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Five nondefective adenovirus 2 (Ad2)-simian virus 40 (SV40) hybrid viruses
have been isolated and found to contain segments of SV40 DNA covalently linked
to Ad2 DNA. The quantity of SV40 DNA present is a stable characteristic of each
hybrid virus, and varies from less than 5% (in Ad2+ND3) to more than 30% (in
Ad2+ND,) of the SV40 genome. We have characterized the SV40 portions of
these hybrids by relating the SV40-specific RNA sequences transcribed in cells
infected with each hybrid virus to those transcribed in cells infected with each of
the other hybrid viruses and with SV40 itself. RNA-DNA hybridization-competi-
tion experiments indicate that the number of unique SV40 RNA sequences
transcribed in infected cells is proportional to the size of the SV40 DNA segment
contained within each hybrid and, in the case of the three hybrids which induce
detectable SV40-specific antigens, to the number of SV40 antigens induced.
Furthermore, the SV40-specific RNA sequences transcribed from any one of the
hybrids are completely represented in the RNA transcribed from all other
hybrids with longer SV40 segments. Thus, the SV40 DNA regions in the five
hybrid viruses appear to contain some nucleotide sequences in common. The
SV40-specific RNA transcribed from Ad2+ND4, the hybrid containing the largest
SV40 segment, is qualitatively similar to the SV40-specific RNA transcribed
early (i.e., prior to viral DNA replication) in SV40 lytic infection. Thus, it
appears that no significant amount of late SV40 DNA is transcribed during
infection by any of the five nondefective Ad2-SV40 hybrid viruses.

We have described the isolation and charac- hybrid viruses are the equivalent of independ-
terization of five nondefective adenovirus 2 ently replicating deletion mutants of SV40.
(Ad2)-simian virus 40 (SV40) hybrid viruses To effectively utilize these hybrid viruses in
which differ in their host range and in the SV40 the genetic analysis of wild-type SV40, it is
functions which they induce in infected cells necessary to further characterize the SV40 ge-
(19-21). All five are able to replicate without the netic information which they contain. One of
assistance of nonhybrid helper virions (19, 20). the viruses, Ad2+ND,, has already been the
The genome of each hybrid virus has been subject of detailed biological and biochemical
shown to contain SV40 DNA covalently linked investigation (5, 16, 21, 26). This hybrid has
to Ad2 DNA (5, 10, 16). The size of the SV40 been found to induce only one detectable SV40
segment in each of the hybrid viruses is differ- antigen (U antigen) and to contain an amount
ent, but even in Ad2+ND4, which contains the of SV40 DNA equivalent to approximately 10%
largest amount of SV40 DNA, the SV40 seg- of the wild-type SV40 genome. When the tech-
ment is considerably smaller than the whole nique of RNA-DNA hybridization-competition
SV40 genome (10). Thus, with respect to their was employed to examine the SV40-specific
potential utility in experiments directed at the RNA transcribed in Ad2+ND,-infected cells, it
analysis of the SV40 genome, the nondefective was found that this hybrid induced the synthe-
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sis of approximately 15% of the total
SV40-specific RNA sequences transcribed dur-
ing lytic infection by wild-type SV40. Thus, in
the case of Ad2+ND1, there appears to be a good
correspondence between the amount of SV40
DNA in the hybrid virus genome, the number of
SV40-specific RNA sequences transcribed in
infected cells, and the number of SV40 antigens
induced. Since the four remaining hybrids were
found to differ in their content of SV40 DNA
(10) and in the SV40-specific biological func-
tions which they induce (20), we have analyzed
the SV40-specific RNA sequences transcribed
in cells infected with each of the five nondefec-
tive Ad2-SV40 hybrid viruses by means of
reciprocal hybridization-competition reactions.
These experiments have allowed us to (i) deter-
mine to what extent transcription of
SV40-specific RNA sequences accords with the
amount of SV40 DNA in each hybrid, and with
the number of SV40-specific functions induced;
(ii) determine whether the information tran-
scribed from the SV40 DNA of the various
hybrids is different or overlapping; and (iii)
relate the SV40-specific sequences transcribed
from these hybrids to those transcribed during
lytic infection by wild-type SV40.

MATERIALS AND METHODS
Tissue culture. The BSC-1 (11), Vero (32) and

CV-1 (12) lines of African green monkey kidney
(AGMK) cells were grown in Eagle minimal essential
medium supplemented with penicillin (250 units/ml),
streptomycin (250 Ag/ml), and 2 mM glutamine
(EMEM) plus 10% fetal bovine serum (EMEM-10).
Roller and stationary bottle cultures were refed bi-
weekly until confluent monolayers were formed. Com-
mercially obtained human embryonic kidney (HEK)
and primary AGMK cells were grown in EMEM-10.
All AGMK cell lines were repeatedly shown to be free
of mycoplasmas by anaerobic culture on Hayflick
medium (9).

Viruses. The nondefective hybrid viruses,
Ad2+ND l, Ad2+ND2, Ad2+ND3, and Ad2+ND,, as
well as nonhybrid Ad2 (strain adenoid 6), were grown
in primary HEK cells, whereas Ad2+ND4 was grown
in primary AGMK cells. Pools of each virus, repre-
senting the second passage after plaque purification,
were prepared in cells infected with a multiplicity of 1
to 5 PFU/cell. The derivation and biological charac-
terization of each of these hybrid virus pools are
discussed in an accompanying report (20).

Pools of SV40 (strain 777) were produced by low
multiplicity (approximately 10-5 PFU/cell) of infec-
tion using an inoculum of virus from a single seed pool
(109' PFU/ml) as previously described (26). All pools
used to obtain SV40 DNA were grown in BSC-1 cells,
as were most pools used to produce SV40-specific
RNA. However, an SV40 pool prepared in CV-1 cells
(10" PFU/ml) was used to induce the early SV40

RNA employed in two of three hybridization-competi-
tion experiments involving Ad2+ND4 'H-RNA.

All virus pools were demonstrated to be free of
adeno-associated virus types 1 to 4 by complement
fixation tests, and to be free of mycoplasmas by
anaerobic culture on Hayflick medium (9).

Virus purification and radiolabeling of SV40
DNA. SV40 was purified from cells and medium by a
modification (26) of the technique of Burnett et al.
(3). Radiolabeled SV40 was prepared as previously
described (26) using 0.3 to 0.5 MCi of thymidine-2-'4C
(New England Nuclear Corp., 20-30 mCi/mmol) per
ml of medium.
DNA extraction. Viral DNA was extracted from

purified virus by papain digestion (PAP, Worthington
Biochemical Corp.) followed by sodium dodecyl sul-
fate (SDS)-phenol extraction and alcohol precipita-
tion (28), or by Pronase (B grade, nuclease-free,
Calbiochem)-SDS digestion, followed by phenol ex-
traction and dialysis (13). Viral DNA was stored at
-30 C in 0.1 x SSC (SSC = 0.15 M sodium chloride
plus 0.015 M sodium citrate, pH 6.9). The physical
properties of SV40 DNA prepared by these methods
have been reported previously (5). This SV40 DNA,
the product of low multiplicity infection, was free of
detectable host cell (monkey) nucleotide sequences as
determined by sensitive hybridization assays (18, 26).

Escherichia coli DNA was extracted by the method
of Marmur (23). The concentrations ofDNA solutions
were determined by a modified diphenylamine reac-
tion (4) using calf thymus DNA (Calbiochem) as a
standard.

Preparation of radiolabeled RNA. Early and late
SV40-specific RNA was prepared in roller bottle
cultures of Vero cells as previously described (26).

Hybrid virus-specific RNA was prepared by infect-
ing 32-oz (0.95-liter) bottle cultures of Vero cells with
10 to 50 PFU of hybrid virus per cell suspended in 10
ml ofEMEM plus 2% fetal bovine serum (EMEM-2).
Vero cells, unlike primary AGMK cells, are permis-
sive for nonhybrid Ad2 and for all five of the nondefec-
tive hybrid viruses (20). Three to four hours after
infection, 20 ml of EMEM-2 was added to each
culture. The cells were harvested by scraping 24 h
after infection. Tritiated hybrid virus-specific RNA
was prepared by refeeding the cultures 4 h postinfec-
tion with 15 ml of EMEM-2 containing 20 to 40
,sCi/ml of each of three tritiated nucleotides (New
England Nuclear: uridine-5-3H, >20 Ci/mmol; aden-
osine-2,8-3H, 20 to 30 Ci/mmol; and cytidine-5-3H,
15 to 30 Ci/mmol).
RNA from infected and uninfected Vero cells was

extracted by a hot phenol-SDS procedure (17) and
stored at -30 C in 2 x SSC plus 0.05% SDS. RNA
concentrations were determined by an orcinol reac-
tion (2) with yeast-soluble RNA (Calbiochem) as a
standard.
RNA-DNA hybridization and hybridization-

competition. The procedure for hybridization of
'H-RNA with single-stranded DNA immobilized on
nitrocellulose membrane filters (Millipore Corp.,
HAWP) was that of Gillespie and Spiegelman (7) with
slight modifications (17). Hybridization reactions
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were performed at 60 C with 13-mm filters in a volume
of 0.25 ml of 2 x SSC plus 0.05% SDS. Unless
otherwise stated, an incubation period of 20 h was
employed. All RNA-DNA hybrids were washed,
treated with pancreatic ribonuclease (XII-A, Sigma;
20 ,g/ml) and ribonuclease T1 (B grade, Calbiochem;
10 units/ml) for 1 h at room temperature, and washed
again before scintillation counting.

Hybridization-competition experiments were per-
formed by preincubating the DNA-containing filters
with increasing amounts of unlabeled competitor
RNA for 12 h at 60 C and then adding a saturating
amount (separately determined with the same batch
of DNA filters and 3H-RNA) of radioactive RNA.
Incubation was then continued for an additional 14 h,
after which the filters were washed, ribonuclease
treated, and washed again before scintillation count-
ing. The extent of nonspecific competition by cellular
RNA was initially determined separately by prein-
cubating SV40 DNA filters with appropriate amounts
of unlabeled RNA extracted from uninfected Vero
cells (see Fig. 1-5). In subsequent experiments (see
Fig. 6-8), unlabeled RNA from uninfected Vero cells
was mixed directly with the unlabeled competitor
RNA (from virus-infected Vero cells) in varying ratios
so that the same total amount ofRNA was present at
each point in the competition experiment.
The SV40 DNA on the filters was "C-labeled to

permit an accurate determination of the amount of
DNA still present at the end of the final hybridization
and washing procedures. Filters were counted for
sufficient time to achieve a counting accuracy of +5%,
or better, for both 3H and "4C. The 3H counts per
minute bound to SV40 DNA filters were corrected for
"IC counted in the 3H channel and for nonspecific
binding to E. coli DNA. The net virus-specific 3H
counts per minute were then normalized to the stated
amount of SV40 DNA per filter on the basis of the "4C
counts per minute.

RESULTS
Relationships between the SV40-specific

RNAs induced by the various nondefective
hybrid viruses. RNA extracted from Vero cells
acutely infected with the five nondefective hy-
brid viruses was employed in hybridization-
competition reactions, so that the SV40 tran-
scription product of each hybrid could be com-
pared with that of the others.
The results of competition against 'H-RNA

extracted from cells infected with Ad2+ND, are
shown in Fig. 1. As expected, unlabeled
Ad2+ND, RNA competed efficiently with the
Ad2+ND, 3H-RNA for SV40 DNA binding sites.
The RNAs transcribed from each of the three
hybrid viruses with a larger content of SV40
DNA than Ad2+ND, (10) were also effective
competitors of Ad2+ND1 3H-RNA, indicating
that these hybrids (Ad2+ND,, Ad2+ND4 and
Ad2+ND,) induce all of the SV40-specific se-
quences induced by Ad2+ND,. RNA from cells

infected with Ad2+ND3, the hybrid virus which
contains the smallest amount of SV40 DNA
( <5% of the SV40 genome [10]), competed with
only 39% of the SV40-specific counts per minute
in Ad2+ND1 'H-RNA. It is interesting that
Ad2+ND, appears to induce all of the
SV40-specific RNA sequences induced by
Ad2+ND1, because Ad2+ND, does not induce
any detectable SV40 antigens (20), whereas
Ad2+ND, induces SV40 U antigen (21).
The results of competition against 3H-RNA

from cells infected with Ad2+ND% are shown in
Fig. 2. As expected, unlabeled Ad2+ND, RNA is
an effective competitor of Ad2+ND' 3H-RNA.
RNA from cells infected with Ad2+ND,, the
hybrid virus which contains the largest segment
of SV40 DNA, is also an effective competitor of
Ad2+ND2 3H-RNA. However, Ad2+ND3 RNA
competed with only 15%, Ad2+ND, RNA with
only 44%, and Ad2+ND6 RNA with only 82% of
the SV40-specific counts per minute in
Ad2+ND2 3H-RNA. These data indicate that
only Ad2+ ND, induces all of the SV40-specific
RNA sequences transcribed in cells infected
with Ad2+ND2. The extent of competition ob-
served with the RNA induced by each of the
other hybrid viruses appears to be proportional
to its relative content of SV40 DNA.
The quantity of SV40-specific RNA induced

by Ad2+ND3 is small (20) and thus large
amounts of 3H-RNA from Ad2+ND3-infected
cells were required to yield sufficient
SV40-specific counts per minute for competi-
tion experiments. Moreover, even at saturation,
Ad2+ND8 3H-RNA yielded fewer SV40-specific
counts per minute bound to filters containing
0.1 gg of SV40 DNA than did 'H-RNA from
cells infected with any of the other hybrids, a
result which is not unexpected if the RNA
induced by Ad2+ND3 is complementary to a
smaller portion of the SV40 genome. Conse-
quently, filters containing 1.0 jg of SV40 DNA
were used in experiments with Ad2+ND3
3H-RNA, whereas competition experiments
with the other four hybrid virus 3H-RNAs were
accomplished with filters containing only 0.1
Mug. It is apparent that all of the hybrids induced
RNA which competed efficiently with Ad2+ND3
3H-RNA (Fig. 3). Thus it appears that the
SV40-specific RNA sequences induced by
Ad2+ND3 are also induced by the other four
hybrid viruses.
The relationship between the RNA induced

by each of the hybrid viruses and the 3H-RNA
induced by Ad2+ND4 is shown in Fig. 4. The
extent of competition observed with each hy-
brid RNA is proportional to the relative amount
of SV40 DNA in the hybrid virus genome (Table
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FIG. 1. Hybridization-competition of unlabeled nondefective hybrid virus-specific RNAs with Ad2+ND,
'H-RNA. Hybridization-competition experiments were performed with a saturating amount of 'H-RNA and 0.1
'gg of 14C_SV40DNA filters as described in the text. Radioactive RNA was added to reaction vials after filter had
been preincubated with unlabeled RNA. The control 'H-RNA counts per minute bound (no competitor) are the
'H-counts per minute bound to the SV40 DNA filter minus the counts per minute bound to an appropriate E.
coli DNA (blank) filter. The average of duplicate determinations is shown, and the counts per minute bound at
other points in the competition curves are plotted as percentage of this control value. Nonspecific competition
was separately assayed with unlabeled, uninfected Vero cell RNA. Input ofAd2+ND, 3H-RNA = 108 Mg; 106 x
103 counts per minute per jg of RNA. Average counts per minute bound to 0.1 Ag of E. coli DNA filters = 30.
Control 3H-RNA counts per minute bound (no competitor) = 159.
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FIG. 2. Hybridization-competition of unlabeled nondefective hybrid virus-specific RNAs with Ad2+ND2

3H-RNA. Hybridization-competition experiments were performed with a saturating amount of 'H-RNA and 0.1
.sg of 14C_SV40 DNA filters. Other conditions as indicated in the legend to Fig. 1. Input ofAd2+ND2 'H-RNA =

132 Mg; 91 x 103 counts per minute per Ag of RNA. Average counts per minute bound to 0.1 Mg of E. coli DNA
filters = 30. Control 'H-RNA counts per minute bound (no competitor) = 203.

1). Thus Ad2+NDI, which contains 29% as
much SV40 DNA as Ad2+ND4, induces RNA
which competes with 30% of the SV40-specific
counts per minute in Ad2+ND. 'H-RNA;
Ad2+ND2, which contains 75% as much SV40
DNA as Ad2+ND4, competes with 72% of the
SV40-specific counts per minute in Ad2+ND,
'H-RNA; Ad2+ND,, which contains 6% as

much SV40 DNA as Ad2+ND., competes with
8% of the SV40-specific counts per minute in

Ad2+ND, H-RNA; and Ad2+ND5, which con-
tains 63% as much SV40 DNA as Ad2+ND4,
competes with 58% of the SV40-specific counts
per minute in Ad2+ND, 'H-RNA.
The results of competition against 3H-RNA

from cells infected with Ad2+ND, are shown in
Fig. 5. Ad2+ND2 and Ad2+ND4 both induce
RNA with all of the SV40 sequences foiind in
Ad2+ND. 'H-RNA, whereas the RNA induced
by Ad2+ND1 competed with only 55% and that
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FIG. 3. Hybridization-competition of unlabeled nondefective hybrid virus-specific RNAs with Ad2+ND8

3H-RNA. Hybridization-competition experiments were performed with a saturating amount of 3H-RNA and 1.0
Ag of 14C_SV40 DNA filters. Other conditions as indicated in the legend to Fig. 1. Input ofAd2+ND3 3H-RNA =
256 ug; 25 x 103 counts per minute per Mg of RNA. Average counts per minute bound to 1.0 Mg of E. coli DNA
filters = 9. Control 3H-RNA counts per minute bound (no competitor) = 80.

VERO

z

9 80 Ad2N\

3 60

Ad2'ND5

o Ad2'ND02
U.

20-d
20 _ A

100 200 300 400 500 600 700

COMPETITOR RNA (pg)

FIG. 4. Hybridization-competition of unlabeled
nondefective hybrid virus-specific RNAs with
Ad2+ND44H-RNA. Hybridization-competition exper-
iments were performed with a saturating amount of
3H-RNA and 0.1 Mg of 14C-SV40 DNA filters. Other
conditions as indicated in the legend to Fig. 1. Input
of Ad2+ND4 3H-RNA = 66 Ag; 38 x 103 counts per
minute per Mg of RNA. Average counts per minute
bound to 0.1 Mig of E. coli DNA filters = 6. Control
3H-RNA counts per minute bound (no competitor) =

158.

induced by Ad2+NDs with only 24% of the
SV40-specific counts per minute in Ad2+ND5
3H-RNA. Thus, in spite of its failure to induce
detectable SV40 U antigen, Ad2+ND5 induces
SV40-specific RNA sequences corresponding to
a larger fraction of the SV40 genome than does
the U antigen-inducing hybrid, Ad2+ND,.

Relationship between the SV40-specific
RNA induced by Ad2+ND, and the early and
late RNA induced by wild-type SV40.
Ad2+ND, RNA appears to contain all of the

SV40-specific nucleotide sequences induced by
the other four nondefective hybrid viruses.
Consequently, we compared the SV40-specific
RNA sequences induced by Ad2+ND4 with
those transcribed early and late in SV40 lytic
infection. We have previously shown that in
Vero cells, 10 jig of cytosine arabinoside (CA)
per ml inhibits SV40 DNA synthesis by more
than 99% and prevents the formation of SV40
capsid (V) antigen without preventing the
formation of SV40 tumor (T) antigen. Early
SV40 RNA (produced in the presence of CA)
was found to compete with only 35% of the
SV40-specific counts per minute in late SV40
3H-RNA (RNA synthesized after the onset of
viral DNA replication), indicating that early
genes (i.e., genes expressed prior to viral DNA
replication) comprise only a fraction of the
SV40 genome (1, 24-26, 30). Since all three
SV40-specific antigens induced by Ad2+ND4
appear to represent the expression of early SV40
genes (6, 8, 21, 27), it was particularly interest-
ing to compare the SV40-specific RNA se-
quences in Ad2+ND4 RNA with those in early
SV40 RNA.
The results of competition of unlabeled

Ad2+ND4 RNA with early SV40 3H-RNA are
shown in Fig. 6. The RNA induced by Ad2+ND4
RNA is an effective competitor of early SV40
RNA, and thus it appears that Ad2+ND4 in-
duces SV40-specific RNA sequences corre-
sponding to all of the early SV40 genes.
The inverse experiment, i.e., competition of

unlabeled early SV40 RNA with Ad2+ND4
3H-RNA, is technically more difficult. The
concentration of SV40-specific RNA sequences
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TABLE 1. Summary of biological and biochemical properties of the nondefective Ad2-SV40 hybrid viruses

SV40 antigen Extent of competition by unlabeled hybrid virus-induced
indution Relative RNAb with SV40-specific 3H-RNA induced by:

Hybrid Host amount Early
virus range of SV40 SV40

T U TSTA V DNAa Ad2+ND, Ad2-ND, Ad2-ND, Ad2+ND, Ad2-ND, infec-

I ~~~~~~~~~~~~~~~~~~~~~tion

Ad2+ND, AGMK + + + 1.00 100 100 100 100 100 100
HEK

Ad2+ND2 AGMK + + 0.75 72 100 100 100 100 C_
HEK

Ad2+ND5 HEK 0.63 58 82 100 100 100 -

Ad2+ND, AGMK + 0.29 30 44 55 100 100 40d
HEK

Ad2+ND, HEK 0.06 8 15 24 39 100 -

a Calculated from data in Fig. 5, reference 10.
b Expressed as the percentage of inhibition of the control (i.e., no specific competitor present) hybridization

reaction. Values for nonspecific competition are shown in Fig. 1-8 and are not subtracted.
c Not done.
d Reference 26.
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FIG. 5. Hybridization-competition of unlabeled nondefective hybrid virus-specific RNAs with Ad2+ND5
3H-RNA. Hybridization-competition experiments were performed with a saturating amount of 3H-RNA and
0.1 Mg of 14C_SV40 DNA filters. Other conditions as indicated in the legend to Fig. 1. Input of Ad2+ND,
3H-RNA = 120 ,gg; 78 x 103 counts per minute per jig of RNA. Average counts per minute bound to 0.1 Ag of
E. coli DNA filters = 25. Control 3H-RNA counts per minute bound (no competitor) = 173.

present early in SV40 infection is very low (1,
22, 24-26, 30), and consequently very large
amounts of this competitor are required. Since
early SV40 RNA produced in the presence of CA
is transcribed exclusively from the DNA of
incoming virions, the multiplicity of infection
was increased to more than 300 PFU per cell in
an attempt to increase the concentration of
SV40 sequences (there was no detectable break-
through of late RNA synthesis at this multi-

plicity, see Fig. 8). Nevertheless, even with the
addition of more than 2 mg of competitor
prepared in this manner (resulting in a total
RNA concentration of 10 mg/ml in the hybridi-
zation reaction mixture), early SV40 RNA could
be shown to compete with only 92% of the
SV40-specific counts per minute in Ad2+ND,
'H-RNA (Fig. 7). Yet in spite of the large
amount of competitor employed, it does not
appear that a plateau of competition was
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SV40 RNA contains a significantly greater pro-
portion of the SV40-specific sequences induced
by Ad2+ND, than does the RNA induced by any
of the other hybrid viruses. These observations
suggest that there is little, if any, transcription
of late SV40 genetic information in Ad2+ND.-
infected Vero cells. Furthermore, unlabeled
Ad2+ND4 RNA was fouhd to compete with a
maximum of 43%, and unlabeled early SV40
RNA with 38%, of the SV40-specific counts per
minute in late SV40 3H-RNA (Fig. 8). Since
Ad2+ND. RNA appears to contain all of the
SV40 nucleotide sequences present in early
SV40 RNA (Fig. 6), these data also suggest that
if any late sequences are transcribed in
Ad2+ND.-infected cells, they must correspond
to a very small percentage of the total genetic
information in late SV40 RNA.

DISCUSSION
'M-Z- V4U The reciprocal competition experiments (Fig.

into 0 p5 1-5) demonstrate that certain SV40 nucleotide
IA counts sequences are common to all five of the nonde-
?led Vero fective Ad2-SV40 hybrid viruses. Thus the SV40

RNA induced by AD2+ND. (the hybrid with the
smallest portion of SV40 DNA) competes with
some of the SV40-specific RNA sequences in-
duced by each of the other hybrid viruses.
Furthermore, since the SV40 RNA induced by
each of the other hybrids competes with 100% of
the SV40-specific counts per minute in
Ad2+NDS 3H-RNA (Fig. 3), it is clear that all of
the SV40 RNA sequences induced by AD2+ND3
are also induced by each of the other hybrid

2250 2500 viruses.

When biological and biochemical data from
FIG. 7. Hybridization-competition of unlabeled

SV40 early RNA with Ad2+ND4 5H-RNA. Hybridiza-
tion-competition experiments were performed with a
saturating amount of 3H-RNA and 0.1 Mg of 14C_SV40
DNA filters as described in the text. All conditions as
indicated in the legend to Fig. 6. Input of Ad2+ND4
3H-RNA = 73 Ag; 63 x 103 counts per minute per Mg of
RNA. Average counts per minute bound to 0.1 Mg of E.
coli DNA filters = 10. Control 3H-RNA counts per
minute bound (only uninfected, unlabeled Vero cell
RNA present) = 229. Three different batches of
unlabeled SV40 early RNA were employed, as in-
dicated by the different symbols.

reached. This failure to reach a plateau is not
due to nonspecific competition, for that is
internally controlled by the addition of unla-
beled RNA from uninfected Vero cells so that
the total amount ofRNA present is the same for
every point on the curve. Thus the 92% competi-
tion that was demonstrated almost certainly
represents an underestimate. In any case, it is
apparent (compare Fig. 4 and 7) that early

SV40 Late

200 400 600 800 1000 1200 1400 1600 1800 2000
COMPETITOR RNA (*g)

FIG. 8. Hybridization-competition of unlabeled
SV40 early RNA and Ad2+ND4 RNA with 3H-SV40
late RNA. Hybridization-competition experiments
were performed with a saturating amount of 3H-RNA
and 0.1 Mg of 14C_SV40 DNA filters as described in the
text. All conditions as indicated in the legend to Fig.
6. Input of 9H-SV40 late RNA = 93 Mg; 86 x 103
counts per minute per MAg of RNA. Average counts per
minute bound to 0.1 Mg of E. coli DNA filters = 10.
Control 3H-RNA counts per minute bound (only
uninfected, unlabeled Vero cell RNA present) = 214.
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this and the two accompanying reports (10, 20)
are summarized (see Table 1), it is apparent
that the relative number of SV40-specific nu-
cleotide sequences transcribed in cells infected
with each of the five hybrid viruses is propor-
tional to the amount of its SV40 DNA. More-
over, no SV40-specific RNA sequences are de-
tected in cells infected with any one hybrid
virus which are not also present in cells infected
with each hybrid that contains a larger amount
of SV40 DNA. For example, Ad2+ND4 (the
hybrid with the largest SV40 DNA region)
induces all of the SV40-specific RNA sequences
detected in cells infected with each of the other
hybrid viruses. AD2+ND2 (the hybrid with the
second largest SV40 DNA region) induces all of
the SV40-specific RNA sequences induced by
Ad2+ND1, Ad2+ND3 and Ad2+ND,, but only
72% of those induced by Ad2+ND, (Table 1).
Thus, at least with respect to those nucleotide
sequences which are transcribed in infected
cells, the SV40 portions of all five hybrid viruses
appear to overlap one another, with the genetic
information in the smaller SV40 segments en-
tirely represented in the larger ones. These
observations suggest that the SV40 DNA con-
tained in each of the five nondefective Ad2-
SV40 hybrid viruses is derived from the same
region of the SV40 genome.

All three of the SV40-specific antigens de-
tected in cells infected with these hybrid viruses
are early SV40 antigens (6, 8, 21, 27). Moreover,
none of the hybrids induce detectable SV40 V
antigen, which is synthesized late in SV40 lytic
infection (1, 22, 24-27, 30). Thus, the SV40
DNA in these hybrids must originate from a
region of the SV40 genome which contains early
SV40 genes. To further characterize the SV40
genetic information in these five nondefective
Ad2-SV40 hybrid viruses, the RNA induced by
Ad2+ND, (which contains all of the
SV40-specific nucleotide sequences induced by
the other four hybrids) was compared with the
RNA synthesized early and late in wild-type
SV40 lytic infection. We have previously shown
that Ad2+ND,, the first of these hybrid viruses
to be isolated and characterized (5, 16, 19),
induces approximately 40% of the SV40 RNA
sequences in early SV40 RNA and does not
appear to induce late SV40 RNA sequences
(26). In the present study, the RNA induced by
Ad2+ND4 has been shown to compete efficiently
with all of the SV40-specific RNA sequences
present in early SV40 'H-RNA (Fig. 6). How-
ever, in the reciprocal reaction, we were not able
to demonstrate that unlabeled early SV40 RNA
competed with all of the SV40-specific RNA
sequences present in Ad2+ND, 3H-RNA (Fig.

7). Thus, it is possible that, in addition to
inducing the full complement of early SV40
RNA sequences, Ad2+ND, also induces a small
amount of late SV40 RNA.
The results of two additional experiments

bear. on the question of the transcription of late
SV40 genes in Ad2+ND, infected cells. (i) Early
SV40 genes continue to be transcribed late in
SV40 lytic infection and, as a consequence,
unlabeled early SV40 RNA competes with 30 to
40% of the SV40-specific counts per minute in
late SV40 3H-RNA (Fig. 8; 1, 22, 24-26, 30).
Since Ad2+ND, RNA appears to contain all of
the SV40 nucleotide sequences in early SV40
RNA, the fact that it competes with a max-
imum of only 43% of the SV40-specific counts
per minute in late SV40 3H-RNA (Fig. 8)
suggests that if Ad2+ND, does induce any late
SV40 RNA sequences, they must correspond to
a very small fraction of the SV40 genome.

(ii) Westphal's demonstration that transcrip-
tion of form I SV40 viral DNA in vitro by the E.
coli DNA-dependent RNA polymerase is highly
asymmetric (31) has led to the physical separa-
tion of the SV40 DNA strands (14, 15, 29). Only
one of the viral DNA strands (the E or "minus"
strand) is transcribed in vitro by the E. coli
polymerase. Moreover, early SV40 RNA (from
acutely infected Vero cells) also appears to be
transcribed exclusively from nucleotide se-
quences in the minus strand. The other DNA
strand (the L or "plus" strand) apparently
carries only late SV40 genetic information (14,
15, 29). Since these properties suggested that
separated SV40 DNA strands might be effec-
tively employed to differentiate early and late
SV40 RNA, RNA from Ad2+ND4-infected Vero
cells was tested for its ability to hybridize with
the minus and plus strands of SV40 DNA. The
Ad2+ND, RNA was found to hybridize exclu-
sively with the minus strand of SV40, behaving
in a manner indistinguishable from that of early
SV40 RNA (G. Khoury et al., manuscript in
preparation). In contrast, late SV40 RNA
(which contains a mixture of early and late
SV40 RNA sequences) hybridizes with both
the minus and plus strands. Thus the results
of this experiment also suggest that Ad2+ND4
does not induce detectable amounts of late
SV40 RNA. However, none of the experi-
mental results described herein exclude the
possibility that a small number of SV40 anti-
late sequences are transcribed from the hybrid
virus genomes.
The biological activities of these hybrid vi-

ruses reflect the amount and the overlapping
nature of the SV40 genetic information which
they contain (Table 1). Ad2+ND4, which con-
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tains the largest SV40 DNA segment and in-
duces the greatest number of SV40-specific
RNA sequences, induces three SV40-specific
antigens: T antigen, U antigen, and tumor-
specific transplantation antigen (TSTA; A. M.
Lewis, Jr., and W. P. Rowe, manuscript in
preparation). Ad2+ND2, which contains
75% as much SV40 DNA and induces 72%
as many SV40-specific RNA sequences as
Ad2+ND4, induces two SV40-specific
antigens-U antigen and TSTA. Ad2+ND1,
which contains 29% as much SV40 DNA and
induces 30% as many SV40-specific RNA se-
quences as Ad2+ND,, induces one SV40-specific
antigen-U antigen.
The biological behavior of Ad2+ND3 and

Ad2+ND5 is quite puzzling. Although these
hybrids contain SV40 DNA and induce
SV40-specific RNA, they both fail to induce
detectable SV40 antigens and they both fail to
replicate efficiently in AGMK cells. Ad2+ND3,
which contains only 6% as much SV40 DNA and
induces only 8% as many SV40-specific RNA
sequences as Ad2+ND4, may simply contain too
little SV40 genetic information to code for a
functional SV40 protein. However, this expla-
nation cannot apply to Ad2+ND5, which con-
tains more SV40 DNA than Ad2+ND, and
which appears to induce all of the SV40-specific
RNA sequences detected in Ad2+ND1-infected
cells. Perhaps some information required for the
translation of the SV40-specific RNA is missing
from either the Ad or the SV40 component of
the Ad2+ND5 genome, or small changes in
nucleotide sequences (undetectable by nucleic
acid hybridization-competition experiments)
have led to the synthesis of proteins with altered
antigenicity. It is also possible that some SV40
RNA species are rapidly degraded in the nuclei
of infected cells and therefore are not detectable
in the experiments reported herein, which em-
ploy RNA labeled for 20 h. More precise infor-
mation about transcription, particularly of
value in the case of Ad2+ND5, might be ob-
tained with briefly labeled nuclear RNA of high
specific activity.
The presence of all of the early SV40 genetic

information within the small segment of SV40
DNA contained in Ad2+ND4 suggests that the
early genes of wild-type SV40 are localized in
one portion of the wild-type SV40 DNA mole-
cule. Furthermore, the data in Table 1 suggest
that the U and TSTA functions are adjacent in
the SV40 DNA segment of Ad2+ND2. Thus it
seems likely that these two early genes are also
adjacent in the wild-type SV40 genome. The
SV40 DNA segment of Ad2+ND4 contains the

U, TSTA, and T functions, but the arrange-
ment of the three detectable early SV40 func-
tions (U, TSTA, T, or T, U, TSTA) cannot be
determined from the data presented here. Elec-
tron microscope investigation of heteroduplexes
formed between the nondefective hybrid DNAs
(T. J. Kelly, Jr. and A. M. Lewis, Jr., manu-
script in preparation) has confirmed the results
of the RNA-DNA reciprocal competition experi-
ments. These heteroduplex mapping studies
have shown that the linear SV40 DNA segments
within the hybrids form an overlapping series
beginning at a common origin on the Ad2 DNA
molecule.
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