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Adenovirus E1A transforming function requires two distinct regions of the protein. Transforming activity is
closely linked with the presence of a region designated conserved domain 2 and the ability of this region to bind
the product of the cellular retinoblastoma tumor suppressor gene. We have investigated the biological
properties of the second transforming region of E1A, which is located near the N terminus. Transformation-
defective mutants containing deletions in the N terminus (deletion of residues between amino acids 2 and 36)
were deficient in the ability to induce DNA synthesis and repress insulin enhancer-stimulated activity. The
function of the N-terminal region correlated closely with binding of the 300-kilodalton E1A-associated protein
and not with binding of the retinoblastoma protein. These results indicate that transformation by ElA is
mediated by two functionally independent regions of the protein which interact with different specific cellular
proteins and suggest that the 300-kilodalton E1A-associated protein plays a major role in E1A-mediated cell

growth control mechanisms.

The adenovirus E1A gene products are the major tran-
scriptional regulators synthesized early during infection.
These proteins mediate both the transcriptional activation of
virus early promoters and the inhibition of enhancer-stimu-
lated transcription (1, 2, 17, 21, 26, 35, 44, 51, 53). The E1A
proteins are also sufficient to establish an extended growth
potential in primary cells (18, 39) and are able to cooperate
with the products of second oncogenes such as the adeno-
virus E1B gene or an activated ras gene product to induce a
more fully transformed phenotype in primary cells (11, 39,
43, 49).

The techniques of in vitro mutagenesis have facilitated the
localization of some of these biological functions to specific
regions in the E1A protein products (reviewed in reference
33). This analysis has been aided by the availability of
sequence information for the E1A genes from a variety of
adenovirus serotypes (23, 50), which encode proteins con-
taining three distinct regions of highly conserved amino acid
sequence termed conserved domains 1, 2, and 3. The loca-
tion of these regions in the E1A proteins is illustrated
schematically in Fig. 1.

Conserved domain 3 distinguishes the larger of the two
major (13S and 12S) early E1A mRNA products. It is closely
associated with the function required for activation of other
virus transcription units (3, 12, 19, 28, 29, 32, 47) and is
dispensable for E1A transforming functions (14, 29, 60) as
well as enhancer inhibition functions (2, 51).

Conserved domain 2 is required for E1A transformation
functions (20, 25, 27, 33, 34, 41). This domain appears to
constitute a discrete structural and genetic unit common to
the transforming proteins of several divergent classes of
DNA tumor viruses (10, 31, 36). The transforming function
of domain 2 and its homologs appears to derive from their
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capacity to bind the approximately 105-kilodalton (kDa)
product of the retinoblastoma (RB) tumor susceptibility gene
4,7, 31, 55).

Although domain 2 plays an essential role in E1A trans-
forming functions, it is not sufficient for these functions. A
second region N-terminally distal from and not contiguous
with domain 2 is also required for transformation activity in
primary cells (20, 30, 41, 42, 46, 56). Loss of transforming
activity resulting from deletion of the N-terminal region can
occur without tertiary disruption of domain 2 structure. The
evidence supporting this is the demonstration that an N-
terminal deletion peptide is able to cooperate in trans with a
domain 2 deletion peptide (30). This unusual trans-cooper-
ating activity supports the argument that each biologically
active region is functioning autonomously during transfor-
mation. If so, then conserved domain 2 and the N-terminal
region may mediate distinctly different biological activities
required in transformation.

To investigate whether the N-terminal transforming region
of the E1A products may mediate biological events distinct
from those associated with conserved domain 2, we con-
structed and analyzed a series of deletion mutants upstream
of domain 2 for their ability to transform primary BRK cells,
induce DNA synthesis, repress insulin enhancer-stimulated
transcription, and bind to E1A-associated cellular proteins.
Our results confirm the identification of a class of N-terminal
E1A transformation-defective mutants that retain the ability
to bind the 105-kDa RB gene product (8, 57). We show
further that these mutants are defective compared with
domain 2 mutants in their ability to induce DNA synthesis
and inhibit insulin enhancer-stimulated transcription. These
activities correlate with binding of a previously noted (16,
59) E1A-associated protein of 300 kDa. These results suggest
that the N-terminal region and conserved domain 2 play
essential but independent roles during E1A-mediated trans-
formation.



4422 STEIN ET AL.

TABLE 1. Focus formation on primary-cultured BRK cells

No. of foci from

Plasmid cotransfected 10 plates in Mean %
with pT24-H-ras expt no.: induced®
1 2
pE1A.WT 61 88 100
pE1A.81-120 22 36.1
pE1A.76-120 18 359
pE1A.73-120 27 39.4
pEl1A.51-116 39 51.9
pE1A.15-35 0 0 <1.5
pE1A.2-36 0 0 <1.5
pE1A.CXdI(121-150) 0 0 <1.5
pE1A.CXdI(121-150) + 28 22.7
pE1A.15-35
pE1A.CXdl(121-150) + 12 13.6
pE1A.2-36

2 Data are expressed as percentages of numbers of wild-type foci, as
described in Materials and Methods. Each mutant was assayed in at least
three independent experiments, including those whose results are shown here.

MATERIALS AND METHODS

Cells and viruses. Monolayer cultures of the 293, HeLa,
and HIT T-15 2.2.2 cell lines were maintained as described
previously (6, 32). All viruses were propagated on 293
monolayers. Ad5dI309 and AdSdI312 (22) were obtained
from T. Shenk. Primary BRK cells were prepared by colla-
genase-dispase (Boehringer Mannheim Biochemicals, India-
napolis, Ind.) treatment of kidneys from 6-day-old Fisher
rats.

Transformation assays. Cells were transfected 2 to 3 days
after plating as described previously (34). All transformation
assays were done in cooperation with pT24-H-ras originally
obtained from Fasano et al. (9). The trans-cooperation assay
has also been described previously (30). Results in Table 1
are indicated as percentages of wild-type activity. This is
derived from the ratio of the average number of foci per plate
in the test transfection to the average number of foci per
plate in a parallel transfection with a wild-type E1A plasmid.
All percentages represent the averaged results from at least
three independent experiments. The total number of wild-
type-induced foci in each experiment was in the range of 25
to 75. Several stable cell lines were grown out from individ-
ual foci induced by each mutant or combination of mutants
giving positive results, and the E1A protein products ex-
pressed were analyzed by immunoprecipitation. The lack of
detectable contaminating wild-type products and the pres-
ence of appropriate mutant products were verified by com-
parison with the products expressed in BRK cells infected
with the analogous mutant viruses as described previously
(30).

Construction of mutants. Mutant E1A.CXdl(121-150) has
been described previously (30, 34). The E1A mutants
pSVXL.124(153-289) and pSVE1A (wild type) were gener-
ously provided by Anna Velcich and have been described
elsewhere (52). The remaining mutants were generated by
“‘loop-out”’ mutagenesis (62) using synthetic oligonucleo-
tides ranging in length from 20 to 40 nucleotides. The
oligonucleotides were hybridized to single-stranded template
DNA generated from pUC118 vectors (containing a bacte-
riophage M13 origin of replication) grown in the presence of
M13 helper phage, in some cases according to the method of
Kunkel (24) to increase the efficiency of mutant isolation.
Restriction fragments containing the deletions were trans-
ferred by standard recombinant DNA techniques to a wild-
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type genomic E1A plasmid, pE1A.WT, and the coding
region of the entire transferred fragment was sequenced (40)
to verify that there were no second-site mutations. The
plasmids were named for the amino acid residues deleted:
pE1A.81-120, pE1A.76-120, etc. E1A mutant plasmids were
rebuilt into complete viruses as described previously (32).
The retention of the proper translation frame was verified by
nucleotide sequencing of the plasmids and by the demon-
stration that the expressed proteins maintain a monoclonal
antibody epitope (M73) near the C terminus.

Immunoprecipitations. Monolayer cell cultures (diameter,
6 cm) were incubated with 0.1 mCi of Tran[**S] label (ICN)
in methionine-free Dulbecco modified Eagle medium from 17
to 19 h postinfection. Immunoprecipitations were done as
described previously (16). Samples from equal numbers of
cells were loaded in each lane. The monoclonal antibodies
M73, pAB419, and C36 have been described previously (15,
16, 55) and were provided by E. Harlow.

DNA synthesis. Viral Hirt assays and [*H]thymidine (ICN)
incorporation experiments were done as described previ-
ously (61). The maximum standard deviation in these exper-
iments was 24%. '

Repression of insulin enhancer-stimulated activity. Trans-
fections were performed by the calcium phosphate precipi-
tation method described by Wigler et al. (58). Ten micro-
grams of total DNA containing 5 pg of the —700 CAT rat II
insulin enhancer expression plasmid (54) and 1.25 pg of
either an E1A expression plasmid or carrier DNA (pUC19)
was coprecipitated and added to a 100-mm monolayer of
HIT T-15 2.2.2 cells at 20 to 30% confluency. The precipi-
tates were removed 4 h later, and the cells were treated with
20% glycerol and Dulbecco modified Eagle medium for 2 min
before addition of fresh medium. Cells were harvested for
chloramphenicol acetyltransferase (CAT) assays 40 to 48 h
later. CAT enzymatic assays were performed as described
by Gorman et al. (13). The first-exon mutants with the
exception of pE1A.CXdI(121-150) were assayed as 12S
cDNA expression plasmids. The E1A.CXdIl(121-150) muta-
tion makes a 13S cDNA but deletes part of the 13S unique
region in addition to domain 2. The second-exon mutant,
pSVXL.124(153-289), is a genomic E1A expression plasmid
which expresses truncated versions of both the 12S and 13S
E1A mRNA products. The activities of the first-exon mu-
tants were compared with that of p12S.WT (34). The activ-
ities of pE1A.CXdI(121-150) and the second-exon mutant,
pSVXL.124(153-289), were compared with that of pPSVE1A
(45). Expression of the reporter plasmid was reduced by a
factor of 9 by p12S.WT and by a factor of S by pSVE1A.

RESULTS

N-terminal E1A sequences required for transformation ac-
tivity. We and others have shown that there are two regions
within the first exon of E1A that are required for transfor-
mation. One biologically active site corresponds closely with
the boundaries of the highly conserved sequences in domain
2 (Fig. 1). In an attempt to localize the active site in the
upstream E1A region, we have made a systematic series of
deletion mutants in the region upstream of domain 2. The
endpoints of the deletions are indicated in Fig. 1. These
mutant plasmids were assayed for biological activity in a ras
cotransformation assay.

The results (Table 1) show that a deletion extending from
residue 51 to residue 116 retains substantial transforming
activity. Smaller deletions extending from within conserved
domain 1 to the upstream border of domain 2 also retain
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FIG. 1. Summary of the structure of E1A mutants upstream of
domain 2. The E1A proteins () contain three domains of highly
conserved amino acid sequence alternating with less-conserved
regions. Conserved domains 1 and 2 occur in both of the major early
E1A splice products, while domain 3 is unique to the 13S product.
The numbers above the bars indicate the endpoints of various E1A
deletion mutants. The deleted regions are indicated (HER). All
deletions retain the original frame of translation. Amino acid posi-
tion numbers refer to the positions as they would occur in the 13S
product. WT, Wild type.

activity. In contrast, as shown before, a deletion removing
domain 2, pE1A.CXdl(121-150), shows almost no activity. In
addition to helping define sequences nonessential for trans-
formation, this analysis helps demonstrate the autonomy of
domain 2 structure and function. The critical residues for
domain 2 function begin at position 121. Each deletion in the
series in which residues 51 to 116, 73 to 120, 76 to 120, 81 to
120, and 86 to 120 are deleted introduces a different context
of protein sequence close or immediately adjacent to domain
2 yet does not seriously impair domain 2 function.

We also made deletions near the extreme N terminus. In
contrast to the deletion of residues 51 to 116, deletions
extending from residues 2 to 36 or 15 to 35 showed no
activity at all (Table 1), although they do encode stable
proteins (Fig. 2 and additional data not shown). Both of
these mutations remove only sequences outside of con-
served domain 1, suggesting that the strictly essential up-
stream sequences lie toward the extreme N terminus of the
E1A products rather than across the whole region of con-
served domain 1.

In order to exclude the possibility that loss of function in
the N-terminal mutants was merely a consequence of ter-
tiary effects resulting in impairment of domain 2 function, we
determined the activity of the mutant constructs in the
trans-cooperation assay. Deletion of conserved domain 2 in
E1A.CXdl(121-150) renders the E1A products profoundly
defective for transformation activity. The requirement for
domain 2 function can, however, be supplied in trans. This
cooperating activity is not a result of a recombination event,
since proper translation of the peptide products is required
for activity (30). The E1A.2-36 and E1A.15-35 mutants were
analyzed in this assay to determine whether their loss of
transforming function was a consequence of an impairment
in domain 2 function. As illustrated in the results in Table 1,
the E1A.2-36 and E1A.15-35 mutants were able to supply the
trans-cooperating domain 2 function efficiently to the
E1A.CXdI(121-150) mutant. This result indicates that the
E1A.2-36 and E1A.15-35 mutants are not transformation
defective as a consequence of a disruption in region 2
tertiary structure and supports the proposal that there are at
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FIG. 2. Immunoprecipitations of E1A mutant peptides from vi-
rus-infected HeLa cells. Extracts of infected HeLa cells were
immunoprecipitated as described previously (31) with E1A fusion
protein-specific mouse monoclonal antibody (16) series M73 (lanes 1
to 9). Extracts from E1A wild-type (AdS.d1309, the parental virus for
all the mutant constructs)-infected cells were also immunoprecipi-
tated with a control simian virus 40 T-antigen-specific mouse mono-
clonal antibody, pAB419 (lane 11), which does not recognize any
products specifically in host cells, or a human RB product-specific
mouse monoclonal antibody, C36 (lane 10). Immunoprecipitates
were run on sodium dodecyl sulfate-7.5% polyacrylamide gels. The
labels above lanes 3 to 9 indicate the E1A amino acid residues
deleted. The endpoints of the deletions are indicated schematically
in Fig. 1. The position of the specific RB gene product band at
approximately 105 kDa is indicated by the lower arrow on the right.
The higher arrow indicates the position of the unidentified 300-kDa
cellular protein which also associates with the E1A products.
Numbers on the left indicate the positions of molecular weight
markers in kilodaltons. The area in which the heterogeneous prod-
ucts of the E1A gene run is indicated by a bracket on the right. WT,
Wild type; Ab, antibody.

least two separate active sites required for E1A transforming
function.

The upstream region involved in transforming function
correlates with binding of the 300-kDa E1A-associated pro-
tein. The E1A proteins have the ability to bind a number of
cellular proteins (16, 59), one of which has a molecular mass
of 105 kDa and has been identified as the product of the RB
tumor suppressor gene (7, 55). The mutants described in the
section above were rebuilt back into virus constructs to
facilitate assay of the E1A proteins and their association
with cellular products. The ability of the mutant E1A prod-
ucts to bind to the RB gene product, p105-RB, and another
prominent, but as yet unidentified, product with a molecular
mass of 300 kDa was assayed with infected HeLa cells (Fig.
2). There is also a prominent pl07-associated protein which
binds to a site in domain 2 close to or overlapping with the
p105-RB-binding site (8, 57). The binding of pl07 was not
severely affected in the N-terminal mutants described here
or in E1A.928 (Fig. 2) and will not be considered further.

Sequences in domain 2 are required for stable association
with the RB product but not with the 300-kDa product (8,
57). This pattern can be seen in Fig. 2 in the domain 2
missense mutant, E1A.928. Results with the mutants de-
scribed here indicate that the region between conserved
domains 1 and 2 (residues 81 to 120) is not required for stable
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RB gene product association, but we were unable to detect
RB gene product association in mutants extending into
domain 1 past residue 76, even though these mutants re-
tained appreciable transforming activity.

The E1A.2-36 and E1A.15-35 deletions bound the RB gene
product efficiently. However, they did not coprecipitate the
300-kDa product detectably. Coprecipitation of the 300-kDa
product was also not detected with the mutants in which
sequences in conserved domain 1 were deleted. The region
between conserved domains 1 and 2 (residue 81 to 120) is not
required for stabie 300-kDa protein association. These re-
sults are in general agreement with the mapping studies
reported previously (8, 57).

The characteristics of the E1A.2-36 deletion indicate that
binding the RB gene product is insufficient for E1A transfor-
mation activity. The E1A.2-36 and E1A.15-35 deletion prod-
ucts not only bound the RB gene product physically but also
bound it functionally, as determined by their ability to
complement a domain 2 deletion mutant (Table 1). Never-
theless, the E1A.2-36 and E1A.15-35 mutants had no trans-
forming activity by themselves (Table 1). The results shown
in Fig. 2 suggest that both the 300-kDa and p105-RB E1A-
associated proteins may be important for E1A-mediated
transformation. If so, they appear to function through inter-
actions with two independently acting regions within the
E1A proteins, the N-terminal region and conserved domain
2. To address the question of autonomy more directly, we
compared mutants resulting from deletions in these regions
for their ability to induce DNA synthesis and repress insulin
enhancer-stimulated transcriptional activity.

N-terminal deletion mutants are impaired in the ability to
induce DNA synthesis and viral replication. We assayed the
ability of the N-terminal mutant E1A.2-36 to induce DNA
synthesis and viral replication in BRK cells. We compared
its activity with those of two domain 2 mutants, E1A.928 and
E1A.CXdI(121-150). The 928 mutation is a point mutation in
residue 124 that affects only domain 2 activity. The
E1A.CXdI(121-150) mutation deletes all of domain 2 and part
of domain 3. The transformation defect in the E1A.928 point
mutant is as severe as that in the complete deletion mutant
(34). Previously, we have shown that these domain 2 mu-
tants retain an appreciable ability to induce DNA synthesis
in BRK cells despite their severe transforming defect (30,
61).

Viral DNA was selectively extracted from [*H]thymidine-
labeled infected cells by a modified Hirt procedure. The
levels of [*H]thymidine incorporation into viral DNA from
Ad5d1309 (the ELA.WT virus parent for all the E1A mutants
used in this study), E1A.928 (a domain 2 mutant), and the
N-terminal mutant E1A.2-36 were compared. The results
shown in Fig. 3A indicate that the E1A.2-36 deletion impairs
the ability of the E1A products to induce virus DNA
replication by a factor of about 10.

The ability to replicate viral DNA in infected quiescent
cells requires two E1A functions: the capacity to induce the
cellular DNA synthesis functions and the ability to transac-
tivate other viral proteins. The latter activity is a function of
conserved domain 3. To determine that the impairment in
the E1A.2-36 deletion mutant is actually a defect in the
ability to induce cellular DNA synthesis functions, we did a
complementation experiment with E1A.2-36 and a domain
3-defective mutant, E1A.hr3. The E1A.hr3 mutant is se-
verely defective in the ability to transactivate viral products
(12) and therefore in the ability to replicate viral DNA (Fig.
3B). This mutant, however, retains the ability to induce
cellular DNA synthesis sufficient to support rapid and ex-
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FIG. 3. Analysis of virus DNA production in infected quiescent
cells. Primary BRK cells were infected at a multiplicity of infection
of 10 PFU per cell. Coinfection experiments were done at a total
multiplicity of 10, i.e., 5 PFU of each virus per cell. [*H]thymidine
was added approximately 1 h postinfection, when the unabsorbed
virus was removed. At 30 h postinfection, virus DNA was extracted
and samples were counted. The counts per minute were normalized
to those from cells infected with a near-total E1A deletion virus,
Ads5dl312.

tensive proliferation of BRK cells (61). Coinfection of the
E1A.2-36 and E1A.hr3 viruses resulted in near-wild-type
levels of viral DNA synthesis (Fig. 3B), indicating that these
two sets of products indeed contribute separate functions.

If the activity impaired in the E1A.2-36 mutant were
indeed independent of both domain 3 and domain 2 activi-
ties, we would expect that E1A.2-36 could also be comple-
mented for viral replication by the E1A.CXdI(121-150) mu-
tation, which inactivates both domains 2 and 3. Figure 3B
shows that such complementation can indeed occur. These
results suggest that induction of DNA synthesis correlates
more closely with the N-terminal transforming function than
with the domain 2 transforming function.

N-terminal E1A mutants are significantly impaired in the
ability to repress insulin enhancer-stimulated activity. We
have demonstrated previously that both the 13S and 12S
E1IA mRNA protein products repress insulin enhancer-
stimulated transcription in pancreatic B cells (44, 45). To
identify more precisely the region(s) in E1A that is required
for repression, we transfected the deletion mutants with
=700 CAT, a plasmid that contains the coding region of the
bacterial CAT gene linked to the rat insulin II gene enhancer-
promoter. The insulin expression plasmid was introduced
into an insulin-producing B cell line, HIT T-15 2.2.2, by
calcium phosphate coprecipitation with or without the E1A
expression plasmids. Protein extracts were prepared 48 h
after transfection and assayed for CAT enzyme levels.

The mutants with deletions at residues 73 to 120, 76 to 120,
81 to 120, 86 to 120, 121 to 150 [E1A.CXd1(121-150)], and 153
to 289 repressed insulin enhancer-stimulated transcription as
efficiently as their respective wild-type parental plasmids did
(Fig. 4) (see Materials and Methods for description of
plasmids). However, the E1A.2-36, E1A.15-35, and E1A.51-
116 N-terminal region mutants repressed —700 CAT expres-
sion at less than 10% of the wild-type level. These results
suggest that insulin enhancer repression, like the ability to
induce DNA synthesis, correlates more closely with the
N-terminal transforming function than with the domain 2
transforming function.
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FIG. 4. Ability of N-terminal E1A mutants to repress insulin
enhancer-stimulated transcription. HIT T-15 2.2.2 cells were trans-
fected as described in Materials and Methods by using insulin
enhancer plasmid DNA, —700 CAT, E1A mutant plasmid DNA, and
carrier pUC19 DNA. Reporter gene activity was assayed by mea-
suring CAT enzyme levels. The results are expressed as fractions of
E1A.WT repression. The experiments were repeated on five dif-
ferent occasions; data shown are from one representative experi-
ment.

DISCUSSION

Two physically independent regions of E1A must both be
functional in order for its transforming activity to be mani-
fest (30). One of these regions constitutes the relatively
well-defined sequences designated conserved domain 2. Do-
main 2 sequences are shared by several DNA tumor virus
transforming proteins, and the transforming function of this
region is closely correlated with its RB gene product-asso-
ciating activity (4, S5, 7, 31, 55).

A second region, noncontiguous and N-terminally distal to
domain 2, is likewise absolutely required for E1A transform-
ing function (20, 30, 41, 42, 46, 56). Here we have analyzed
the biological activities associated with the required N-
terminal sequences. Our results suggest that the ability to
induce DNA synthesis in quiescent cells and to repress
insulin enhancer-stimulated transcription colocalize rather
closely and correlate with the N-terminal transforming func-
tion. They are independent of the RB gene product-associ-
ating activity of the E1A products and correlate much more
closely with binding of the unidentified 300-kDa cellular
product.

The summary of this evidence is as follows. First, the
required N-terminal activity can be abolished absolutely
with little apparent physical or functional disruption of RB
gene product binding. Second, the ability to induce DNA
synthesis is severely impaired in a mutant (E1A.2-36) which
has lost the N-terminal transforming activity, although this
activity is relatively unaffected in mutants which have lost
domain 2 function and RB gene product-associating activity.
In fact, a complete domain 2 deletion mutant can comple-
ment the E1A.2-36 N-terminal mutant for viral replication in
quiescent cells. Third, mutants with defects in the N-termi-
nal transforming function are severely impaired in their
ability to repress insulin enhancer-stimulated transcription;
in contrast, domain 2 mutants are nearly wild type for
repression in this assay.

300-kDa E1A-ASSOCIATED PROTEIN 4425

Since the E1A proteins associate with several cellular
products, it is tempting to speculate that the second E1A-
mediated transforming activity involves association with one
of these products. A strong candidate for a required N-
terminal association is the 300-kDa cellular product whose
association with the E1A products requires sequences from
residue 2 to approximately residue 70 (8, 57).

In addition to its biological consequences, the E1A.2-36
deletion severely impairs the ability of the E1A products to
bind the 300-kDa product. However, the suggestion that
association with the 300-kDa product may be a basic part of
the biochemical mechanism by which E1A mediates these
functions is not entirely consistent with the properties of
mutants such as E1A.51-116, which lacks sequences within
conserved domain 1. E1A.51-116 does not appear to bind the
300-kDa or RB products but is at least partially positive in
the biological functions assayed here.

One possibility is that the conserved sequences of domain
1 play an important role in stabilizing the binding of the
ElA-associated proteins but do not encode their actual
required binding sites. The apparent lack of RB and 300-kDa
product binding with domain 1 mutants could be only a
consequence of the stringency of the coimmunoprecipita-
tion assay compared with the sensitivity of the biological
assays. This suggestion is supported directly by the results
and analysis of Egan et al. (8), who found that domain 1
sequences are not strictly required for RB gene product
association. This suggestion is also consistent with the
intermediate phenotype of the E1A.51-116 mutant. In con-
trast, the severely defective phenotype of the E1A.2-36
mutant suggests that this deletion affects the active site more
directly.

The colocalization of the biological activities required for
induction of DNA synthesis and repression of the insulin
enhancer suggests that these activities may be related. It
seems likely that E1A transforms cells by directly or indi-
rectly modulating the expression of cellular genes involved
in growth control. It is possible that association of the
300-kDa product and the E1A proteins negatively regulates
transcription of a set of cellular genes important in cell
growth control. Possible cellular targets include the JE,
c-myc, and stromelysin genes, whose transcription is
strongly repressed by E1A during adenovirus-mediated
transformation. This repression activity is impaired in E1A
mutants near the N terminus but does not require sequences
in domain 2 (48).

A strong consensus of data now indicates that an E1A
enhancer repression function localizes to the extreme N
terminus. However, the N terminus may not be the only
region of E1A required for repression of enhancer-stimu-
lated transcription. While several studies have found that
domain 2 and second-exon sequences are dispensable, or
nearly so, for repression function (20, 38, 46, 48), other
studies have indicated a more important role of domain 2 and
second-exon sequences in repression of simian virus 40,
polyomavirus, and immunoglobulin enhancer activity (27,
52). We have obtained the domain 2 and second-exon
mutants that were defective for repression in those studies
from those investigators (27, 52) and found that they are wild
type for repression in our system (data not shown). It may be
that the region of E1A required for repression is enhancer
dependent. Possibly, during E1A-mediated transformation,
the negative regulation of different cellular genes requires
different sequence domains of E1A.

In broad outline, available data indicate that the extreme
N terminus of the E1A message encodes an essential trans-
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forming function. The essential region may overlap with but
does not appear to be centered directly in conserved domain
1, as several investigators (20, 41, 56) have also found that
deletions of conserved domain 1 sequences from about
residue 60 to 80 are less deleterious than deletions closer to
the extreme N terminus, even ones such as E1A.2-36 which
do not actually include the highly conserved sequences. The
majority, at least, of the sequences in conserved domain 1
may play an important supporting but not strictly essential
role in transforming function. The distinction between the
actual N terminus and the conserved region that lies near the
N terminus is important in understanding the structural
significance of the E1A protein. The actual N terminus is a
structural unit distinct from conserved domain 1. Its protein
properties are entirely different in terms of net charge and
predicted secondary structure (for example, conserved re-
gion 1 is highly proline enriched and contains several pre-
dicted B turns, while the N terminus has no predicted turns).
In addition, these regions are physically separable by a
completely nonessential region extending at least from resi-
due 25 to 35 (8, 20).

An important corollary to the distinction between the N
terminus and conserved region 1 as the active site is the
ability to study independently the effects of binding of
different cellular proteins. Conserved region 1 plays a role in
binding both the RB and 300-kDa proteins, while the N
terminus is not required for RB product binding. The major-
ity of mutations examined in previous studies lie within
conserved region 1. We now know that they affect both
binding functions and that this complicates the ability to
make correlations between biological activities and specific
binding functions. The usefulness of this separation of func-
tions is seen in the ability of the E1A.2-36 deletion to block
completely the repressive effects of transforming growth
factor Bl on myc expression in human keratinocytes (37),
suggesting that the ability of E1A and related proteins to
block transforming growth factor g1 function correlates with
the RB product-binding region of E1A rather than with
transforming function generally.

The conclusion emerging is that there is a striking corre-
lation between specific biological activities of E1A and the
binding of the 300-kDa product. The specific biological
activities include induction of DNA synthesis and the repres-
sion of certain enhancers; both activities are essentially
independent of domain 2 function and RB gene product
binding. We are continuing work to determine the biochem-
ical nature of the required N-terminal activity and to identify
the precise amino acid sequences encoding this function. It
will also be of interest to understand the structural and
functional relationships between E1A active sites and those
of the transforming proteins of other classes of DNA tumor
viruses.
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