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To overproduce biologically active polyomavirus middle T antigen, we used an adenovirus vector and human
293 cells as hosts. Two helper-independent recombinant adenoviruses were isolated that contain a hybrid
transcription unit, in differing orientations, at a site in the adenovirus genome from which the Ela and most
of the Elb transcription units have been deleted. The hybrid transcription unit consists of the adenovirus type
2 major late promoter and tripartite leader and a cDNA segment capable of encoding polyomavwrus middle T
antigen and accompanying 3' RNA-processing signals. Both recombinant viruses were stable and replicated to
high titers in human 293 cells. The polyomavirus sequences were expressed, predominantly at late times after
infection of 293 cells, to yield mRNAs that encoded middle T antigen. One of the recombinant viruses also
expressed a middle T antigen-related protein in 293 ceUs. The latter was translated from one of several novel
mRNA species that resulted from aberrant splicing and incomplete RNA processing of precursor RNA
transcripts. Comparison of the amount of middle T antigen produced in 3T6 cells infected with polyomavirus
with that in 293 cells infected with either of the recombinant adenoviruses, under optimal conditions for each
system, revealed at least a 10-fold greater yield of the protein on a per-cell basis in the latter system than in the
former. The recombinant-virus-encoded middle T antigen was biologically active, as evidenced by its ability to
associate with and serve as a substrate for human pp60`CS. The functionality of the middle T antigen was
further confirmed by demonstrating that both recombinant viruses efficiently transformed Rat-i cells. These
recombinant viruses will be useful to overproduce middle T antigen and to introduce the polyomavirus
oncogene into a wide variety of mammalian cells.

The three structurally related polyomavirus (Py) early
protein large, middle, and small tumor (T) antigens perform
a number of functions required for virus replication and
oncogenic transformation (64). During productive infection
of permissive mouse cells in culture, large T antigen acts to
repress early mRNA synthesis (16), to initiate viral DNA
replication (26), and to stimulate late viral mRNA synthesis
and cellular DNA replication (84). Although much less is
known of the functions of middle and small T antigen during
the lytic cycle, both of these proteins are required for
efficient virus replication. Middle T antigen is required for
virus assembly (28, 86), whereas small T antigen acts to
stimulate viral DNA replication (48, 57, 79).

Transformation of cells in culture and induction of tumors
in animals also require the action of the early proteins.
Middle T antigen plays a critical role in both processes and
represents the principal oncogene product of the virus (55,
85). It is absolutely required to transform both established
(58, 85) and embryonic cells in culture (62) and to induce
tumors in newborn rodents (2, 3, 12). In some experimental
systems middle T antigen is sufficient to cause both of these
events. These include transformation of embryonic chicken
cells (40, 43) and induction of tumors in chickens (43),
newborn hamsters (3), and mice (V. Bautch and J. A.
Hassell, unpublished). Large T antigen and small T antigen
play ancillary roles in oncogenesis. Large T antigen immor-
talizes rat embryo fibroblasts (63) and complements middle T
antigen for full transformation of these cells (62), whereas
small T antigen complements middle T antigen for tumor
induction in newborn rats (2).
Because of its prominent role in oncogenesis, much atten-

tion has been focused on middle T antigen. Middle T antigen
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is a phosphoprotein (23, 65, 67, 73) which is located in the
membrane fraction of infected and transformed cells facing
the cytoplasm (36, 37). It is composed of 421 amino acids,
yielding a predicted molecular weight of 48,506 (27, 75). Two
species of middle T antigen with measured molecular
weights of 56,000 (56K) and 58K have been identified by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) that differ in their abundance and extent of
phosphorylation (66, 67). Phosphorylation of middle T anti-
gen occurs pnncipally at serine and threonine residues in
vivo (66, 67) and to a much lower extent at tyrosine residues
(71). By contrast, in immunoprecipitates in vitro, middle T
antigen is phosphorylated essentially at tyrosine residues,
mainly tyrosines 315 and 322 (23, 65, 73).
The tyrosine-specific kinase activity displayed in vitro by

middle T antigen is not intrinsic (68, 69) but is due to its
interaction with pp60csrc (17, 20, 21). Courtneidge and Smith
(20) have shown that a small fraction of middle T antigen
forms a stable complex with pp60-src, the product of the
cellular oncogene src, which is also found in the plasma
membrane (18, 19). One conseqiuence of their interaction is
an increase in the pp60csrc-specific kinase activity in vitro,
which results in its autophosphorylation at a novel tyrosine
residue in the amino-terminal region of the protein (10, 90).
The increased tyrosine kinase activity of the middle T
antigen-pp60csrc complex apparently results from the failure
of a cellular tyrosine kinase to phosphorylate a carboxy-
terminal tyrosine residue (tyrosine 527) in pp60c-sr, (15).
Middle T antigen binding to pp60O-src may block this reac-
tion.

Despite a wealth of information about the nature of the
middle T antigen-pp60csrc complex, it is not clear whether
the increased tyrosine kinase activity of the complex mea-
sured in vitro is reflected in vivo. Apparently, the overall
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levels of phosphotyrosine in cellular proteins is not elevated
in Py-transformed cells compared with their untransformed
counterparts (70). We also do not know whether the in-
creased tyrosine kinase activity of pp60csrc per se is impor-
tant, or whether its specificity is also altered after interaction
with middle T antigen (14). Moreover, much remains to be
learned about the molecular mechanism by which middle T
antigen and pp60csrc interact with each other and how their
interaction brings about cellular transformation. Finally,
middle T antigen associates with at least one oth'er cellular
protein (31), and the biological significance of this associa-
tion is also'unknown.

Elucidation of the mechanism of action of middle T
antigen could be aided by the availability of large amounts of
the protein. Middle T antigen is the product of a minimally
expressed gene and represents only about 0.01% of the total
cellular protein in Py-infected cells. To overcome this prob-
lem, we explored the use of adenovirus vectors and mam-

malian cell hosts, because this system has been successfully
used to overproduce papovavirus tumor antigens (29, 50, 52,
76, 81-83, 87). We used an adenovirus type S (Ad5) vector to
achieve enhanced expression of middle T antigen in human
293 cells. Two helper-independent recombinant viruses,
named AdSPyMTR1 and Ad5PyMTR2, were constructed by
in vitro and in vivo recombination and characterized. These
viruses contain a hybrid transcription unit composed of the
Ad2 major late promoter and tripartite leader module joined
to the coding sequences for Py middle T antigen and accom-
panying 3' RNA-processing signals. The recombinant vi-
ruses contain the hybrid transcription unit in one or the other
orientation at a site in the vector from which the Ela and
most of the Elb transcription units have been removed.
Human 293 cells infected with either recombinant virus
yielded a 10-fold-higher level of middle T antigen than in 3T6
cells infected with Py under optimal conditions for each
virus-cell system. Analysis of Py middle T-associated prop-

erties (kinase activity and transforming capacity after infec-
tion of Rat-1 cells) confirmed the functional nature of the
middle T protein synthesized by the two recombinant vi-
ruses.

MATERIALS AND METHODS
Cells and viruses. All cell lines were propagated in plastic

tissue culture dishes in Dulbecco modified Eagle medium
(DMEM) supplemented with gentamicin (50 ,ug/ml),
fungizone (2.5 ,ug/ml), and either 10% calf serum (human 293
and HeLa cells), 10% fetal bovine serum (FBS) (mouse 3T6
and Rat-1 cells), or 5% FBS (Rat-i transformed cell lines).
The cells were maintained at 37°C in a humidified CO2
incubator.
Py stocks were prepared by infection of primary baby

mouse kidney cells at a low multiplicity of infection (MOI)
(0.01 to 0.1 PFU per cell), and virus was harvested 10 to 14
days postinfection. Recombinant viruses (Ad5PyMTR1 and
AdSPyMTR2) were propagated in 293 cells by infecting them
at an MOI of 10 PFU per cell and harvesting the cells and
medium 48 to 72 h afterward.- AdSdl309 was propagated
similarly in HeLa cells (38). Virus was released from in-
fected cells by three cycles of freezing and thawing and
titrated by plaque assay.

Construction of the pPyMT recombinant plasmids. All
cloning procedures were performed as described by Maniatis
et al. (49). Recombinant plasmid DNAs were isolated from
Escherichia coli DH1. Restriction enzymes, DNA-modifying
enzymes, and synthetic DNA linkers were used according to
the conditions specified by their manufacturers.

The plasmid pMPCV-2 (47) was the central vector for all
the constructs (Fig. 1). pMPCV-2, a pML-2 derivative,
contains the left-end 356 base pairs (bp), or 0 to 1 map unit
(m.u.) of the AdS genome, a module composed of the Ad2
major late promoter, the entire first and second leaders, and
two-thirds of the third leader (a cDNA fragment of Ad2
sequences from the SacII site at 16.2 m.u. to the XhoI site at
26.5 m.u. lacking the naturally occurring splice sites and
introns) (47, 91), and AdS sequences (from 7.9 to 15.5 m.u.)
with two unique sites (XhoI and BglII) convenient for
insertion of foreign DNA. A middle T-antigen cDNA frag-
ment (85) devoid of the early promoter but containing the Py
polyadenylation signals and site was assembled by using the
plasmids pPyMTH(X)R and pPyH(S)B as illustrated in Fig.
1A. This fragment, which extends from an XhoI linker at
nucleotide 154 (a former HphI site [25] 19 bp upstream of the
T-antigen initiation codon) to an Hindll site at nucleotide
2964 (34 bp downstream from the polyadenylation site at
nucleotide 2930) in Py DNA (numbering of Soeda et al. [75]
was used), was modified by the addition of a BglII linker at
the HindII site and cloned into pMPCV-2 immediately
downstream from the Ad2 major late promoter and leader
sequences, creating a hybrid transcription unit. Note that the
middle T-antigen intron (nucleotides 746 through 809) is
missing from the Py sequences. The resulting plasmid was
designated pPyMT-1 (Fig. 1A).
Because we wished to construct recombinant viruses with

alternate orientations of Py sequences, we used the plasmid
pPyMT-1 to construct a second recombinant plasmid with
the hybrid transcription unit in the opposite direction (Fig.
1B). The plasmid pPyMT-1 was digested with restriction
endonuclease SacII and blunt-ended with the Klenow frag-
ment of E. coli DNA polymerase I (using the 3'-to-5'
exonuclease and polymerase activity of the enzyme), and
BglII linkers were added to the ends. The fragment with a
BgII site at each end was isolated and inserted into a
derivative of pMPCV-2 at a newly generated BglII site. The
latter plasmid was obtained, after excision of the sequences
between the SacII site (at nucleotide position 356 in Ad5
DNA) and the unique BglII site in pMPCV-2, by partial
cleavage with SacII, isolation of the appropriate fragment by
agarose gel electrophoresis, treatment with the Kienow
fragment of E. coli DNA polymerase I to blunt the ends, and
ligation of BglII linkers to the ends. Screening by restriction
endonuclease analysis allowed identification of the recombi-
nant plasmid with the desired orientation; it was designated
pPyMT-2.

Construction of Ad5PyMT recombinant viruses. The Ad-Py
recombinant viruses were isolated by in vivo homologous
recombination between linearized plasmid DNA and a large
right-end fragment of AdSdl3O9 DNA (6, 78). Four micro-
grams of pPyMT-1 or pPyMT-2 DNA was cleaved with ClaI,
mixed with 4 ,ug of agarose gel-purified fragment A (3.8 to
100 m.u.), obtained by digesting AdSdl3O9 DNA (38) with
XbaI, and ethanol precipitated with 8 jxg of calf thymus
DNA and NaCl (0.1 M final concentration). Each DNA
mixture was suspended and transfected onto two 60-mm
dishes of 293 cells that had been plated the day before at a
density of 6 x 105 cells per plate, using calcium phosphate as
a facilitator of DNA uptake (30, 89). Eight hours later the
DNA was removed, and the cells were washed with phos-
phate-buffered saline (PBS) and overlaid with either medium
or agar for immediate plaque isolation.
At 8 to 12 days after transfection, plaques were isolated

directly'from the dishes overlaid with agar, and lysates were
harvested from the plates that had not been overlaid with
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agar. The latter were serially diluted and used to generate
more plaques. Individual plaques were picked and frozen
and thawed three times, and about 25 of them were
screened. The desired recombinants were identified by ex-
tracting DNA from a 10% volume of the viral lysates
(typically 200 ,ul) by the Hirt (34) procedure. The DNA was
digested with proteinase K (at a final concentration of 1
mg/ml) and RNase (20 ,ug/ml) and purified by sequential
phenol and chloroform-isoamyl alcohol (24:1) extraction and
ethanol precipitation. The precipitates were suspended in 10
mM Tris hydrochloride, pH 7.9, and digested with HindIlI to
identify recombinant adenoviruses containing Py sequences.
The DNA fragments were separated by electrophoresis
through agarose gels and detected by ethidium bromide
staining. The recombinant viruses, identified by their unique
digestion pattern, were plaque purified twice more on 293
cells, and virus stocks were prepared and titrated.
For detailed analysis, viral DNA was prepared from 293

cells infected with individual recombinant viruses at an MOI
of 20 PFU per cell. The DNA was isolated from CsCl
gradient-purified virions by proteinase K digestion (60) and
characterized by restriction endonuclease cleavage, South-
ern blotting (77), and hybridization with 32P-labeled, nick-
translated Py- or Ad-specific DNA probes (88). After being
washed, the nitrocellulose sheets were dried and autoradio-
graphed for 6 to 24 h at -70°C with Kodak XAR-5 film and
DuPont Cronex Lightning-Plus intensifying screen.
RNA isolation. Total cytoplasmic RNA was isolated at

either 8 h (early) or 15 h (late) postinfection from 293 cells
infected with either recombinant virus or Ad5dl3O9 at an
MOI of 20 PFU/cell. For comparison, 3T6 cells were in-
fected with Py at an MOI of 100 PFU per cell, and RNA was
isolated after 20 h (24, 49). Polyadenylated [poly(A)+] RNA
was selected by chromatography on oligo(dT)-cellulose
columns (4) and stored as an ethanol precipitate at -20°C
after evaluation of its concentration by absorbance at
260 nm.
Northern analysis. The variety and size of various mRNA

species were analyzed by Northern blotting and hybridiza-
tion with appropriate DNA probes. Generally, 1 to 5 p,g of
poly(A)+ RNA was glyoxylated in a 16-,ul reaction mixture
containing 1 M deionized glyoxal (13), 50% (vol/vol)
dimethyl sulfoxide, and 10 mM sodium phosphate buffer (pH
6.5) (80). The reaction mixture was incubated for 1 h at 50°C
and cooled rapidly on ice, and 4 p.l of sample buffer (50%
[vol/vol] glycerol, 10 mM sodium phosphate, 0.4% bromo-
phenol blue) was added. The denatured RNA was electro-
phoresed through a 1% agarose gel in 10 mM phosphate
buffer at a constant pH of 6.5 to 7.0, transferred to nitrocel-
lulose, and hybridized as described by Thomas (80). Restric-
tion endonuclease-cleaved DNA was denatured with glyoxal
in a similar manner and used as a molecular weight marker
(54). Hybridizations were performed with 32P-labeled DNA
probes, prepared by nick-translation, at a specific activity of
about 108 cpm/l,g. The probes included the following DNAs:
(i) Py fragment (nucleotides 154 to 1560); (ii) a BglII-SacII
Ad5 fragment (9.4 to 10.2 m.u.); (iii) Ad5 SacII fragment (0

to 1 m.u.); (iv) Ad5 HindIII B fragment (72.8 to 89.1 m.u.);
and (v) Ad5 HindIII C fragment (17.0 to 31.5 m.u.).
Radiolabeling and preparation of cellular extracts.

Confluent monolayers of 293 cells at a density of about 6 x
106 cells per 100-mm plate were independently infected with
either recombinant virus (Ad5PyMTR1 and AdSPyMTR2) or
with Ad5dl3O9 at an MOI of 20 PFU per cell. At early (8 h)
or late (15, 18, and 21 h) times after infection, the cells were
washed and labeled for 2 h with 125 ,uCi of [35S]methionine
(ca. 1,000 Ci/mmol) in 3 ml of methionine-free medium in
which the cells had been incubated for 1 h prior to labeling.
Concurrently, 3T6 cells at the same density were infected
with Py at an MOI of 100 PFU per cell and processed
similarly at 20 h postinfection. The cells were scraped off the
dishes, washed twice with ice-cold PBS, and lysed by
incubation for 30 min at 0°C in 500 ,.1 of 100 mM Tris
hydrochloride (pH 8.8)-100 mM NaCl-0.5% (vol/vol)
Nonidet P-40 containing three protease inhibitors (200 ,ug of
phenylmethylsulfonyl fluoride, 2 p,g of aprotinin, and 10 ,ug
of leupeptin per ml). Cellular debris was removed by cen-
trifugation for 2 min in an Eppendorf centrifuge, and the
supernatant was divided into portions, which were either
used directly for immunoprecipitation or stored at -70°C.

Immunoprecipitation. Immunoprecipitation of Py T anti-
gens synthesized in 293 or in 3T6 cells was performed as
described previously (36) with modifications (35). A portion
of the extract was adjusted with an appropriate volume of
20% SDS to a final concentration of 0.7%. This sample was
boiled for 2 min and diluted 1:23 with cold Triton buffer (2%
Triton X-100, 50 mM Tris hydrochloride [pH 8.0], 150 mM
NaCl, and 0.1 mM EDTA containing the three protease
inhibitors), thereby reducing the SDS concentration to
0.03%. This diluted extract was mixed with normal rat serum
from brown Norwegian rats for 3 h at 0°C. A 20% suspension
of Formalin-fixed Staphylococcus aureus Cowan I in Triton
buffer, prepared as described by Kessler (41), was added,
using 10 volumes of S. aureus cells per volume of serum.
After incubation for 1 h on ice with occasional agitation, the
samples were centrifuged in an Eppendorf centrifuge for 1
min at 4°C. The supernatant was removed and incubated
with an excess of rat anti-Py tumor serum for 15 h at 0°C.
The immunocomplexes were collected by centrifugation
after incubation with 10 serum volumes of S. aureus as
described above, washed twice with Triton buffer and once
with 10 mM Tris hydrochloride (pH 8.0), and finally eluted
from the bacteria by incubation for 30 min at room temper-
ature with an appropriate volume (50 to 100 ,ll) of 7 M urea
in 80 mM Tris hydrochloride (pH 8.0). The bacteria were
removed by centrifugation, the supernatant was diluted 10
times with Triton buffer, and the concentrations of Triton
X-100 and SDS were adjusted to 2% and 0.03%, respec-
tively. The antigen-antibody complexes were allowed to
reform overnight at 0°C and then adsorbed to Formalin-fixed
S. aureus, pelleted, and washed as described previously.
The final precipitate was suspended in sample buffer (0.0625
M Tris hydrochloride [pH 6.8], 2% SDS, 10% glycerol, 5%
P-mercaptoethanol, 0.02% bromophenol blue), left for 15

FIG. 1. Construction and structure of the recombinant plasmids pPyMT-1 and pPyMT-2 and the recombinant adenoviruses Ad5PyMTR1
and Ad5PyMTR2. The two plasmids pPyMT-1 (A) and pPyMT-2 (B) were constructed by the experimental protocols described in Materials
and Methods. Both contain a hybrid transcription unit comprising the Ad2 major late promoter (MLP) and most of the tripartite leader
sequences (stippled box) juxtaposed to the sequences encoding the Py middle T antigen (open box), flanked by two Ad fragments (thick line),
from 0 to 1 m.u. and from 9.4 to 15.5 m.u., within pML-2 DNA (thin line). Cotransfection of 293 cells with either of these recombinant
plasmids that had been linearized with ClaI and the isolated Ad5dl309 XbaI A fragment allowed in vivo recombination between the
homologous 9.4 to 15.5 m.u. DNA segment in each DNA to yield the recombinant viruses Ad5PyMTR1 and AdSPyMTR2.
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min at room temperature, boiled for 3 min, and centrifuged
for 2 min at 20°C. The supernatant was loaded on a 10%
SDS-polyacrylamide gel (44) and electrophoresed. Gels were
fixed and stained with Coomassie brilliant blue (0.3%) in
methanol-acetic acid-H20 (5:1:4) for 30 min, destained for 8
h in the same solution, and impregnated with En3Hance
(New England Nuclear) as specified by the manufacturer.
Gels were then dried, and the 35S-labeled proteins were
visualized by fluorography.
To analyze the structure of the T antigen-related protein,

four rat monoclonal antibodies, one mouse monoclonal
antibody, and one rabbit peptide monospecific antiserum
were used. The four rat monoclonal antibodies are directed
against specific determinants of middle T (otPyMT7 and
otPyMT16) or large T antigen (otPyLT1 and aPyLT7) (22).
The F4 mouse monoclonal antibody recognizes an amino-
terminal epitope common to all three T antigens (E. Harlow,
personal communication). The monospecific rabbit anti-
serum is directed against a synthetic peptide corresponding
to 10 amino-terminal amino acids ([Tyr]-Asp-Lys-Glu-Arg-
Leu-Leu-Glu-Leu-Leu-Lys) (amino acids 9 through 18) com-
mon to all three T antigens and was designated common T
(cT) (B. Massie, B. Bugler, and J. A. Hassell, unpublished).
Immunoprecipitation with these sera was carried out essen-
tially as described by Dilworth and Griffin (22).

In vitro protein kinase assay. The technique described by
Schaffhausen and Benjamin (66) was used to measure the
protein kinase activity associated with middle T antigen.
Human 293 cells were infected independently with either one
of the two recombinant viruses or with Ad5dl309. For
comparison, 3T6 cells were infected with Py as described
above. The cells were harvested at 15 h postinfection with
the recombinant adenoviruses or at 20 h postinfection with
Py, washed twice in ice-cold PBS, and rinsed with 0.137 M
NaCl-0.02 M Tris hydrochloride (pH 9.0)-0.001 M
MgCl2-0.001 M CaCl2. The cells were lysed by incubation
for 30 min at 4°C with 1 ml of the same buffer containing 10%
glycerol and 1% Nonidet P-40. Extracts were cleared by
centrifugation, and the supernatants were frozen at -70°C or
used directly for the kinase reaction. Proteins were im-
munoprecipitated from 200 [lI of extract, corresponding to
an equal number of infected 293 or 3T6 cells, by incubation
with 25 RI of rat antitumor serum and 200 RI of a 50%
suspension of S. aureus protein A-Sepharose (Pharmacia)
for 30 min at 4°C. The immunoprecipitates were collected,
washed three times with cold PBS, twice with 0.5 M
LiCI-0.1 M Tris hydrochloride (pH 6.8), and once with
distilled water, and suspended in 40( R1 of 0.02 M Tris
hydrochloride (pH 7.5)-0.005 M MgLl2 containing 25 ,uCi of
[_y-32P]ATP. The mixture was incubated for 15 min at room
temperature. The precipitates were collected, washed as
described above, suspended in 50 RI of sample buffer, boiled
for 3 min, and electrophoresed through 10% SDS-
polyacrylamide gels as described by Laemmli (44). Gels
were stained, destained, dried, and exposed as described
above, and the 32P-labeled proteins were visualized by
autoradiography.

Transformation assays. Rat-i cells were plated on 100-mm
plates so that the density was 2 x 106 cells after 24 h. Cells
were infected independently with the two recombinant vi-
ruses, AdSPyMTR1 and AdSPyMTR2, as well as with
Ad5AE1/d1309, which lacks early region Ela and most of
Elb (29), at multiplicities of 1,000, 100, 10, 1, 0.1, and 0.01
PFU per cell. A set of three plates was infected at each MOI.
Virus adsorption was carried out for 1 h at 37°C in 1 ml of
DMEM, rocking the plates every 15 min. The virus was

removed, the cells were washed twice with PBS, and 10 ml
ofDMEM containing 10% FBS was added. The medium was
then changed every 3 days. Foci appeared by 10 days
postinfection. After 3 to 4 weeks, the cells were fixed with 10
ml of 10% (vol/vol) buffered Formalin for 20 min and stained
with Giemsa to visualize the foci.
To establish transformed cell lines, independent foci were

isolated from separate plates and transferred to a 35-mm
plate containing medium. When the plates were confluent,
the cells were removed, diluted, and replated to allow
isolation of individual colonies. A total of eight independent
colonies, generated after infection with each recombinant
virus, were established and characterized by immunoprecip-
itation as described.

RESULTS
Construction and genome structure of A5PyMT recombi-

nant viruses. To achieve high-level expression of Py middle
T antigen, a hybrid transcription unit was constructed con-
taining a DNA segment from the Ad2 genome bearing the
major late promoter and a cDNA copy of the Ad2 tripartite
leader (91) joined to Py sequences capable of encoding only
middle T antigen (85) (Fig. 1). The joint between the two
viral sequences occurred at an XhoI site within the third
adenoviral leader and 5' untranslated Py sequences. The
remaining Py sequences span the region between nucleotide
154 (joined to an XhoI linker) and nucleotide 2964, the
location of a naturally occurring HindII site, which was
converted to a BglII site. One component of the Py early
polyadenylation signal, 5'-AATAAA-3', occurs within this
DNA segment, beginning at nucleotide 2915. The cDNA
corresponding to the mRNA for middle T antigen used in
these experiments lacks sequences between nucleotides 746
and 809, which correspond to the middle T antigen intron
(85).
The hybrid transcription unit was placed in alternate

orientations between 1.0 and 9.4 m.u. in Ad5dl309 as de-
scribed in Materials and Methods to yield two recombinant
viruses, AdSPyMTR1 (Fig. 1A) and AdSPyMTR2 (Fig. 1B).
The genomes of AdSPyMTR1 and AdSPyMTR2 were

0.5% larger than that of AdS. Analysis of DNA obtained
from virions by restriction endonuclease cleavage followed
by agarose gel electrophoresis and Southern blotting and
hybridization revealed that the two recombinant viruses
were of the expected structure and had not undergone any
deletions or rearrangements in either their Py or Ad se-
quences (data not shown). Moreover, the genomes of these
recombinant viruses were stable, for no detectable changes
in their DNA occurred at this level of resolution after three
rounds of plaque purification and virus propagation. Finally,
the inserted Py sequences did not detectably impair the rate
of virus replication or the final virus yield of either recom-
binant virus by comparison with their parent, Ad5dl309, in
human 293 cells (data not shown).
Py middle T antigen mRNAs transcribed from Ad5PyMT

recombinant viruses. To determine the structure, abundance,
and temporal order of expression of the Py middle T-antigen
transcripts expressed from the recombinant virus genomes,
we isolated cytoplasmic poly(A)+ RNA at early (8 h) and late
(15 h) times postinfection from AdSPyMTR1- and
AdSPyMTR2-infected 293 cells and compared it with the
cytoplasmic poly(A)+ RNA isolated at 20 h postinfection
from Py-infected 3T6 cells. The RNAs were first analyzed,
after denaturation, by electrophoresis through agarose gels,
transfer to nitrocellulose, and hybridization to a Py DNA
probe from the early region (nucleotides 154 to 1560).
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FIG. 2. Northern analysis of cytoplasmic poly(A)+ RNA from 293 cells infected with the recombinant adenoviruses. One microgram of
poly(A)+ RNA extracted from 293 cells infected with Ad5dl309, Ad5PyMTR1, or Ad5PyMTR2 at 8 h (early) or 15 h (late) postinfection and
a 10-,ug sample of poly(A)+ RNA from 3T6 cells infected with Py at 20 h postinfection were glyoxylated and fractionated on a 1% agarose
gel. The RNA was transferred to nitrocellulose and hybridized with the following 32P-labeled probes: Py DNA spanning the early region from
nucleotide 154 to 1560 (A); Ad5dl309 DNA from m.u. 9.4 to 10.2 (B); or Ad5d1309 DNA from m.u. 0 to 1.0 (C). Ad5d1309 DNA (lane M) and
Ad5PyMTR1 DNA (lane M') were cleaved with HindIII, glyoxylated, and visualized by hybridization to 32P-labeled Ad5 DNA to serve as

molecular weight markers. Lane M served as a marker for panel A, whereas lane M' served as a marker for panels B and C. The measured
lengths of the Py-specific RNAs encoded by each recombinant adenovirus are indicated to the left of panel A (in nucleotides). Only those
Py-specific RNAs observed in multiple repetitions of this analysis are marked.

The hybrid transcription unit incorporated in Ad5PyMTR1
and Ad5PyMTR2 should be expressed predominantly at late
times after infection of 293 cells to yield a hybrid mRNA
composed of 2,891 nucleotides (168 nucleotides representing
the late Ad leaders, 10 nucleotides added at the Ad-Py
junction, and 2,713 nucleotides from Py) if the Ad promoter
signals and Py 3' RNA-processing signals were used. North-
ern analysis of the poly(A)+ RNA from 293 cells infected
with the recombinant viruses revealed the presence of many
Py-specific transcripts at late times postinfection (15 h) but
none at early times postinfection (8 h) (Fig. 2A). Expectedly,
no Py-specific transcripts were detected after infection of
293 cells by Ad5dl309 (Fig. 2A).

Six transcripts of approximately 3,600, 3,100, 2,900, 2,400,
1,450, and 1,400 nucleotides were invariably detected in 293
cells infected with Ad5PyMTR1, whereas four transcripts of
3,200, 2,900, 2,400, and 1,450 nucleotides were always
detected in the same cells infected with Ad5PyMTR2 (Fig.
2A). The 3,600-, 3,100-, and 2,900-nucleotide RNAs from
AdPyMTR1-infected cells were most abundant, whereas the
3,200- and 2,900-nucleotide RNAs from Ad5PyMTR2-
infected cells represented the major species. The 293 cells
infected with Ad5PyMTR1 also contained transcripts that
were 2,200, 2,000, and 1,000 nucleotides long, but these were
not always detected in different RNA preparations (data not
shown). Their nature remains unknown.
Only one of the RNA species, 2,900 nucleotides long,

corresponded in length to that predicted for the hybrid
mRNAs (2,891 nucleotides). The 2,900-nucleotide RNA spe-
cies accounted for about 15 to 20% of the total Py-specific
RNA in 293 cells infected with Ad5PyMTR1, whereas it
represented about 50 to 60% of the Py-specific RNA found in
Ad5PyMTR2-infected 293 cells.

3T6 cells infected with Py contained three early mRNAs
encoding large, middle, and small T antigen. Two RNA
bands corresponding in length to approximately 2,700 and
2,400 nucleotides were observed (Fig. 2A). The largest RNA
species was a mixture of the small and middle T-antigen
mRNAs, whereas the smaller species represented the
mRNA for large T antigen (32, 39). Comparison of the total
amount of Py-specific RNA obtained from 293 cells infected
with the recombinant viruses with that obtained from Py-
infected 3T6 cells revealed a 10- to 15-fold-higher level in the
recombinant-virus-infected cells (the low and high in three
experiments). These comparisons were made when the
steady-state level of T-antigen mRNA was highest in both
virus-cell systems (52).

Several of the Py-specific transcripts synthesized in 293
cells infected with Ad5PyMTR1 and Ad5PyMTR2 were

significantly larger than expected. Because there are no
promoters other than the major late promoter proximal to
the Py sequences in each recombinant virus, it seemed
unlikely that these transcripts resulted from initiation events
at cryptic promoters. We considered it more likely that the
large transcripts resulted from inefficient use of the Py 3'
processing signals. If this were the case, then the Py-specific
transcripts should contain Ad sequences at their 3' ends
derived from transcription of AdS DNA downstream from
the Py sequences in each recombinant virus genome. To
examine this, we hybridized blots of poly(A)+ RNA from 293
cells infected with the recombinant viruses and Ad5dl309
with radiolabeled DNA probes that flank the inserted hybrid
transcription unit in the recombinant viruses.

Hybridization of such a blot with an Ad5 DNA fragment
from 9.4 to 10.2 m.u. (an Elb-specific probe) revealed that
Ad5dl309-infected 293 cells contained three major RNA
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species corresponding in size to 2,200, 1,000, and 500
nucleotides (Fig. 2B). These mRNAs encoded the Elb 55K,
21K, 14K (protein IX), and 8.3K proteins (84). Ad5PyMTR1-
infected 293 cells invariably contained four RNA species
corresponding in size to approximately 3,600, 3,100, 1,400,
and 500 nucleotides that hybridized to the Elb probe (Fig.
2B). The smallest species represented the Elb protein IX
mRNA, but all the others were also complementary to the Py
early-region probe (compare Fig. 2A and B). The Elb 2,200-
and 1,000-nucleotide species were not detected in the recom-
binant-virus-infected cells because the Ela and most of the
Elb transcription unit are deleted from the genomes of the
recombinant viruses. The Ela and Elb transcripts expressed
from the integrated AdS DNA in 293 cells were not seen in
this exposure of the autoradiogram.
Ad5PyMTR2-infected 293 cells only expressed the Elb

500-nucleotide mRNA (Fig. 2B). None of the Py-specific
transcripts hybridized to the AdS Elb-specific DNA probe.
In the Ad5PyMTR2 genome, the Elb region is located
upstream of the hybrid transcription unit.
We also used an Ad-specific DNA probe from the extreme

left end of the AdS genome (0 to 1 m.u.), located upstream of
the hybrid transcription unit in Ad5PyMTR1 but down-
stream of it in Ad5PyMTR2. This region is not represented in
poly(A)+ cytoplasmic RNA from Ad5dl309-infected 293 cells
(data not shown). Ad5PyMTR1-infected 293 cells also did

Ad5-PUMTR 1

Ad2
MLP 3L PyMT SEQUENCES Ad5 E Ib

cap ' 3 g mi'nor p(A) S2 i p(A)
site ss ss ss p(A) ss ss

56K"

40K

Ad5-PgfMTR2 Ad2
PyMT SEQUENCES 3L MLP Ad5 Elb

p(A) minor 3 5' cap 5 3 p(A)
p(A) ss ss site ss ss

56K

FIG. 3. Schematic representation of the cytoplasmic poly(A)+
Py-specific RNAs synthesized in Ad5PyMTR1- and Ad5PyMTR2-
infected 293 cells. A portion of the genomes of each recombinant
virus is shown above the Py-specific RNAs which they encode. The
thick line on the viral genomes represents the hybrid transcription
unit. The locations of the cap site, 3' and 5' splice sites (ss), and
polyadenylation [p(A)] sites are shown on the physical maps. The
cytoplasmic poly(A)+ RNAs encoded by the hybrid transcription
unit in each recombinant virus are shown below the maps of the viral
DNAs. The heavy lines represent RNAs which are thought to be
translated to yield middle T antigen (56K) or a middle T antigen-
related protein (40K). The RNAs identified by the stippled lines
probably do not encode T antigen-related proteins, and it is not
known whether they can be translated. The thin lines connecting the
bodies of the spliced RNAs represent introns that are missing from
the cytoplasmic poly(A)+ RNAs. MLP, Major late promoter.
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FIG. 4. Comparative Northern analysis of the abundance of the
Py-specific and representative Ad late mRNAs synthesized in 293
cells infected with the recombinant Ads. One microgram of
poly(A)+ RNA prepared from 293 cells at 15 h postinfection with
either Ad5dl309 or one of the recombinant viruses was analyzed as
described in the legend to Fig. 2 by hybridization to the following
probes: a Py DNA fragment from nucleotides 154 to 1560 (A); the
HindIII B fragment of Ad5dl309 DNA (B); or the HindIll C
fragment of Ad5dl309 DNA (C). Ad5d1309 DNA cleaved with
HindIll and treated as described previously was used as a molecular
size marker (lane M). Sizes are indicated (in nucleotides).

not contain any cytoplasmic transcripts from this region of
the Ad genome (Fig. 2C). By contrast, Ad5PyMTR2-infected
293 cells contained a single RNA species of 3,200 nucleo-
tides that hybridized to the left-end Ad probe (Fig. 2C). This
RNA corresponded in size to the largest species detected in
Ad5PyMTR2-infected 293 cells with the Py-specific probe
(Fig. 2A).
These results show that a significant proportion of the

Py-specific transcripts in 293 cells infected with either re-
combinant virus failed to be processed at Py 3'-end process-
ing signals. The two largest poly(A)' RNAs in Ad5PyMTR1-
infected 293 cells (3,600 and 3,100 nucleotides long) may
have resulted from initiation at the normal start site proximal
to the major late promoter and 3' processing near the Elb
polyadenylation signal at nucleotide 4038 in AdS DNA.
Similarly, the 3,200-nucleotide-long RNA in Ad5PyMTR2-
infected 293 cells may have resulted from initiation at the
normal late start site and 3' processing downstream of
potential polyadenylation signals on the L strand of Ad5
DNA. Nonetheless, the structure of several of the Py-
specific transcripts could not be accounted for solely by
inefficient 3'-end formation. To determine the structure of
the individual Py-specific RNAs transcribed from the
Ad5PyMTR1 and Ad5PyMTR2 genomes, we used S1 endo-
nuclease (5) and a variety of paired, uniquely end-labeled
DNA probes prepared from the recombinant plasmids
pPyMT-1 and pPyMT-2 (data not shown). By taking into
account the results of the Northern and Si analyses we were
able to deduce the structure of nearly all the recombinant-
virus-encoded, cytoplasmic poly(A)+ RNAs that were de-
tected by Northern analysis (Fig. 3). All the RNAs appeared
to have a common 5' terminus, but differed at their 3' termini
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FIG. 5. Relative quantitation of Py middle T (mT) antigen syn-
thesized in Ad5PyMTR1- and Ad5PyMTR2-infected 293 cells and
Py-infected 3T6 cells, and structure of the 40K protein. (A) Cellular
extracts were prepared from an equal number of uninfected cells
(N.I., lane 1), AdSd1309-infected 293 cells (lane 2), Ad5PyMTR1-
infected 293 cells (lane 3), Ad5PyMTR2-infected 293 cells (lane 4),
and Py-infected 3T6 cells (lane 5) that had been metabolically
labeled with [35S]methionine for 2 h at 15 h postinfection with the
variou,s Ads or at 20 h postinfection with Py. The extracts were
immunoprecipitated and further processed as described in Materials
and Methods. Lanes 6 and 7 contain one-tenth as much sample as
was applied to lanes 3 and 4, respectively. (B) Summary of the
results of immunoprecipitating the recombinant-virus-encoded T
antigens with a variety of antibodies directed against them. The
topmost line represents Py DNA beginning at the sequences encod-
ing the initiation codon for the Py T antigens (nucleotide 173) and
extending beyond the termination codon (nucleQtide 1497) for mid-
dle T (mT) antigen. The next line down depicts the mRNA for
middle T antigen. The black and braided boxes represent coding
exons in different reading frames, and the thin line connecting them
represents the middle T antigen intron. A similar drawing represent-
ing the large T (LT) antigen mRNA is shown below. The amino-
terminal exon of large T antigen (black box) is in the same reading
frame as that of middle T antigen, but its carboxy-terminal exon
(stippled box) is not. Each antibody used in the analysis recognizes
an epitope encoded by sequences within the areas shown. The
results of the analysis are shown in the bottom table, indicating
whether the protein was immunoprecipitated or not. Abbreviations:
F4, mouse monoclonal antibody; cT, rabbit polyclonal antibody to a
peptide which is common to all three T antigens; mT7 and mT16,

and in internal sequences. The various 3' ends resulted from
the inefficient use of Py 3'-end formation and polyadenyla-
tion signals, whereas several cryptic splice sites within Py
sequences were used to yield spliced RNAs.
To determine whether the hybrid mRNAs expressed from

the recombinant viruses were as abundant as those corre-
sponding to the major late Ad genes, we compared the
steady-state levels of the Py-specific RNAs with the L4 and
L5 families of RNA. This was accomplished by hybridizing
blots of poly(A)+ RNA prepared from cells infected with
either Ad5dl309, Ad5PyMTR1, or Ad5PyMTR2 with a Py-
specific DNA probe and independently with an Ad probe
(the Ad5 HindIII B fragment) homologous to the late
mRNAs for the lOOK, 33K, pVIII (L4), and fiber (L5)
proteins (Fig. 4A and B). They reveal that the major Py-
specific RNAs from cells infected with either Ad5PyMTR1
or Ad5PyMTR2 (Fig. 4A) were as abundant as any of the
individual late mRNAs (i.e., the largest Ad mRNA for the
lOOK protein in Fig. 4B) synthesized in the same cells or
from 293 cells infected with Ad5dl3O9 (Fig. 4B). To ensure
that equal amounts of poly(A)+ RNA were compared in the
experiments shown in Fig. 4A and B, the blots were also
hybridized to a 32P-labeled probe homologous to the Ad
tripartite leader (the Ad5 HindIII C fragment). The results
showed that essentially equal amounts of Ad-encoded
poly(A)+ RNA were compared (Fig. 4C).
Middle T antigen synthesis in Ad5PyMTR1- and

Ad5PyMTR2-infected 293 cells. To determine whether mid-
dle T antigen was expressed in 293 cells infected with the
recombinant viruses, we metabolically labeled cultures with
[35S]methionine for 2 h at various times postinfection and
analyzed the products by SDS-PAGE after immunoprecipi-
tation with rat polyclonal antiserum. We also analyzed the
products expressed from Ad5dl309-infected 293 cells and
uninfected 293 cells with the same antiserum as negative
controls (Fig. 5A).

Expectedly, no proteins were immunoprecipitated from
uninfected 293 cells, but several proteins, corresponding in
size to Ad5-encoded late proteins, were immunoprecipi-
tated, probably nonspecifically, from 293 cells infected with
Ad5dl309 at'15 h postinfection. Two abundant T antigen
species were expressed in 293 cells infected with
Ad5PyMTR1, but not in cells infected with Ad5dl309. These
proteins corresponded in size to 56K and 40K. The largest of
them was the same size as authentic middle T antigen. Like
the Py-specific RNAs encoded by AdSPyMTR1, the T anti-
gens (56K and 40K) were expressed at late (15, 18, and 21 h)
but not at early (8 h) times after infection (data not shown).
Ad5PyMTR2-infected cells synthesized only middle T anti-
gen. The time of appearance and abundance of the 56K
middle T antigen were the same in 293 cells infected with
Ad5PyMTR2 or Ad5PyMTR1. The steady-state levels of
middle T antigen were highest by 15 to 18 h postinfection and
did not increase significantly after these times and the time of
cell lysis, which occurred between 24 and 30 h postinfection.
Using optimal conditions for each virus-cell system, we

compared the yield of middle T antigen on a per-cell basis
from AdPyMTR1- and AdPyMTR2-infected 293 cells and
from Py-infected 3T6 cells. The recombinant-virus-infected
293 cells clearly synthesized more middle T antigen than the
Py-infected 3T6 cells (Fig. 5A, compare lanes 3 and 4 with

two rat monoclonal antibodies that recognize epitopes only in
middle T antigen; LT1 and LT7, two rat monoclonal antibodies that
recognize epitopes unique to large T antigen.
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lane 5). The lysates from the infected human cells had to be
diluted 10-fold to obtain the same amount of middle T
antigen as yielded by the Py-infected 3T6 cells (Fig. 5A,
compare lanes 6 and 7 with lane 5). In separate repetitions of
this experiment the level of overproduction varied between
8- and 12-fold (data not shown).
Human 293 cells infected with AdSPyMTR1 synthesized a

novel 40K T antigen. To deduce the structure of this 40K T
antigen we used five monoclonal antibodies and a monospe-
cific serum, which recognize mapped epitopes on the Py T
antigens, to immunoprecipitate the T antigens from 293 cells
infected with Ad5PyMTR1 (Fig. 5B).
The monospecific rabbit serum (cT) recognizes an epitope

between amino acids 9 and 18 that is common to all three T
antigens (B. Bugler, B. Massie, and J. A. Hassell, unpub-
lished). Similarly, the F4 mouse monoclonal antibody rec-
ognizes a determinant, within the 79 first amino acids, that is
shared among the T antigens (E. Harlow, personal commu-
nication). Both of these antibodies immunoprecipitated the
40K T antigen. The monoclonal antibodies MT7 and MT16,
which recognize antigenic determinants that occur only in
middle T antigen, also immunoprecipitated the 40K T anti-
gen. Because the epitope recognized by MT16 could be as
far as 300 amino acidsfrom the amino terminus of middle T
antigen (22), these results indicate that the 40K species
shares most of its sequences with middle T antigen, which is
composed of 421 amino acids. The monoclonal antibodies
LT1 and LT7, specific for large T antigen, did not immuno-
precipitate the 40K T antigen. Together, these results sug-
gest that the 40K T antigen is a truncated version of middle
T antigen.
By taking into account the structure of the 56K middle T

antigen and the 40K protein and that of the Py-specific
RNAs, it is possible to assign mRNAs for each protein (Fig.
3). Four of the Py-specific RNAs expressed by
Ad5PyMTR1-infected cells and three of those expressed by
Ad5PyMTR2-infected cells could encode middle T antigen.
Only one of the l*y-specific RNAs expressed by
AdSPyMTR1-infected 293 cells, which hybridized to both Py
and AdS Elb DNA, appeared to have a structure capable of
encoding the 40K protein. This 1,400-nucleotide-long spliced
RNA, like the 40K protein, was unique to Ad5PyMTR1-
infected 293 cells. It is unlikely that the three structurally
related Py-specific RNAs encoded by AdSPyMTR1 possess-
ing the novel splice located at the 5' end of the Py middle T
sequences and the two encoded by Ad5PyMTR2 could be
translated to yield the 40K protein. All of these RNAs
apparently lacked sequences capable of encoding the amino-
terminal domain of either the 40K or 56K protein. We do not
know whether any of these RNAs are translated in infected
cells.
Because the 1,400-nucleotide spliced RNA was much less

abundant than the middle T antigen mRNAs (Fig. 2A and B),
whereas the two proteins they encode were equally abun-
dant, we suggest that this RNA must be translated more
efficiently than those that encode middle T antigen or that
the 40K protein must be more stable than the 56K middle T
antigen or both.

Biological activity of the recombinant-virus-encoded middle
T antigens. Middle T antigen can serve as a substrate for
pp60c-src in vitro in immunoprecipitates (20). Middle T anti-
gen and pp60c-src form a stable complex, which can be
immunoprecipitated with antiserum directed against either
protein (20, 21). The tyrosine kinase-specific activity of the
complex is enhanced by a factor of 10- to 20-fold compared
with uncomplexed pp6Oc-src (10, 14, 15, 17). Py middle T
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FIG. 6. Comparative analysis of protein kinase activity mea-
sured in vitro in immunoprecipitates from recombinant-virus-
infected 293 cells and Py-infected 3T6 cells. Cellular lysates were
prepared from equal numbers of uninfected 293 cells (N.I.),
Ad5dl309-infected 293 cells, Ad5PyMTR1- and Ad5PyMTR2-
infected 293 cells, and Py-infected 3T6 cells. The lysates were
immunoprecipitated with rat polyclonal antiserum and protein A-
Sepharose, washed extensively, and incubated with [.y-32P]ATP.
The reaction was terminated after 15 min, and the immunoprecipi-
tates were washed again before they were electrophoresed through
a 10% SDS-polyacrylamide gel and the labeled proteins were
visualized by autoradiography. The positions of markers of known
molecular weight are shown to the left of the autoradiograph, and
those of the phosphorylated 58K and 56K forms of middle T antigen
are shown to the right.

antigen is known to form a complex with and activate the
pp60csrc tyrosine kinase of mice (20), rats (21), hamsters
(10), and chickens (40, 43). To determine whether the
recombinant-virus-encoded middle T antigens could associ-
ate with human pp60c-src and act as a substrate for phosphor-
ylation, we assayed immunoprecipitates obtained from in-
fected 293 cells by incubation with rat anti-T polyclonal
antibodies for their ability to phosphorylate middle T antigen
(Fig. 6).

Extracts from uninfected and Ad5dl309-infected 293 cells
did not yield phosphorylated forms of middle T antigen after
incubation of immunoprecipitates with [_y-32P]ATP. By con-
trast, immunoprecipitates from 293 cells infected with either
Ad5PyMTR1 or Ad5PyMTR2 yielded two prominent,
equally abundant species (56K and 58K) of phosphorylated
middle T antigen. Several other smaller proteins, particu-
larly a 47K species, were also phosphorylated. These
smaller proteins may be degradation products of middle T
antigen (66), or they may be cellular proteins that were
associated with the immunocomplexes. A band correspond-
ing to a 60K protein, more clearly visible in shorter expo-
sures of the autoradiograph, was also phosphorylated in
these reactions. It may correspond to human pp60csrc, which
is capable of autophosphorylation (59). It is noteworthy that
the abundant 40K form of middle T antigen found in
Ad5PyMTR1-infected 293 cells did not become phosphoryl-
ated in these immunoprecipitates, probably because this
truncated protein lacks carboxy-terminal sequences which
contain the principal sites of tyrosine phosphorylation
(tyrosines 315 and 322) and the hydrophobic, membrane-
anchoring domain.
The two forms of phosphorylated middle T antigen, 56K

and 58K, were also found in Py-infected 3T6 cells after
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was observed in each transformed cell line at the position of
middle T antigen. These bands were likely the 56K and 58K
species of middle T antigen.

Interestingly, the Ad5PyMTR1-transformed rat cell lines
did not express the 40K middle T antigen. This protein could
not be detected even after prolonged exposure of the
fluorograph (data not shown). There was a 42K protein in
these cells; however, it was also found in the untransformed
parental Rat-1 cell line. It is a cellular protein which reacted
with this particular preparation of antiserum. These results
establish that the middle T antigen expressed by both
recombinant viruses was biologically active as a substrate
for phosphorylation by pp60csrc and as a transforming agent.

l I
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FIG. 7. Transformation of Rat-i cells by Ad5PyMTR1 and
Ad5PyMTR2. Rat-i cells (2 x 106) were infected at differing
multiplicities, and the cells were washed extensively and incubated
with complete medium, which was replenished every 3 days. Three
to 4 weeks after infection the cells were fixed with Formalin and
stained with Giemsa, and the number of foci per plate was counted.
Each point on the curves represents the average number of foci on

three plates.

reaction of immunoprecipitates with [.y-32P]ATP. In this
experiment, the 56K form was phosphorylated to a greater
extent than the 58K form, but this was not generally the case

(data not shown). Usually, both forms are phosphorylated to
the same extent (67). The abundance of the phosphorylated
56K and 58K species was at least 10 times higher in
immunoprecipitates from recombinant-virus-infected 293
cells than in immunoprecipitates prepared from an equal
number of Py-infected 3T6 cells. This result suggests that the
amount of pp60c-src in 293 cells available for interaction with
middle T antigen was not limiting.
There is a strong correlation between the capacity of

mutant forms of middle T antigen to associate with and
activate pp60c-src a-nd their capacity to transform rat cells (9,
10, 14, 20). However, several Py mutants encode altered
middle T antigens, which activate the pp60csrc kinase but do
not transform cells (14, 56, 58). Because there are no known
mutants with mutations affecting middle T antigen that
transform cells but fail to activate pp6Ocsrc, it has been
argued that association of the two proteins is necessary but
not sufficient to effect transformation (14).
To ensure that the recombinant-virus-encoded middle T

antigens were biologically active for transformation, we
measured the capacity of these viruses to transform Rat-1
cells (Fig. 7). Ad5AE1/d1309, which lacks the Ela and most
of the Elb transcription units corresponding to the same Ad
sequences that are missing from the recombinant viruses,
did not transform Rat-1 cells even at the highest MOI (1,000
PFU per cell). By contrast, both recombinant viruses trans-
formed Rat-1 cells, as measured by the focus assay. The
number of foci per plate increased linearly with increasing
MOI over a wide range. There was no deleterious effect
associated with infecting these rat cells at high MOIs.
Many independent Ad5PyMTR1- or Ad5PyMTR2-

transformed cell lines, obtained after cloning the trans-
formed Rat-1 cells from each focus, synthesized a protein
that comigrated with Py middle T antigen (Fig. 8). A doublet

DISCUSSION

We have constructed and characterized two recombinant
Ads, Ad5PyMTR1 and Ad5PyMTR2, that express Py middle
T antigen. The recombinant viruses lack most of the El
region and contain in its place a hybrid transcription unit
composed of the Ad2 major late promoter and most of the
tripartite leader fused to a Py cDNA capable of encoding
middle T antigen and accompanying 3' processing signals
from the Py early region. The two recombinant viruses only
differ by the orientation of the hy"brid transcription unit
within the Ad genome.
The genomes of both recombinant viruses were stable. No

changes occurred after repeated plaque purification and
passage of the virus stocks. Moreover, each virus replicated
to levels indistinguishable from wild-type Ad2 or AdS in
human 293 cells.
The hybrid transcription unit in each virus was expressed

at late but not at early times after infection of 293 cells.
However, both recombinant viruses were capable of effi-
ciently transforming Rat-1 cells, suggesting that the Py
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FIG. 8. Synthesis of middle T antigen by Rat-1 cells transformed
by either Ad5PyMTR1 or Ad5PyMTR2. Seven independently trans-
formed cell lines obtained by infection with either Ad5PyMTR1 or

Ad5PyMTR2 were metabolically labeled with [35S]methionine for 4
h, and cell lysates were prepared. The lysates were immunoprecipi-
tated with rat polyclonal antiserum against Py T antigens, and the
immunoprecipitated proteins were separated by electrophoresis
through a 10% SDS-polyacrylamide gel. Lysates prepared from
Py-infected 3T6 cells and analyzed similary served as a positive
control (last lane), whereas lysates from untransformed Rat-1 cells
served as a negative control. The positions of molecular weight
markers are shown to the left, and those of large (LT), middle (mT),
and small (sT) T antigen are shown to the right.
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middle T antigen could be expressed in the early phase of
infection prior to the initiation of viral DNA replication. (The
recombinant viruses lack early-region Ela and most of Elb
and consequently do not replicate their DNA after infection
of any cell other than those that provide these functions in
trans). There are at least two explanations for this apparent
contradiction. First, it is known that the Ad2 major late
promoter is active, albeit weakly, early after infection of
human cells (1, 46, 72). Second, the products of the Ela
transcription unit, provided by the 293 cells, are thought to
block the activity of the Ela enhancer (11, 74), which is
retained in both recombinant viruses. We suggest that early
after infection of 293 cells the hybrid transcription unit is not
expressed efficiently because the Ela products repress its
transcription. However, in Rat-1 cells, expression of this
transcription unit is possible because the Ela enhancer and
major late promoter are active and no Ela products are
made.

Surprisingly, a wide variety of cytoplasmic poly(A)+
RNAs were detected in 293 cells infected with each recom-
binant virus. These RNAs were all initiated from the major
late start site downstream from the Ad2 late promoter. Their
heterogeneity resulted from the failure of the Py early
polyadenylation and 3'-end formation signals to function
efficiently and from aberrant splicing events. More than half
of the Ad5PyMTR1-encoded RNAs contained 3' ends that
were defined by 3'-processing signals from the Ad5 Elb
transcription unit. Similarly, the 3' termini of about one-third
of the RNAs encoded by Ad5PyMTR2 appeared to be
defined by sequences at the extreme left end of the AdS
genome, which are not normally used in the synthesis of Ad
transcripts, to signal 3'-end formation and polyadenylation.
The sequence AATAAG, related in sequence to AATAAA,
is found between nucleotides 18 and 23 on the adenoviral L
strand, and this sequence is known to function, albeit
poorly, to signal 3'-end formation and polyadenylation in
human cells (33). There are also three other sequences
related in structure by two mismatches to the consensus
polyadenylation signal, AATAAA, which are on the viral L
strand downstream of the Py insert. These include AATATT
(positions 337 to 344), AATTAT (positions 313 to 318), and
AATTTA (positions 241 to 246). We do not know whether
any of these sequences, either individually or collectively,
signal 3'-end processing.
The failure of the Py sequences in the recombinant viruses

to efficiently define the 3' ends and to signal polyadenylation
of the Py-specific RNAs might have resulted from not
including all the Py regulatory sequences required for 3'-end
processing with the hybrid transcription unit. Although this
remains a formal possibility, it seems unlikely. Lanoix et al.
(45) have recently shown that all the sequences required for
3'-end processing of the Py early transcripts occur between
the polyadenylation signal at nucleotide 2915 and an HindII
site at nucleotide 2964. All of these sequences were included
with the hybrid transcription unit present in both recombi-
nant viruses. Another possibility is that early Py 3' process-
ing may be intrinsically weak in all mammalian cells or
particularly weak in human 293 cells. Py normally replicates
in murine cells, and its regulatory signals may have evolved
to function more readily in these cells than in primate
cells.
Whatever the explanation, one consequence of transcrip-

tion beyond the Py 3'-processing signals was the formation
of precursor transcripts with increased numbers of splice
sites. For example, an mRNA unique to Ad5PyMTR1-
infected cells was formed from a precursor whose 3' end

mapped in Elb by joining a cryptic 5' splice site in Py
sequences (in the vicinity of nucleotide 1150) to the 3' splice
site in Elb to yield an mRNA that encoded the 40K protein.
Transcripts such as these deplete the pool of precursor
RNAs that could be used to form middle T antigen mRNA.
Similarly, we suspect that some of the RNAs derived by
transcription of the Py sequences in Ad5PyMTR2 are not
polyadenylated because their 3' termini lack the appropriate
processing signals. Efficient processing of these transcripts
might further increase the amount of middle T-antigen
mRNA expressed in Ad5PyMTR2-infected cells.

In addition, many of the cytoplasmic poly(A)+ RNAs
expressed from the hybrid transcription unit in each recom-
binant virus were formed by splicing, using sites in Py that
have heretofore not been known to function as splicing
signals. These splice sites were not mapped to the nucleo-
tide, but we know that a 5' splice site at or near nucleotide
154 was coupled to a 3' splice site near nucleotide 670 in
precursor RNAs expressed from both recombinant virus
genomes. This splice occurred in transcripts whether their 3'
ends were defined by Py or Ad regulatory signals. The large
T-antigen 5' splice site at nucleotide 409 present in the
precursor transcripts expressed from both recombinant
genomes was not used. Therefore, only certain pairs of
splice sites were used to form the various spliced transcripts.
These aberrantly spliced transcripts also deplete the RNA
precursor pool and consequently the amount of middle T
antigen mRNA. It is not clear what accounts for the synthe-
sis of these aberrantly spliced transcripts. Abnormal splices
analogous to these have been observed in simian virus 40
(SV40) transcripts expressed from AdS-SV40 hybrid viruses
(42, 81-83) and from Py transcripts expressed from SV40-Py
recombinant viruses (92). Moreover, the frequency with
which normal papovavirus splice sites are used can also
differ in human or monkey cells infected with Ad5-SV40
hybrids (81) and AdS-Py hybrids (50). It is possible that Ad
infection perturbs the cellular splicing machinery by reduc-
ing or altering its specificity (1, 72).
Assay of the levels of the major Py-specific RNAs in

human cells infected with either recombinant virus revealed
that these were as abundant as any individual late Ad
mRNA. For example, the most plentiful hybrid mRNA was
as abundant as the mRNA for the AdS 100K protein. If all
the factors governing the synthesis and stability of the
Py-specific RNAs and the late Ad mRNAs were the same,
then we would have expected the hybrid mRNAs to be as
abundant as the sum of all the late Ad mRNAs. This was
clearly not the case. Observations similar to these have been
made for the mRNA for dihydrofolate reductase expressed
from an Ad recombinant of similar structure (8). Recent
results suggest that sequences in Ad located between those
encoding the second and third members of the late tripartite
leader affect the rate of transcription from the major late
promoter (51). These transcriptional signals are absent from
the ectopic late promoter in the Ad5PyMT recormbinant
viruses. If these sequences function as an enhancer of late
transcription, then it may be possible to increase transcrip-
tion from ectopic late promoters by including this putative
enhancer or other ones in their vicinity.

Like the Py-specific RNAs, middle T antigen was synthe-
sized after the onset of Ad DNA replication in 293 cells
infected with each recombinant virus. Ad5PyMTR1 also
encoded an abundant 40K protein, and we were able to show
that this 40K protein was structurally related to middle T
antigen. It is probably a fusion protein composed of the
amino-terminal 300 amino acids of middle T antigen and an
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unknown number of carboxy-terminal amino acids encoded
by Ad5 Elb sequences.
The 56K middle T antigen encoded by each recombinant

virus was biologically active, as evidenced by its capacity to
associate with and serve as a substrate for pp60csrc. On the
other hand, the 40K middle T antigen-related protein did not
serve as a substrate for pp60csrc, presumably because the
protein lacks the carboxy-terminal hydrophobic domain of
middle T antigen and cannot be inserted into the plasma
membrane where the interaction between middle T antigen
and pp60csrc is thought to take place. However, it is also
possible that the 40K protein cannot associate with the
pp60`csrc because it lacks a binding site for this protein.
These results also show that the 40K protein cannot serve as
an exogenous substrate in immunoprecipitates for the middle
T antigen-pp60csrc complex.
Both recombinant Ads proved capable of transforming

Rat-1 cells. In fact, they transformed Rat-1 cells at frequen-
cies equivalent to that reported for Py, although under
slightly different experimental conditions (61). Moreover,
these recombinants transformed cells at frequencies equiv-
alent to that of Ad5-SV40 recombinants of similar structure
(87). Examination of the T antigens expressed in indepen-
dent transformed cell lines obtained after infection with one
or the other recombinant virus revealed that only the 56K
middle T antigen was present. The 40K protein was not
produced by any of the Ad5PyMTR1-transformed cell lines,
probably because the spliced mRNA that yields the 40K
protein is not synthesized in Rat-1 cells.
Comparison of the amount of middle T antigen obtained

from human cells infected with the recombinant viruses and
mouse 3T6 cells infected with Py under optimal conditions
for each virus-cell system revealed that 10 times as much
functional middle T antigen could be isolated from infected
human cells. Both recombinant viruses overexpressed mid-
dle T antigen to essentially the same extent in these cells.
The greater yield of biologically active middle T antigen
offered by this system and the ability to grow 293 cells in
suspension culture make it an attractive source of the
protein.

Previous attempts to overproduce middle T antigen in E.
coli have been relatively unsuccessful; this was due to the
inherent toxicity of the protein and its instability in these
bacteria (68). SV40 and Ad5-SV40 hybrid viruses have also
been used in attempts to provide a richer source of middle T
antigen. A late SV40 replacement vector was used to over-
produce middle T antigen in CV-1 monkey cells (92), and an
Ad5-SV40 vector was used to simultaneously overproduce
all three Py T antigens in human HeLa cells (50). In neither
case were the levels of overproduction of middle T antigen
as great as those reported here. Moreover, these defective
recombinant viruses or their helpers encode the SV40 T
antigens and, in the case of the AdS-SV40 hybrid vector, the
Ad oncogene products as well. This makes them unsuitable
as gene transfer vectors in studies of cellular transformation
and oncogenesis mediated by the Py T antigens.
Although the two recombinant Ads described here are

useful for overproducing middle T antigen and can function
as gene transfer vectors, we believe it will be possible to
improve them. Two problems which we suspect reduce the
yield of middle T antigen are the failure of 293 cells to heed
Py 3'-processing signals and the occurrence of aberrant
splicing events. In some cases the former process promotes
the latter by allowing the synthesis of large precursor RNAs
containing many potential splice sites. The use of strong
3'-processing signals from other viruses or genes may par-

tially alleviate this problem. Preliminary results suggest that
the inclusion of SV40 3'-processing signals in the recombi-
nant virus genomes increases middle T antigen production
three- to fivefold (unpublished).

It is not obvious how aberrant splicing events can be
suppressed when these occur within the inserted sequences
in the Ad vector. If their occurrence reflects a requirement to
splice RNA for efficient nuclear processing and transport to
the cytoplasm, then it may be possible to provide a noncod-
ing exon to the hybrid transcription unit to meet this condi-
tion (7, 8).

Finally, it should be possible to improve the ability of the
recombinant viruses to act as gene transfer vectors. The use
of Ads for this purpose has remained largely unexplored,
primarily because retrovirus vectors now offer a better
means of achieving efficient integration of foreign genes into
cellular chromosomes. Ads do not have this ability, but it
may be possible to endow them with this attribute. Human
Ads possess many of the other features that make retrovi-
ruses appealing as vectors, and unlike retrovirus vectors, Ad
vectors replicate to very high titers. This makes it possible to
efficiently infect all the cells in a population at high MOI to
study the consequences of the transient expression of for-
eign gene products. The recombinant Ads that we have
constructed express Py middle T antigen and, in theory, no
other Ad gene products after infection of a number of
human, simian, and murine cell lines (data not shown). By
including the Py enhancer in these viruses, we have been
able to increase the level of middle T antigen synthesis in
many of these cell lines (unpublished). We have also con-
structed AdS-Py recombinants that individually express
large and small T antigen and recombinant viruses that
express all three T antigens (unpublished). These will be
useful to achieve overproduction of the T antigens, to study
the individual roles of the T antigens in transformation and
tumorigenesis, and to study the transformation of a wide
variety of cell strains and lines from a variety of mammals,
including humans.
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