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The production of cytoplasmic and nucleolar rRNA species was examined in
HeLa cells infected with high multiplicities of adenovirus type 5. Both 28S and
18S rRNA newly synthesized in infected cells ceased to enter the cytoplasm as

reported previously (N. Ledinko, Virology 49:79-89, 1972; H. J. Raskas, D. C.
Thomas, and M. Green, Virology 40:893-902, 1970). However, the effects on 28S
cytoplasmic rRNA were observed considerably earlier in the infectious cycle than
those on 18S rRNA. The inhibition of cellular protein synthesis and of the
appearance in the cytoplasm of labeled cellular mRNA sequences (G. A. Beltz
and S. J. Flint, J. Mol. Biol. 131:353-373, 1979) were also monitored in infected
cultures. During the later periods of an infectious cycle, from 18 h after infection,
nucleolar rRNA synthesis and processing and exit of 18S rRNA from the nucleus
were inhibited, probably reflecting the failure of infected cells to synthesize
normal quantities of ribosomal proteins. The earliest responses of cellular RNA
metabolism to adenovirus infection were, however, the rapid and apparently
coordinate reductions in the levels of newly synthesized 28S rRNA and cellular
mRNA sequences entering the cytoplasm.

The value of adenovirus-infected cells as a
model system for the study of mechanisms of
gene expression and regulation in eucaryotic
cells has long been recognized and exploited to
construct the detailed picture of the organization
and expression of adenoviral genes that we now
possess (see references 7 and 42 for reviews).
One aspect of the adenovirus-host cell interac-
tion has, however, received much less attention:
the extremely efficient usurpation of the cellular
biosynthetic machinery, characteristic of the
late phase of infection, is a well-established
phenomenon, but one whose molecular basis
has been little investigated. Inhibition of cellular
DNA synthesis by adenoviruses begins with the
initiation of viral DNA synthesis (and, by defini-
tion, the late phase) some 6 to 8 h after infection
by type C adenovirus (adenovirus type 2 [Ad2]
or AdS) and is essentially complete a few hours
thereafter (9, 25). Similarly, only adenoviral
polypeptides are labeled once the late phase is
established (1, 2, 28, 39). Inhibition of cellular
protein synthesis is, however, a relatively long-
drawn-out affair that, at least to some extent,
reflects the failure of type C adenovirus-infected
cells to transport mature host mRNA sequences
to the cytoplasm (3; S. J. Flint, G. A. Beltz, and
D. I. H. Linzer, J. Mol. Biol., in press). The
major species of small RNA encoded by the
adenoviral genome, VA-RNA&, is required for
efficient translation of viral late mRNA species
(31), but it is not yet known whether it also

mediates selective translation of viral mRNA.
It is clear that adenovirus infection does not

inhibit transcription of cellular pre-mRNA se-
quences (3, 26), including those complementary
to specific, nonadenoviral genes (Flint et al., in
press; S. M. Berget, personal communication).
The molecular mechanism(s) underlying the dis-
crimination between adenoviral and cellular
mRNA sequences that must occur during post-
transcriptional processing or during transport of
sequences destined to function as mRNA re-
mains to be identified. In this respect, it may be
significant that adenovirus infection has also
been reported to disrupt the normal metabolism
of rRNA sequences (15, 27). On the other hand,
this phenomenon could be a secondary conse-
quence of the inhibition of synthesis of cellular
proteins, including ribosomal proteins. It is well
established that inhibition of cellular protein
synthesis by the addition of drugs such as cyclo-
heximide (4, 17, 33, 40), by starvation for essen-
tial amino acids (18), by incubation in hypertonic
medium (22), or after infection by viruses that
interfere with cellular gene expression at the
level of translation, such as picomaviruses (5,
34), prevents the appearance of 28S and 18S
rRNA species in the cytoplasm. Under these
circumstances, failure to accumulate mature
rRNA species in the cytoplasm is accompanied
by a decrease in rates of the synthesis and
processing of nucleolar rRNA species.

In an effort to distinguish between these possi-
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bilities, the temporal patterns of inhibition of
appearance in the cytoplasm of cellular mRNA
and rRNA sequences in adenovirus-infected
cells were compared with those of inhibition of
cellular protein synthesis. The effects of adeno-
virus infection on synthesis and processing of
the 45S rRNA precursor within the nucleolus
were also examined.

MATERIALS AND METHODS

Cells and virus. Preparation of viral DNA, labeling
of RNA, oligodeoxythymidylate-cellulose chromatog-
raphy, RNA-DNA hybridization conditions, and the
preparation and detection of labeled proteins have
been described in detail elsewhere (3).
RNA purification. The procedure used for RNA

purification was that reported by Beltz and Flint (3)
except that 100 p.g of DNase I per ml of nuclear lysate
was used to digest chromatin. The DNase I (Worthing-
ton Diagnostics) was free of RNase as judged by
incubation with [3H]rRNA followed by denaturation
and electrophoresis as described below.
RNA gel electrophoresis. RNA was denatured in 50%o

dimethyl sulfoxide (Fisher Scientific Co.), reacted
with glyoxal (Fluka), and separated in 0.75 or 1.0%

agarose (BioRad Laboratories; electrophoresis grade)
gels cast in 10 mM sodium phosphate (pH 7.0)-i mM
EDTA according to the method of McMaster and
Carmichael (20). For fluorography, the gels were
soaked in 2.5 volumes of En3Hance (New England
Nuclear Corp.) for 8 h, agitated in water for 5 h, dried
onto 3MM chromatography paper (Whatman), and
exposed to Kodak XRP-1 X-ray film. To quantitate
individual RNA species, tracks from dried gels were
cut into 1-mm slices and counted. These data were
plotted as counts per minute versus distance migrated,
and the radioactivity in the peaks was determined.
These values were then expressed as a percentage of
the total radioactivity recovered in the track to correct
for slight variations in this parameter. Fluorograms
were also subjected to densitometry with an MkIIIB
double-beam recording Joyce-Loebl microdensitome-
ter, and the peaks corresponding to nucleolar or

cytoplasmic rRNA species of interest were excised
and weighed.

Preparation of ribosomal proteins. [3H]leucine-la-
beled HeLa cells (6 x 10') were pelleted by centrifuga-
tion at 300 x g for 3 min, washed once in phosphate-
buffered saline, and lysed in hypotonic buffer
containing 0.5% Nonidet P-40. Nuclei were removed
by centrifugation at 500 x g for 5 min, and the
microsomal fraction was removed by centrifugation at
27,000 x g for 20 min. The supernatant was then
layered onto a 30%o sucrose cushion and centrifuged at
150,000 x g for 16 h to pellet polyribosomes (12). The
ribosomal subunits, dissociated in 5 mM EDTA, were

separated in 15 to 30%o sucrose gradients (23). Frac-
tions containing 60S and 40S subunits were pooled,
ethanol precipitated (6), and suspended in water and
gel sample buffer (13), and the labeled proteins were

examined by electrophoresis in sodium dodecyl sul-
fate-polyacrylamide gels followed by fluorography.
The identity of the 60S and 40S subunits was con-

firmed by parallel preparation of 60S and 40S subunits
labeled with [3H]uridine and analysis of their RNA by

electrophoresis in denaturing gels as described in the
previous paragraph.

RESULTS

Inhibition of appearance of cellular rRNA spe-
cies in the cytoplasm of adenovirus-infected cells.
The effects of adenovirus infection upon both
the appearance of newly synthesized RNA spe-
cies in the cytoplasm and the synthesis of cellu-
lar polypeptides were examined to determine
whether the inhibition of cytoplasmic appear-
ance of mature 28S and 18S rRNA is simply a
secondary consequence of the well-documented
inhibition of cellular protein synthesis observed
in adenovirus-infected cells (1-3, 28, 39).

Exponentially growing HeLa cells were in-
fected with high multiplicities of Ad5, 50 to 150
PFU/cell, to ensure that all cells in the culture
were infected more or less synchronously. A
portion of the culture was removed before infec-
tion to serve as a mock-infected control sample.
At regular intervals after infection, portions of
the culture were removed and labeled for 2-h
periods with [3H]uridine or [3H]leucine as de-
scribed above. Mock-infected samples were la-
beled in similar fashion, and nuclear and cyto-
plasmic RNA or proteins were prepared from all
samples as described above. Cytoplasmic poly-
adenylate [poly(A)]-lacking RNA was isolated
from each preparation of labeled RNA by two
cycles of chromatography on oligodeoxythymi-
dylate-cellulose. To examine the newly synthe-
sized RNA species reaching the cytoplasm after
AdS infection, poly(A)-lacking RNA fractions
were glyoxalated (20), and equal portions were
subjected to electrophoresis in 1% agarose gels.
A typical fluorogram of a gel containing samples
from an infected culture in which complete
inhibition of cellular protein synthesis was at-
tained by 18 to 20 h after infection is shown in
Fig. 1. As expected on the basis of earlier
reports (15, 27), a dramatic inhibition of the
appearance of mature 28S and 18S rRNA in the
cytoplasm could be seen as the infection pro-
gressed. It is also clear, however, that the inhibi-
tion of appearance of cytoplasmic 28S rRNA
was both greater and more complete, within the
period shown in Fig. 1, than that of 18S rRNA.

Despite the poor resolution of low-molecular-
weight poly(A)-lacking RNA in 1% agarose gels,
a new species could be readily detected by 6 to 8
h after infection (Fig. 1). This species migrated
somewhat more slowly than the tRNA band and
presumably corresponds to the VA-RNA spe-
cies (19, 21, 29). It is of interest that little change
in the appearance of newly synthesized, cellular,
low-molecular-weight RNA species could be
discerned within the time span examined. More
detailed experiments to investigate the effects of
adenovirus infection upon different classes of
small RNA species are in progress.
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FIG. 1. Appearance of labeled cytop
in Ad5-infected HeLa cells. AdS-infecte
were labeled with [3H]uridine for 2-h F
ning at 4, 6, 8, 12, 18, and 24 h af
Cytoplasmic, non-polyadenylated RNA
described in the text, was denatured by r
M glyoxal (20) and subjected to electrop
agarose gels for 12 h at 40 V. Shown is a
such a gel. Equal amounts of RNA 1
indicated times were applied to each ti
RNA prepared in identical fashion from i
cells was analyzed in the flanking tracks
this experiment, 1.5 x 104 cpm of inf
ly(A)-lacking [3H]RNA was loaded ont
The percentages of the total RNA recoN
amount represents were 0.24, 0.21, 0.29
0.22, and 0.23% at 4, 6, 8, (10), 12, 18,
infection, respectively. As equal number
labeled under identical conditions at ea
each track was therefore loaded, withi
tal error (12%; 0.237 ± 0.028% of the
poly(A)-lacking RNA prepared from the
of cells.

Quantitation of the amounts of newly synthe-
sized 28S and 18S rRNA entering the cytoplasm
of Ad5- or mock-infected HeLa cells was ac-
complished by measurement of the amount of
radioactivity in the 28S and 18S rRNA bands in
each lane of the gel shown in Fig. 1 and others
like (see Materials and Methods). Within experi-
mental error (less than 12% in the experiment
shown in Fig. 1 and 2), the constant amount of
labeled RNA applied to each track represents
RNA from the same number of HeLa cells,
implying that adenovirus infection does not in-
duce gross changes in their total poly(A)-lacking
RNA content (that is, rRNA, tRNA, and other
small, cytoplasmic RNA species together with
VA-RNA). After correction for slight variations
in the total amount ofRNA recovered from each
portion of the infected culture, the values ob-

tained at the various time points after adenovi-
rus infection were expressed as a percentage of
mock-infected control values. Such data are
presented in Fig. 2. The appearance in the
cytoplasm of newly synthesized 28S rRNA was
inhibited greater than 90%o by 12 h after AdS
infection and declined to less than 1% of the

___ control value by 18 h. Inhibition of the appear-
ance of 18S rRNA occurred more slowly; in-
deed, in this and other experiments a slight
stimulation in the levels of labeled 18S rRNA
reaching the cytoplasm in the first few hours
after infection was observed. We do not under-
stand the reasons for this result, which is con-
fined to 18S rRNA. Neither this effect, however,
nor the inhibition of 28S rRNA observed early
after AdS infection appears to result from the
manipulations to which cells are subjected dur-

HeLasmicellsA ing infection, that is, incubation for 1 h at 10
ierods begin times their normal concentration followed by
Fter infection, dilution into fresh medium, because uninfected
, prepared as
eaction with 1
horesis in 1%
,fluorogram of
labeled at the
rack, whereas 100
mock-infected
markedM. In °
ected cell po- c 80

0to each track. u
vered that this \\
),(0.22), 0.26, 4)60 \
and 24 h after \\
s of cells were c
ch time point, -' 40
in experimen- E
RNA), with E

same number 20

4 8 12 16 20 24
hours after infection

FIG. 2. Time course of inhibition of appearance in
the cytoplasm of cellular mRNA and rRNA in AdS-
infected HeLa cells. The amount of newly synthesized
18S and 28S rRNA present in the cytoplasm of AdS-
infected HeLa cells was determined from the distribu-
tion of radioactivity in the gel shown in Fig. 1, as
explained in the text. The resulting values were cor-
rected as explained in the text and expressed as a
percentage of the values obtained with mock-infected
control cultures. The inhibition of appearance in the
cytoplasm of 28S (0) and 18S (0) rRNA is depicted.
Also shown (U) is the inhibition of appearance in the
cytoplasm of nonviral mRNA sequences; poly(A)-
containing cytoplasmic RNA was prepared from in-
fected cells labeled with [3H]uridine at the indicated
times and hybridized to saturation with Ad5 DNA as
described in the text. By 18 h after infection, 96%o of
such RNA hybridized to adenoviral DNA. Labeled
RNA sequences that failed to hybridize were assumed
to represent cellular RNA sequences.
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cells treated in the same fashion yielded identi-
cal amounts of 28S and 18S cytoplasmic rRNA
whether labeled immediately after mock infec-
tion or 4, 6, or 8 h thereafter (data not shown).
The results obtained when equal amounts of

[3HJleucine-labeled polypeptides prepared from
equal portions of the same infected culture were
displayed in sodium dodecyl sulfate-polyacryl-
amide gels are shown in Fig. 3. Similar experi-
ments, in which two different multiplicities of
infection (40 and 100 PFU/cell) were employed
and the labeled cytoplasmic proteins recovered
from an identical number of mock- and Ad5-
infected cells were compared, are shown in Fig.
4. Inhibition of cellular protein synthesis was
eventually attained in all of these infected cul-
tures, in agreement with previous reports (1-3,
28, 39). It is, however, clear that the outcome of
inhibition is influenced by the multiplicity of

A 40S 60S BM 4 6 12 15 20

-100k

fi _m4* - -72k

-ad r'.- _- lX

FIG. 3. Synthesis of cytoplasmic proteins in AdS-
infected HeLa cells. Ad5-infected HeLa cells were
labeled as described in the text for 2-h periods with
[3H]leucine beginning at the time points after infection
indicated in part B. Mock-infected HeLa cells were
labeled in similar fashion. Samples, each containing
the same amount of trichloroacetic acid-precipitable
radioactivity, were denatured and subjected to electro-
phoresis in a 15% polyacrylamide gel for 15 h at 90 V
according to the procedure described by Laemmli (13).
Part B shows cytoplasmic polypeptides from mock-
infected (M) or infected (4, 6, 12, 16, and 20 h)
cultures, whereas part A shows polypeptides con-
tained in 40S and 60S ribosomal subunits purified from
the mock-infected culture as described in the text. Part
B has been deliberately overexposed with respect to
viral polypeptides to reveal less strongly labeled poly-
peptides. Major viral polypeptides are identified to the
right of part B.

-lo

- r
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FIG. 4. Synthesis of cytoplasmic protein in HeLa

cells infected with different multiplicities of AdS.

HeLa cells infected at 40 or 100 PFU/cell with AdS

were labeled with [VHlleucine for 2 h after incubation

for 10 or 24 hat 37"C. A mock-infected culture (M) was

labeled in identical fashion. The cytoplasmic polypep-
tides recovered from 3 x i05 cells were applied to each

track of the gel shown in the fluorogram. Major viral

polypeptides are identified on the right.

infection. Cultures infected with 40 PFU of Ad5
per cell and labeled at the earlier time shown in
Fig. 4 not only synthesized smaller quantities of
viral late proteins than the sibling culture infect-
ed at 100 PFU/cell, but also exhibited a less
dramatic decrease in labeling ofprominent cellu-
lar polypeptides.
As illustrated in Table 1, total protein synthe-

sis is not constant during an adenovirus infec-
tion; rather, the amount of protein labeled in a
constant number of cells can be seen to increase
during the early phase of infection and then
decrease quite rapidly to a value that is substan-
tially lower than that of mock-infected control
cultures. This pattern is typical of that seen in all
experiments we have performed. To determine
whether the early stimulation merely reflects
synthesis of viral proteins and to establish the
time course of inhibition of cellular protein syn-
thesis, the amounts of label present in well-
resolved cellular polypeptides were measured as
described in Materials and Methods. Such data
for the experiment shown in Fig. 3 are also listed
in Table 1. All values, expressed in Table 1 as
fractions of the appropriate mock-infected con-
trol value, were calculated as the total amount of
the protein of interest labeled in 3 x 106 cells at
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TABLE 1. Time course of inhibition of cellular
polypeptide synthesis in Ad5-infected HeLa cellsa

Time (h) Amt of labeled polypep-
aterionfec- tide relative to control Total 'H cpm
tion 1 2 3x06

0 (mock) 1.00 1.00 1.00 2.99
4 1.38 1.17 1.22 3.06
8 1.39 1.22 1.47 3.80
10 0.98 0.70 0.86 3.70
12 0.38 0.21 0.27 2.64
18 0.08 0.04 0.05 0.86
24 0.01 0.01 0.00 0.58

a The amount of label recovered in three selected
regions of the gel shown in Fig. 3 was measured as
described in the text. These values were used to
calculate the total amount of cellular polypeptide
labeled in each portion of 3 x 106 cells and expressed
as a fraction of the appropriate mock-infected value.
This calculation assumes that proteins were recovered
with equal efficiencies from all portions of the infected
culture.

the indicated time points after infection. In each
of the three cases examined, adenovirus infec-
tion induced some stimulation in cellular poly-
peptide synthesis up to 8 h after infection, which
was followed by inhibition of synthesis, particu-
larly dramatic between 8 and 12 h after infection.
Thus, this quantitative assessment, which takes
into account the increasing contribution to the
total protein population of adenoviral structural
proteins during an infection, confirms conclu-
sions based simply upon inspection of fluoro-
grams like those shown in Fig. 3 and 4.
To investigate whether synthesis of cellular

ribosomal proteins was especially sensitive, or
resistant, to inhibitory effects of adenovirus in-
fection, [3H]leucine-labeled ribosomal subunits
were isolated from uninfected HeLa cells as
described in Materials and Methods, and their
polypeptides were separated in one dimension in
parallel to labeled cytoplasmic polypeptides
from uninfected and Ad5-infected HeLa cells.
Comparison of the tracks of such a gel (Fig. 3A)
containing ribosomal proteins with that to which
mock-infected cytoplasmic polypeptides were
applied permits tentative identification of the
most abundant ribosomal proteins, as indicated
by the arrows in Fig. 3. Inspection of these
results suggests that inhibition of this group of
proteins cannot be distinguished from that of
other cellular proteins. Indeed, the majority of
[3H]leucine-labeled proteins recovered in 40S
and 60S ribosomes fall within a molecular weight
range (15,000 to 51,000) which includes no major
cytoplasmic viral proteins and in which no la-
beled polypeptides can be detected once com-
plete shutoff has been attained (see also refer-
ence 3).
To assess the relationship between inhibition

of synthesis of mature rRNA species and inhibi-
tion of protein synthesis in Ad5-infected cells,
the temporal relationship of the two inhibitory
processes was examined. Were inhibition of
rRNA synthesis a secondary consequence of the
inhibition of production of ribosomal proteins,
the former process could not occur before the
latter. The inhibition of entry into the cytoplasm
of cellular mRNA sequences and 28S and 18S
rRNA as well as inhibition of cellular protein
synthesis were therefore monitored in the same

infected culture. The results obtained in one

such experiment, summarized in Fig. 2 and
Table 1, establish that the inhibition of appear-

ance of 28S rRNA in the cytoplasm does not lag
significantly behind inhibition of cellular protein
synthesis. Rather, the inhibition of cytoplasmic
28S rRNA production occurs at a slightly earlier
time than inhibition of cellular protein synthesis.
By contrast, the inhibition of release of newly
labeled 18S rRNA from the nucleus is signifi-
cantly delayed compared to inhibition of cellular
protein synthesis (Fig. 2 and Table 1).

These several inhibitory processes can also be
compared by estimation of the time after infec-
tion at which 50%o inhibition, relative to mock-
infected control cultures, is attained. Such data
from the infected culture shown in Fig. 2 and 3
and Table 1 are listed in Table 2. The level of
newly labeled, cytoplasmic 28S rRNA was re-

duced to 50% of the control value by 8.6 h after
infection. The equivalent times for the cellular
polypeptides analyzed in detail were 10.8, 11.3,
and 11.7 h after infection. In a second experi-
ment (Table 2), inhibition of appearance in the
cytoplasm of labeled 28S rRNA was half com-
plete by 10.7 h, and 50% inhibition of synthesis
of individual cellular polypeptides was attained

TABLE 2. Inhibition of appearance of newly
synthesized cellular macromolecules in the

cytoplasm of AdS-infected cellsa

Expt

Time after infection (h) at which 50%o inhibition was
attained

mRNA 28S
rRNA

18S Cellular polypeptides
rRNA

1 7.4 8.6 11.5 10.8, 11.3, 11.6
2 9.6 10.7 18.2 12.5, 11.5, 14.0,

13.2, 13.5

a The inhibition of the appearance in the cytoplasm
of newly synthesized cellular mRNA and 28S and 18S
rRNA and the inhibition of cellular polypeptide syn-
thesis are expressed as the time at which 50% inhibi-
tion is reached in infected cultures. Experiment 1
shows the data from the experiment shown in Fig. 1 to
3, and experiment 2 summarizes equivalent data from
a second, independently infected culture. Experiments
1 and 2 were performed at multiplicities of infection of
150 and 50 PFU/cell, respectively.
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by 11.5 to 14.0 h after infection. A similar
pattern of inhibition, that is, an earlier effect on
appearance in the cytoplasm of newly made 28S
rRNA than on synthesis of cellular polypep-
tides, was observed in two additional experi-
ments. These data are not included in Table 2
because in one case only about half of the cells
in the culture were infected, as judged by the
criterion of complete inhibition of cellular pro-
tein and mRNA synthesis, and in the other case
cellular mRNA sequences were not examined.
Inhibition of the appearance in the cytoplasm of
labeled 18S rRNA after AdS infection is a much
slower process; 50%o inhibition of 18S rRNA was
not observed until 3 to 7 h after the appearance
of 28S rRNA was 50% inhibited in both experi-
ments summarized in Table 2.
Some variation in the kinetics of these inhibi-

tory processes has been observed in different
infected cultures. Inhibition is, for example,
more rapid in experiment 1 (summarized in
Table 2) than in experiment 2, although in both
cases essentially complete inhibition of both
cellular protein synthesis and appearance in the
cytoplasm of cellular mRNA species is eventual-
ly attained (see Fig. 2 and 3 and Table 1 for
experiment 1; data for experiment 2 not shown).
As infections 1 and 2 were performed with 150
and 50 PFU/cell, respectively, these results con-
firm the conclusions made on the basis of the
data shown in Fig. 3.

Synthesis of nucleolar RNA in adenovirus-in-
fected cells. The decrease in the amounts of
newly synthesized rRNA species entering the
cytoplasm of adenovirus-infected cells could re-
flect any one of a number of virus-induced
changes, including inhibition of transcription of
rRNA genes, disruption of the normal process-
ing pathways whereby rRNA is matured, or
inhibition of transport of mature rRNA species
from the nucleolus or the nucleus to the cyto-
plasm. In an effort to distinguish between such
possibilities, nucleolar rRNA species were la-
beled for 2 h at different periods after AdS
infection, purified as described in Materials and
Methods, and analyzed in 0.75% agarose gels
after denaturation. Shown in Fig. 5A is a typical
set of results, obtained in this case with the
nucleolar RNA samples from the infected cul-
ture used in the experiments shown in Fig. 1-3.
The gel system employed provides good reso-

lution of the nucleolar RNA species and permits
the ready detection not only of the major nucleo-
lar species 45S and 32S pre-rRNA but also of
several minor species. The sizes of these species
have been estimated, using as standards the
estimates of the lengths of denatured 45S, 32S,
and 28S rRNA made by Wellauer and Dawid
(37). The size of species h and its comigration
with cytoplasmic 18S rRNA (Fig. 5A) identified

it as the nucleolar counterpart of the smaller
rRNA species. Species g migrated to the posi-
tion expected for 20S pre-rRNA, the immediate
precursor to 18S rRNA (34, 35). Both labeled
20S and 18S RNA were present in the nucleolus
in small quantities, even in mock-infected HeLa
cells, probably reflecting their rapid exit from
the nucleolus (35), as was species i, which was
of the size predicted for the second product of
cleavage of 20S pre-rRNA. Ribonucleoprotein
particles containing 20S or 18S rRNA dissociate
from the nucleolus within 2 min of their forma-
tion after cleavage of 41S pre-rRNA at site III
shown in Fig. 5B, a schematic representation of
the 45S pre-rRNA primary transcript and its
mode of cleavage (37). Nucleolar RNA species b
and f corresponded in size to the initial products
of cleavage of 45S pre-rRNA at site I (Fig. 5B).
The minor species c, 36S, appeared to be de-
rived by aberrant cleavage of 41S rRNA at site
II. In HeLa cells, 36S RNA is present in low
concentrations in the nucleolus and does not
accumulate after poliovirus infection, as do 41 S,
32S, 28S, and 18S rRNA species (34, 35). Thus,
it does not appear to be a productive processing
intermediate, by contrast with a species of simi-
lar size found in mouse L cells (38).
Upon Ad5 infection of HeLa cells, only a

small reduction in the amount of nucleolar 28S
rRNA labeled in a 2-h period could be discerned
before 12 h after infection (Fig. 5A). By 18 h
after infection, however, almost no newly made
nucleolar 28S rRNA could be detected, and a
significant decrease in the amount of 32S rRNA
had also taken place (Fig. 5A). A comparable
reduction in the amount of 45S pre-rRNA la-
beled was not observed in the time period inves-
tigated in this experiment (Fig. 5A). Thus, it
appears to be unlikely that the inhibition of
appearance of labeled 28S rRNA in the cyto-
plasm during the earlier part of the infectious
cycle (Fig. 1 and 2) could be a consequence of
inhibition of synthesis of the 45S primary tran-
script, a conclusion consistent with previous
failures to find any change in the activity ofform
I RNA polymerase in infected compared to
uninfected HeLa cells (36).

Synthesis of cellular proteins and the appear-
ance of labeled 18S rRNA in the cytoplasm were
substantially inhibited by 18 h after infection
(Fig. 2 and Table 1). By this time, little newly
synthesized 28S rRNA could be detected in the
nucleolus, and the levels of labeled 41S, 36S,
24S, 20S, and 18S nucleolar RNA species were
also visibly reduced (Fig. 5A). Such inhibition
became even more pronounced by 24 h after
infection (data not shown). The amounts of the
labeled minor species designated a and e in Fig.
5A were also decreased by 18 h after infection,
whereas labeled species d appeared at a some-
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FIG. 5. Labeling of nucleolar RNA species in AdS-infected HeLa cells. AdS-infected HeLa cells were labeled
with [3HJuridine as described in the text beginning at the times after infection indicated in (A). The RNA was
purified, glyoxalated, and fractionated by electrophoresis in 0.75% agarose gels as described in the text. (A)
shows a fluorogram of such a gel in which samples from the infected culture are flanked by mock-infected HeLa
nucleolar RNA (Mnl) and mock-infected cytoplasmic, poly(A)-lacking RNA (Mc). (B) A schematic representa-
tion of the HeLa cell 45S rRNA precursor, including the regions conserved during processing and those
discarded (hatched and open areas, respectively), and the sites of endonucleolytic cleavage as discussed in the
text.

what higher concentration. RNA species a, d,
and e, with approximate lengths of 11.9, 6.5, and
5.5 kilobases, respectively, could not be identi-
fied or assigned a role in rRNA processing on
the basis of the experiments we performed. It is
possible, however, that the increase in concen-
tration of species d at a time when little 28S
rRNA was being produced reflected nonproduc-
tive processing of 32S rRNA.
A summary of the effects of AdS infection on

the levels of labeled nucleolar 32S and 28S RNA
is given in Fig. 6. The relatively low level of 45S
pre-rRNA and its proximity to species a in Fig. 5

precluded reproducible estimations of its con-
centration. The data presented in Fig. 2 for the
inhibition of appearance of labeled 28S rRNA in
the cytoplasm are also redrawn in Fig. 6 to
permit comparison of the relative levels of nu-
cleolar and cytoplasmic pools of 28S rRNA,
newly labeled at different times after Ad5 infec-
tion. In this experiment, the amounts of 32S and
28S RNA labeled during a 2-h period and present
within the nucleolus declined fairly steadily from
about 4 h after infection. From that point on-
ward, the ratio of 32S to 28S was also changed in
favor of the former compared with mock-infect-
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FIG. 6. Time course of inhibition of labeling of

nucleolar RNA species in AdS-infected HeLa cells.
The amounts of 28S and 32S nucleolar RNA labeled in
2-h periods at the times after Ad5 infection shown
were determined as described in the text. The resulting
32S (A) and 28S (0) values, corrected for any varia-
tions in the amounts of each RNA applied to the gel,
are expressed as a percentage of the values obtained
with mock-infected control cultures. The dashed line
is a replot of the data for cytoplasmic 28S rRNA given
in Fig. 2.

ed cells. The most striking result, however, was
the very slowness of the inhibition of nucleolar
28S rRNA production compared to the inhibi-
tion of appearance of mature 28S rRNA in the
cytoplasm. By 12 h after infection, for example,
nucleolar and cytoplasmic levels of 28S rRNA
were reduced to some 60 and nearly 95% of
control values, respectively. Moreover, the
amount of nucleolar 28S rRNA made in a 2-h
period remained apparently unchanged from 6 to
12 h after infection, a time period during which
the cytoplasmic level decreased from about 85 to
7% of the control value.

DISCUSSION
The results presented here of an examination

of the temporal patterns of inhibition of cellular
protein synthesis and of rRNA and mRNA pro-
duction in Ad5-infected HeLa cells establish
that the effects ofthe virus are more complicated
than might have been anticipated. Although the
production of both 28S and 18S cytoplasmic
rRNA is eventually completely inhibited in in-
fected cells as reported previously (15, 27),
cytoplasmic 28S rRNA is affected much more

rapidly than 18S rRNA, suggesting that two
distinct inhibitory processes, presumably medi-
ated by different molecular mechanisms, may be
at work in adenovirus-infected cells.

Little change in the cytoplasmic levels of
newly synthesized 18S rRNA can be discerned
at the earliest times after infection, up to 8 h in
the experiment shown in Fig. 1 and 2. From this
time onward, however, adenovirus infection is
characterized by a fairly steady decline in the
amount of labeled 18S rRNA reaching the cyto-
plasm. This occurs in parallel to, but a few hours
later than, inhibition of cellular protein synthesis
(Fig. 2, Tables 1 and 2). Substantial reductions
in the nucleolar levels of newly synthesized 32S
and 28S rRNA also become apparent during the
later period of infection (Fig. 5 and 6). Although
we have not been able to obtain accurate esti-
mates of the amounts of labeled 45S pre-rRNA,
inspection of Fig. 5 and the results of other
similar experiments suggests that the amount of
45S rRNA labeled in a 2-h period is little
changed until even later in the infectious cycle,
from 12 to 16 h after infection in different
experiments. These later responses in rRNA
metabolism observed in AdS-infected cells
therefore appear to resemble those reported
when protein synthesis is inhibited by means
other than virus infection. The addition of cyclo-
heximide, for example, although slowing the
rate of transcription of rRNA genes, exerts a
more profound influence on the rate of process-
ing of 45S pre-rRNA. Consequently, the
amounts of labeled rRNA species entering the
cytoplasm are reduced to very low levels before
transcription is inhibited to the same degree (4,
11, 40), a pattern very reminiscent of that seen
during the late phase ofAdS infection (Fig. 2 and
6). We cannot, however, exclude some contribu-
tion to the general reduction in rRNA produc-
tion observed during the later part of an Ad5
infection consequent upon the earlier disruption
of the normal metabolism of 28S rRNA.
The earliest effects of AdS infection on cellu-

lar RNA metabolism in HeLa cells are inhibition
of the appearance in the cytoplasm of newly
synthesized 28S rRNA and cellular mRNA se-
quences (Fig. 2, Table 2). These inhibitory pro-
cesses exhibit quite similar rates after infection
and begin several hours before the inhibition of
cellular protein synthesis (Fig. 2; Tables 1 and
2). The reproducible precedence of the inhibi-
tion of entry of labeled 28S rRNA into the
cytoplasm over the inhibition of cellular protein
synthesis suggests that the former process can-
not be dependent on the latter. Moreover, the
well-known disruption of rRNA production that
follows inhibition of ribosomal protein synthesis
not only affects cytoplasmic 28S and 18S rRNA
equally, but also is not substantial until protein
synthesis has been 96 to 99% inhibited for at
least 30 min (4, 17, 40), conditions that do not
pertain to the early phase of AdS infection (Fig.
2).
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The most dramatic reduction in the amounts
of labeled 28S rRNA reaching the cytoplasm in
Ad5-infected cells spans a time period (8 to 12 h
in the experiment shown in Fig. 1 and 2) in
which the effects on production of 45S pre-

rRNA in the nucleolus are, by comparison,
modest (Fig. 6). Similarly, processing of pre-

rRNA does not appear to be substantially de-
ranged at this time, in the sense that normal
processing intermediates, such as 41S and 32S
pre-rRNA and nucleolar 28S rRNA, continue to
be made successfully. Thus, the most rapid
phase of the inhibition of entry into the cyto-
plasm of 28S rRNA occurs in the absence of a
comparable reduction in the amounts of labeled
28S rRNA produced in the nucleolus. It there-
fore appears that adenovirus infection does not
induce sufficiently aberrant transcription or
processing of 45S rRNA to account for the early
failure of newly synthesized 28S rRNA to enter
the cytoplasm. It is possible that adenovirus
infection preferentially inhibits assembly of the
larger ribosomal subunit, either by selective
(and early) inhibition of synthesis of a crucial
ribosomal protein or by a mechanism distinct
from any effects upon synthesis of ribosomal
proteins. The attempts described here to identify
ribosomal proteins in extracts of Ad5-infected
HeLa cells are certainly not of sufficient refine-
ment to address the former possibility. Experi-
ments to isolate and characterize the proteins of
nucleolar particles synthesized in infected cells
are therefore in progress. We believe, however,
that it is unlikely that the specific inhibition of
production of cytoplasmic 28S rRNA is mediat-
ed at the level of assembly. The processing of
pre-rRNA and its assembly into ribonucleopro-
tein particles are coupled processes, in which
addition of proteins to RNA begins very soon
after synthesis of 45S pre-rRNA and continues
in parallel with rRNA processing in the nucleo-
lus (10, 14, 24). Thus inhibition of any step in the
assembly process would be predicted to be
reflected in a corresponding alteration in nucleo-
lar rRNA processing, a prediction that is not
borne out during the earliest phases of AdS
infection (Fig. 5 and 6). Alternatively, adenovi-
rus infection might rapidly inhibit the well-char-
acterized methylation of rRNA (8, 16). Inhibi-
tion of methylation by starvation of cells for
methionine or by addition of ethionine inhibits
production of both mature rRNA species,
while 32S rRNA accumulates (17, 32, 41). In
adenovirus-infected cells, by contrast, 18S rRNA
metabolism is quite normal until late times after
infection. Indeed, the ready labeling of 45S and
32S RNA with [methyl-3H]methionine during
the late phase of adenovirus type 2 or type 12
infections has been reported (15, 30). The most
likely explanation for the AdS-induced inhibition
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of appearance of 28S rRNA in the cytoplasm,
therefore, appears to be that the normal trans-
port mechanism must be deranged.

This explanation is also in line with our cur-
rent understanding of the mechanism(s) where-
by adenovirus infection prevents the appearance
in the cytoplasm of cellular mRNA sequences
(Fig. 2) (3). We have established previously that
transcription of cellular genes continues unabat-
ed in Ad2- or Ad5-infected cells until well into
the late phase (3), an observation that has now
been extended to the products of transcription of
specific genes (Flint et al., in press; S. J. Flint,
G. A. Beltz, J. J. Plunkett, and N. Cowan,
unpublished observations). Moreover, neither
polyadenylation (3), capping (G. A. Beltz and
S. J. Flint, manuscript in preparation), nor splic-
ing (Flint et al., in press) of the transcripts of
genes whose mRNA species fail to reach the
cytoplasm after adenovirus infection is inhibit-
ed. The formation in infected cells of ribonucleo-
proteins that contain cellular mRNA species and
their precursors and transport from the nucleus
itself remain to be investigated experimentally.
However, the fact that there exists no posttran-
scriptional processing step that is known to be
common to cellular mRNA and rRNA matura-
tion, coupled with the observation described
here that transport of these two kinds of cellular
RNA species is inhibited with similar kinetics
after adenovirus infection (Table 2), leads us to
favor the idea that it is transport itself that is the
primary target of the adenovirus-induced inhibi-
tory mechanisms. Of course this deduction re-
quires experimental support. Nevertheless, it
provides a useful working model with testable
predictions. The hypothesis that adenovirus in-
fection inhibits transport from the nucleus to the
cytoplasm of mature 28S rRNA and cellular
mRNA species implies, for example, either that
these two classes of RNA species are normally
cotransported, a view for which no experimental
support exists, or that there is some common
feature to be found in their mode of transport.
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