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The transformation and early adenovirus gene transactivation functions of the ElA region were analyzed
with deletion and point mutations. Deletion of amino acids from position 86 through 120 had little effect on the
lytic or transforming functions of the ElA products, while deletion of amino acids from position 121 through
150 significantly impaired both functions. The sensitivity of the transformation function to alterations in the
region from amino acid position 121 to 150 was further indicated by the impairment of transforming activity
resulting from single amino acid substitutions at positions 124 and 135. Interestingly, conversion of a cysteine
residue at position 124 to glycine severely impaired the transformation functions without affecting the early
adenovirus gene activating functions. Single amino acid substitutions in a different region of the ElA gene had
the converse effect. All the mutants produced polypeptides of sufficient stability to be detected by Western
immunoblot analysis. The single amino acid substitutions at positions 124 and 135, although impairing the
transformation functions, did not detectably alter the formation of the higher-apparent-molecular-weight
forms of the ElA products.

The ElA and E1B genes of adenovirus types 2 and 5 (Ad2
and Ad5) are sufficient for complete transformation of rodent
cells (6, 16, 17, 33, 47, 55). In addition, the ElA gene alone
is capable of producing a partially transformed phenotype in
rat cells (24, 43). ElA products are also involved in the
regulation of expression of other adenovirus gene products
during productive infection in human cells. In the absence of
functional ElA products, expression of other early genes
and transcription from the major late promoter are reduced
(1, 26, 32, 37, 57).

Early in infection two mRNAs are made from ElA, the
12S and 13S products (2, 7, 28, 39). These products are
predicted to encode proteins 243 and 289 amino acids long,
respectively, which differ only by the presence of the 46
amino acids at positions 140 through 185 which are unique to
the 13S product (Fig. 1).
The 13S product has been shown to be sufficient for the

activation of other adenovirus genes required for lytic infec-
tion ofHeLa cells (5, 9, 16, 25, 35, 36, 41, 52, 60, 63). Several
reports have indicated that both the 12S and 13S products
have partial transformation activities. Both the 12S and 13S
products have been shown to induce immortalization of
rodent cells, although some differences have been noted in
the phenotypes of the cells immortalized by the separate
products of the ElA region (20, 25, 34, 60, 63). Our experi-
ments and those of others indicate that the 12S product does
not efficiently activate other adenovirus genes in HeLa cells
(20, 34, 36, 52, 63). One interpretation of these results is that
at least some aspects of the transformation functions reside
in the region common to the 12S and 13S products, while the
13S unique region is required in addition for efficient activa-
tion of the early adenovirus genes. The importance of the
13S unique region for efficient activation of adenovirus early
genes is further emphasized by the demonstration that single
amino acid changes in the 13S unique region severely impair
the ability of the ElA region to activate adenovirus early
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genes (13). Other evidence indicates that the 12S product
actually does contain a significant ability to transactivate
adenovirus early genes (11, 31, 60). No mutations have been
obtained which specifically impair the immortalization func-
tion of the ElA products, so the question is still unresolved
whether the transformation and early adenovirus gene
transactivating functions are separable in the ElA products.
To learn more about the relationship between the trans-

formation and early adenovirus gene transactivation func-
tions of the 12S and 13S ElA cDNA products, we con-
structed deletion and point mutations. Our results indicate
that deletion of the amino acids from positions 86 through
120 has little effect on the lytic or transforming functions of
the ElA products, while deletion of the amino acids from
positions 121 through 150 significantly impairs both func-
tions. The sensitivity of the transformation function to
alterations in the region from amino acid position 121 to 150
is further indicated by the impairment of transforming activ-
ity that results from point mutations altering amino acids at
positions 124 and 135. Most interestingly, our results indi-
cate that severe impairment of the transformation functions
can occur without impairment of the early adenovirus gene
activating functions. Conversely, missense mutations which
severely impair the ability of the 13S product to activate
early adenovirus genes do not appear to impair its transfor-
mation function.

MATERIALS AND METHODS

Cells and viruses. Monolayer cultures of cell lines 293 (19)
and HeLa were grown in Dulbecco modified Eagle medium
supplemented with 10% calf serum, streptomycin (100
,ug/ml), and penicillin (100 ,ug/ml). Ad5dl309 (27) was prop-
agated on HeLa monolayers. New viruses were constructed
as described previously'(36, 51). Mutant viruses were iden-
tified by restriction digest analysis and dot-blot hybridiza-
tion. AdSdl312 (27) and the new ElA mutant and cDNA
viruses were propagated on 293 cells. AdSdl309 and
AdSdl312 were kindly provided by T. Shenk. Viral infections
and titrations were performed essentially as described pre-

3470



IDENTIFICATION OF SEPARATE DOMAINS OF ACTIVITY IN ElA

Lu-ico) C
I

H H

U)
mCD
ODC\J
OC\j
(0(0

II

H
H H 0

o) 2 x-a) 0 E1
z 0m s
O (so O_ 2nOD IIC,
I 1

(13S) 289AA [

140 185
(12S)243AA [

NCdl [

CXdl :

86 120

121 150

928CYS GGL
961 GLU-)L

124 135 173176

e lII
viJ LL hr3 MET-- LYS

-YS I ' hr4 LEU*PHE

FIG. 1. Schematic representation of mutant products of the ElA region. Nucleotide positions of the 12S and 13S splice junctions and of
selected restriction sites are indicated in the top line. The positions of ElA mutants discussed in the text are indicated by amino acid (AA)
position numbers. All amino acid position numbers refer to the position as it would occur in the 289-amino acid product. The E1A-CXdl
mutation deletes the 12S splice donor. Several of the mutants were constructed in one or more ElA cDNA products as described in the text.
Positions of the hr3 and hr4 mutations were obtained from reference 13. The locations of the splice sites for the ElA 13S and 12S mRNAs
are from reference 39.

viously (59) except that MgCl2 was omitted for plaque assays

on 293 cells.
Construction of mutations. (i) Wild-type cDNA plasmids.

To remove most of the E1B sequences, the EcoRI-to-PstI
region (the locations of selected restriction sites in the ElA
region are indicated in Fig. 1) of pLAl (53) and the EcoRI-
to-SstI region of pLE13S and pLE12S (36) were subcloned
into pUC18 to make plasmids pElA-WT, pl3S-WT, and
pl2S-WT, respectively.

(ii) In-frame deletion mutations. pMTElA (63) was di-
gested with ClaI and XmaI (all restriction enzymes used
were obtained from New England BioLabs, Inc., Beverly,
Mass.). The single-stranded ends were filled in and joined by
using Escherichia coli DNA polymerase large fragment and
T4 DNA ligase (New England BioLabs). After transfection
into CaC12-competent E. coli cells, purified DNA from
single-colony isolates showing an appropriate mutant restric-
tion digest pattern was transferred to M13 and sequenced by
the dideoxy method (44) to confirm that the deletion was in
frame. The resultant plasmid was designated pMTElA-
CXdl. The BstXI fragment of pMTElA-CXdl was substi-
tuted for the wild-type BstXI fragment of pLA1 to make
plasmid pLECXdl, and the adenovirus EcoRI-to-PstI frag-
ment of pLECXdl was subcloned into pUC118 to make
plasmid pElA-CXdl. The NaeI-to-ClaI fragment of pElA-
WT was excised in the manner just described to form the
plasmid pElA-NCdl. The sequence of the new junction in
this mutation was also confirmed by dideoxy sequencing in
M13.

(iii) Oligonucleotide-directed synthesis of single point muta-
tions. The HindIII-to-PstI or HindIII-to-BamHI region (both
fragments extend from base pair 498 to base pair 1830) of

pMT13S and pMTEB12S (63), respectively, were subcloned
into M13mp8 and M13mp9 (61) to make substrates for
mutagenesis. The mutagenesis procedure has been described
previously (64). For the 961 mutation, a 17-mer complemen-
tary to the coding strand of ElA from nucleotides 950 to 966
with a single noncomplementary base at position 961 was

synthesized (on an Applied Biosystems 380-A DNA synthe-
sizer). It was then annealed along with the M13 universal
primer to 12S and 13S M13 templates, extended, ligated, and
transfected into E. coli JM107 (61). Individual plaques were

cultured, and the M13 bacteriophage DNA was screened by
dot-blot hybridization to 32P-end-labeled mutant oligonucle-
otide. Positive isolates were plaque purified again and
rescreened. Single-stranded DNA from the positive isolates
was sequenced to confirm the mutation. Restriction digest
fragments of replicative form DNA containing the mutant
sequence were subcloned into wild-type ElA plasmids. The
PvuII-to-XbaI fragment of M13-12S-961 was subcloned into
pMTElA to make pMT12S-961, from which the ClaI-to-
XbaI fragment was subcloned into pLAl to make pLE12S-
961, from which the EcoRI-to-PstI fragment was subcloned
into pUC118 to make pl2S-961. The NaeI-to-AccI fragment
of M13-13S-961 was subcloned into an ElA plasmid from
which the ClaI-to-XbaI fragment was subcloned into pElA-
WT to make pElA-961.
The 928 mutation was made in a similar manner. A 19-mer

made complementary to the noncoding strand of ElA from
nucleotides 919 to 937 with a single noncomplementary base
at position 928 was used to direct the synthesis of
M13-13S-928. An NaeI-to-AccI replicative form DNA frag-
ment containing the 928 mutation was subcloned into an ElA
plasmid from which the ClaI-to-PstI fragment was subcloned
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into pElA-WT to make pElA-928. The BstXI fragment of
pElA-928 was substituted for the wild-type BstXI fragment
of pl2S-WT to make pl2S-928. The AccI-to-PstI fragment of
pMT13S was substituted for the AccI-to-PstI fragment of
pElA-928 to make p13S-928.

In all cases the mutation in the final plasmid was confirmed
by sequencing in M13 or pUC118. The entire region of the
final plasmid originally derived from the mutated M13 sub-
strate rather than from other wild-type plasmids was se-
quenced to ensure the absence of secondary mutations.

(iv) pl3S-hr3 and pl3S-hr4. The EcoRI-to-PstI regions of
pHR3 and pHR4 (13) were subcloned into pUC118. The
AccI-to-PstI fragment of pMT13S was substituted into each
of these plasmids to make pl3S-hr3 and pl3S-hr4.

Transient expression assay of chloramphenicol acetyltrans-
ferase (cat) activity. Transfections were carried out by a
modified calcium phosphate coprecipitation technique (18,
58) as described previously (36). Cells were harvested 36 to
48 h later and assayed for cat activity (15, modified in
reference 57), with the further modification that half of the
lysate resulting from a 6-cm plate was incubated with 0.1 XCi
of [14C]chloramphenicol (approximately 40 mCi/mmol; New
England Nuclear Corp., Boston, Mass.), 48 [l of distilled
water, and 1 ,ul of 40 mM acetyl-coenzyme A (Sigma
Chemical Co., St. Louis, Mo.). The extent of conversion of
chloramphenicol to its acetylated forms was quantitated by
cutting the respective spots from the thin-layer chromatog-
raphy plates for assay by liquid scintillation spectroscopy.

Transformation of primary baby rat kidney cells. Primary
baby rat kidney (BRK) cells were prepared as described
previously (36) by collagenase-dispase (Boehringer Mann-
heim Biochemicals, Indianapolis, Ind.) treatment of kidneys
from 6-day-old Fisher rats. A total of 3 x 105 to 5 x 105 cells
per 60-mm dish were plated 2 days before infection. Cells
were fixed with methanol-acetone (1:1 vol/vol) and stained
with 10% Giemsa 3 to 4 weeks postinfection.

Transfection of primary baby rat kidney cells. Cells were
prepared as described above for the transformation assay.
For transfection, cells were given fresh medium 2 days after
plating and transfected approximately 4 h later. T24 H-ras
plasmid (10, 14) DNA (4 jig), 8 ,ug of the ElA plasmid to be
tested, and 80 ,ug of high-molecular-weight salmon sperm
DNA (Sigma) were precipitated with calcium phosphate and
distributed evenly among eight 60-mm BRK plates. The
plates were incubated at 37°C overnight, and then the cells
were fed to remove excess precipitate. Cells were fed twice
weekly, and foci were counted 3 to 4 weeks posttransfec-
tion.

Analysis of virus late proteins. HeLa cells infected at a
multiplicity of 1 PFU per cell were labeled for 1 h before
harvesting with 20 ,uCi of [35S]methionine (New England
Nuclear Corp.) in Dulbecco modified Eagle medium minus
methionine per 6-cm plate. Cells were lysed in boiling 20%
glycerol-1.5 M 3-mercaptoethanol-6% Sodium dodecyl sul-
fate-0.125 M Tris hydrochloride (pH 6.8) and drawn through
an 18-gauge needle. Samples corresponding to approxi-
mately 5 x 104 cells were resolved by electrophoresis
through 12.5% SDS-polyacrylamide gels and processed for
fluorography.
Western analysis of viral proteins. Protein extracts were

prepared 16 h postinfection from cultures of primary BRK
cells infected as described below at a multiplicity of 25 PFU
per cell. Infected cells were lysed in RIPA buffer (1%
Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris
[pH 7.4], 150 mM NaCl). RIPA lysate supernatants corre-
sponding to approximately 5 x 105 cells were separated in

10% SDS-polyacrylamide gels, electrophoretically trans-
ferred to nitrocellulose (54), and incubated with anti-trpE
EIA fusion protein antibodies (49). The immune complexes
were detected with 125I-labeled protein A (New England
Nuclear Corp.).

Immunoprecipitation and two-dimensional gel electrophore-
sis. BRK cells infected at a multiplicity of 25 PFU per cell
were labeled from 12 to 14 h post infection with 300 ,uCi of
[35S]methionine in Dulbecco modified Eagle medium minus
methionine per 6-cm plate. Infected cells were lysed in RIPA
buffer and precleared with IgG-Sorb (The Enzyme Center,
Boston, Mass.); cleared lysates were absorbed with anti-
ElA-trpE fusion protein mouse monoclonal antibodies, se-
ries M73 (21), and precipitated on protein A-Sepharose
(Pharmacia Uppsala, Sweden). Immune complexes were
solubilized in isoelectric focusing buffer (0.3% SDS, 9.95 M
urea, 4% Nonidet P-40, 2% ampholytes, 100 mM dithiothrei-
tol). The electrophoretic procedures were performed as
described previously (12, 38). Gels contained LKB pH 3.5 to
10 ampholytes in the first dimension and 10% acrylamide in
the second dimension.

RESULTS

Deletion mutations. Our previous experiments (36, 63) and
those of others (20, 34) have indicated that although the 12S
cDNA product (243R) of the ElA gene has little of the
adenovirus early gene-activating function found in the 13S
cDNA ElA product (289R), it does have a very active
immortalization function. To learn more about the relation-
ship between the transformation and early adenovirus gene
transactivation functions of the 12S and 13S products, we
constructed deletion and point mutations. In particular, we
were interested to know what effect, if any, impairment of
the transformation functions would have on the early ade-
novirus gene transactivation activity of the ElA products.
We have shown (63) that a plasmid carrying the ElA

region of the mutant virus hr-A (46), which expresses only
the N-terminal 140 amino acids of the 289R product, 139 of
which are common to the 243R product, is able to cooperate
with the ras oncogene to transform primary BRK cells in
culture. This result suggested that the active site for at least
this aspect of the transformation functions is located in the
N-terminal exon common to the 12S and 13S products. We
constructed in-frame deletion mutants in this region to define
the active site further.
An ElA restriction fragment extending from the NaeI site

located at base pair 810 to the ClaI site located at base pair
916 was removed to create the plasmid pElA-NCdl. Re-
moval of these nucleotide sequences is predicted to result in
the deletion of 35 amino acids, from amino acid positions 86
through 120 in the ElA region (Fig. 1).
Another in-frame deletion mutant plasmid, pElA-CXdl,

was constructed by removing a restriction fragment extend-
ing from the ClaI site at base pair 916 to the XmaI site at base
pair 1006. Removal of this fragment is predicted to result in
the deletion of 29 amino acids from positions 121 through 150
in the ElA region. (A new codon for alanine is created by the
new nucleotide junction; an alanine previously occurred at
position 127.) The nucleotide deletion also includes the
donor splice site for the 12S cDNA product, so the mutant
would be expected to produce only the 13S product.
These mutant plasmids, pElA-NCdl and pElA-CXdl,

were each assayed for the ability to cooperate with the ras
oncogene to transform primary BRK cells in culture. Com-
plementation of the ras oncogene is a very sensitive assay

MOL. CELL. BIOL.
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TABLE 1. Focus formation on primary cultured BRK cells:
cotransfection of ElA mutant plasmids with the ras oncogene

No. of foci in expt:
Plasmids

1 2 3 4 5 6 7

H-ras + pE1A-WT 53 104 44 61 33 75 49
H-ras + p12S-WT 89 104 26 86
H-ras + pl3S-WT 16 30 19 14 18
H-ras + pElA-NCdl 28 34 18 15
H-ras + pElA-CXdl 0 0 0
H-ras + pElA-961 5 15 12
H-ras + pElA-928 1 1 0
H-ras + pl3S-928 0 0 0
H-ras + p13S-hr3 30 48
H-ras + p13S-hr4 21 48
H-ras + pUC18 0 0 0 0 0 0 0

for ElA transformation functions, and since expression of
the ras gene does not appear to be dependent on the ElA
products, use of this assay enables the transformation func-
tions of the ElA products to be assayed in a system which
does not depend on the ability of the ElA products to
activate other early adenovirus genes such as E1B. The
characteristics of cultured primary BRK cells transformed
by the individual ElA cDNA products plus the ras oncogene
have been described previously (63).
The results shown in Table 1 indicate that pElA-NCdl is

still very active in its ability to complement the ras gene,
although its activity is reduced about 2.5-fold from that of
the wild-type ElA plasmid. pElA-CXdl, however, is at least
15-fold impaired in its ability to cooperate with the ras gene
to induce transformation of primary BRK cells, even when
its complementation ability is compared with that of the 13S
cDNA product, which typically induces about a third as
many foci as the wild-type ElA region.
The ability of the ElA-NCdl and ElA-CXdl mutant plas-

mids to activate expression from the early region 3 (E3)
adenovirus promoter was tested in HeLa cells in a transient
expression assay (57) in which expression of the bacterial
chloramphenicol acetyltransferase (cat) gene is dependent
on activation of the E3 promoter. pElA-NCdl activated
E3-cat as well as the wild-type ElA plasmid does, while
pE1A-CXdl had little ability to stimulate expression of
E3-cat (Fig. 2).
These results suggest that the transformation function is

particularly sensitive to alterations in the region of amino
acids from positions 121 to 139. Several studies (20, 34, 36,
52, 63) have indicated that the 13S unique region (amino acid
positions 140 through 185) is essential for the early adenovi-
rus gene activating function. The impairment of E3-cat-
stimulating activity in pElA-CXdl suggests that amino acids
between positions 121 and 139 are also important for this
activity. Amino acids from position 86 through 120 appear to
be dispensable, or nearly so, for both activities.

Point mutations. To obtain point mutations which might be
defective in transformation activity, we used oligonucleo-
tide-directed site-specific mutagenesis to change certain
amino acids in the region from positions 121 to 139. This
region of amino acids is highly conserved among the adeno-
virus serotypes (56) and includes a string of acidic amino
acids from positions 133 to 138. The c-myc oncogene con-
tains a similar stretch of acidic amino acids (40), and it has
been shown that the myc oncogene, like ElA, will comple-
ment the ras oncogene in transforming primary cells (30, 43).
Point mutations were introduced at base pair 928 (T to G) to
change the amino acid at position 124 from cysteine to

glycine and at base pair 961 (G to A) to change the acidic
amino acid at position 135 from glutamic acid to the basic
amino acid lysine (Fig. 1).
The resulting plasmids, pElA-928 and pElA-961, were

tested for their ability to cooperate with the ras oncogene to
transform primary BRK cells in culture. The results of these
experiments are included in Table 1. Plasmid pElA-928 is
about 50-fold less active than the wild type in the ability to
complement the ras gene; pElA-961 is also somewhat im-
paired in this ability, but only about fivefold. The ability of
these plasmids to activate adenovirus early genes was also
tested in the E3-cat transient expression assay. Both point
mutation plasmids had the ability to activate E3-cat expres-
sion (Fig. 2) to approximately the same level as wild-type
ElA. Thus, from the evidence of the 928 mutation in
particular, it appears that severe impairment of the transfor-
mation function of ElA products can occur without accom-
panying impairment of the early gene transactivation func-
tion.

Analysis of transformation function in 12S cDNA mutant
virus constructions. To study the transformation defect of the
928 and 961 point mutations more quantitatively, we rebuilt
the mutant plasmids into viruses. The transformation func-
tion of the 12S cDNA virus is particularly amenable to study
because this virus is not lytic and induces proliferation of
primary BRK cells in culture at very high efficiency as we
have described previously (36). The 928 and 961 mutations
were therefore introduced into 12S cDNA viruses. Figure 3
shows the ability of these viruses to induce proliferation of
primary BRK cells infected at various representative multi-
plicities. Both mutants were defective in this activity at all
multiplicities tested. At a mutiplicity of infection (MOI) of 2
PFU per cell, the number of proliferating foci induced by the
12S wild-type virus was 45-fold higher than the number
induced by the 12S-961 virus. The 12S-961 virus appeared to
be a little less defective relative to wild-type 12S virus when
both were infected at an MOI of 10 PFU per cell. The
12S-928 virus was more defective in this function than the
12S-961 virus. Infection with the 12S-928 virus or Ad5dl312,
like mock infection, had little effect on the quiescent layer of
primary cells, but failed to induce the more deeply staining
colonies of rapidly proliferating cells seen after infection
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FIG. 2. Transactivation by ElA of an adenovirus E3-promoted

chloramphenicol acetyltransferase (cat) gene. HeLa cells were
cotransfected with pKCAT23 (57) and pUC18 (lane 1), pElA-WT
(lane 2), pElA-NCdl (lane 3), pElA-CXdl (lane 4), pElA-928 (lane
5), pElA-961 (lane 6), p13S-WT (lane 7), pl3S-928 (lane 8), pl3S-hr3
(lane 9), or pl3S-hr4 (lane 10). Cell lysates were incubated with
[14C]chloramphenicol and acetyl-CoA and analyzed by thin-layer
chromatography to separate chloramphenicol (CM) from its acetyl-
ated forms (AC). In an average of at least three experiments,
including the ones illustrated, the measurement of cat activity was
8.3-fold and 9.7-fold higher after cotransfection with pElA-WT or
pl3S-WT, respectively, than after cotransfection with pUC18. The
ratios of mutant to wild-type activity were: pElA-NCdl, 1.35;
pElA-CXdl, 0.01; pElA-928, 1.24; pElA-961, 0.89; pl3S-928, 0.77;
pl3S-hr3, 0.01; pl3S-hr4, 0.10.
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FIG. 3. Immortalization of primary BRK cells by virus infection. Primary BRK cells from 6-day-old rats were infected with wild-type 12S

cDNA virus, 12S-961 virus, 12S-928 virus, ElA-CXdl virus, or Ad5dl312 virus at the MOI indicated in the figure or were mock infected. Cells
were incubated at 37°C in Dulbecco modified Eagle medium plus 5% fetal calf serum. The medium was changed twice weekly, and plates were
stained with 10% Giemsa 3 weeks postinfection.

with the wild-type 12S virus. The difference in the number of
foci induced by the 12S wild type and the 12S-928 viruses
was much greater than 100-fold, even at an MOI of 50.

Analysis of lytic functions in ElA mutant virus construc-
tions. To determine whether an impairment in the lytic
functions accompanies the transformation defect but is not
revealed by the E3-cat transient expression assay, the
ElA-928 mutation was also rebuilt into a whole virus. The
plaque-forming ability of the wild-type and ElA-928 viruses
was compared in HeLa and 293 cells, and the results are
shown in Table 2. The ElA-928 mutant virus, like wild-type

TABLE 2. Plaque-forming ability of mutant viruses

Virus Infectivity (PFU/ml)
293 HeLa

Ad5dl309 1.7 x 109 6.8 x 108
ElA-NCdl 1.2 x 109 3.2 x 108
ElA-CXdl 3.2 x 109 3.6 x 106
ElA-928 3.4 x 108 1.1 x 108
12S-WT 1.4 x 108 3.7 x 104
12S-928 3.7 x 108 1.8 x 105
12S-961 1.0 x 108 1.8 x 105
Ad5dl312 4.9 x 108 1.7 x 104

Ad5dl309 virus, formed plaques as well on HeLa cells as on
293 cells. The plaque-forming ability of the 12S cDNA
mutant viruses is also shown in Table 2. Both the 12S-961
and 12S 928 viruses, like the wild-type 12S cDNA virus,
were defective for plaque formation in HeLa cells relative to
293 cells.
The growth properties of the ElA-928 virus were also

studied by analysis of the appearance of virus late proteins
during infection of HeLa cells. The results (Fig. 4) indicate
that the relative levels of expression of late proteins at 24,
36, and 48 h postinfection are the same during ElA-928 virus
infection as during wild-type virus infection. Neither the
plaque-forming ability nor the course of infection indicated
by the level or time of appearance of virus late proteins
appeared to be affected by the existence of the 928 point
mutation, even though this mutation severely affects the
transformation properties of the ElA gene.
The plasmids pElA-NCdl and pElA-CXdl were also re-

built into whole virus to determine whether the deleted
amino acid region, from positions 86 through 120, is com-
pletely dispensable for the lytic functions of the virus in
HeLa cells and to determine the effect of these deletions on
the stability of the ElA proteins (see below). In Table 2 the
plaque-forming ability of the wild-type, ElA-NCdl, and
ElA-CXdl viruses is compared in HeLa and 293 cells. The
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FIG. 4. Analysis of virus late proteins. HeLa cells infected at a multiplicity of 1 PFU per cell with Ad5dl309 virus (lanes 1, 6, and 11),
ElA-928 virus (lanes 2, 7, and 12), ElA-NCdl virus (lanes 3, 8, and 13), ElA-CXdl virus (lanes 4, 9, and 14), or Ad5dl312 virus (lanes 5, 10,
and 15) were labeled with [35S]methionine in methionine-free Dulbecco modified Eagle medium for 1 h before being harvested at the times
indicated in the figure. Samples were lysed and resolved by electrophoresis through 15% SDS-polyacrylamide gels. Numbers on the right
indicate kilodaltons.

E1A-CXdl virus was defective for plaque formation in HeLa
cells relative to 293 cells. The ElA-NCdl mutant virus, like
wild-type Ad5dl309 virus, formed plaques with approxi-
mately the same efficiency on HeLa cells as on 293 cells,
indicating that the amino acid region from positions 86
through 120 is not essential for lytic growth of the virus. The
production of late proteins was also measured during infec-
tion ofHeLa cells with the ElA-NCdl and E1A-CXdl mutant
viruses (Fig. 4). The time of appearance of virus late proteins
did not appear to be greatly affected by the presence of the
NC deletion, again indicating that amino acids 86 through
120 are nearly dispensable for virus lytic functions in HeLa
cells. No virus-specific late proteins were detected during
infection with the E1A-CXdl virus.

Infection with either ElA-928 or ElA-NCdl virus, as with
wild-type Ad5dl309 or 13S virus (36) was cytotoxic to
primary cultured BRK cells. The E1A-CXdl virus, although
less cytotoxic than Ad5dl309 or 13S virus, failed to induce
immortalized foci on BRK cells (Fig. 3).

13S cDNA point mutations. Since the ElA-928 plasmid is
far less efficient than the 13S wild-type cDNA plasmid in
complementing the transforming functions of the ras
oncogene (Table 1), the results with the ElA-928 mutation
imply that transformation functions are lost in both the 13S
and 12S cDNA products, while the transactivation function
of the 13S cDNA product is unaffected. This implication was
tested directly with the construction of a 13S-928 cDNA
plasmid. This plasmid was able to activate E3-cat expression
(Fig. 2), but failed to complement the ras oncogene to induce
transformation of primary BRK cells in culture (Table 1).

Analysis of the ElA cDNA products has indicated that the
loss of the 13S unique region, converting the 13S product to
the 12S product, results in the impairment of transactivating
activity but not in the impairment of certain transformation
activities (20, 34, 36, 63). The 13S product has some of the

same transformation activities seen in the 12S product (20,
25, 34, 63), but it is not known whether the transformation
activity seen in the 13S product is dependent on its
transactivation function. To discover whether loss of
transactivation activity in the 13S product can occur without
loss of transformation activities, we converted two host-
range mutants containing point mutations in the 13S unique
region to 13S cDNA plasmids so that transformation and
transactivation functions could be measured in the absence
of the 12S ElA product. The ElA products of Ad5-hr3 and
Ad5-hr4 (13, 22) have previously been shown to be defective
for the activation of virus lytic functions (22) and for the
induction of E3-cat expression (13). These mutant viruses,
like the 12S virus, have partial transformation activities (16).
The loss of full expression of adenovirus transformation
activity probably results, at least in part, from diminished
expression of the E1B region owing to impairment of the
ElA early virus gene transactivation function. The relative
contributions of the wild-type 12S product and the mutant
13S products to the remaining transformation activity cannot
be distinguished with the genomic E1A-hr3 and E1A-hr4
constructs. Therefore, we substituted a 13S cDNA junction
into plasmids (13) containing the ElA region of Ad5-hr3 and
Ad5-hr4 to make plasmids p13S-hr3 and pl3S-hr4. Both of
these plasmids were impaired for the activation of E3-cat
(Fig. 2) but were at least as active as the wild-type 13S
product in the ability to complement the ras oncogene to
induce stable transformation ofprimary BRK cells (Table 1).

Analysis of mutant ElA proteins. To determine whether
the reduced transforming activity of the 961 and 928 muta-
tions results from reduced cellular levels of the mutant
poteins during BRK cell infection, we assayed the levels of
wild-type and mutant proteins by Western analysis of in-
fected primary BRK cells. The results are shown in Fig. 5.
Both the 928 and 961 mutant proteins expressed from the 12S
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cDNA viruses and the full-length ElA virus were detected in
amounts similar to those expressed from their respective
wild-type counterparts. The cellular levels of the proteins
produced from the ElA-NCdl and ElA-CXdl viruses were
also assayed and found to be similar to the levels produced
by wild-type Ad5dl309 virus. The 928 and 961 mutant
proteins migrated indistinguishably from the corresponding
wild-type proteins through SDS-polyacrylamide gels. The
protein products of the ElA region migrated much slower
than expected from their predicted molecular weights (8, 9,
45), and this difference may be due in part to posttransla-
tional modifications. However, if the transformation activity
observed in the 12S-961 and 12S-928 mutant viruses is
associated with any difference in protein modification, this
effect is not detectable as an alteration in the rate of
migration of the proteins in one-dimensional gels.
As expected, the proteins produced from the ElA-NCdl

and the E1A-CXdl viruses migrated faster than the protein
products of the wild-type virus. The major ElA product of
the E1A-CXdl virus migrated faster than the larger product
of the ElA-NCdl virus, although the deletion in ElA-CXdl
(29 amino acids) is smaller than that in EIA-NCdl (35 amino
acids). The ElA products of both the ElA-NCdl and E1A-
CXdl viruses were immunoprecipitable with monoclonal
antibodies (21) which recognize a site coded by exon 2 of the
ElA gene (Fig. 6), verifying that these mutations are in
frame. The same immunoprecipitation pattern (not shown)
was obtained with antiserum (ElA-Cl serum; 62) raised
against a synthetic peptide corresponding to the predicted
carboxy terminus of the ElA products.

Proteins precipitated with monoclonal antibodies directed
against the ElA proteins present a complex pattern on
two-dimensional gels (21). The ElA proteins produced from
the ElA-928 and the 12S-928 mutant viruses during infection
of primary BRK cells were analyzed by two-dimensional gel
electrophoresis of monoclonal antibody-precipitated sam-
ples. The significance of the large number of polypeptide
products separated on the two-dimensional gels is not
known, but the only difference apparent between the pattern
produced by the mutant proteins and that produced by the
corresponding wild-type proteins was the intensity of the
lowest-molecular-weight product detected in the genomic
ElA constructs (Fig. 7). The ElA products of the hr3 and

A B
2 3 4 5 6 7 8 2 3 4 5

FIG. 5. Western analysis of mutant ElA proteins in virus-
infected BRK cells. Protein extracts from BRK cells infected at an

MOI of 25 PFU per cell were prepared 16 h postinfection, separated
in 10% SDS-polyacrylamide gels, transferred to nitrocellulose, and
incubated with anti-trpE-ElA fusion protein antibodies (49). (A)
Lanes: 1, mock; 2, Ad5dl309; 3, ElA-928; 4, ElA-NCdl; 5, 13S-WT;
6, 12S-WT; 7, 12S-928; 8, 12S-961. (B) Lanes: 1, mock; 2 and 4,
ElA-CXdl; 3, AdSdl3O9; 5, ElA-NCdl.
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FIG. 6. Immunoprecipitation of ElA deletion mutant products in
virus-infected BRK cells. Protein extracts from BRK cells infected
at an MOI of 25 PFU per cell with wild-type or mutant viruses as
indicated in the figure were labeled with [35S]methionine in methio-
nine-free medium for 2 h before harvesting, absorbed with anti-trpE-
ElA fusion protein mouse monoclonal antibodies, series 73 (21),
precipitated on protein A-sepharose, and separated in 10% SDS-
polyacrylamide gels. Numbers on the right indicate kilodaltons.

hr4 viruses have also been analyzed by one-dimensional and
two-dimensional gel electrophoresis (41, 42) and were not
detectably different from wild type.

DISCUSSION

The products of the ElA region have both transformation
activity in nonpermissive or semipermissive rodent cells and
the ability to transcriptionally activate the products of the
adenovirus genome during productive infection of permis-
sive human cells. To better understand the relationship
between these activities, we attempted to analyze the func-
tional regions of the ElA products by constructing deletion
and single point mutations in the ElA region. We also
further analyzed certain missense mutations by rebuilding
them into ElA cDNA products.
Our results indicate that a region of 35 amino acids

(approximately 12% of the 289R product or 14% of the 243R
product) from positions 86 through 120 can be deleted
without severely impairing either the transactivation func-
tion or the ras oncogene complementation function. A
similar, but smaller, in-frame deletion of 16 amino acids from
positions 101 through 116 has also recently been shown not
to impair virus growth (23).
Our results also indicate that deletion of the region of 29

amino acids from positions 121 through 150 of the 289R
product severely impairs both the transactivation function
and the ability to complement the ras gene in transformation.
The same mutation, independently constructed in a 13S
cDNA product and prepared as purified protein from an E.
coli expression vector, has recently been shown to be
deficient in the transactivation function, measured as the
ability to complement Ad5dl312 in an ElA protein
microinjection assay in Vero cells (29). This report also
demonstrated that deletion or alteration of amino acids from
position 222 to the carboxy terminus barely reduces the
ability of the 13S product to complement Ad5dl312, while
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FIG. 7. Two-dimensional gel analysis of mutant ElA proteins. Immune complexes prepared as described in the legend to Fig. 6 were
separated on gels containing pH 3.5 to 10 ampholytes in the first dimension and 10% acrylamide in the second dimension. Only the ElA
product region of the gels is illustrated. (A) Ad5dl309; (B) 12S-WT; (C) 13S-WT; (D) ElA-928; (E) 12S-928; (F) mock.

deletion or alteration of amino acids from position 150 to the
carboxy terminus markedly impairs complementation of
Ad5dl312, further supporting the implication that the region
of amino acids from positions 121 through 185 includes the
functional domain for the early adenovirus gene transactiva-
tion activity. Three missense mutations have recently been
identified, occurring toward the carboxy end of this region
(at amino acid positions 173, 176, and 185), which severely
impair the transactivation function (13, 22). We recon-
structed two of these mutations into 13S cDNA plasmids and
demonstrated that these missense mutations do not impair
the ability of these plasmids to induce immortalized foci
when cotransfected with the ras oncogene into primary BRK
cells.
The results presented here further distinguish the areas of

function toward the N terminus of the region extending from
positions 121 through 185. Interestingly, a degree of homol-
ogy was noted between the amino acid sequences of other
genes associated with immortalization and the sequence of
the ElA products in the region approximately bounded by

positions 121 to 150. Besides being highly conserved among
different adenovirus serotypes (56), this region shows some
degree of homology with the myc oncogene (40) and with
polyomavirus large T antigens (50). The cellular tumor
antigen p53 and the myc oncogene also have homologous
sequences which overlap the region of homology between
myc and ElA (3).

It has been demonstrated previously (20, 25, 34, 63) that
deletion of amino acids from positions 140 through 185 (the
difference between the 13S and 12S cDNA products) leaves
intact at least some aspects of the transformation functions.
We show here that deletion of amino acids 121 through 150
impairs the transformation functions as well as the
transactivation functions, but we also show that it is possible
to make a specific missense mutation in this region which
impairs the transformation function while having no discern-
able effect on the transactivation function. In particular, the
928 point mutation, changing the cysteine at position 124 to
glycine, is markedly defective in transformation activity
when measured either as the ability to complement the ras
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oncogene or as the ability of a 12S cDNA virus to induce
rapid cell proliferation. However, this point mutation does
not impair the ability of adenovirus to grow in HeLa cells or
to express late proteins with the same kinetics as wild-type
virus. This mutation also does not impair the ability of an
ElA or 13S cDNA ElA plasmid to transactivate E3-cat
transiently in HeLa cells. Since the 928 mutation does not
impair virus lytic growth in HeLa cells, the question arises
whether the functions affected by the 928 mutation normally
play a role in productive infection. One possibility is that
these functions help promote viral replication in quiescent
human cells as has been suggested for the 12S ElA product
(34, 48).
The phenotype of the 961 mutation is intermediate to that

of the 928 mutation. The 961 mutation results in a fivefold
loss of activity in the ras oncogene complementation assay
with little loss in E3-cat transactivation activity. The 961
mutation shows a greater transformation defect (about 45-
fold) in the 12S virus assay in primary BRK cells. The
difference in these assays may be due to the relatively high
copy number per cell that presumably occurs when genes are
introduced into the cell by transfection rather than by
infection; the 12S-961 virus appears to be less defective at
higher MOIs. It is possible that the NCdl mutation might also
show a more extensive transformation defect in a 12S virus
assay than the two- to threefold more reduction seen in the
ras cooperation assay.
Our results indicate that the ElA protein products con-

taining the 928 and 961 point mutations are stable and have
the same migration rate as their wild-type counterparts in
one-dimensional SDS-polyacrylamide gels. We also exam-
ined the cellular localization patterns of the 12S-928 and
12S-961 mutant virus ElA products. Indirect immunofluo-
rescence assays in HeLa cells (data not shown) indicate that
the ElA products of both mutants localize to the nucleus
indistinguishably from the wild-type 12S product. The ElA
12S and 13S protein products each appear as two major
forms on one-dimensional gels (8, 9, 45) (Fig. 5 and 6). We
identified two amino acids which impair at least one ElA
region function, but neither of these missense mutations
appears to affect the ability of the ElA products to reach the
higher-apparent-molecular-weight forms. The predicted de-
letions in the NCdl and CXdl 13S products (35 and 29 amino
acids, respectively) are less than the difference between the
12S and 13S products (46 amino acids), yet the largest forms
of both the NCdl and CXdl products migrate faster than the
largest form of the wild-type 12S product, and the CXdl
product migrates faster than the largest NCdl product.
Perhaps amino acids between positions 85 and 150 are
required for formation of the higher-molecular-weight prod-
ucts, but in this case formation of the higher-molecular-
weight products is not required for the functions expressed
by the NCdl mutant. The difference in migration rates
between the NCdl and CXdl products cannot be explained
by a greater proline composition in the smaller deletion, as 9
of the 35 amino acids deleted in the NCdl mutation are
proline residues while proline accounts for only 3 of the 29
amino acids deleted in the CXdl mutation.
The existence of 13S ElA products such as 13S-928 and

13S-hr3 with single point mutations which selectively impair
either the transformation functions assayed in the ras
oncogene complementation assay or the ability to transacti-
vate other early adenovirus genes argues that these are
independent activities with different domains in the 13S
product. Both activities may involve transactivation, possi-
bly via transcriptional control, since immortalization of

primary cells certainly involves the activation of some
cellular products. However, cellular products activated at
the onset of immortalization may represent a different set of
target genes from those such as the adenovirus early genes
whose activation is impaired by the hr3 or hr4 mutation. An
example of such a cellular product may be proliferating cell
nuclear antigen, a protein associated with proliferation of
normal and transformed cells (reference 4 and references
therein). We found that the level of immunoprecipitable
proliferating cell nuclear antigen is very small in uninfected
primary BRK cells in culture but rises sharply within 9 h
after infection with either 12S or 13S virus, whereas the level
of adenovirus 72,000-molecular-weight DNA-binding protein
increases sharply in this time during 13S virus infection, but
not during 12S virus infection (B. Zerler, R. J. Roberts,
M. B. Mathews, and E. Moran, submitted for publication).
We have recently expressed the ElA cDNA products in

yeast cells and are continuing to study the structure and
function relationships of the mutant and wild-type ElA
products using purified proteins from yeast and mammalian
cells.
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