each lane). After incubation in the pres-
ence of [y-*’PJATP for 10 min at 30°C, all of the extracts were
subjected to electrophoresis in a 12.5% polyacrylamide gel contain-
ing 0.1% SDS. elF-2a and -B subunits are labeled.

production of interferon by 293 and KB cells. The lag in
kinase expression in dI331-infected KB cells could result
from differential production of interferon in KB as compared
with 293 cells. If 293 cells produced interferon either very
quickly after infection or in high amounts, it could feed back
on the infected population to induce expression of the
kinase. Accordingly, interferon production after infection of
KB or 293 cells with either dI309 or d/331 was monitored by
a vesicular stomatitis virus (VSV) plaque reduction assay on
WISH cells. In this assay, WISH cells were treated with
medium from the AdS-infected cultures prior to infection
with VSV. VSV is highly sensitive to interferon, and its
ability to generate plaques is prevented in its presence.
Although a 50% reduction in VSV plaquing ability could be
observed in control experiments by pretreatment of WISH
cells with 1 U of human aA interferon per ml, no reduction
was observed by pretreatment with medium from infected
KB or 293 cells (data not shown). Thus, neither cell line
produces detectable extracellular interferon.

Even though no interferon production was detected, both
293 and KB cells were tested for their ability to respond to
interferon by inducing synthesis of the P1/eIF-2a kinase
(Fig. 6). Extracts were prepared from uninfected cells which
either never saw interferon or which had been grown in the
presence of 1,000 U of human aA interferon per ml for 20 h.
Various amounts of reovirus dsRNA were added to the
extracts to activate latent kinase, and the transfer of radio-
active phosphate to the elF-2a subunit was monitored.
Neither cell line expressed substantial kinase activity in the
absence of interferon treatment, and both expressed activity
after treatment. Furthermore, kinase activity was induced in
both cell lines by treatment with as little as 25 U of A
interferon per ml (data not shown). Thus, the Pl/elF-2«a
kinase was induced in both cells by levels of interferon
which could be detected easily in the VSV plaque reduction
assay.

One might still argue that low levels of cell-associated
interferon are produced by the infected cell cultures that
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cannot be detected by assaying the culture medium. This
condition could occur if the amount of interferon produced
was submolar relative to cellular interferon receptors. To
address this possibility, dI331-infected 293 cells were main-
tained in medium containing sufficient antibody to neutralize
250 U of B interferon per ml. Inclusion of antibody to B
interferon had no effect on the appearance of kinase activity
(data not shown). Thus, it appears very unlikely that extra-
cellular interferon plays a role in the induction or activation
of the P1/eIF-2a kinase in dI331-infected cells.

Polypeptide synthesis and yield do not correlate with kinase
levels in dI331-infected KB cells treated with interferon. When
KB or 293 cells were pretreated with interferon, no increase
in Pl/elF-2a kinase activity was evident by 20 h after
infection with wild-type virus (dI309) (Fig. 7). Latent kinase
is induced but not activated in both cell types (8; data not
shown). By 20 h after infection with d/331, kinase was
activated to similar levels in both 293 and KB cells which
were pretreated with interferon (Fig. 7). Curiously, late viral
polypeptide synthesis was reduced to a lesser extent in
interferon-pretreated KB than 293 cells. This is evident
when either total infected cell proteins or immunoprecipi-
tated fiber polypeptide was monitored (Fig. 8). Consistent
with this observation, the yield of dI331 was nearly insensi-
tive to interferon in KB cells, while it was reduced in 293
cells (Table 1). Thus, it appears that expression of activated
kinase is not in and of itself sufficient to substantially
interfere with di331 growth.

DISCUSSION

The growth response of dI331 varies among different
human cell lines (Fig. 1 and 2). Extremes are observed in 293
cells, in which the yield of dI331 is reduced about 25-fold,
and KB cells, in which d/331 and wild-type (dI309) viruses
generate similar yields. A key difference between 293 and
KB cells appears to be the rapidity with which the P1/elF-2a
kinase is induced and activated subsequent to dI331 infec-
tion. Analysis of kinase activity in cell extracts indicates that
its expression is delayed in KB as compared with 293 cells

293 CELLS
-IFN +IFN

KB CELLS
-1FN +|FN

FIG. 7. Electrophoretic analysis of eIF-2 phosphorylated in ex-
tracts prepared from interferon-treated (+IFN) or untreated (—IFN)
cells infected with mutant or wild-type viruses. Extracts were
prepared from uninfected (UN) 293 or KB cells or 20 h after
infection with dI309 (309) or d/331 (331) at a multiplicity of 20 PFU
per cell. Interferon-treated cultures first received 1,000 U of human
oA interferon per ml 24 h before infection and were refed with the
same quantity of fresh interferon after infection. Conditions for the
kinase assay and electrophoresis were as described in the legend to
Fig. 4. eIF-2a and -B subunits are labeled.
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(Fig. 4). This delay is likely to be at least part of the basis for
KB cells permissivity. However, it may not be the whole
story given the relatively incomplete inhibition of di331
protein synthesis in interferon-treated KB cells compared
with 293 cells which contain activated kinase (Fig. 7; see
below).

The nature of the kinase-inducing agent generated by
dI331 infection remains unclear. Since the P1/eIF-2a kinase
is known to be induced by interferon, we assayed for
interferon production by the dI331-infected cultures. The
different growth reponse of d/331 in 293 and KB cells could
be explained easily if 293 cells produced interferon subse-
quent to infection while KB cells did not. However, no
interferon could be detected in the medium of d/331-infected
KB or 293 cells by a plaque reduction assay, and antibody to
B interferon did not inhibit the appearance of kinase activity.
It is unlikely that extracellular interferon plays a role.
Apparently, a dI331 product induces the kinase but not the
interferon.

Even though kinase expression exhibited a delay in KB
cells compared with 293 cells subsequent to dI331 infection
(Fig. 4), it was efficiently induced and activated in both cell
types when interferon was administered to cultures prior to
infection with the VAI mutant (Fig. 7). Curiously, however,
dI331-specific late polypeptide synthesis (Fig. 8) and yield
(Table 1) were much more severely depressed in 293 and KB
cells, even though both cells contained activated kinase, as
judged by in vitro assays. There is a precedent for this
observation. Jacobsen et al. (5) have monitored protein
synthesis in extracts of interferon-treated mouse L cells after
the addition of a synthetic dsSRNA which activated kinase
but not (2’-5')-oligoadenylate synthetase. Activated kinase
led to phosphorylation of eIF-2a but did not inhibit protein
synthesis. In a similar vein, there have been several reports
that viruses normally sensitive to interferon such as reovirus

TOTAL CELL a-FIBER
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FIG. 8. Electrophoretic analysis of polypeptides synthesized in
interferon-treated (+IFN) or untreated (—IFN) cells infected with
mutant or wild-type viruses. The 293 or HeLa cells were infected
with dI309 (309) or dI331 (331) at a multiplicity of 20 PFU per cell
(UN, uninfected cells). Interferon treatment was as described in the
legend to Fig. 7. Cells were labeled for 60 min with [>**S]methionine
(50 unCi/ml) 22 h after infection. Extracts were prepared and either
subjected to electrophoresis directly (total cell) or fiber polypeptide
was imunoprecipitated (a-fiber) with a polyclonal antiserum before
electrophoresis in a 12.5% polyacrylamide gel containing 0.1% SDS.
The two polypeptides which migrated more slowly than the fiber
(IV) polypeptide coprecipitated in a nonquantitative fashion through
their association with fiber.
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TABLE 1. Influence of interferon on virus yield in 293 as
compared with KB cells

PFU/ml in":
Virus 293 cells KB cells
— IFN + IFN - IFN + IFN
dno9 2.1 x 108 2.1 x 108 3.0 x 10° 3.1 x 10°
di33l 3.7 x 10° 4.2 x 10° 3.0 x 10% 1.2 x 108

@ Cells were infected at a multiplicity of 3 PFU/per cell and harvested 48 h
later. Virus yield was measured by plaque assay on 293 cells. Interferon
(IFN)-treated cultures received 1,000 U of human lenkocyte aA interferon 24
h before infection and were refed with interferon-containing medium subse-
quent to infection.

(19) and encephalomyocarditis virus (2) can propagate under
certain conditions in interferon-treated cells. These cells
clearly contained induced kinase, but it was not demon-
strated to be activated.

Thus, our results and those of others argue that activation
of the interferon-induced kinase and concomitant phosphor-
ylation of eIF-2a is not necessarily sufficient to severely
inhibit protein synthesis. Perhaps activated kinase fails to
substantially inhibit protein synthesis in cells which fortu-
itously contain high levels of eIF-2B. Thus, more extensive
phosphorylation of eIF-2a than normally observed would be
required to trap all available eIF-2B in nonrecyclable com-
plexes with eIF-2-GDP. In this case, then, KB cells would
contain higher levels of eIF-2B than 293 cells. Alternatively,
another factor may exist that is necessary for translational
inhibition via the Pl/eIF-2a kinase pathway. If this were
true, KB cells must lack this as yet to be identified factor.
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