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We have investigated the contribution
of each of the two adenovirus type 5 (Ad5) major
early region lb (Elb) proteins in cell transformation
and in lytic infection. An Ad5 El
plasmid, in which the reading frame for the 19kDa Elb protein was abolished by a stop
codon close to the initiation codon, transformed primary baby rat kidney (BRK) cells with
an efficiency of about half of that of a wild type Ad5 El plasmid, whereas a plasmid with
a mutation in the gene for the 58-kDa Elb protein transformed
the same primary cells
with only one-third of the wild type efficiency. Plasmids containing region Ela only or a
plasmid carrying mutations in the genes for major Elb proteins all transformed primary
cells with an efficiency of approximately
5% of wild type. To test the effect of the Elb
mutations in virion-mediated
cell transformation,
the mutant Elb regions were introduced
into intact viral genomes by overlap recombination
and were subsequently used in a transformation assay on BRK cells. The 19 and 58kDa mutant viruses were found to transform
BRK cells with 11 and 25% of the efficiency of wild type virus, respectively. These results
suggest that the 19-kDa Elb protein is essential for virus-mediated
cell transformation,
in agreement with results of others, but not for plasmid-mediated
cell transformation.
In
lytic infection, the 19-kDa mutant virus was some 30-fold reduced in yield on HeLa cells,
whereas the 58-kDa mutant virus was 3000-fold reduced in its ability to grow on HeLa
cells at low multiplicity
of infection, but showed a marked multiplicity-dependent
leakiness.
The 58-kDa mutant virus was not defective when its growth was assayed on human embryonic kidney (HEK) cells. This may indicate that cellular proteins are expressed in HEK
cells that are functionally
homologous to the 68-kDa Elb protein.
Q 19% Academic press, I~C.
INTRODUCTION

Human adenoviruses have the capacity
to transform rodent cells in vitro. The genetic information
required
to induce
transformation
is contained within the El
region (O-11 map units, Graham et al,
1974b; Gallimore et aL, 1974), which consists of two transcriptional
units: Ela and
Elb (Wilson et aZ., 1979). The two major
products encoded by region Elb in both infected and transformed
cells appear to
have molecular weights of 53-65 kDa and
15-19 kDa, depending on the gel system or
molecular weight markers used (Halbert
et aL, 1979; Schrier et aL, 1979; Jochemsen
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et aL, 1980; Esche and Siegmann, 1982). The
most commonly used molecular weights for
these proteins are 58 and 19 kDa, respectively. In transformed cells, both proteins
are made from a single 2.2-kb mRNA by
using different translational
start codons
(Bos et ak, 1981). In infected permissive
cells an mRNA of 1.0 kb accumulates late
in infection, which encodes only the 19-kDa
protein. The existence of a third Elb
mRNA, encoding a 58-kDa-related peptide,
was recently demonstrated by amino acid
sequence analysis of an Elb-encoded protein (Anderson et aZ., 1984) and cDNA
cloning (Virtanen et aL, 1982). Finally, Elb
encodes an mRNA transcribed from an independent promoter which specifies structural protein pTX (Wilson et aL, 1979; AlestrSm et aL, 1980).
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Region Elb contributes to cell transformation in several ways. First, it is required
for expression of the transformed phenotype, since cells transformed by region Ela
only are semitransformed in appearance
and grow to lower saturation density than
cells containing the entire El region (Houweling et oL, 1980; Shiroki et uL, 1979,198l).
Second, region Elb has a profound effect
on the efficiency of focus formation in primary cells, since DNA fragments containing region Ela only transform with much
lower efficiency than fragments containing
the entire El region (Houweling et al, 1980;
van den Elsen et al, 1982). Third, region
Elb is required for tumorigenicity, since
both cells transformed by region Ela only
or by Ela and part of Elb manifest a reduced capacity to induce tumors in experimental animals (Shiroki et aZ., 1979; Jochemsen et aL, 1982; Gallimore et aL, 1984).
The contribution of each of the two major Elb proteins in transformation, however, is far from clear. DNA transfection
studies have shown that the left-terminal
Hind111 G fragment (O-8 map units) is sufficient for complete morphological transformation of primary rat kidney (BRK)
cells (Graham et al, 19’74a;van der Eb and
Houweling, 1977). Since cells transformed
by this fragment do not express the 58-kDa
Elb protein, these results suggested that
this protein is not required for complete
morphological transformation (Schrier et
al, 1979). In contrast, viruses that fail to
express the 58-kDa Elb protein are unable
to transform a variety of primary cells
(Graham et ab, 1978; Ho et al, 1982), although DNA extracted from these mutant
viruses was capable of transforming rodent
cells. This suggested that the 58-kDa protein is required for virus-mediated transformation but not for DNA-mediated
transformation (Rowe and Graham, 1983).
A similar result, although less pronounced,
was obtained by Babiss et aZ.(1984). On the
other hand, Mak and Mak (1983) have
shown that Ad5dL313, a virus which lacks
the entire Elb region, does transform BRK
cells at high multiplicity of infection, suggesting that the 58-kDa protein is not
strictly required for virus-mediated cell
transformation.
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The role of the 19-kDa Elb protein in
transformation is less controversial. Viruses with mutations in the gene for this
protein have been shown to be drastically
reduced in their capacity to transform a
variety of cell types (Chinnadurai, 1983;
Pilder et aL, 1984; Babiss et al, 1984; Takemori et aL, 1984; White et d, 1984; Fukui
et al, 1984; Subramanian et al, 1984b).
Similar results have been obtained in
transfection studies with DNA extracted
from the mutant virions (Chinnadurai,
1983; Babiss et al, 1984).
Apart from its role in transformation,
Elb has been shown to be required for the
efficient production of progeny virus (Harrison et aL, 1977; Jones and Shenk, 1979).
To determine the contribution of the two
Elb proteins in transformation and lytic
infection, and to investigate whether mutations in these proteins might differently
affect virion-mediated and DNA fragmentmediated transformation, we have constructed Ad5 region El plasmids with specific mutations in the genes coding for the
two Elb proteins. These mutant El sequences were subsequently introduced into
intact viral genomes, so that the effects of
the same mutations could be examined in
DNA-mediated and virus-mediated transformation, as well as in productive infection. We show here that the 19-kDa protein
is required for efficient virus-mediated
transformation but not for plasmid-mediated transformation. In contrast, the 58kDa protein was found to be equally required for both processes. In lytic infection,
the 19-kDa mutant virus was slightly defective, whereas the 58-kDa mutant virus
was severely restricted but showed a
marked multiplicity-dependent
leakiness.
MATERIALS

AND

METHODS

Construction of mutant phmids. Plasmid
p5dlTth was constructed from plasmid
p5HindG. This recombinant contains the
Ad5 Hind111 G fragment inserted into vector pAT153. The plasmid contains a single
TthIII I site at nucleotide 2395 of the Ad5
sequence. To create a frame shift mutation
at this site, p5HindG was digested to completion with TthIII I and made blunt by
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incubation with DNA polymerase I (large
fragment) in the presence of the four
dNTPs. After ligation, the DNA was used
to transform Escherichia coli HBlOl. Ampicillin-resistant colonies were selected for
the loss of the TthIII I site. One such clone
was found to have a deletion of 2 bp at the
TthIII I site by DNA sequence analysis,
probably as a result of a small amount of
exonuclease in one of the enzymes. This
mutant Hind111 G fragment was subsequently reintroduced into a full-length El
clone (XhoI C fragment, O-15.5 map units)
by using standard cloning procedures,
yielding p5dlTth.
The plasmid p5dlSacKpn was constructed from the plasmid p5dlSac, described previously (Bernards et aL, 1983a).
The mutation at the KpnI site was made
by cleaving p5dlSac with KpnI, after which
the 3’-protruding ends were made blunt by
Sl nuclease treatment (see Bos et ab, 1981).
Subsequently, the plasmid was recircularized with T4 ligase and used to transform
E. coli HBlOl. The DNA sequence of one of
the KpnI deletion mutants (p5dlSacKpn)
revealed that this mutant had a deletion
of 92 bp at the KpnI site (Table I).
C~tructicm of mutant viruses. Viruses
Ad5d119 and Ad5dl.58 were made from mutant plasmids p5dlSac and p5dlTth, respectively, by overlap recombination, a detailed protocol which has been described
previously (Bernards et aZ.,1983b, 1984).
Cells and viruses. Monolayers of HeLa
cells, KB cells and BRK cells were grown
in Eagle’s minimum essential medium
(MEM) supplemented with 8% newborn
calf serum. HEK cells were grown in MEM
supplemented with amino acids, vitamins,
and 10%fetal calf serum. Growth of viruses
on HeLa, KB, and human embryonic kidney
(HEK) cells was determined by infecting
subconfluent cultures of cells (5.105cells per
dish) with 1 or 10 PFU of virus per cell for
1 hr at 37”. Virus was diluted in PBS + 2%
fetal calf serum, and cultures were infected
with 0.5 ml of virus dilution per 6-cm dish.
After infection, cells were washed four
times with PBS and incubated for 4 days
in 5 ml of MEM + 2% fetal calf serum. At
Day 4, cells and medium were collected and
freeze-thawed five times to release virus

ET AL.

from the cells. Subsequently, cell debris
was removed by centrifugation and the virus yield was determined by plaque assay
on 293 cells.
Tran.sfkmaticm of BRK cells. DNA
transfection experiments were performed
essentially as described by van der Eb and
Graham (1980), the only modification being
that cells were treated 4 hr post-transfection with 10% DMSO in PBS for 90 sec.
Virus-mediated
transformation
experiments were performed by infecting subconfluent cultures of BRK cells at a multiplicity of 10 PFU per cell for 1 hr at 37”
(0.5 ml per 6-cm dish). Virus was diluted
in PBS + 2% fetal calf serum and was inactivated by irradiating the diluted virus
stocks with 200 J. m-2 of uv light prior to
infection.
RESULTS

Construction of Mutant Elb Plasmids and
Viruses
In a previous report we have described
the construction of two Ad5 El plasmids
carrying specific mutations in the genes for
the 19-kDa (p5dlSac) or 58-kDa (p5dlHind)
major Elb proteins (Bernards et aZ.,1983a;
Fig. 1). In both plasmids the lesions consisted of a frame shift mutation downstream from the translational start codon
of the Elb gene in question. Since the
p5dlHind plasmid retained the coding information for a considerable part of the
58-kDa Elb protein, we constructed a second mutant Ad5 El plasmid, p5dlTth,
which carried a more upstream stop codon
in the reading frame for the 58-kDa protein
(Fig. 1, Table 1). This mutation does not
affect the reading frame for the 58-kDa related peptide recently identified by Anderson et al. (1984). Additionally, a mutant El
plasmid p5dlSacKpn was constructed in
which the genes for both major Elb proteins were mutated. In this plasmid the
translational start codon for the 58-kDa
protein (position 2019-2021) was lost as a
result of a deletion of 92 bp at the KpnI
site at position 2048 (Fig. 1, Table 1).
To investigate the contribution of the 19and 58-kDa Elb proteins in virion-me-
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FIG. 1. Schematic representation
of the El region of Ad5. Solid lines represent DNA segments
transcribed into RNA, dotted lines represent introns. Black bars represent protein-coding sequences.
The positions of the various deletions and insertions are indicated.

diated cell transformation and in lytic infection, the mutations of p5dlSac and
p5dlTth were introduced into an intact
viral genome by overlap recombination
(Bernards et ab, 1983b, 1984). This method
involves cotransfection into permissive
human cells of a mutant plasmid and a
subgenomic fragment of Ad5 DNA which
lacks part of the El region. Infectious virus
can arise only if the two DNA fragments
recombine to yield a complete viral genome.
Thus, to construct a virus with a mutation
in the gene for the 19-kDa Elb protein,
p5dlSac (O-15.5 map units) was cotransfected with the Ad5dl309 XbaI A fragment
(3.8-100 map units) into 293 cells in a
plaque assay. These cells express the Ad5
TABLE

El gene products allowing efficient replication of the mutant viruses (Aiello et aL,
1979). To identify mutant viruses, individual plaques were picked and propagated
further in 6-cm dishes of 293 cells. After
the development of a cytopathic effect, viral
DNA was isolated and digested with restriction endonuclease SacI. Mutant viruses should yield a novel 5411-bp Sac1
fragment, which arose by fusion of the
1770-bp Sac1 E fragment and the 3641-bp
Sac1 G fragment. A plaque isolate which
manifested the novel SacI cleavage pattern
(not shown) was plaque-purified once more
and propagated further on 293 cells. This
virus was named Ad5d119. A similar procedure was followed to construct Ad5dl.58,
1

NATURE OF THE DELETIONS AND INSERTIONS IN THE Elb REGION OF Ad5

Plasmid
p5dlSac
p5dlHind
p5dlTth
p5dlSacKpn
p5HpaIE

Mutationa
-11 (1771-1781)
+4 (2805)
-2 (23994400)

-11 (1’771-1781)
-92 (1978-2069)
lacks Elb (1572-4070)

Affected

protein

19 kDa

Truncated product
(predicted)

19 kDa
58 kDa
19 kDa

2 kDa
28.5 kDa
13 kDa
2kDa
-

58 kDa

-

58 kDa
58 kDa

Note. Plasmids p5dlSac, p5dlHind and p5HpaI E have been described elsewhere (Bernards et al, 1982,
1983a). The exact nature of the mutations in the plasmids p5dlTth and p5dlSacKpn was determined by DNA
sequence analysis. The predicted molecular weights of the truncated products encoded by the mutant El
plasmids was calculated from the nucleotide sequence of the Elb regions as determined by Bos et al (1981).
a - = deletion; + = insertion.
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a virus containing the mutation of p5dlTth
in the gene for the 58-kDa Elb protein.
To determine the expression of the Elb
proteins in mutant virus-infected cells,
HeLa cells were infected with Ad5dl19 and
Ad5dl58 at a multiplicity of 10 PFU per
cell in the presence of 20 pg/ml of cytosine
arabinoside, and labeled from 36 to 40 hr
postinfection with [?S]methionine. Ad5
specific proteins were precipitated from
infected cells with an Ad5 anti-tumor
serum which precipitates mainly the Ela
proteins and the 58-kDa Elb protein, and
with a monoclonal antibody against the 19kDa Elb protein (kindly provided by Dr.
A. Zantema). As can be seen in Fig. 2,
AdSdl58-infected cells fail to produce the
58-kDa Elb protein and AdlidZlS-infected
cells fail to produce the 19-kDa Elb protein,
whereas cells infected with Ad5dl309, the
parental virus used to construct the mutants, produced both Elb products. The
level of expression of the 19-kDa protein
in the Ad5dl58-infected cells was consistently somewhat reduced when compared
to Ad5dl309-infected cells. A more detailed
analysis of the effect of Elb mutations on
the expression of other early viral genes
will be presented elsewhere. The immunoprecipitation data, together with the altered restriction endonuclease cleavage
pattern of the mutant viruses (not shown),
clearly demonstrate that the mutant Elb
viruses carry the same mutations as those
the mutant Elb plasmids used for their
construction.
Transformation
Viruses

by Mutant Plasrni& and

To assess the contribution of the 19- and
58-kDa Elb proteins in the process of cell
transformation, primary cultures of BRK
cells were transfected with the mutant Elb
plasmids using the calcium-phosphate COprecipitation technique (van der Eb and
Graham, 1980). Foci of morphologically
transformed cells were first detected after
2 weeks and counted after 4 weeks. The efficiencies of focus formation of the various
mutant plasmids are given in Table 2A.
Unexpectedly, the 19-kDa mutant plasmid
was found to transform the BRK cells with
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14FIG. 2. Polyacrylamide
gel electrophoresis
of T antigens precipitated
from HeLa cells infected with
mutant Elb viruses. HeLa cells were infected with 10
PFU per cell of Ad5dZ309 (left 3 lanes), Ada119
(middle 3 lanes), and Ad5cU.58 (right 3 lanes) in the
presence of 20 g/ml of cytosine arabinoside and labeled
between 36 and 40 hr postinfection
with [%]methionine as described (Bernards et al, 1982). The sera
used were (a) rat pre-immune serum, (b) Ad5 antitumor serum, (c) monoclonal antibody against theAd5
19-kDa Elb protein.

an efficiency of about half that of wild type
El plasmid. This result was surprising
since viruses with a mutation in the 19kDa Elb protein have previously been
shown to be transformation-defective
(Chinnadurai, 1983; Fukui et cd., 1984;
Pilder et al, 1984; Babiss et aL, 1984; White
et aL, 1984; Subramanian et aZ.,198413,Takemori et aZ., 1984). The two different 58kDa mutant plasmids both transformed
the BRK cells with one-third of wild type
efficiency. The 19- + 58-kDa double-mutant
plasmid transformed the primary cells
with an efficiency which was only slightly
higher than that of a plasmid containing
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TABLE 2
~ANSFORMATIONOF

BRK C%LS BYMUTANTPLASMIDS(A)AND

MUTANTVIRUSES

A: Plasmid

Elb mutation

Foci/g genome
equivalent DNA

% of wild type

p5XboC
p5dlSac
p5dlTth
p5dlHind
p5dlSacKpn
p5HpaIE

19 kDa only
58 kDa only
58 kDaonly
19 + 53 kDa
lacks Elb

15.1 + 5
7.3 - 2.5
5.0 - 1.5
4.5 F- 1.9
1.1 - 0.2
0.4 - 0.3

100
48
33
30
7
3

B: Virus

Elb mutation

Foci/dish

W of wild type

Ad5d&OS
Ad5dJlS
Ad5oY.58
Ad5dl315

19 kDa only
58 kDa only
lacks Elb

39 - 14
4.4 + 0.6
9.6 - 3.5
0

100
11
25
0

Note. In each DNA transfection experiment, 5 replicate 6-cm dishes of BRK cells were transfected with 5
rg genome equivaIent of DNA (1 qg genome equivalent is equivalent to 1 pg of Ad5 DNA and corresponds to
0.27 pg of Ad5 El plasmid). The results given are the average values (+SD) of three transformation experiments.
For virus-mediated transformations, 5 replicate dishes (6 cm) of subconfluent BRK cells were infected with
10 PFU of uv-inactivated virus per cell. Data are the average values of three independent experiments.

region Ela only (pFiHpaIE, Table 2A). This
indicates that the low efficiency of transformation found for the HpuI E fragment
is not due to the fact that this fragment
lacks the ElA polyadenylation signal (van
den Elsen et al, 1982).
Morphologically,
the p5dlSac-transformed cells did not differ significantly
from wild type El-transformed cells (Figs.
3A, B) and a similar morphology was found
for p5dZHind-transformed cells (Fig. 3C).
The morphology of p5dlTth-transformed
cells was variable, about half of the foci
showing the epithelioid morphology characteristic for adenovirus-transformed cells
(Fig. 3D) and the other half of the foci consisted of less densely packed fibroblastic
cells (Fig. 3E). Cells transformed by the
p5dlSacKpn double-mutant plasmid were
morphologically
much like Ela-transformed cells (Fig. 3F).
The differences in relative transformation efficiency between our 19-kDa mutant
plasmid and the 19-kDa mutant viruses
studied by others may well be caused by
viral genes located outside the transforming region. Alternatively, the different nature of the mutations may be the cause of

the different results. To discriminate between these two possibilities, we introduced our mutant Elb plasmids into intact
viral genomes and tested the transforming
activity of the resulting virions in primary
cells. Transformation of rat cells by adenovirus virions is complicated by the fact
that these cells are semipermissive for Ad5
(Gallimore, 1974). Therefore, Ad5 may
cause extensive cell death in primary cultures of rat cells at high multiplicity of infection, which may reduce the frequency of
transformation. To circumvent this problem, we used uv-inactivated virus stocks
for transformation experiments with virus
(see under Methods). As a control we used
Ad5dl309, the Ad5 parental virus from
which the mutants were derived, as well
as Ad5&15, an Elb deletion mutant which
was previously shown to be defective in
transformation (Jones and Shenk, 1979).
The results (Table 2B) indicate that the 19kDa mutant virus is drastically reduced in
its capacity to transform BRK cells when
compared to Ad5dl309. When the relative
efficiency of transformation of the 19-kDa
mutant plasmid (50%, Table 2A) is compared to that of the 19-kDa mutant virus
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FIG. 3. Photomicrographs
of Ad5-transformed
cells. Primary foci of transformed BRK cells were
fixed 3 weeks after transfection with methanol/acetic
acid and Giemsa stained. Magnification
X100.
Cells were transformed by (A) p5XhoC; (B) p5dlSac; (C) p5dlHind; (D) and (E) p5dlTth; (F) p5HpsI E.
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FIG. 3-Continued

(ll%,Table 2B) it is evident that the 19kDa Elb protein is much more important
for virus-mediated cell transformation

than for plasmid-mediated cell transf ‘ormation. In contrast, the 58-kDa mutant virus transformed BRK cells with a relat ,ive
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FIG. I-Continued

etfic:iency similar to that obtained with the
58-l rDa mutant plasmid (25 vs 33%) Table
2& B). The latter result is in conflict with

those of Graham et al. (19’78), who
eluded that the 58-kDa Elb protein i
sential for virus-mediated
cell tran
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mation. Rather, our present data indicate
that the 19-kDa protein plays an important
role in virus-mediated cell transformation,
which is in good agreement with recent reports showing that 19-kDa mutant viruses
were either completely, or almost completely transformation-defective
(Chinnadurai, 1983; Fukui et al, 19&Q,Pilder et
aL, 1984; Babiss et a& 1984; White et aL,
1984; Subramanian, 198413;Takemori et aL,
1984). However, the requirement of the 19kDa Elb protein in cell transformation is
not absolute, since efficient transformation
could be obtained with 19-kDa mutant
plasmids (Table 2A).
Early Region lb Proteins in Lytic Infection
The role of the Elb proteins in lytic infection was assessed by comparing the
growth potential of Ad5d119 and Ad5dW8
in HeLa cells, 293 cells, and HEK cells. The
growth potential of the mutants in each
cell type was assayed using indirect plaque
titration (see under Methods). The yields
of each virus are given in Table 3. As expected, Ad5dl309 could be propagated with
a similar yield on all three cell types. The
Ad5oYl9 mutant showed a slight host-range
phenotype, since it replicated some 30
times less efficiently in HeLa cells than the
parental strain Ad5dZ309 (Table 3). Furthermore, the Ad5d119 mutant was different from wild type Ad5dl309 virus in that
the mutant caused complete cytopathic effect in the HeLa cells within 60 hr postinfection, whereas Ad5dl309 needed 4 days
to achieve this at the same multiplicity of
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infection. A third difference between
Ad5d119 and Ad5d.!309 was that Ad5cU19
produced much larger plaques on HEK
cells than Ad5&309 (not shown). These
data suggest that Ad5dl19 manifests the
cytocidal (c@) phenotype, first described
for Ad12 mutants by Takemori et al (1968),
which was recently shown to be caused by
mutations in the gene for the 19-kDa Elb
protein (Pilder et aL, 1984; White et aL,
1984; Subramanian, 1984a, 1984b; Takemori, 1984; Chinnadurai, 1983).
A more pronounced host-range phenotype was observed with the Ad5d158 mutant. This virus was 4 logs reduced in its
growth in HeLa cells, whereas this defective phenotype was not observed in HEK
cells (Table 3). Apparently, HEK cells, but
not HeLa cells, can provide a cellular function which can complement the Ad5dl58
defect. In agreement with the original observation of Jones and Shenk (1979), a partial complementation was also observed in
HEK cells for the Ad5 mutant dZ315(Table
3). The fact that only partial complementation was observed on HEK cells is probably due to the fact that dl.315 is more defective for growth in HeLa cells than
Ad5dl.58, since the HEK/HeLa ratio is
basically similar for the two mutants (Table 3).
The growth defect of adenovirus Ela and
Elb mutants has been shown to be not absolute, since the mutants often proved to
be far less defective at higher multiplicities
of infection were used (Frost and Williams,
1978; Shenk et CAL,1979; Ross et ah, 1980).
To investigate the multiplicity-dependence

TABLE 3
HOST-RANGEPHENOTYPEOFMUTANTVIRUSES
Virus yield assayed on
(PFWmI)
Virus

Mutation

293

HeLa

HEK

Ad5aX309
Ad5d119
Ad5dl53
AdW15

19 kDa
58 kDa
19 + 58 kDa

2.10s
2.10s
6.10s
4.109

6.108
2.107
6.10’
3x+

2.10B
6.108
2.10s
4.106

Note. Virus yields were determined by indirect plaque titration

on 293 cells.

Ratio
HEK/HeLa
3
30
3ooo
13966

Ratio
293/HeLa
3.6
110
106
lo7
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of Ad5dI58, we infected HeLa and KB cells
with 1 or 10 PFU per cell and scored the
production of progeny virus after 4 days in
a plaque assay on 293 cells. As can be seen
in Table 4, Ad5dl.58 was 50-fold less defective on HeLa cells and loo-fold less defective on KB cells when infected at 10 PFU
per cell instead of 1 PFU per cell, Furthermore, the degree of defectiveness of
Ad5d158 was more pronounced on HeLa
cells than on KB cells at both multiplicities
tested (Table 4). These results indicate that
the 58-kDa Elb protein is required for the
efficient production of progeny virus, although its relative contribution is not only
dependent on the cell type but also on the
multiplicity of infection.

ET AL.

et aL, 1984b), but also for primary rat embryo fibroblasts (Subramanian et a.& 1984b;
Pilder et aZ.,1984), a rat embryo fibroblast
line (CREF cells) (Pilder et al, 1984; Subramanian et aL, 198413;Babiss et a& 1984)
and rat 3Yl cells (Chinnadurai, 1983; Takemori et al, 1984; Fukui et a& 1984). The
combined results suggest that the 19-kDa
Elb protein is required for virus-mediated
cell transformation, and not for plasmidmediated cell transformation. This difference is most readily explained in terms of
the cytocidal (cyt) phenotype manifested
by viruses with a mutation in the 19-kDa
gene. This cyt phenotype is characterized
by an accelerated development of cytopathic effect and the degradation of both
host cell and viral DNA (Subramanian,
DISCUSSION
1984a; Takemori et d, 1984; White et cd,
We have investigated the roles of the 19- 1984; Pilder et ah, 1984). Since rat cells are
and 58-kDa major Elb tumor antigens of semipermissive for Ad5 (Gallimore, 1974),
Ad5 in cell transformation and lytic infec- the increased cytolytic activity of 19-kDa
tion. A mutation caused by an early stop mutant viruses may also strongly reduce
codon in the gene coding for the 19-kDa the probability of transformation of these
protein resulted in a 50% reduction of cells. This notion is supported by the observation of White et al. (1984), that a 19transforming activity in DNA fragmentmediated transformation, but in a 90% re- kDa mutant virus caused extensive cell
death after infection of BRK cells, Transduction in virion-mediated transformation,
as compared to the respective wild type formation could only be obtained by preventing viral DNA replication by a second
frequencies. A transformation-defective
phenotype for 19-kDa Elb mutant viruses mutation. The residual 10% transforming
has also been observed by others. The activity observed with our 19-kDa mutant
transformation defect appears to be inde- virus can then be explained by the fact that
pendent of the cell type used since it was we have used uv-inactivated virus for the
not only described for BRK cells (Mak and transformation assays. The 19-kDa protein
is, however, by no means irrelevant for
Mak, 1983; White et aZ.,1984; Subramanian
transformation
since transformed cells
which fail to express this protein are unTABLE 4
able to grow in semisolid media (Fukui et
uZ.,
1984; Subramanian et uL, 198413;Pilder
HOST-RANGE PHENOTYPE OF Ad5&% AT DIFFERENT
et uL, 1984) and are no longer tumorigenic
MULTIPLICITIES OF INFECTION
(Bernards et al., 1983a).
The 58-kDa mutant virus Ad5dl58 was
Virus yield on
(PFUhl)
found to transform BRK cells at 25% of
wild type virus efficiency (Table 2B), and a
Virus
m.0.i.
HeLa
KB
similar decrease in transformation efficiency was found for the 58-kDa mutant
Ad%&09
1 PFWcell
6.10s
8.10*
plasmid
as compared to wild type Ad5 El
10 PFU/cell
Ad5dl309
l.loe
8.10’
plasmid
(Table 2A). This result suggests
AdSdW8
1 PFU/cell
6.10’
2.106
that the 58-kDa Elb protein is equally imAd5dJ.58
10 PFWcell
3.106
2.10’
portant for virus-mediated and plasmidmediated cell transformation. TransformNote. Virus yields were determined by indirect
plaque titration on 293 cells.
ing activity of Ad5 viruses with mutations
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in the 58-kDa Elb gene has also been reported by Logan et al. (1984) and Babiss et
al. (1984). The latter authors showed that
the efficiency of transformation decreased
with decreasing size of the residual 58-kDa
truncated product. The observation that
Ad5 group II hr mutants, which are defective in the synthesis of the 58kD protein,
were unable to transform BRK cells (Graham et al, 1978; Ho et al, 1982; Mak and
Mak, 1983) may possibly be explained by
the fact that these mutants express only
very short truncated fragments of the 58kDa protein. The finding that DNA extracted from the hr II mutant virions did
have transforming activity on BRK cells
(Rowe and Graham, 1983) indicates that
virus-mediated transformation
is more
dependent on the size of the 58-kDa truncated product than DNA-mediated transformation. This conclusion is supported by
the data obtained by Babiss et al. (1984).
We consider it unlikely that the higher
transformation frequencies of 58-kDa mutant viruses obtained by us are due to the
fact that we have used uv-inactivated virus
for our transformation studies, since (1)
uv inactivation does not seem to alter the
transformation frequency of wild type virus (cf. Graham et aL, 1978), and (2) uv inactivation did not unveil any transforming
activity of the transformation defective
mutant Ad5dZ315 (Table 2B).
Our results indicate that the 58-kDa
protein is more crucial in determining the
transformed morphology than the 19-kDa
protein since (1) cells transformed by 19kDa mutant plasmids were very similar in
morphology to wild type EI-transformed
cells, and (2) 50% of the foci transformed
by a plasmid with an early stop codon in
the gene for the 58-kDa protein (p5dmth,
13-kDa truncated product) consisted of
cells with a semitransformed morphology
(Fig. 3). The observation that p5dZHindIIItransformed cells (28.5-kDa truncated
product of the 58-kDa protein) were fully
transformed in morphology suggests that
cell morphology is also dependent on the
size of the 58-kDa truncated protein.
In lytic infection, the yield of the 19-kDa
mutant virus on HeLa cells was only some
30-fold lower than that of the wild type
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Ad5dl309 virus. A similar result was recently obtained by Pilder et al. (1984) who
found that the Ad5 mutant dL337was lofold reduced in its growth in HeLa cells
and by Subramanian et al. (1984a) who
showed that a similar mutant was loo-fold
reduced in KB cells. These results indicate
that the 19-kDa Elb protein is not strictly
required for virus growth, in spite of the
fact that 19-kDa mutant viruses cause extensive degradation of both cellular and
viral DNA in infected cells (Subramanian
et aL, 1984a; Takemori et aL, 1984; White et
CAL,1984; Pilder et al, 1984).
The 58-kDa mutant virus dl58 showed a
decrease of 4 logs in its ability to grow in
HeLa and KB cells at low multiplicity of
infection. A severe host-range phenotype
was also reported for other Ad5 Elb mutants such as hr6 and h?CI(Harrison et aL,
1977; Ho et aL, 1982) which are also defective in expression of the 58-kDa protein
(Lassam et aL, 1979). A less drastic growth
defect on HeLa cells (loo-fold reduced) was
recently reported for the Ad5 58-kDa mutant dl.338 (Logan et al, 1984). The difference in HeLa cell growth potential between
our mutant dl58 and dl338 may also be due
to the fact that the two mutants contain
the coding information for 58-kDa truncated products of different size (13 and 28.5
kDa, respectively). The marked multiplicity-dependence of the d158mutant viruses
in HeLa cells may be explained by assuming that a high concentration of a partially
defective truncated product may restore its
biological activity. It should be noted,
however, that truncated forms of the 58kDa protein have never been detected.
However, the finding that some rats or
hamsters injected with cells transformed
by the Ad5 Hind111 G fragment (containing
the coding information for about half of
the 58-kDa protein) produce antibodies directed against the 58-kDa protein, indicate
that such truncated products do indeed exist (Rowe et aZ,,1984; Zantema et aL, 1985).
The observation that 58-kDa Elb mutants, including our mutant Ad5dl58, can
grow rather efficiently in HEK cells has
been interpreted to indicate that these embryonic cells express cellular functions that
can complement the 58-kDa defect (Jones
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and Shenk, 1979). It is tempting to speculate that this factor belongs to the group
of cellular proto-oncogenes, some of which
have been shown to be expressed at a high
level in embryonic tissues (Miiller et CL!.,
1982). The exact nature of the complementing agent, however, is as yet unknown.
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