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The block to adenovirus 2 (Ad2) multiplication in monkey cells can be over-
come by coinfection with simian virus 40 (SV40). To identify this block we have
compared the synthesis of Ad2 proteins in monkey cells infected with Ad2 alone
(unenhanced) or with Ad2 plus SV40 (enhanced). Synthesis of viral proteins in
enhanced cells was virtually identical to that found for permissive infection of
human cells by Ad2 alone. In contrast, the unenhanced cells were strikingly
deficient in the production of the IV (fiber) and 11.5K proteins whereas the
synthesis of lOOK and IVa2 was normal. Synthesis of a number of other proteins
such as II, V, and P-VII was partially reduced. A similar specific reduction in
synthesis of these proteins was found when their messages were assayed by cell-
free translation. This result suggests that the block to Ad2 protein synthesis is
at the RNA level rather than with the translational machinery of monkey cells.
Analysis of the complexity and the concentration of Ad2-specific RNAs, using
hybridization of restriction endonuclease fragments of the Ad2 genome to in-
creasing concentrations of RNA, shows that although all species of late Ad2
mRNA are present, the concentration of several species is reduced sevenfold or
more in unenhanced monkey cells as compared with enhanced cells. These
species come from regions of the genome known to encode the deficient proteins.
A model for the failure of adenovirus to multiply in monkey cells, based on
abnormal processing of specific adenovirus messages, is presented.

Adenovirus infection of African green mon-
key kidney (AGMK) cells results in a very low
level of virus production in comparison to a
similar infection ofhuman cells. However, Rab-
son et al. (30) reported in 1964 that coinfection
with simian virus 40 (SV40) enhanced the repli-
cation of adenovirus in monkey cells to a level
comparable to that found in human cells. This
release of the block to productive replication of
adenovirus in monkey cells by SV40 is termed
enhancement.
The nature of the block to adenovirus multi-

plication inAGMK cells is not yet clearly under-
stood. The adsorption and entry of adenovirus
into monkey cells appears normal (11). Both the
onset and the rate of viral DNA synthesis are
comparable in enhanced and unenhanced infec-
tions (14, 21, 31). Early proteins, including T
antigen, are synthesized in unenhanced cells,
as determined by immunofluorescence, comple-
ment fixation, and DNA binding techniques
(11, 14, 36). However, the synthesis of some late
adenovirus proteins, in particular virion pro-
teins, is reduced in the unenhanced cells (4, 10,
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14, 18, 21, 24). Adenovirus mRNA metabolism
has been reported to be normal with respect to
rate and time of synthesis after infection, poly-
adenylation, and complexity of cytoplasmic
RNA in unenhanced cells compared to en-
hanced cells (12, 13, 21, 24). In contrast, there
are fewer species of adenovirus mRNA in poly-
somes from unenhanced cells than in those
from enhanced cells (13, 21). Recently, Naka-
jima et al. (26) showed that 80S initiation com-
plexes with adenovirus RNA failed to form in
ribosomal preparations from unenhanced cells.
Formation ofthis complex was restored by addi-
tion of a high salt wash of ribosomes from en-
hanced cells to a ribosomal preparation from
unenhanced cells.

Published data suggest that the block to pro-
ductive adenovirus replication in AGMK cells
is at the level of initiation of late adenovirus
message translation. Improper initiation may
be due to a defect in the viral RNA or in the
host translation system. Defects in adenovirus
mRNA which affect translatability may be due
to partial destruction of or lack of appropriate
modification of the miRNA. Alternatively, the
failure ofmonkey cells to translate certain aden-
ovirus serotype 2 (Ad2) mRNA species may be
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due to the presence of a factor which prevent
translation, or to the absence of a factor re-
quired for adenovirus mRNA translation. If the
defect is at the RNA level, then for the simplest
case one would predict that RNA extracted
from unenhanced monkey cells and translated
in a cell-free system would give the same re-
sults found in vivo, namely, reduced synthesis
of several late adenovirus proteins. On the
other hand, if the defect is in the translation
system of the unenhanced cells, then in the
simplest model adenovirus RNA extracted from
these cells should be translatable in a fraction-
ated mammalian cell-free system, since this
system translates all known Ad2 mRNA spe-
cies efficiently without the use of any specific
factors for Ad2 mRNA (2).

In this paper we report reduced synthesis in
vitro as well as in vivo of several late Ad2
proteins from RNA extracted from unenhanced
cells. These results conflict with those of Eron
et al. (10), which showed that RNA extracted
from BSC-1 cells infected with Ad2 or Ad2 plus
SV40 was equally active in programming Ad2
protein synthesis in a murine Krebs II ascites
S30 cell-free translation system. Results from
experiments designed to explain this discrep-
ancy are discussed. We also report the results
of studies on the complexity and level of Ad2-
specific RNAs in enhanced versus unenhanced
cells, using hybridization of restriction endo-
nuclease fragments of the Ad2 genome to in-
creasing concentrations of RNA. These studies
show that, although the complexity of Ad2-
speciflc RNA is similar, the concentrations of
several species of Ad2 RNA are reduced sev-
eral-fold in unenhanced versus enhanced cells.
Our results suggest that the block to adenovi-
rus replication in monkey cells may be due to
abnormal metabolism of adenovirus RNA,
rather than to a defect in the translation sys-
tem.

MATERIALS AND METHODS
Cells and viruses. CV, cells, an established line

ofAGMK cells, were obtained from J. Mertz. Three
sublines of BSC-1 cells, also an established line of
AGMK cells, were obtained from G. Khoury and
from R. Pollack. HeLa cells were obtained from J. F.
Williams. The monkey cells were cultivated in Dul-
becco's modification of Eagle minimal essential me-
dium (Microbiological Assn. catalogue no. 11-305)
supplemented with 10% fetal bovine serum (Reheis
Chemical Co.), 100 ,ug of streptomycin (Sigma) per
ml, and 100 j.g of penicillin (Sigma) per ml. HeLa
cells were cultivated in a similar medium, with 10%/
calf serum (GIBCO) replacing fetal bovine serum.

Ad2 was obtained from U. Pettersson. Immedi-
ately before infection, a sample of the stock (3 x 1010
PFU/ml) was incubated with 100 itg of trypsin

(GIBCO) per ml for 30 min at 37 C. SV40, strain 776,
was obtained from J. Sambrook. Plaque titrations
were performed as described by Grodzicker et al.
(18).

Confluent plates (90 mm, Nunc) of cells (-6 x 10l
cells/plate) were split approximately 1 to 2.5, 14 to 18
h before infection, and had reached a semiconfluent
state by the time of infection. After removal of the
medium, cells were infected with Ad2 (5 PFU/cell) or
Ad2 (5 PFU/cell) plus SV40 (3 to 6 PFU/cell) in 0.5 ml
of phosphate-buffered saline. Mock-infected cells re-
ceived 0.5 ml of phosphate-buffered saline in place of
virus. After adsorption of the virus at 37 C for 1 h,
fresh medium plus 20 ,ug of mycostatin (GIBCO) per
ml was added. Cells were labeled with [35S]methio-
nine or harvested for RNA extraction 30 h post-
infection (pi), unless otherwise indicated.

Preparation of RNA. RNA was prepared accord-
ing to a modified procedure of Kumar and Lindberg
(22). Cells were harvested by scraping and centrifu-
gation, washed with phosphate-buffered saline plus
1 mM EDTA, and suspended in approximately 3
volumes of TSM (10 mM Tris-hydrochloride, pH 7.6,
150 mM NaCl, 1.5 mM MgCl2) plus 0.5% (vol/vol)
Triton X-100. After 3 to 5 min on ice, the nuclei were
removed by centrifugation at 1,500 x g for 3 min.
The cytosol was centrifuged again to remove any
residual nuclei. An equal volume of TSE (10 mM
Tris-hydrochloride, pH 7.6, 150 mM NaCl, 5 mM
EDTA) plus 1% sodium dodecyl sulfate (SDS) was
added to the cytosol, which was then extracted four
times, alternating with a mixture of phenol, chloro-
form, and isoamyl alcohol (24:24:1) saturated with a
pH 6.0 buffer containing 10 mM sodium acetate, 100
mM NaCl, 1 mM EDTA, or with a mixture of chloro-
form and isoamyl alcohol (24:1). The aqueous phase
was ethanol precipitated three times and then used
for in vitro protein synthesis or further treated be-
fore use in RNA-DNA hybridization. The pelleted
nuclei were washed once in TSM plus 0.5% Triton X-
100 and once in TSM. After resuspension in 1 vol-
ume of TSM, the nuclei were lysed with 25 volumes
of nuclei lysis buffer (2% SDS, 7 M urea, 350 mM
NaCl, 1 mM EDTA, 10 mM Tris-hydrochloride, pH
8.0). After sonic treatment to decrease the viscosity,
the solution was extracted with phenol, chloroform,
and isoamyl alcohol and was ethanol precipitated in
a manner similar to that described for cytoplasmic
RNA.
The RNA for hybridization was treated as de-

scribed by Sharp et al. (34) with minor modifica-
tions. It was dissolved in 50 mM Tris-hydrochloride,
pH 7.6, 10 mM NaCl, and 10 mM MgCl2 and treated
with 25 A&g of DNase 1 (electrophoretically pure,
Worthington) per ml, which had been passed
through a 1-ml column of agarose-5'-(4-amino-
phenyl-phosphoryl-uridine-2'-[3'1-phosphate) (Miles
Laboratories, Inc.) to remove residual RNase. The
digestion was for 1 to 2 h at 37 C. NaCl and SDS
were added to give a final concentration of 300 mM
and 0.1%, respectively. The RNA was extracted with
the phenol-chloroform-isoamyl alcohol mixture de-
scribed above and then ethanol precipitated. The
nuclear RNA solution was redigested, extracted,
and precipitated a second time.
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The treated RNA was dissolved in 10 mM Tris-
hydrochloride, pH 7.6, 10 mM NaCl, and 0.01% SDS
and passed through a column (45 by 1.3 cm) of Sepha-
dex G-100 in the buffer described above. RNA elut-
ing in the void volume of the column was concen-
trated by ethanol precipitation. RNA treated in this
fashion was free of contaminating viral DNA, by the
criterion that all detectable hybridization to sepa-
rated viral DNA strands was destroyed when sam-
ples were treated with 0.3 N NaOH for 12 h at 37 C.

Cell-free protein synthesis. The synthesis of
Ad2 proteins in the fractionated mammalian cell-
free system developed by Schreier and Staehelin (33)
has been previously described (2; J. F. Atkins, J. B.
Lewis, C. W. Anderson, and R. F. Gesteland, J.
Biol. Chem., in press). The preparation of murine
Krebs II ascites S30 for cell-free protein synthe-
sis was according to the methods previously de-
scribed for the preparation of ribosomal subunits (2),
with the following modifications. Twenty minutes
after the start of polysome run-off, the S30 was
chilled on ice and centrifuged for 10 min at 12,000 x
g. The supernatant was passed through a column of
Sephadex G-25 in 0.5mM dithiothretitol, 3 mM mag-
nesium acetate, 30 mM N-2-hydroxyethylpipera-
zine-N'-2-ethanesulfonic acid buffer, pH 7.2, 100
mM KCI. The S30 eluting in the void volume was
stored at -70 C in 0.2-ml aliquots, after quick freez-
ing in liquid N2. The reaction mixture for the Krebs
II ascites cell S30 protein synthesizing system con-
tained the same concentration of components as de-
scribed for the fractionated mammalian cell-free
translation system (2), with the following excep-
tions. The ribosomes, initiation factors, and the pH
5 enzyme fraction of the fractionated system were
replaced by 30 ,ju50u ofreaction mixture of Krebs II
ascites S30; the final concentrations of Mg2+ and
K+ were 3 and 100 mM, respectively. Oligo(dT)-
selected RNA (3) was used to program this system
for protein synthesis in an amount equivalent to 8
,ug of unselected cytoplasmic RNA per 50 ,ul of reac-
tion mixture.

Analysis of Ad2 proteins. The synthesis of Ad2
proteins in vivo was followed by labeling of cells
with [35S]methionine for 1 to 2 h as previously de-
scribed (1). The products were analyzed by SDS-
polyacrylamide gel electrophoresis followed by auto-
radiography (1). Proteins synthesized in the cell-free
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translation systems were treated as follows. After
synthesis, EDTA and RNase A were added to the
reaction mixture to a final concentration of 10 mM
and 20 ,ug/ml, respectively, and it was incubated for
10 to 20 min at 37 C. The proteins were precipitated
with 10 volumes of 80% acetone, dissolved in 50 ,ul of
sample buffer (100 mM dithiothreitol, 80 mM Tris-
hydrochloride, pH 6.8, 10% glycerol, 2% SDS,
0.004% bromophenyl blue), and boiled for 3 to 5 min.
Three to 5 ,ul ofeach sample was analyzed by electro-
phoresis and autoradiography as above.

Preparation of single strands of 32P-labeled re-
striction endonuclease fragments of Ad2 DNA.
32P-labeled Ad2 DNA with a specific activity of ap-
proximately 2 x 10f counts/min per ,ug was prepared
from infected human KB cells (28). The DNA was
cleaved (27) with EcoRI or BamHI restriction endo-
nucleases (a gift of P. Myers and R. J. Roberts). The
resulting fragments were resolved by electrophore-
sis on 1.4% (EcoRI fragments) or 1% (BamHI frag-
ments) agarose gels as previously described (23).
The purified fragments were recovered from the gel
by electrophoresis into dialysis tubing and residual
agarose was removed by phenol extraction (27).
After concentration ofthe DNA by ethanol precipita-
tion, the strands were separated by denaturing in
0.2 N NaOH followed by electrophoresis on 0.7%
(EcoRI fragments) (34, 35) or 1% (BamHI fragments)
agarose gels. After staining in aqueous ethidium
bromide (0.5 /Lg/ml) for 10 min, the gel was exam-
ined with UV illumination (35). The two single
strands were well resolved for all fragments except
EcoRI-A, BamHI-A, and BamHI-D. The lack of dis-
tinct bands of single-stranded DNA for the largest
fragments, EcoRI-A and BamHI-A, was probably
the result of breakdown of the DNA caused by radi-
olysis. These two fragments were not used as probes
in RNA-DNA hybridization, since small restriction
endonuclease fragments covering the same region
were available (Fig. 1). BamHI-D single strands
formed a single broad band on agarose gels after
denaturation. This band was divided into equal
halves and treated in the same manner as single-
stranded bands from other fragments. The strand
with the greater electrophoretic mobility on an aga-
rose gel was labeled the "fast" strand, and the other
was designated the "slow" strand. Sharp et al. (34)
have shown that the fast strands of EcoRI-B-F and
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FIG. 1. Restriction endonuclease map of the Ad2 genome. The top half of the figure shows the DNA
fragments (designated by capital letters) generated by restriction endonuclease EcoRI. The cleavage sites are
denoted by arrows and numeral coordinates (25). The lower half of the figure shows the DNA fragments
generated by restriction endonuclease BamHI. The arrows and numbers give the approximate cleavage
positions (C. Mulder, personal communication). Heavy (h) and light (1) refer to the density of the separated
strands on a CsCI gradient in the presence ofpoly(U,G) (34). Fast and slow denote the relative electrophoretic
mobilities of the two strands of each fragment on agarose gels (34; unpublished data).
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the slow strand of EcoRI-A correspond to the light
strand with respect to density on a CsCl gradient in
the presence of poly(U,G), whereas the complemen-
tary strand is referred to as the heavy (h) strand
(Fig. 1). The slow strands of BamHI-B and BamHI-D
and the fast strand of BamHI-C also correspond to
the light strand, as determined by hybridization of
separated strands of 32P-labeled BamHI fragments
B, C, and D to separated strands of EcoRI-A (Ma-
thews and Klessig, unpublished data).

The bands of agarose containing the single
strands were dissolved in two volumes of 5 M sodium
perchlorate (Fischer, filtered before use) at 60 C (16,
modified). NaCl and sodium phosphate buffer (PB),
pH 6.8, were added to give a final concentration of 1
M and 50 mM, respectively. This mixture was incu-
bated at 50 C for at least 20 times its Cot 1/2, to allow
annealing of any contaminating complementary
strands. The solution was diluted fourfold with 5
mM PB, pH 6.8, and passed through a 1-ml column
of hydroxylapatite at 60 C. The column was washed
with 15 ml of 50 mM PB, pH 6.8. Single strands of
DNA were eluted from the column with five 0.5-ml
washes of 140 mM PB, pH 6.8, and 0.4% SDS. The
fraction containing the largest amount of DNA was
then tested for contaminating double-stranded DNA
by annealing a small aliquot of the DNA under the
conditions described below for RNA-DNA hybridiza-
tion. If greater than 95% of the 32P-labeled DNA
failed to self-anneal, the remaining DNA in that
fraction was used for RNA-DNA hybridization. In
each case it was shown that greater than 90% of the
32P-labeled single-stranded DNA from each frag-
ment hybridized to a 1,000-fold excess of unlabeled
Ad2 DNA under the conditions described below.
RNA-DNA hybridization. The hybridization of

RNA to separated strands of 32P-labeled restriction
endonuclease fragments of the Ad2 genome was car-
ried out at 68 C for 24 h in a 0.15-ml reaction mixture
containing 1 M NaCl, 0.4% SDS, and 100 mM PB,
pH 6.8. Increasing amounts of RNA from 3 to 750
Ag/ml were added to 250 to 400 counts/min (depend-
ing on the strand employed) of 32P-labeled DNA
strands, where specific activity ranged from 0.6 x
106 to 1.5 x 106 counts/min per ,ug in the three
different DNA preparations. After hybridization,
the samples were diluted to 1 ml with 140 mM PB,
pH 6.8, plus 0.4% SDS and analyzed by chromatogra-
phy on hydroxlapatite as described by Sambrook et
al. (32).

RESULTS

In vivo protein synthesis and virus pro-
duction. To try to define the block to adenovi-
rus multiplication in monkey cells, we first ex-
amined synthesis of proteins in vivo. The non-

permissive CV1 cells infected with Ad2 or Ad2
plus SV40 were labeled with [35S]methionine
and compared with similarly infected HeLa
cells which are permissive (see above). The la-
beled proteins were analyzed by electrophoresis
on SDS-polyacrylamide gels followed by autora-
diography (1; Fig. 2, Table 1). Under the condi-
tions of these experiments the synthesis of host

proteins is only partially reduced. Above this
background of host proteins several Ad2-coded
proteins can be seen. Ad2 protein synthesis in
enhanced monkey cells was similar to that
found in Ad2-infected HeLa cells. However, the
synthesis of several of these Ad2 proteins were
greatly reduced in unenhanced monkey cells
compared to enhanced monkey cells, as had
been previously reported (4, 10, 14, 18, 21, 24).
However, not all late Ad2 proteins were synthe-
sized in reduced amounts (Table 1). For exam-
ple, proteins designated 100K and IVa2 were
made in approximately equal amounts in both
enhanced and unenhanced cells. In contrast,
synthesis of IV (fiber) and 11.5K was undetecta-
ble in unenhanced cells. The remaining known
proteins fell into a continuum between these
two extremes.
The observed results may, however, depend

on the time after infection at which the cells
were labeled with [35S]methionine. To test the
possibility that Ad2-specific RNA and/or protein
metabolism in unenhanced monkey cells lags
behind similar metabolism in enhanced cells,
both types of cells were labeled in vivo with
[35S]methionine for 2 h at 6-h intervals from 22
to 52 h pi. Their proteins were analyzed as
before on SDS-polyacrylamide gels (Fig. 3).
Clearly, the differences seen at 28 h pi between
enhanced and unenhanced cells in pattern of
protein synthesis increased rather than de-
creased with time after infection.

Production of Ad2 in these experiments was
similar in human and enhanced monkey cells;
approximately 300 PFU of Ad2 per cell were
produced. On the other hand, adenovirus pro-
duction in unenhanced monkey cells was 600- to
1,500-fold lower (Table 2).

In vitro protein synthesis. Does the failure
to synthesize some Ad2 proteins reside at the
mRNA level, or is it due to a defect in the
translation machinery of the monkey cell? This
question was answered by testing for active
mRNA species by cell-free translation of cyto-
plasmic RNA that was prepared in parallel
with the in vivo labeled protein preparations
described above. Translation of these RNAs in
the fractionated mammalian cell-free system
(33), followed by analysis of the synthesized
proteins on SDS-polyacrylamide gels, showed
that the synthesis of several late Ad2 proteins
was also specifically blocked (Fig. 2, Table 1).
In fact, the pattern of reduction of protein syn-
thesis in vitro with RNA from unenhanced ver-
sus enhanced monkey cells was strikingly simi-
lar to that found in vivo. For instance, again
the synthesis of IV and 11.5K was undetecta-
ble, whereas the synthesis of 100K and IVa2
was similar from RNA prepared from unen-
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FIG. 2. Autoradiogram of in vivo and in vitro synthesized proteins from infected human and monkey cells

electrophoresed on a 175% SDS-polyacrylamide gel. Cells infected with Ad2 (A) or Ad2 plus SV40 (S) or
mock-infected (M) were labeled with [35S]methionine or harvested for extraction ofcytoplasmic RNA 30 h pi.
The extracted RNA was translated in the fractionated mammalian cell-free system (see text). Equal amounts
of cell extract (equivalent to 1/100 of a 90-mm plate) or in vitro extract (equivalent to 3 id ofa 50-pl reaction
mixture) were prepared as described in the text and applied to the sample wells. The in vivo tracks shown come
from a 2- or 4-day exposure, whereas the in vitro tracks all come from an 8-h exposure.

hanced versus enhanced cells. Cell-free transla-
tion of RNA, prepared in parallel with labeled
proteins in the time course experiment dis-
cussed above, showed that the amount of active
Ad2 mRNA in unenhanced cells in comparison
with enhanced cells decreased with time after
infection (Fig. 4), just as was seen for the syn-
thesis of Ad2 proteins in vivo (Fig. 3). In vitro
synthesis of Ad2 proteins was similar for Ad2-
infected HeLa cells and for CV1 cells infected
with Ad2 plus SV40 (Fig. 2). Thus, the synthe-
sis of Ad2 proteins in vitro from RNA prepared

from CV1 cells infected with Ad2 or Ad2 plus
SV40 mimicks that seen in vivo.
Complexity and concentration of Ad2

RNA in the cytoplasm of unenhanced versus
enhanced monkey cells. The results described
above suggested that the defective synthesis of
several late Ad2 proteins is reflected in the
amount of translatable mRNA species. Perhaps
the mRNA species encoding those proteins, syn-
thesized in very reduced amounts in unen-
hanced cells, are absent, or present in much
lower concentrations, in these cells than in en-
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TABLE 1. Relative level of synthesis ofAd2 proteins
in unenhanced versus enhanced ceilsa

In vivob In vitroF

Group A (little or no reduction)

lOOK
IVa2

lOOK
IVa2

Group B (moderate reduction [-2-7-fold])

II
V

P-VII
III
IX5

II
V

P-VII
Background inter-

feres with analy-
sis

Group C (not detected [>5.5-fold])

IV
11.5K

IV
11.5K

a Enhanced and unenhanced CV, cells were la-
beled with [3S]methionine or harvested for RNA
extraction at 30 h pi. The RNA was used to program
a fractionated mammalian cell-free translation sys-
tem. Labeled proteins synthesized in vivo and in
vitro were analyzed by SDS-polyacrylamide gel elec-
trophoresis followed by autoradiography (see text).
The autoradiograms were scanned with a Joyce
Loebl densitometer and the areas under peaks corre-
sponding to Ad2 proteins were integrated. The nu-
merical values refer to the ratio of synthesis in the
enhanced versus unenhanced infections. These
values were determined from the ratios of the areas

of corresponding peaks from appropriate gel tracks
after subtracting the areas from corresponding
regions from mock-infected cells. Differences in load-
ing of the gel tracks were corrected for by assuming
that the rate of lOOK and IVa2 synthesis in the en-

hanced and unenhanced infections was the same and
then normalizing the data so that a value of 1.0 was
obtained for the average of the ratios of these two
components. Owing to difficulties in analyzing the
complex protein patterns obtained and in evaluating
the degree of host protein shut-off, the values ob-
tained are only rough quantitations of the differ-
ences observed and probably underestimate such
differences.

b Four of the six independent experiments were

quantitated by densitometry.
c Two of the eight independent experiments using

different preparations of RNA were quantitated by
densitometry.

hanced cells. This possibility was tested by hy-
bridization experiments. Several groups (5, 12,
13, 21, 24) have already reported that adenovi-
rus RNA complexity in unenhanced cells ver-
sus enhanced cells was similar. However, the
most sensitive method employed in those stud-
ies was competition hybridization, using the

entire adenovirus genome. With this method, it
would be difficult to detect either the absence of
a few adenovirus RNA species or a moderate
reduction in the amount of some adenovirus-
specific RNA in unenhanced versus enhanced
cells. Consequently a study was undertaken of
the complexity and concentration of Ad2 RNA
from enhanced versus unenhanced cells, using
fragments from specific parts of the genome. By
hybridization of increasing amounts of RNA to
separated strands of 32P-labeled Ad2 DNA re-
striction fragments, the complexity and concen-
tration of RNA complementary to each strand
of each fragment was determined (34; see
above). The complexity of the RNA or the por-
tion of the DNA probe being transcribed is
given by the percentage of 32P-labeled DNA in
hybrids at the saturation or plateau level.
The results of the hybridization of cytoplas-

mic RNA to the DNA probes (Fig. 5 and 6,
Table 3) suggest that all species present in the
enhanced cells were also present in the unen-
hanced cells. The plateau values given in Table
3 are taken from one experiment. The hybrid-
ization analysis was done with two to four differ-
ent pairs of RNA preparations from enhanced
and unenhanced cells and three separate prepa-
rations of 32P-labeled DNA. For all prepara-
tions, those RNAs found in enhanced cells were
also present in unenhanced cells, with the fol-
lowing exception: the plateau level for EcoRI-Bl
was 20% lower in one out of four preparations of
RNA from unenhanced cells, compared to en-
hanced cells. At present we have no explana-
tion for this descrepancy. The plateau level of
some strands of restriction fragments (EcoRI-
Bl and EcoRI-El) varied significantly from one
experiment to another; however, within a
given experiment the plateau level with RNA
from enhanced and unenhanced cells was the
same. Thus, the significance of the differences
in Ad2 transcription pattern between monkey
and human cells shown in Table 3 is questiona-
ble, since the range of plateau values found in
different experiments for CV1 cells encom-
passed the values found by Sharp et al. (34) and
Philipson et al. (29) for human cells.
An estimate of the relative concentrations of

the adenovirus RNA can be determined from
the amount ofRNA required to reach 50% ofthe
plateau level. The results from such an analysis
of the data shown in Fig. 5 and 6 are summa-
rized in Table 4. Clearly, there was a considera-
ble range of differences between enhanced and
unenhanced cells in the concentration of cyto-
plasmic RNA complementary to a given DNA
probe. For some probes, such as EcoRI-Bh,
EcoRI-Ch, BamHI-Bh, and BamHI-Bl, little
or no difference in the concentration of comple-
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FIG. 3. Autoradiogram of a 175% SDS-polyacrylamide gel displaying proteins synthesized in Ad2 (A) or
Ad2 plus SV40 (S) infected CV, cells at 6-h intervals from 22 to 52 h pi. Cells were labeled with
[35S]methionine for 2 h. Proteins from mock-infected CV, cells (M) labeled at 30 h pi are shown for
comparison.

TABLE 2. Ad2 production in human cells and
monkey cellsa

Cell Virus ~~~Prodluction of PFUCell Virus of Ad2/cell

HeLab <2 x 10-6
HeLab Ad2 3 x 102
CV1b <2 x 10-6
CVlb Ad2 2 x 10-1
CV1b Ad2 + SV40 3 x 102
CV1,! Ad2 8 x 10-1
CViC Ad2 + SV40 5 x 102
a Cells were harvested at the times stated below

and opened by freeze-thawing and sonic treatment.
Adenovirus was titered on HeLa cells as previously
described (18). SV40 does not plaque on HeLa cells.

b Titer of infected cell extracts harvested at 60 h pi
from the experiments shown in Fig. 2.

c Average titer of infected cell extracts harvested
at 74 and 96 h pi from the experiment shown in Fig.
3 and 4.

mentary RNA was observed. In contrast, the
concentration ofcytoplasmic RNAs complemen-
tary to probes EcoRI-Cl, EcoRI-El, and BamHI-
Cl was 7- to 8.5-fold lower in unenhanced cells
than in enhanced cells. This is easily visualized
in Fig. 7, which is an enlargement of the graph
for EcoRI-El shown in Fig. 5.
The results from cell-free translation of RNA

extracted at 6-h intervals from 22 to 52 h pi
suggested that the levels and/or translatability
of certain Ad2 mRNA's in unenhanced cells by
comparison with enhanced cells persisted late
in infection. The persistence of lower levels of
specific mRNA's in unenhanced cells was con-
firmed by hybridization of RNA, from the same
preparation used for cell-free translation, to
EcoRI-Bh, EcoRI-El, and BamHI-Cl (Fig. 8, 9,
10). Essentially no difference between en-
hanced and unenhanced cells in the amount of
cytoplasmic RNA complementary to EcoRI-Bh

J. VIROL.



ADENOVIRUS ENHANCEMENT IN MONKEY CELLS 1657

.° 22hpi 28hpi 34hp4Ohpi46hpi52hpi
L- * A-Wk A

1-1--A
>M A S A S A S A S A S A S
_ --) - .a_ - _

IIS~ ~~

.4JU -~--

m *qF-\
157a2-

EZ "

E ...

FIG. 4. Autoradiogram ofa 175% SDS-polyacrylamide gel displaying proteins synthesized in the fraction-
ated mammalian cell-free system programmed by RNA extracted from Ad2 (A) or Ad2 plus SV40 (S) infected
CV1 cells at 6-h intervals from 22 to 52 h pi. Proteins from mock-infected CV1 cells (M) labeled at 30 h pi are
shown for comparison.

was seen, either at 30 h pi in previous experi-
ments or at 22 to 52 h pi in this experiment. In
earlier experiments, at 30 h pi a difference of
6- to 16-fold was found between enhanced and
unenhanced cells for RNA complementary to
EcoRI-El. In this experiment, a 9- to 23-fold
difference was observed for RNAs extracted at
various times after infection. Similarly, the dif-
ference in amount of complementary RNA to
probe BamHI-Cl at 30 h pi in previous experi-
ments was six- to eightfold, whereas the differ-
ence observed for the various time points in this
experiment ranged from 6- to 10-fold. Further-
more, a comparison ofthe concentration ofRNA
extracted from enhanced cells at a relatively
early stage in infection (28 h pi) with RNA
extracted from unenhanced cells late in infec-
tion (52 h pi) also showed a large excess (sixfold)
of RNA complementary to EcoRI-El and
BamHI-Cl in enhanced cells. Thus, all three
parameters measured (in vivo protein synthe-

sis, activity of mRNAs in a cell-free translation
system, and concentration of complementary
RNA) suggest that RNA and protein metabo-
lism in Ad2-infected monkey cells does not sim-
ply lag behind similar metabolism in cells in-
fected with Ad2 plus SV40.

Complexity and concentration of Ad2
RNA in the nuclei of unenhanced versus en-
hanced monkey cells. To test whether the dif-
ferences in relative complexity and concentra-
tion of Ad2 cytoplasmic RNA were reflected in
the nucleus, a similar hybridization analysis
was performed with nuclear RNA. The results
show that although all RNA species found in
the nuclei ofenhanced cells were also present in
the nuclei of unenhanced cells, several species
were missing from the nuclei of enhanced cells
(Fig. 11 and 12, Table 3). This is evident from
the plateau levels for EcoRI-Bh and EcoRI-Ch
(Fig. 11, Table 3). The nuclear RNA complemen-
tary to these two probes from enhanced cells

VOL. 16, 1975
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FIG. 5. Hybridization of cytoplasmic RNA extracted from enhanced and unenhanced cells to separated

strands ofEcoRI fragments of the Ad2 genome. CV1 cells infected with either Ad2 or Ad2 plus SV40 were
harvested at 30 h pi. The cytoplasmic RNA was purified and hybridized to separated strands of 32P-labeled
Ad2 DNA fragments generated by EcoRI (see text). The fraction of the DNA entering hybrids was determined
by hydroxylapatite chromatography (31). Graphs of the percentage ofDNA in hybrids versus concentration of
RNA from unenhanced cells (A) or from enhanced cells (a) are shown for separated strands offive of the six
EcoRI fragnents. The percentage ofDNA in hybrids for each concentration ofRNA added was determined by
dividing the counts per20 min in the 0.4 MPB elutant by the countsper20 min in the 0.14 MPB plus 0.4 MPB
elutants, and by subtracting the percentage ofDNA in 0.4 MPB elutant with no addedRNA. No correction for
hybridizability ofthe probes was made since greater than 90% ofthe probes hybridized to a 1 ,OOf)-fold excess of
Ad2 DNA.

was approximately 900 nucleotides lower in
complexity than that from unenhanced cells.
The difference in concentration of Ad2 nu-

clear RNA between enhanced and unenhanced
cells was in several cases less pronounced and
in other cases about the same as that found for
cytoplasmic RNA (Fig. 11 and 12, Table 4).
There appears to be a lower concentration of
RNA complementary to probes EcoRI-Bh and
EcoRI-Ch in the nucleus ofenhanced cells, com-
pared to unenhanced cells. However, since
there were fewer RNA species complementary
to these two probes in the nuclei of enhanced

versus unenhanced cells, it is difficult to deter-
mine whether there is a difference in the con-
centration of those RNA species common to
both.

DISCUSSION
Protein synthesis. The results presented

above confirm previous reports (4, 10, 14, 18, 21,
24) concerning the reduction of synthesis of sev-
eral late proteins in unenhanced cells compared
to enhanced cells. In addition, we have shown
that the synthesis of several late Ad2 proteins
in a cell-free translation system programmed
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FIG. 6. Hybridization of cytoplasmic RNA extracted from enhanced and unenhanced cells to separated
strands ofBamHI fragments of the Ad2 genome. The RNA and DNA preparations used in this experiment
were the same as those described in Fig. 5. The fraction of32P-labeledDNA entering hybrids after annealing to
RNA from unenhanced cells (A) or from enhanced cells (a) is shown for separated strands ofthree ofthe four
Ad2 fragments generated by BamHI.

TABLE 3. Percentage of restriction endonuclease fragments ofAd2 genome complementary to cytoplasmic
RNA and nuclear RNAa

32P-labeled DNA (%) in hybrid (plateau level) 32P-labeled DNA (%) in hybrid (plateau level)

32P-labeled at saturating concn of cytoplasmic RNA from: at saturating concn of nuclear RNA from:
DNA prb Unenhanced Enhanced UnBnhanced Enhaced

CV, CV, KBb HeLac EacV, KBb HeLac

EcoRI-
Bh 60 60 35 40 50 25 40 15
Bl 80 80 65 52 90 90 95 88
Ch 40 35 50 50 50 25 30 19
Cl 25 25 25 31 85 85 90 87
Dh <10 <10 0 5 <10 <10 10 3
Dl 80 80 100 82 80 80 100 91
Eh <10 <10 10 12 <10 <10 10 3
El 70 70 85 82 70 70 80 88
Fh <10 <10 0 11 <10 <10 15 7
Fl 70 70 95 84 70 70 100 87

BamHI-
Bh 20 20 20 15
Bl 45 45 65 65
Ch <10 <10 <10 <10
Cl 80 90 90 90
Dh <10 <10 <10 <10
Dl 70 80 90 90

a RNA extracted from unenhanced and enhanced CV1 cells 30 h pi was hybridized to separated strands of
32P-labeled restriction endonuclease fragments of Ad2 genome. The fractions of 32P-labeled DNA entering
hybrids were determined by chromatography on hydroxylapatite (see text). The plateau levels or values
were taken from data shown in Fig. 5, 6, 11, and 12.

b The plateau values shown are taken from Sharp et al. (34).
c The plateau values shown are taken from Philipson et al. (29).
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TABLE 4. Relative concentration ofcomplementary
RNA to Ad2 DNA fragments from unenhanced

versus enhanced cellsa

Concn (ratio) ofcyto- Concn (ratio) of nu-

32P-labeled plasmic RNA from clear RNA from un-
DNA unenhanced cells to enhanced cells to en-

DNAbe enhanced cells re- hanced cells re-pr~obe quired to reach 50% quired to reach 50%
of the plateau level of the plateau level

EcoRI-
Bh 1.0 0.3
Bl 4.3 3.2
Ch 0.8 0.3
Cl 7.0 6.9
Dh S S
Dl 2.0 3.0
Eh S S
El 8.5 3.4
Fh S S
Fl 2.0 1.1

BamHI-
Bh 1.0 0.3
Bl 1.0 1.2
Ch S S
Cl 7.9 2.9
Dh S S
Dl 3.0 2.8

a Preparation of the DNA and RNA and their
subsequent hybridization are described in the text
and the footnote to Table 3. The ratios were deter-
mined from the data shown in Fig. 5, 6, 11, and 12. S
denotes our inability to measure the ratios due to
the very small amount of RNA complementary to
these probes.

with RNA extracted from unenhanced cells is
also reduced compared to similar synthesis us-
ing RNA from enhanced cells. The different
late Ad2 proteins varied in the amount of reduc-
tion of their synthesis in unenhanced cells. For
example, there was little or no reduction in the
synthesis of 100K and IVa2 for the unenhanced
infection, whereas synthesis of IV (fiber) and
11.5K was undectable in unenhanced cells. The
synthesis of other late Ad2 proteins fell into a
continuum between these extremes; reduction
in vitro was similar to that found in vivo.
We have no explanation for the variation in

the extent to which different late genes are
expressed in the unenhanced infection of mon-
key cells by Ad2. Baum et al. (4) had shown
that major virion components were only weakly
expressed (if at all) in unenhanced cells,
whereas Grodzicker et al. (18) found that most
late Ad2 proteins, with the exceptions of IV, P-
VI, P-VII, and P-VIII, were synthesized in
nearly normal amounts in unenhanced cells.
Our results appear to be intermediate in com-
parison with these two reports. Such differ-

ences may be a reflection of the different cell
lines, virus stocks, etc., used by the various
investigators. For instance, we have observed
little or no synthesis of most of the late Ad2
proteins in one subline of BSC-1 cells singly
infected with Ad2, whereas protein synthesis in
the other two sublines tested was very similar
to that found for CV1 cells (see below).

In contrast to our findings, Eron et al. (10)
recently reported that synthesis of the late Ad2
proteins in a Krebs II ascites S30 cell-free sys-
tem using RNA extracted from unenhanced
and enhanced BSC-1 cells was similar even
though in vivo synthesis of these proteins in
unenhanced BSC-1 cells was reduced. The dis-
crepancy between our results and those of Eron
et al. (10) is not due to differences in the method
of RNA preparation, type of cell-free transla-
tion system, or level of serum after infec-
tion (unpublished data). H. Westphal and G.
Khoury kindly provided us with the RNA used
in their experiments, and we obtained a result
similar to theirs when translating the RNA in
our fractionated mammalian cell-free system or
Krebs II ascites S30; i.e., synthesis of most late
Ad2 proteins was similar, whereas fiber produc-
tion was slightly reduced with RNA from
unenhanced cells compared to that from en-
hanced cells. However, when we prepared cyto-
plasmic RNAs from their subline of BSC-1, 31
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FIG. 7. Hybridization of cytoplasmic RNA from
enhanced and unenhanced cells to EcoRI-El. This
figure is an enlargement ofthe graph taken from Fig.
5 ofRNA hybridizing to the 1-strand ofEcoRI-E. The
arrows denote the positions on the curves used to
determine the ratio of the RNA concentration from
unenhanced cells (A) compared to that from en-

hanced cells (0) required to reach 50% of the final
plateau level. The number between these arrows indi-
cates the value of this ratio.
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FIG. 8. Hybridization ofEcoRI-Bh ofcytoplasmic RNA extracted from enhanced and unenhanced cells at

various times after infection. Cytoplasmic RNA was extracted from Ad2-infected (A) or Ad2 plus SV40-
infected (@) CV1 cells at 6-h intervals from 22 to 52 h pi. The RNA was purified and hybridized to the
h-strand ofEcoRI-B (see text).
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FIG. 9. Hybridization to EcoRI-EI of cytoplasmic RNA extracted from enhanced and unenhanced cells at

various times after infection. Cytoplasmic RNA was extracted from Ad2-infected (A) or Ad2 plus SV40-
infected (@) CV, cells at 6-h intervals from 22 to 52 h pi. TheRNA was purified and hybridized to the I-strand
ofEcoRI-E (see text).
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FIG. 10. Hybridization to BamHI-Cl ofcytoplasmicRNA extracted from enhanced and unenhanced cells at
various times after infection. Cytoplasmic RNA was extracted from Ad2-infected (A) or Ad2 plus SV40-
infected (@) CV1 cells at 6-h intervals from 22 to 52 h pi. The RNA was purified and hybridized to the I-strand
ofBamHI-C (see text).

to 33 h pi, as well as from two other sublines of
BSC-1 obtained from R. Pollack, and used these
RNAs to program the fractionated mammalian
cell-free system, results similar to those re-

ported in this paper for CV, cells were obtained,
i.e., little or no synthesis of fiber and reduced
synthesis of several other late Ad2 proteins. At
present there is no obvious explanation for the
discrepancy between their results and our re-

sults.
Our results suggest that the enhancement of

Ad2 protein synthesis in monkey cells is not
due to a factor operating at the level of transla-
tion. If SV40 were supplying or inducing a posi-
tive factor (either a protein or RNA) which
allowed the translation of Ad2 RNA in monkey
cells, then we would have expected normal
translation in vitro since our cell-free system
translates all known Ad2 mRNA's without the
requirement for a specific factor. This has been
shown by the efficient translation of oligo(dT)-
or hybridization-selected Ad2 mRNA (16). A
negative control factor which prevents the syn-

thesis of Ad2 mRNA in monkey cells has been
ruled out by the following mixing experiments.
RNA from unenhanced infections was mixed
with RNA from enhanced infections in ratios
from 1 to 10 and 10 to 1, and no reduction in the
synthesis of specific Ad2 proteins was found in

comparison to a control experiment using KB
cell cytoplasmic RNA.
RNA complexity and concentration. Our in

vitro translation results suggest that the defect
in protein synthesis may be attributable to re-

duced levels of certain Ad2 mRNA's in unen-
hanced cells, which may result from improper
synthesis of, processing of, or modification of
specific mRNA's. This possibility is supported
by our analysis of the presence of Ad2 RNA
sequences and their levels in enhanced and
unenhanced cells.
For our analysis we employed a technique,

developed by Sharp et al. (34), which uses sepa-

rated strands of restriction endonuclease frag-
ments of the Ad2 genome as probes in RNA-
DNA hybridization. With the 16 probes used on
our experiment, this method was at least sev-
eral-fold more sensitive with respect to deter-
mining the complexity of Ad2 RNA in unen-

hanced versus enhanced cells than the previ-
ously employed method of competition hybridi-
zation. In most cases this technique would have
detected the absence of mRNA for individual
Ad2 proteins. In addition, it provides data re-

garding Ad2 RNA concentration not obtainable
by other techniques. The sensitivity of the
method we employed to detect missing species
depends on the reproducibility with which the
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FIG. 11. Hybridization ofnuclearRNA from enhanced and unenhanced cells to separated strands ofEcoRI

fragments of the Ad2 genome. The nuclear RNA was from the same cell preparations as described in Fig. 5
(see text). Hybridization was to separated strands of 32P-labeled Ad2 DNA fragments described in Fig. 5. The
fraction ofDNA entering hybrids after annealing to RNA from unenhanced cells (A) or from enhanced cells
(a) is shown for separated strands offive of the six EcoRI fragments.

plateau levels can be determined. We estimate
that the plateau level is reproducible to within
+10% for a given preparation of DNA and
RNA. This means that in the worst case (i.e.,
BamHI-B, which represents approximately
30% ofthe Ad2 genome) a difference in complex-
ity of complementary Ad2 RNA sufficient to
encode a 30,000- to 35,000-dalton protein could
go undetected. Obviously, the analysis is better
with smaller probes, since the probability that
an alteration in the transcriptional pattern
would occur entirely within the region covered
by the probe increases with decreasing probe
size.
Within the limits of this technique, our re-

sults show that there was little or no difference
in the total complexity of cytoplasmic adenovi-
rus RNA between enhanced and unenhanced

cells, with the following possible exceptions.
The RNAs complementary to BamHl-Cl and
BamHI-Dl showed differences in complexity be-
tween enhanced and unenhanced cells suffi-

cient to code for a 10,000- to 15,000-dalton pro-
tein (see Fig. 6); but these differences were near
the limits of resolution of this technique and
were not observed with a second preparation of
RNA. When nuclear RNA was examined, simi-
lar results were obtained with most probes.
However, the complexities of nuclear RNAs
complementary to probes EcoRI-Bh and EcoRI-
Ch were approximately twofold less in en-
hanced than in unenhanced cells. The reason
for this difference is not entirely clear. From
work by Sharp et al. (34) it is known that early
RNAs are transcribed from EcoRI-Bh and
EcoRI-Ch. Thus, it is possible that the differ-
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FIG. 12. Hybridization of nuclear RNA from enhanced and unenhanced cells to separated strands of
BamHI fragments ofthe Ad2 genome. The RNA andDNA preparation used in this experiment were the same
as those described in Fig. 11. The fraction ofDNA entering hybrids after annealing to RNA from unenhanced
cells (A) or from enhanced cells (a) is shown for separated strands of three of the four BamHI fragments.

ence in complexity of RNA in the nucleus may
be due to turn-off of transcription of some early
regions in the enhanced but not in the unen-
hanced cells. In fact, it appears from our data
shown in Fig. 3 and 4 that there was more syn-
thcis of an early protein (72K) encoded by frag-
ment EcoRI-B (J. B. Lewis, J. F. Atkins, P. R.
Baum, R. F. Gesteland, and C. W. Anderson,
submitted for publication) in unenhanced cells
than in enhanced cells at late times. In Ad2-
infected human cells, Craig et al. (8) have ob-
served that these early RNAs encoded by
EcoRI-B and EcoRI-C are turned off late, and
Sharp et al. (34) have found that early RNAs
disappear from the cytoplasm late (30 h) after
infection. The absence of a difference in the
plateau levels for cytoplasmic RNA may be due
to the stability of early transcripts in the cyto-
plasm but not the nucleus. On the other hand,
Philipson et al. (29) and Sharp et al. (34) re-
ported that the Ad2 genome may be symmetri-
cally transcribed in some regions. If a difference
in the levels of symmetrical RNA occurred be-
tween enhanced and unenhanced cells, this
RNA could selectively remove some early
nuclear transcripts by RNA:RNA hybridiza-
tion, giving the impression of a difference in
complexity. Such differences might not be found
for cytoplasmic RNA because of the lability of
the symmetric transcript or its failure to be

transported to the cytoplasm.
Considerable variation in plateau levels be-

tween experiments using different preparations
of DNA and/or RNA was observed for several
probes (EcoRI-Bl and EcoRI-El). There may be
several reasons for such variation. Some varia-
bility may be due to differences in the average
size of the DNA, since single-stranded DNA
tails were not removed from hybrids before chro-
matography on hydroxylapatite and since size
affects the rate of hybridization. An analysis of
the plateau levels for probes which represent a
small percentage ofthe genome and which have
low plateau levels (e.g., EcoRI-Cl) indicates
that the average size of the DNA fragments is
less than 1% of the genome (600 to 700 nucleo-
tides). Biological variables such as multiplicity
of infection and the state of the cells may also
contribute to the different plateau levels ob-
served in different experiments. The same vi-
rus stock was used throughout these experi-
ments to minimize the variation in PFU-to-
particle ratio, and an effort was made to keep
the PFU-to-cell ratios constant. Other factors
such as serum, cell confluency, and tempera-
ture may also influence the multiplication of
adenovirus in monkey cells.
The similarities in complexity of cytoplasmic

Ad2-specific RNA between enhanced and
unenhanced cells suggest that the differences
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in protein synthesis both in vivo and in vitro
cannot be explained by the total absence of
specific messages. Comparison of the RNA con-
centration from the cytoplasm of unenhanced
cells to that from enhanced cells required to
reach 50% of the plateau level indicates a con-
siderable range of differences in the amount of
particular Ad2 RNA species between enhanced
and unenhanced cells. Differences in concentra-
tion of some RNA species as large as 23-fold
have been found between enhanced and unen-
hanced cells, whereas little or no difference in
concentration of other species was detected.
These differences are minimum estimates of
the ratio of the concentration of specific RNA
species between enhanced and unenhanced
cells, since the DNA probe in many cases en-
codes more than one RNA species.
The lower concentration of Ad2 RNA in the

cytoplasm of unenhanced cells may be due to
leakage of Ad2 RNA from the nuclei of en-
hanced but not unenheanced cells, if the nu-
clear membrane becomes quite fragile in pro-
ductive but not in abortive infection. For nu-
clear leakage to give the observed results, there
must be a large excess of a particular RNA in
the nucleus by comparison with the cytoplasm.
The relative amount of Ad2-specific RNA can
be estimated by comparing the concentration of
cytoplasmic RNA to nuclear RNA required to
reach the plateau level for any given DNA
probe, and from the relative amount of total
RNA in the nucleus and the cytoplasm. The
concentration of Ad2 RNA is on the average
fivefold higher in nuclearRNA than in cytoplas-
mic RNA, but the cytoplasm contains about 2.5-
fold more total RNA than the nucleus. Thus, on
the average, the nucleus contains about twice
as much Ad2 RNA as the cytoplasm. This two-
fold difference is also true for those RNAs com-
plementary to DNA probes, such as EcoRI-El,
which show large differences in concentration
of Ad2-specific RNA between the cytoplasms of
enhanced and unenhanced cells. Thus, even
complete nuclear breakdown in enhanced cells
could not account for differences of sevenfold or
more.
A similar analysis of the amount of comple-

mentary RNA sequences in the nuclei of unen-
hanced versus enhanced cells shows that the
differences in concentration of these RNAs be-
tween these two cell types were often less pro-
nounced in the nucleus than in the cytoplasm.
This suggests that some control beyond the
level of transcription must be occurring in the
unenhanced cells. The less pronounced differ-
ence for nuclear RNA may be due to a faster
rate of degradation of these RNAs in the cyto-
plasm of unenhanced cells and/or a slower rate

of transport of these RNAs across the nuclear
membrane of the unenhanced cells.

Protein synthesis versus RNA concentra-
tion. If the reduction of synthesis of several of
the late Ad2 proteins in unenhanced cells is due
to the lower concentration of the coding mRNA
in unenhanced cells, then one would expect a
correlation between the relative amount of syn-
thesis of particular proteins and the relative
concentrations of the coding mRNA in en-
hanced versus unenhanced cells. Since many of
the late Ad2 proteins have been mapped on the
Ad2 genome by RNA-DNA hybridization fol-
lowed by cell-free translation of the hybridized
RNA (23; C. W. Anderson, J. F. Atkins, P. R.
Baum, R. F. Gesteland, and J. B. Lewis, per-
sonal communication), we can make this com-
parison (Fig. 13), but two main problems arise.
First, the coding strands for the proteins have
not been determined. However, in many cases
we can deduce the sense strand, since RNA
hybridized to only one of the strands for five of
the eight restriction endonuclease fragments
used as probes. For the remaining three re-
striction fragments (EcoRI-B, EcoRI-C, and
BamHI-B) the assignment is more difficult.

Proteins designated lOOK and II are probably
coded by the light (1) strand of EcoRI-B, for the
following reasons. Protein lOOK also maps on
EcoRI fragments D and F, of which only stable
RNAs are transcribed from the 1 strand. By a
similar argument, II must map on the 1 strand
of EcoRI-B, since it also maps on BamHI-C and
only the 1 strand of BamHI-C is transcribed.
Again by this type of reasoning, IV (fiber) maps
on EcoRI-Cl, for it also maps on EcoRI-E, of
which only the 1 strand is transcribed into sta-
ble RNA. We are so far unable to predict which
proteins are coded by each strand of BamHI-B.
The second problem is that many of the re-

striction endonuclease fragments encode more
than one protein. This means that in these
cases a meaningful analysis can be done only if
all the proteins encoded by the particular DNA
fragment are similar with respect to the
amount of reduction of their synthesis in en-
hanced versus unenhanced cells. Moreover,
since the amount of RNA complementary to
several of the DNA fragments is greater than
the size of the RNAs known to encode particu-
lar proteins that map on these DNA fragments
(2), caution must be exercised even when only
one known protein is encoded by a DNA frag-
ment.
Given these reservations, there does appear

to be a correlation between a reduction in the
synthesis of specific proteins and a reduction in
the concentrations of the encoding mRNA's in
unenhanced versus enhanced cells. The strong-
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FIG. 13. Diagrammatic representation ofthe correlation between levels ofsynthesis ofAd2 proteins and the
concentration ofRNA complementary to their encoding restriction endonuclease fragments in unenhanced
versus enhanced cells. The extent of expression of each Ad2 protein has been assigned one of three arbitrary
values based on information given in Table 1 and is indicated by a solid bar. The ratios ofconcentrations of
RNA complementary to the restriction endonuclease fragments for enhanced versus unenhanced cells repre-
sented by dashed boxes is taken from Table 4. The location on the Ad2 genome of the mRNA's encoding the
proteins have been determined (23; Anderson et al., personal communication). The order ofthe proteins whose
message lies entirely within a restriction fragment has not been determined, e.g., Va2, IX, and 11.5 K or

III and P-VII. The determination of the sense strand of each fragment is described in the text.

est correlation is for IV (fiber). Its synthesis
was undetectable both in vivo and in vitro. Its
mRNA maps on EcoRI-Cl and EcoRI-El, which
both show the largest difference (6- to 23-fold)
in concentration of complementary RNA be-
tween enhanced and unenhanced cells.
A meaningful correlation can be made be-

tween protein synthesis and RNA concentra-
tion for lOOK, since only the mRNA of lOOK can
be encoded by EcoRI-Fl because it is also par-
tially coded by the two adjacent restriction frag-
ments. Synthesis of lOOK in vivo and in vitro is
approximately the same in enhanced and
unenhanced cells, and there is about a twofold
lower concentration of RNA complementary to
EcoRI-Fl in unenhanced cells.
The mRNA's for II, III, V, and P-VII all

hybridize to BamHI-Cl and account for more
than the coding capacity of this fragment. The
synthesis of all four of these proteins is moder-
ately reduced, and the concentration of comple-
mentary RNA is 6- to 10-fold lower in unen-

hanced cells than in enhanced cells.
The proteins (IVa2, IX, 11.5K) encoded by

BamHI-B show considerable variation in their
telative levels of synthesis in enhanced versus

unenhanced cells, whereas the concentration of
RNA complementary to each strand is approxi-
mately the same in these two types of infected
cells. This apparent lack of correlation is proba-
bly due to our inability to more finely analyze

this complex region, which encodes several
early proteins (Lewis et al., submitted for
publication) as well as these three late proteins.
Thus, in general, there seems to be a reasona-

ble correlation between the relative levels of
protein synthesis in vivo and in vitro and the
relative concentrations of the RNAs comple-
mentary to the restriction endonuclease frag-
ments that encode the proteins. Although it is
reasonable to suppose that a reduced level of
mRNA's would result in reduced synthesis of
the corresponding proteins, no direct evidence
for this exists. In fact, it is equally plausible
that the lower concentration of complementary
RNA is the indirect result rather than the
cause of reduced protein synthesis. Further-
more, SV40 may have several effects on Ad2
multiplication in monkey cells; for example, it
may affect independently both RNA metabo-
lism and the protein-synthesizing machinery.
Ribosome-associated nuclease hypothe-

sis. The following results should be taken into
consideration in the construction of a hypothe-
sis to explain the block to multiplication of
adenovirus in monkey cells. (i) All adenovirus
RNA species found in enhanced cells are also
present in unenhanced cells (5, 12, 13, 21, 24).
(ii) Several species of adenovirus RNA present
in polysomes from enhanced cells are not found
in polysomes from unenhanced cells (13, 21).
(iii) A high salt wash of polysomes from en-
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hanced, but not from unenhanced, cells enables
ribosomal subunits to form 80S initiation com-
plexes for protein synthesis with late adenovi-
rus RNA from unenhanced cells, whereas a
high salt wash of polysomes from either en-

hanced or unenhanced cells allows formation of
the 80S complex with poly(U) or SV40 RNA
(26). (iv) Synthesis of several late adenovirus
proteins in vivo (4, 10, 14, 18, 21, 24) and in
vitro is very much reduced or absent for unen-
hanced versus enhanced cells. (v) This reduc-
tion ofprotein synthesis in unenhanced cells, in
general, correlates with a lower concentration
of RNA complementary to the encoding DNA
probe. A nuclease specific for certain late adeno-
virus RNAs and associated with the ribosomes
from unenhanced cells could account for the
above results.
Nakajima et al. (26) reported degradation of

late adenovirus RNA when it was incubated
with a high salt wash of polysomes from unen-

hanced but not from enhanced cells. This degra-
dation may be due to the nuclease activity sug-
gested in our hypothesis. It is noteworthy that
Bothwell and Altman (6, 7) have recently re-

ported the discovery of a ribosome-associated
nuclease which exhibits a moderate degree of
specificity for unstable RNAs.
Eron et al. (10) and G. Khoury (personal

communication) have already noted the possi-
ble relation between interferon and inhibition
of late adenovirus protein synthesis in monkey
cells, based on the observation that Vero cells,
the only monkey cell line known to be permis-
sive for adenovirus multiplication, cannot pro-
duce interferon (9). In addition, recent reports
show that the impairment of protein synthesis
in S30 prepared from interferon-treated cells is
caused by one or more inhibitors which are

bound to the ribosomes (15, 19); and Gupta
et al. (19) have evidence that this impairment
may be due to the defectiveness of certain
tRNA's. Perhaps inhibition of viral protein syn-

thesis in interferon-treated cells is due to partial
degradation of certain tRNA's required for viral
protein synthesis, as previously suggested (19),
whereas impairment of synthesis of particular
proteins in adenovirus-infected monkey cells is
due to a similar degradation of the encoding
RNAs. SV40 may enhance adenovirus multi-
plication in nonpermissive monkey cells by in-
hibiting the synthesis or activity ofinterferon or

a hypothetical interferon-induced nuclease.

ACKNOWLEDGMENTS
We wish to thank Ray Gesteland for his encouragement,

support, and helpful criticism throughout the course of this
work. We are grateful to Jim Lewis and John Atkins for
help with the in vitro translation system, and to Phyllis
Myers and Rich Roberts for supplying the restriction endo-

nucleases. Phil Sharp and Joe Sambrook gave many helpful
criticisms as well as the benefit oftheir expertise on hybridi-
zation, without which these experiments could not have
been done. Heiner Westphal and George Khoury kindly
provided the RNA preparations and cell line used in their
experiments. We thank Anita Lewis for assistance with cell
culturing.

The work was supported by Public Health Service re-
search grant CA13106 from the National Cancer Institute.
C.W.A. was supported in part by the Energy Research and
Development Administration. D.F.K. was supported in
part by a graduate fellowship from the National Institutes
of Health.

LITERATURE CITED
1. Anderson, C. W., P. R. Baum, and R. F. Gesteland.

1973. Processing of adenovirus 2-induced proteins. J.
Virol. 12:241-252.

2. Anderson, C. W., J. B. Lewis, J. F. Atkins, and R. F.
Gesteland. 1974. Cell-free synthesis of adenovirus 2
proteins programmed by fractionated messenger
RNA: a comparison of polypeptide products and mes-
senger RNA lengths. Proc. Natl. Acad. Sci. U.S.A.
71:2756-2760.

3. Aviv, H., and P. Leder. 1971. Purification of biologi-
cally active globin messenger RNA by chromatogra-
phy on oligo thymidylic acid-cellulose. Proc. Natl.
Acad. Sci. U.S.A. 69:1408-1412.

4. Baum, S. G., M. S. Horwitz, and J. V. Maizel, Jr. 1972.
Studies of the mechanism of enhancement of human
adenovirus infection in monkey cells by simian virus
40. J. Virol. 10:211-219.

5. Baum, S. G., W. H. Wiese, and P. R. Reich. 1968.
Studies on the mechanism ofenhancement ofadenovi-
rus 7 infection in African green monkey cells by sim-
ian virus 40: formation of adenovirus-specific RNA.
Virology 34:373-376.

6. Bothwell, A. L. M., and S. Altman. 1975. Partial purifi-
cation and properties of an endoribonuclease isolated
from human KB cells. J. Biol. Chem. 250:1451-1459.

7. Bothwell, A. L. M., and S. Altman. 1975. Characteriza-
tion of ribonuclease NU cleavage sites in a bacterio-
phage qb80-induced ribonucleic acid. J. Biol. Chem.
250:1460-1463.

8. Craig, E. A., S. Zimmer, and H. J. Raskas. 1975. Analy-
sis of early adenovirus 2 RNA using EcoR-RI viral
DNA fragments. J. Virol. 15:1202-1213.

9. Desmyter, J., J. L. Melnick, and W. E. Rawls. 1968.
Defectiveness of interferon production and of rubella
virus interference in a line of African green monkey
kidney cells (Vero). J. Virol. 2:955-961.

10. Eron, L., H. Westphal, and G. Khoury. 1975. Post-
transcriptional restriction of human adenovirus
expression in monkey cells. J. Virol 15:1256-1261.

11. Feldman, L. A., J. S. Butel, and F. Rapp. 1966. Interac-
tion ofa simian papovavirus and adenovirus. I. Induc-
tion of adenovirus tumor antigen during abortive
infection of simian cells. J. Bacteriol. 91:813-818.

12. Fox, R. I., and S. G. Baum. 1972. Synthesis of viral
ribonucleic acid during restricted adenovirus infec-
tion. J. Virol. 10:220-227.

13. Fox, R. I., and S. G. Baum. 1974. Posttranscriptional
block to adenovirus replication in nonpermissive mon-
key cells. Virology 60:45-53.

14. Friedman, M. P., M. J. Lyons, and H. S. Ginsberg.
1970. Biochemical consequences of type 2 adenovirus
and simian virus 40 double infections of African green
monkey kidney cells. J. Virol. 5:586-597.

15. Friedman, R. M., D. H. Metz, R. M. Esteban, D. R.
Tovell, L. A. Ball, and I. M. Kerr. 1972. Mechanism
of interferon action: inhibition of viral messenger
ribonucleic acid translation in L-cell extracts. J. Vi-
rol. 10:1184-1198.

VOL. 16, 1975



1668 KLESSIG AND ANDERSON

16. Fuke, M., and C. A. Thomas, Jr. 1970. Isolation of open-
circular DNA molecules by retention in agar gels. J.
Mol. Biol. 52:395-397.

17. Gallimore, P. H., P. A. Sharp, and J. Sambrook. 1974.
Viral DNA in transformed cells. II. A study of the
sequences of adenovirus 2 DNA in nine lines of trans-
formed rat cells using specific fragments of the viral
genome. J. Mol. Biol. 89:49-72.

18. Grodzicker, T., C. Anderson, P. A. Sharp, and J. Sam-
brook. 1974. Condtional lethal mutants of adenovirus
2-simian virus 40 hybrids. I. Host range mutants of
Ad2+ND1. J. Virol. 13:1237-1244.

19. Gupta, S. L., M. L. Sopori, and P. Lengyel. 1973. Inhibi-
tion of protein synthesis directed by added viral and
cellular messenger RNAs in extracts of interferon-
treated Ehrlich ascites tumor cells. Location and dom-
inance of the inhibitor(s). Biochem. Biophys. Res.
Commun. 54:777-783.

20. Gupta, S. L., M. L. Sopori, and P. Lengyel. 1974.
Release of the inhibition of messenger RNA transla-
tion in extracts of interferon-treated Ehrlich ascites
tumor cells by added transfer RNA. Biochem. Bio-
phys. Res. Commun. 57:763-770.

21. Hashimoto, K., K. Nakajima, K. Oda, and H. Shimojo.
1973. Complementation of translational defect for
growth of human adenovirus type 2 in simian cells by
a simian virus 40-induced factor. J. Mol. Biol.
81:207-223.

22. Kumar, A., and U. Lindberg. 1972. Characterization of
messenger ribonucleoproteins and messenger RNA
from KB cells. Proc. Natl. Acad. Sci. U.S.A. 69:681-
685.

23. Lewis, J. B., J. F. Atkins, C. W. Anderson, P. R. Baum,
and R. F. Gesteland. 1975. Mapping of late adenovi-
rus genes by cell-free translation of RNA selected by
hybridization to specific DNA fragments. Proc. Natl.
Acad. Sci. U.S.A. 72:1344-1348.

24. Lucas, J. J., and H. S. Ginsberg. 1972. Transcription
and transport of virus-specific ribonucleic acids in
African green monkey kidney cells abortively in-
fected with type 2 adenovirus. J. Virol. 10:1109-1117.

25. Mulder, C., J. R. Arrand, H. Delius, W. Keller, U.
Pettersson, R. J. Roberts, and P. A. Sharp. 1974.
Cleavage maps ofDNA from adenovirus types 2 and 5
by restriction endonuclease EcoRP and HpaI. Cold

J. VIROL.

Spring Harbor Symp. Quant. Biol. 39:397-400.
26. Nakajima, J., H. Ishitsuka, and K. Oda. 1974. An SV40

induced initiation factor for protein synthesis con-
cerned with the regulation of permissiveness. Nature
(London) 252:649-653.

27. Pettersson, U., C. Mulder, H. Delius, and P. A. Sharp.
1973. Cleavage of adenovirus type 2 DNA into six
unique fragments by endonuclease R.RI. Proc. Natl.
Acad. Sci. U.S.A. 70:200-204.

28. Pettersson, U., and J. Sambrook. 1973. Amount of viral
DNA in the genome of cells transformed by adenovi-
rus type 2. J. Mol. Biol. 73:125-130.

29. Philipson, L., U. Petteron, U. Lindberg, C. Tibbetts,
B. Vennstrom, and T. Persson. 1974. RNA synthesis
and processing in adenovirus-infected cells. Cold
Spring Harbor Symp. Quant. Biol. 39:447-456.

30. Rabson, A. S., G. T. O'Conor, I. K. Berezesky, and F. J.
Paul. 1964. Enhancement of adenovirus growth in
African green monkey kidney cell cultures by SV40.
Proc. Soc. Exp. Biol. Med. 116:187-190.

31. Reich, P. R., S. G. Baum, J. A. Rose, W. P. Rowe, and
S. M. Weissman. 1966. Nucleic acid homology studies
of adenovirus type 7-SV40 interactions. Proc. Natl.
Acad. Sci. U.S.A. 55:336-341.

32. Sambrook, J., P. A. Sharp, and W. Keller. 1972. Tran-
scription of simian virus 40. I. Separation of the
strands of SV40 DNA and hybridization of the sepa-
rated strands to RNA extracted from lytically in-
fected and transformed cells. J. Mol. Biol. 70:57-71.

33. Schreier, M. H., and T. Staehelin. 1973. Initiation of
mammalian protein synthesis: the importance of ribo-
some and initiation factor quality for the efficiency of
in vitro systems. J. Mol. Biol. 73:329-349.

34. Sharp, P. A., P. H. Gallimore, and S. J. Flint. 1974.
Mapping of adenovirus 2 RNA sequences in lytically
infected cells and transformed cell lines. Cold Spring
Harbor Symp. Quant. Biol. 39:457-474.

35. Sharp, P. A., B. Sugden, and J. Sambrook. 1973. Detec-
tion oftwo restriction endonuclease activities in Hae-
rnophilus parainfluenzae using analytical agarose-
ethidium bromide electrophoresis. Biochemistry
12:3055-3063.

36. van der Vliet, P. C., and A. J. Levine. 1973. DNA-
binding proteins specific for cells infected by adenovi-
rus. Nature (London) New Biol. 246:170-173.


