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required for efficient induction of cell division by 243R.
In the course of these studies I found that two other E1lA-
associated proteins, pl107 and cyclin A, form a complex
normally present in cells. Studies with ElA-mutant viruses
suggested that this complex may be involved in regulation of
DNA replication. Transcriptional activation of gene
expression by the region unique to the 289R protein was not
required for induction of DNA synthesis or stimulation of
mitosis. However, repression of enhancers by 243R may play
an important role in cell cycle regulation.

The E1lA regions required for the cell cycle effects
of E1lA corresponded exactly with regions of the E1A proteins
which are necessary for oncogenic transformation. Therefore
my results implied that the role of E1A in transformation is

to interact with cellular proteins that control cell growth.
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Oncogenic potential

Transformation

Tumors in in tissue Percentage of
Subgroup Hemagglutination groups Serotypes animals culture G+C in DNA
A IV (little or no agglutination) 12,18,31 High + 48-49
B | (complete agglutination of monkey 3,7,11,14,16,21,34, Moderate + 50-52
erythrocytes) 35
C lil (partial agglutination of rat 1,2,5,6 Low or none + 57-59
erythrocytes)
D Il (complete agglutination of rat 8,9,19,37,10,13,15, Low or none + 57-61
erythrocytes) 17,19,20,22-30,
32,33,36,37,38,
39,42
E il 4 Low or none + 57-59
F i 40,41 Unknown
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Figure 2. Genomic map of the adenovirus type 2 mRNAS.

Early and late mRNAs are represented by thin and thick

lines, respectively. The early E2A MRNAS that continue to

be synthesized at late times are also represented by thick

lines. Arrowheads indicate direction of transcription. The

primary leader sequences of the late mRNAs that are

transcribed form the major late promoter are labelled 1, 2

and 3. Proteins encoded by each of the mRNAs are indicated

above for genes that are transcribed rightward and below for

genes that are transcribed leftward (from Horwitz, 1990).
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18
but this polypeptide has never been isolated during
infection.

The 243R and 289R proteins are the most important
and best characterized of the E1A proteins. These proteins
share amino and carboxyl regions and differ only by the
presence of a stretch of 46 unique amino acids in the larger
protein (Figure 3b). This unique stretch of amino acids,
together with the first three amino acid residues of the
carboxyl portion of the protein (residues 185-188 in 289R),
have been found to contain residues that are highly
conserved among various adenovirus serotypes (Kimelman et
al., 1985; van Ormondt et al., 1986). This region is
referred to as conserved region 3 (CR3). Two other regions
of conserved amino acids, CR1l and CR2, are located in the
amino terminal region that is common to both proteins.
Conserved region 1 is located between amino acids 41-80 and
conserved region 2 which includes residues 121-139 is
juxtaposed to CR3 in the 289R protein, and borders the
carboxyl terminal portion of the protein in 243R.

The predicted molecular masses for the 289R and 243R
proteins are 32 kDa and 27 kDa respectively, but when
separated on one dimensional SDS polyacrylamide gels they
migrate anonomously as a group of polypeptides with
molecular masses of about 52 kDa, 50 kDa, 48.5 kDa, 45 kDa
(Yee et al., 1983, Rowe et al., 1983). The 52 kDa and 48.5

kDa species have been shown to originate from the 13S












22

The most prominent and best characterized of the E1B
proteins are 176R and 496R. The 176R polypeptide migrates
on SDS gels at 19 kDa, is acylated (McClade et al., 1988)
and associates in cells with cytoplasmic and nuclear
membranes, with intermediate filaments in the cytoplasm, and
with the nuclear lamina (Persson et al., 1982; White et al.,
1984; White et al., 1989). Adenoviruses with lesions in
the 176R coding sequence frequently display phenotypes
characterized by enhanced cytopathic effect, large plaque
size and degradation of viral and cellular DNA’s
(Chinnadurai, 1983; White et al., 1984; Takemori et al.,
1984). Mutant 176R viruses grow as well as wild type virus
in HeLa cells (Barker and Berk, 1987) and actually grow to
higher titres than wild type in human W138 cells. White et
al. (1991) have suggested that the 176R protein carries out
three functions during infection: (1) to maintain the
integrity of DNA in the nucleus; (2) to modify the
morphology of the infected cell; and (3) to negatively
regulate viral replication.

The 496R E1B protein has an apparent molecular mass
of 55 kDa and has been shown by immunofluorescence to be
localized in the nucleus and in a perinuclear spot (White
and Cipriani, 1989). Viral mutants that do not produce the
496R protein grow much less efficiently than wild type virus
on Hela cells (Pilder et al., 1986; Barker and Berk, 1987).

The 496R protein functions to facilitate the efficient
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cells transformed by ElA alone suggests that the E1B
products are responsible for conferring on cells a number of
phenotypes that are associated with tumour cells (see White
and Cipriani, 1990). These characteristics include: 1)
altered cell morphology; 2) growth to high cell density free
from contact inhibition; 3) acceleration of cell growth
rates; and 4) anchorage independent growth (Houweling et
al., 1980; Shiroki et al., 1981; Subrumanian et al., 1984;
Bernards et al., 1986).

The individual roles of the 176R and 496R E1B
proteins have been studied by cotransfecting BRK cells with
E1lA plasmids and with plasmids encoding either of the E1B
proteins individually (White and Cipriani, 1990; McLorie et
al., 1991). Separately both E1B proteins caused focus
formation in cooperation with E1A, but at a reduced
frequency coméared to wild type E1B. The results suggest
that the individual E1B proteins can cooperate with E1A for
transformation using independent, but additive pathways
(White and Cipriani, 1990, Mclorie et al., 1991).
Individually both proteins induced morphological alterations
and accelerated growth rates, and allowed growth to high
densities (White and Cipriani, 1990). The 176R protein
however was found to be responsible for promotion of
anchorage independent growth, possibly through its ability
to associate with and disrupt intermediate filaments in the

cytoplasm and in the nuclear lamina (White and Cipriani.,












34
or suppression of proteins that interact with enhancer
elements. Borelli et. al. (1984) found that repression of
the SV40 enhancer by E1A could be relieved by adding extra
copies of the 72 base pair enhancer element. They
hypothesized that the co-transfected 72 base pair elements
competed for a repressor protein that was somehow activated
by E1A, and when the repressor protein was titrated out the
enhancer was free to function normally. Tissue specific
repression of the immunoglobulin heavy chain enhancer could
also result from interactions between E1A and enhancer
binding proteins. In lymphoid cells the El1A proteins may
interact with and nullify the activity of a protein required
for activation of heavy chain enhancer (Hen et al., 1985).
On the other hand in the fibroblast line where
immunoglobulin genes are normally dormant, E1A proteins may
suppress a repressor of the heavy chain enhancer (Borelli et
al., 1986).

In the initial papers in which enhancer repression
by E1A was described, both the 289R and 243R proteins were
reported to repress at roughly equal efficiencies in
transient expression assays (Borreli et al., 1984; Velcich
and Ziff, 1985). More recent reports however have suggested
that the 243R El1A protein is a more effective repressor than
the 289R proteins in both transient expression assays
(Schneider et al., 1987; Kuppuswamy and Chinandurai, 1987)

and in assays where El1A was expressed by viral infection





















MATERIALS AND METHODS

Enzymes
All modifying enzymes were purchased from
Boehringher Mannheim, BRL, or Pharmacia and used according

to the suppliers’ specifications.

Antisera

The antisera used were: M73, an anti-E1A monoclonal
antibody that recognizes an epitope at the carboxyl terminus
of the E1A proteins was purified from hybridoma cell
cultures (Dr. Ed Harlow, Massachusetts General Hospital,
Boston); 9C10, an anti-E1B 55K monoclonal antibody (Oncogene
Science); anti-A and anti-B, which are polyclonal rabbit
antisera directed against the human cyclin A and cyclin B
proteins, respectively (Dr. J. Pines, Salk Institute, San
Diego, CA); and anti-p34, a polyclonal rabbit antiserum
directed against a carboxyl terminal peptide of the human

cdc2 p34 protein (Dr. J. Th’ng, Davis CA).

41
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M13mpl9El1A was constructed by C. Evelegh in Dr.
Bayley’s lab. It was constructed by inserting the Bam HI -
Xba I fragment of E1A from pLE2 into the M13mpl9 multiple

cloning site.

PSV2CAT (Gorman et al., 1982) was obtained from Dr.
F. L. Graham and contains all of the bacterial
chloramphenicol acetyl transferase gene including 3’
flanking control sequences. Expression of CAT mRNA is

dependant on the SV40 early promoter/enhancer region.

pKCAT23 came from Dr. N. Jones (Imperial Cancer
Research Laboratories, London). This plasmid is a
derivative of pSV2CAT in which the SV40 promoter/enhancer
region has been replaced with the Ad5 early region 3

promoter.

Bacterial Strains

The E. coli strain MAX efficiency DH5a (BRL) was

used in routine gene cloning procedures for transformation.

E. coli C€J236 (Bio Rad) contains mutations in the
dUTPase (dut”) and uracil N-glcosylase (ung’) genes. This
strain was maintained on LB agar plates supplemented with

chloramphenicol (30 ug/ml).
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digestion and centrifuged for 15 minutes at 3000 rev/minute
in a Beckman TJ6 centrifuge. The cell pellet was
resuspended in 100 ml of growth medium, incubated at 37°C
for 15 minutes, and then filtered through cheese cloth. The
suspension of cells was diluted with growth medium to a
final volume between 400 and 600 ml, depending on the size
of the kidneys, and 5 or 10 ml of this suspension was plated
on 60 mm or 100 mm tissue culture plates (Nunclon)
respectively. After 24 hours incubation the cells were

rinsed with PBS and fed with fresh growth medium.
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modifications by Kunkel (1985). All reagents, bacterial
strains, and M13 vectors used for mutagenesis were provided

in the Muta-Gene in vitro mutagenesis kit (Bio Rad).

a) Oligonucleotides

23 nucleotide long oligonucleotides were designed to
hybridize to 11 or 12 nucleotides of the E1A template on
either side of the regions which were to be removed. The
oligonucleotides were synthesized in the Central Facility of

the Institute for Molecular Biology (McMaster University).

b) Phosphorylation of Oligonucleotides

Oligonucleotides were phosphorylated at the 5’ end

with T4 polynucleotide kinase in the following reaction:

Oligonucleotide (50 pmol/ul) 4 pl
10X Kinase Buffer 3 ul
T4 Kinase (5 U/ul) 1 pl
dd H,0 to 30 pl

The reaction mixtures were incubated at 37° C for 45
minutes, stopped by heating at 65° C for 10 minutes, and

then diluted to 6 pmol/pl with TE.
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of 95% ethanol. The samples were incubated at -20° C for 30
minutes and centrifuged in a microfuge for 15 minutes at
4°C. The ssDNA was rinsed once with 95% ethanol and

resuspended in 20 pl of TE.

d) Annealing of Primer to Template

The following reaction was prepared using M13mpl9E1lA

ssDNA and a number of different oligonucleotides:

DNA template 200 ng
Oligonucleotide 3 pmol
10 X Annealing Buffer 1 ul
dd H,0 to final volume 10 pl

In addition a control reaction that contained all of the
above ingredients except the priming oligonucleotide was
prepared. The reactions were heated to 70°C, allowed to

cool slowly to 30° C over a 40 minute period and held in an

ice water bath.

e) Complementary Strand Synthesis

For complementary strand synthesis, 1 pl of 10X
synthesis buffer, 2-5 units of T4 DNA Ligase and 1 unit of

T4 DNA polymerase were added to both the annealing reaction


































































SOLUTIONS

The following is an alphabetically ordered list of

the solutions used in these studies.

Annealing Buffer (10X)

20 mM Tris-HCl (pH 7.4)
2 mM MgCl,

50 mM NacCl

Buffer A

100 mM Tris-HCl (pH 7.5)
100 mM MgcCl,

50 mM dithiothreitol (DTT)

Buffer X

50 mM Tris (pH 8.2)
250 mM NacCl

1 % NP4O

2 mM EDTA

1 pg/ml Aprotinin

75



CAT Solution I

40 mM Tris-HCl (pH 7.8)
1.0 mM EDTA

150 mM NacCl

DNA Gel Loading Buffer

0.25% Bromophenol blue (BDH)
0.25% Xylene Cyanol (Kodak)

30% Glycerol (in H,0)

Glucose Minimal Medium

10.5 g/L KH,PO,
4.5 g/L K,HPO,
1.0 g/L NH,C1

0.5 g/L NacCl

After sterilization by autoclaving, the following filter

sterilized solutions were added to this solution:

1.0 ml/L 1 M MgSO,.H,0
0.5 ml/L 2% Thiamine HCl

10.0 ml/L 20% Glucose
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Glucose Minimal Agar Plates

15 g/L Bacto-Agar in glucose minimal medium,

Sterilized by autoclaving

Hepes buffer (2X)

170 mM NacCl

10 mM KCl

1.8 mM Na,HPO,

42 mM Hepes (Boehringer Mannheim)
11 mM Glucose

pPH to 7.05 with NaOH

High Salt Buffer

300 mM NacCl
100 mM Tris-HCl (pH 8.0)

1.0 mM EDTA

Hirt Buffer

10 mM EDTA
10 mM Tris
0.6% SDS

50 ug/ul Pronase (Sigma)
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Kinase Buffer (10X)

1.0 M Tris-HCl pH 8.0
100 mM MgCl,

100 mM DTT

Luria Broth

10 g/L Tryptone

5 g/L Yeast Extract
5 g/L NacCl

1 g/L Glucose

Sterilized by autoclaving

Luria Agar

15 g/L Bacto-Agar (Difco) in Luria broth,

Sterilized by autoclaving

Luria Top Agar

7 g/L Bacto-Agar (Difco) in Luria Broth,

Sterilized by autoclaving
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PAGE_Run Buffer (5X)
15 g/L Tris Base
72 g/L Glycine

3 g/L SDS

PAGE Separating Gel Solution (8.5%)

H,0
1.5 M Tris-HCl (pH 8.8)

10% SDS

40% Acrylamide/Bis (37.5 : 1, BioRad)
10% Ammonium persulfate(BRL)

TEMED (BioRad)

PAGE Stacking Gel Solution (4%)

ddH,0

0.5 M Tris-HCl (pH 6.8)

10% SDsS

40% Acrylamide/Bis (37.5 : 1, BioRad)
10% Ammonium persulfate

TEMED

79

31.4 ml
15.0 ml
0.6 ml
12.6 ml
300 ul

30 ul

12.8 ml
5.0 ml
200 pl
2.0 ml
100 nl

20 pl



Phosphate Buffered Saline (PBS)

140 mM Nacl

2.5 M KCl

8 mM Na,HPO,

1.5 mM KH,PO,

Sterilized by autoclaving

To sterile PBS were added:
10 ml 1% caCl? (filter sterilized)

10 ml 1% MgCl, (filter sterilized)

Plaguing Medium

2 X Minimal Essential Medium (Gibco, cat. #410-

1100EB), filter sterilized, supplemented with:

10% Horse Serum (Gibco)

200 units/ml Penicillin (Gibco)

200 upg/ml Streptomycin (Gibco)

0.2% sterilized Yeast Extract (Difco)

4 mM L-Glutamine (Gibco)
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Potassium Salt Solution
0.17 M KHJEQ
0.72 M KHPO,

Sterilized by autoclaving

Pronase Buffer

0.01 M Tris-HCl (pH 7.6)
0.01 M EDTA

0.5 % SDS

Protease Sample Buffer I

20% Glycerol
0.1% SDS

1 mm EDTA
2.5 mM DTT

0.125 mM Tris-HCl1 (pH 6.8)
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Protease Sample Buffer II
10% Glycerol

0.1% SDS

1 mM EDTA

2.5 mM DTT

0.125 mM Tris-Cl (pH 6.8)

0.001 mg Phenol Red (Gibco)

SDS_Gel Loading Buffer

63 mM Tris-HCl (pH 6.8)
50 mM 2-8 mercaptoethanol
10% Glycerol

2% SDS

0.2% bromophenol blue

SDS Gel Run Buffer

0.025 M Tris Base

0.192 M Glycine

0.1 % SDS
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Salt/Tris/EDTA (STE)

0.1 M Nacl
10 mM Tris-HCl (pH 8.0)

1.0 mM EDTA (pH 8.0)

Sequencing Gel Loading Buffer

99.4% deionized formamide
0.3% xylene cyanol

0.3% bromophenol blue

Solution I

50 mM glucose

25 mM Tris-HCl1 (pH 8.0)

10 mM EDTA (pH 8.0)

Solution II

0.2 N NaOH

1.0% SDS

83



Solution III

600 ml/L 5 M potassium acetate

114 ml/L glacial acetic acid

Swell Buffer

SDS

oY

0.1
1 mM EDTA
2.5 mM dithiothreitol

1.25 M Tris-HCl (pH 6.8)

Synthesis Buffer (10X)

100 mM Tris-HCl pH 7.4
50 mM MgcCl,
20 mM DTT

10 mM ATP

5 mM each of: dATP, dCTP, AGTP, dTTP

TAE Gel Run Buffer (20 X)

96.8 g/L Tris Base
13.6 g/L NaAc
7.4 g/L EDTA

26.0 ml/L Glacial Acetic Acid
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TBE Gel Run Buffer (20 X)

242.2 g/L Tris Base

102.7 g/L Boric Acid

7.4 g/L EDTA

TBST Western Blot Wash Buffer

20 mM Tris-HCl (pH 7.6)

137mM NacCl

0.1% Tween 20

TED Buffer

250 mM Tris-HCl (pH 7.8)

5 mM EDTA

Terrific Broth

24 g/L yeast extract
12 g/L tryptone
0.4% v/v glycerol

Sterilized by autoclaving
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Tris/EDTA (TE)

10 mM Tris-HCl (pH 8.0)

1 mM EDTA (pH 8.0)

Tris Saline

140 mM NacCl

25 mM Tris-HC1l (pH 7.6)
5 mM KC1l

5 mM Glucose

0.7 mM Na,PO,

YT (2X) Medium

16 g/L Tryptone
10 g/L Yeast extract
5 g/L NacCl

Sterilized by autoclaving
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RESULTS

Most of the work described in this thesis has been
published in five primary research articles. These
publications are presented here, preceded in each case by a
brief description of the experimental approach and followed
by a list of my specific contributions and a synopsis of the

main findings.

1) Use of Deletion and Point Mutants Spanning the Coding
Region of the Adenovirus 5 E1A Gene to Define a Domain
That Is Essential for Transcriptional Activation (Jelsma
et al., 1988, Virology 163, 494-502)

This report describes the construction of a series
of E1A mutants and their initial use to identify regions of
the E1A proteins required for transactivation. The panel of
mutants created included sixteen in-frame deletion and 4
mis-sense point mutations that together cover essentially
the entire El1A coding region. Each of these mutants was
used in plasmid form to test the ability of the mutated E1A

genes to transactivate an Ad5 E3 promoted CAT gene.
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INTRODUCTION

The E1A region of adenovirus 5 (Ad5), like that of the
closely related Ad?, is able to influence a variety of viral
and cellular functions. It can activate in trans the tran-
scription of other carly viral genes (Berk et al.,, 1979;
Jones and Shenk, 1979), as well as cellular genes,
such as those for heat shock protein (Kao and Nevins,
1983; Wu et al., 1986) and B-tubulin {Stein and Ziff,
1984). It can repress the effect on transcription of viral
and cellular enhancers (Borrelli et a/., 1984, Hen et al.,
1985; Stein and Ziff, 1987; Velcich and Ziff, 1985; Vel-
cich et al., 1986). E1A, together with region E1B, is
necessary for the oncogenic transformation of rodent
cells by adenovirus, but on its own, E1A can bring
about partial transformation {Houweling et al., 1980;
Ruley, 1983). In primary baby rat kidney cells, E1A is
able to stimulate DNA synthesis, to induce mitosis,
and to activate the expression of cyclin, or proliferating
cell nuclear antigen (PCNA) (Zerler et al., 1987). Re-
cently E1A has been shown to induce differentiation of
F9 teratocarcinoma cells (Montano and Lane, 1987),
possibly because an E1A protein product resembles a
factor in these cells controlling gene expression (Rei-
chel et al., 1987; La Thangue and Rigby, 1987).

These effects of E1A result from the action of poly-
peptide products generated from two mRNAs, 13 and
12 S, made early in infection. These mRNAs are read
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in the same reading frame and differ only in the size of
intron excised from the original transcript. As a result,
their predicted polypeptide products, of 289 and 243
residues {289R, 243R), respectively, differ only by an
extra internal sequence of 46 amino acids present in
the 13 S mRNA product.

As a beginning to understanding the molecular
mechanisms by which E1A products exert their ef-
fects, attempts have been made to define domains in
the proteins that are essential for particular functions.
Results with E1A mutants (Krippl et a/.,, 1985; Lillie et
al., 1986, 1987; Moran et al., 1986b; Schneider et a/.,
1987; Zerler et al., 1987), coupled with the identifica-
tion of regions of the products that are highly con-
served between adenovirus serotypes (Kimelman et
al, 1985), have led to the tentative identification of
three domains. Two of these, conserved regions 1 and
2 (CR1, CR2), which are essential for transcriptional
repression, for transformation and for the induction of
DNA synthesis, are in the first exon common to 12 and
13 S mRNA products, while the third, CR3, for trans-
activation, encompasses the region unique to the 13 S
mRNA product.

To provide a means of systematically surveying E1A
proteins for domains, we have made a series of in-
frame deletion and mis-sense point mutations, which
together cover the whole of the coding region of the
E1A gene. Here we describe the construction of these
mutants and their use in a transient expression assay
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to investigate in detail the contribution of different re-
gions of the E1A proteins to transactivation.

MATERIALS AND METHODS

Enzymes were obtained from Bethesda Research
Laboratories, Boehringer-Mannheim, and Pharmacia,
and were used as recommended by the suppliers. Oli-
gonucleotides were synthesized in the Central Facility
of the McMaster Institute for Molecular Biology and
Biotechnology.

Plasmids were cloned and grown in Escherichia coli
strain LE392. Strain GM 119 (dam~) was obtained from
A. E. Smith. E. coli strain IM103 and phage M13 mp10
and mp11 were obtained from Pharmacia. Plasmids
pHE1 and pCD2 (gifts from F. L. Graham) were both
derived from plasmid pXC1, a derivative of pBR322
with the Xhol C fragment of Ad5 (0-16%) inserted be-
tween the BamHI and Sall sites {McKinnon et al.,
1982). pHE1 was produced by cutting pXC1 in the
pBR322 sequence with Pwull and in the Ad5 sequence
with Hpal and ligating the blunt ends (Fig. 1a). pCD2
was constructed from pXC1 by removing the Adb se-

quence between the Sacl sites at positions 1770 and
5644. Plasmid pLE2 (Fig. 1c) is the same as pCD2
except that the Clal site at position 23 in the pBR322
sequence has been removed by cleaving with Clal,
treating with the Klenow fragment of DNA polymerase,
and ligating the blunt ends. (The Clal site at position
920 in the Ad5 sequence is cleaved by Clal only when
the plasmid is grown in dam~ bacteria.) Plasmid
pKCAT23 (Weeks and Jones, 1983) was a gift from
M. B. Mathews.

Oligonucleotide-directed mutagenesis

Mutants o/ 1101-1107, 1109, 1112-1116, 1119,
pm 1131, and sub 1117 were constructed by oligonu-
cleotide mutagenesis using the two-primer method of
Zoller and Smith (1984). The template for mutagenesis
was M13 mp11, into which had been inserted the Ad5S
sequence from plasmid pHE 1 between the BamH! and
Xbal sites (Figs. 1a, 1b). The two primers were the
synthetic mutagenic oligonuclectide phosphorylated
at the 5’ end, and a complementary strand of RF DNA
from wt M13 mp11, digested with BamHI and Xbal and
denatured (Fig. 1b).

To create the deletion mutants, oligonucleotides 23
nucleotides long, consisting of sequences of 11 or 12
nucleotides of the sense strand of Ad5 DNA on either
side of the deletion, were synthesized. For the point
mutant pm 1131, an oligonucleotide 20 nucleotides
long was made spanning C1331, but altering it to G to
create the  termination codon TGA. Construction of
sub 1117 (see below) began as an attempt to remove
the Clal site by making a silent point mutation of T922
to C, using a procedure similar to that for om 1131.

Plaques were screened by filter hybridization using
the end-labeled mutagenic oligonucleotide as a probe.
With deletion mutants, positive plaques were further
checked for the reduction in size of an appropriate
restriction fragment. Finally, phage DNA prepared
from selected plaques was sequenced by the dide-
oxynucleotide method, using suitable oligonucleotides
as primers, **S-ATP from NEN, and other materials
and methods supplied by Pharmacia and NEN. For
every mutant, the whole portion of the mutagenized
Ad5 sequence destined to be rescued into plasmid
pLE2 was sequenced. With pm 1131, the point muta-
tion was confirmed by sequencing the complementary
strand in the vicinity of the mutation after rescue into
M13 mp10.

With sub 1117, sequencing revealed that in addition
to changing T822 to C, mutagenesis had radically al-
tered the sequence between nucleotides 1141 and
1289. As a result of homologies between the synthetic
oligonucleotide and nucleotides in the vicinities of
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transfected by a modified calcium phosphate-DNA
coprecipitation technique (Graham and van der Eb,
1873; Weeks and Jones, 1983). To 500 pl/dish of buf-
fered saline (NaCl 16 g/liter; KCI 0.74 g/liter; Na,HPO,
0.2 g/liter; glucose 2 g/iiter; HEPES 10 g/liter, pH 7.1)
were added 500 ul water, 5 ug pKCAT23, 10 ug pLE2
(wt or mutant), and 20 ug sonicated salmon sperm
DNA, followed by 50 ul 2.5 M CaCl,. A precipitate was
allowed to form for 15-30 min, and the mixture was
then added dropwise to the medium in each dish. After
6 hr, the medium was removed from each dish, and 2
ml 20% glycerol was added for 1-2 min and then was
replaced by fresh medium. Forty to forty-eight hours
later, the cells were harvested and sonicated.

CAT assays were performed as outlined by Weeks
and Jones {1983) with the following modifications. The
assay mixiute contained the entire cell extract from
or.e dish, yether with 0.1 uCi ["*Clchloramphenicol
(5C mCumoit NEN) and 1 mM acetyl coenzyme A.
Atter autoraciography of chromatograms on thin-tayer
plaies (Anziliech), the spots were scraped and the ra-
dioactivity vvas quantified by scintillation counting. Re-
sults were not corrected for the protein contents of
different cell extracts within an experiment, as mea-
surements showed that they did not differ significantly.

Between separate assays, we found significant vari-
ation in the CAT activity given by the controls,
pKCAT23 alone and with wt pLE2, probably due to
differences in the state of the cells. Because of this, it
was impossible to control properly the kinetics of the
acetylation reaction. In the following section, results
are quoted only from assays in which the stimulation
by wt pLE2 was at least eight times that of pKCAT23
alone, and in which not more than 50-70% of the
['*C]chloramphenicol was acetylated.

RESULTS

The E1A mutants to be described are listed in Table
1 and their map positions are shown in Fig. 1.

Using mainly oligonucleotide mutagenesis (Zoller
and Smith, 1984), we have constructed a series of
in-frame deletion mutants, o/ 1101-1107, 1109, 1110,
1112-1116, that span the E1A coding region up to
codon 221 of the 13 S, 289R product. Each of these
mutants removes between 7 and 22 amino acid resi-
dues. So far as possible, and particularly in 12 S exon
1, codons 1-139, the regions deleted were chosen to
remove either a hydrophobic amino acid sequence,
representing possibly an interior part of the protein, or
a hydrophilic sequence, representing a more exposed
section of chain (see Table 1 and the hydropathy plot,
Fig. 2). To delete the C-terminal region, residues
219-289 of the 13 S product, a point mutant, pm

1131, was produced to alter codon 219 from serine to
termination. Mutant sub 1117 lacks the normal 3’
splice site, so that it should produce a read-through
product that terminates at an in-frame TGA at nucleo-
tides 1118-1120, and that consists of the first 185
residues of the 13 S product, ending with a mis-sense
lysine.

In addition to the above, a series of mis-sense point
mutants affecting individual residues around the Smal
site in the unique 13 S region were created by deletion
loop mutagenesis {Kalderon et al., 1982). Three of
these are described here: pm 1120 with a single con-
servative amino acid change of Valy4; to lle, pm 1121
with six altered residues, and pm 1122 with Pro,se
changed to Phe (Fig. 3).

All the mutations were rescued into pLE2, a recom-
binant pBR322 plasmid containing the whole of the
Ad5 region E1A (Fig. 1c).

CAT assay with pLE2 and pKCAT23

The ability of mutated E1A genes to cause the effi-
cient transcription of genes under the control of early
AdS5 gene promoters was tested using pKCAT23, a
pBR322 derivative containing the structural gene for
chloramphenicol acetyltransferase (CAT), linked to the
E3 promoter of Ad5 (Weeks and Jones, 1983), a pro-
moter that responds well to E1A transactivation. For
the assay, Hel a cells were transfected with pKCAT23

TABLE 1

MuTaNnTs PRODUCING DELETIONS IN THE E1A 13 S
mRNA PROTEIN PRODUCT

Type of
sequence
Mutant bp deleted aa deleted removed
adl 1101 569-634 4-25 (22) Hydrophobic
adl 1102 635-664 26-35 (10} —_
d/ 1103 647-706 30-49 (20) Hydrophilic
d/ 1104 701-739 48-60 (13) Hydrophilic
d/ 1105 767-802 70-81 (12) Hydrophobic
d/ 1106 827-874 90-105 (16) Hydrophilic
al 1107 890-928 111-123(13) Hydrophobic
d/ 1109 941-973 128-138(11) Hydrophilic
dl 1119 569-973 4-138(135) —
dl 1110 976-1038 140-160 (21) —_
dai112 1040-1063 161-168 (8) Hydrophitic
d 1113 1064-1090 169-177 (9) Hydrophobic
/RRRY! 1091-1111 178-184 (7) Hydrophobic
dal 1115 1229-1287 188-204 (17) Hydrophilic
gl 1116 1288-1338 205-221(17) Hydrophobic
pm 1131 C—+Gat1331 219-289 (71) —
sub 1117 1142-1288 185-289 (107) —

Note. Mutants are listed in order across the 289 residue protein
from the N- to the C-terminal.
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FiG. 3. Map of the mutated nucleotides and amino acid residues inpm 1120, 1121, and 1122, obtained by deletion-loop mutagenesis. In each

case, the mutations resuited in the loss of the Smal site.

together with a mutant or wt pLE2, and extracts were
tested for CAT activity using ['*C]chloramphenicol, as
described under Materials and Methods. Each mutant
was tested at least three times with different plasmid
preparations. Results are given in Table 2, and repre-
sentative results are shown in Fig. 4.

Except for pm 1120 and pm 1131, the mutants gave
clear-cut results. All the mutantsin 12 S exon 1 as well
as d/ 1116 in exon 2 induced levels of CAT activity
similar to those obtained with wt pLE2. On the other

TABLE 2

RESULTS WITH MUTANTS IN THE CHLORAMPHENICOL
ACETYLTRANSFERASE ASSAY

Activity with mutant

Mutant Activity with wt pLE2 Mean
a/ 1101 1.3; 1.3; 0.7; 1.0 1.1
dl 1102 0.6; 0.6;0.8; 1.2 0.8
d/ 1103 0.9;1.2;1.2 1.1
d/ 1104 1.2; 1.0; 1.7 1.3
d/ 1105 0.9;0.9; 1.3 1.0
d/ 1106 0.7;1.1;2.2; 0.9 1.2
d/ 1107 1.9;1.1; 11 1.3
d/ 1109 0.8;1.4,4.7,0.7 1.9
dl1110 0.02; 0.01; 0.01 0.01
pm 1120 0.05; 0.08; 0.2; 0.06; 0.4; 0.6; 0.4 0.24
pm 1121 0.02; 0.03; 0.14; 0.03 0.06
pm 1122 0.01; 0.01; 0.02; 0.06 0.03
dal 1112 0.01; 0.01; 0.03; 0.01 0.02
d/ 1113 0.01; 0.03; 0.01; 0.05; 0.03 0.03
di1114 0.02; 0.02; 0.03; 0.02 0.02
sub 1117 0.06; 0.04; 0.01; 0.04 0.04
dl 1115 0.05; 0.02; 0.04; 0.03 0.04
dl1116 1.0; 0.8;0.9;0.9; 1.0 0.9
pm 1131 1.1;0.2; 0.2; 0.2 —
d/1119 0.08; 0.01; 0.06; 0.1 0.06

Note. Mutants are listed in the same order as in Table 1 except for
d/ 1119. The values shown were calculated from the resuits of
different experiments, quantified by scintillation counting as de-
scribed under Material and Methods.

hand, all the mutants in the unigus 13 £ region except
pm 1120, together with df 1115 &,-1sui” 1117 inexon
2 gave CAT activities similar to +. 'se \ ith pKCAT23
alone, and usually less than 5% .. the ievel with wt
pLE2. These low levels of activii- were <ot due to a
failure of these mutant E1A regic::s to sroduce pro-
teins, as infections of cells with mutants . 1110 and d/
1112-1114 rescued into virus gave: similar amounts of
E1A proteins to those with wt virus (Egan et al., in
preparation). These results suggest that the 13 S
unique region of the 289R protein plus some or all of
the region deleted in d/ 1115 define a functional do-
main for transcriptional activation.

Of the exceptions, pm 1120, with a single conserva-
tive Val, 47 to lle change, gave about 25% of the activity
obtained with wt E1A. (This estimate of relative activity
iS very inaccurate because, as discussed under Mate-
rials and Methods, the kinetics of the reaction could
not be controlled.) This partial reduction may mean
that, although Val,,; is important to the functioning of
the domain, a conservative change prevents total loss
of activity. Alternatively, the relative importance of par-
ticular residues may gradually increase from nones-
sential for Glu;,5, whose removal in @/ 1109 causes no
loss of activity, to essential for Prosse, which when
changed to Phe in pm 1122 causes total loss of
activity.

Together, these results define the limits of a func-
tional transactivation domain. Its N-terminal must lie
between the end of the deletion in d/ 1109 at residue
138 and the mutation at residue 147 in pm 1120. The
C-terminal lies within the deletion in d/ 1115, i.e., be-
tween residues 188 and 204.

The point mutant, pm 1131, which deletes the 70
C-terminal residues of the protein, gave results that
varied in different experiments from wt levels to about
20% of wt. The cause of this variation is not clear, but
it suggests that the C-terminal end of exon 2 can affect
transactivation. This point is discussed more fully
below.
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levels we observed were fortuitous and that the C-ter-
minal end of exon 2 affects transactivation directly. We
are examing this point further.

The present results provide additional evidence that
the integrity of the principal transactivation domain is
essential for activity. This requirement was first dem-
onstrated with the mis-sense mutants hr 3, 4, and 5
(Glenn and Ricciardi, 1985), which do not transactivate
and which map in the C-terminal half of the domain at
residues 173, 176, and 185, respectively. Here we find
that activity is lost in the mis-sense mutant pm 1122
when Phe replaces Pro,sq, 2 conserved residue at the
N-terminal end of the domain. Even a single conserva-
tive change of Val,4; to lle in pm 1120 resulted in loss
of activity, even though Val,,; is not one of the resi-
dues conserved between adenovirus serotypes, being
replaced by Pro in human Ad7 and Ad12, and simian
adenovirus 7 (SA7) (Kimelman et al., 1985). However,
despite the sensitivity of the domain to amino acid
changes and to deletions, it is interesting that Kap-
puswamy and Chinnadurai (1987) found that the in-
sertion of four amino acids between residues 150 and
151 had no effect on transactivation.

The domain defined here corresponds closely to
conserved region 3, a sequence of residues that is
highly conserved between Ad5, Ad7, Ad12, and SA7
(Kimelan et al.,, 1985; Moran and Mathews, 1987;
Schneider et al., 1987). However, there are some inter-
esting differences between the predicted E 1A proteins
of these viruses. It is only in Ad5 that the N-terminal
end of the conserved sequence corresponds to the
beginning of the unique 13 S region. In Ad7 and Ad12,
some 13 residues of the conserved region lie before
the 12 S %' splice site and so are common to both 12
and 13 S products. In SA7, on the other hand, the
unique 13 S region is enlarged by about 29 noncon-
served residues, which precede the conserved region.
From the present results on Ad5, it seems likely that in
these other viruses, the domain for transactivation
corresponds to the conserved region alone, but it
would be interesting to know how close this corre-
spondence is.

Although its significance is not apparent, one no-
ticeable feature of the transactivation domain in Ad5 is
that it is flanked by highly acidic sequences. At the
N-terminal end, all but one residue from 132 to 140 is
acidic, while at the C-terminal end, the sequence
Glu-Pro repeats six times from residues 189 to 200.

The region discussed here must constitute a domi-
nant domain for the transactivation of early viral genes,
and would clearly account for the considerable activity
of the 13 S product compared to the very low activity of
the 12 S product reported by many groups (Haley et
al., 1984; Montell et al., 1984, Moran et al.,, 19863;

Svensson and Akusjarvi, 1984; Zerler et al.,, 1986).
This domain also would account for the resuits ob-
tained with the products of two other E1A mRNAs of
11 and 10 S, that have recently been reported (Ste-
phens and Harlow, 1987; Uifendahl et al., 1987).
These 11 and 10 S mRNAs resemble the 13 and 12
S mRNAs, respectively, except for the removal of a
second intron during their maturation. As a result, the
products of these mRNAs are effectively deletion mu-
tants of those from 12 and 13 S mRNAs, lacking resi-
dues 27 to 98. The 11 S mRNA product, like that of the
13 S mRNA, contains the transactivation domain de-
scribed here and shows activity, whereas the 10 S
product lacks the domain and shows no activity (Ul-
fendahl et al., 1987). However, it iz interesting that the
activity of the 11 S mRNA produ:.. is reported to be
lower than that of the 289R prodi«:i. Th.« reduction is
not due to a failure of the 11 & .»yote.: product to
accumulate (Ulfendahl et al., 1967:. A pr usible expla-
nation for the reduction is that if, == 3ug. sted above,
the N-terminal 138 residues of the: <89R : rotein act as
a scaffold holding the transactivaiion <omain in its
functional form, then in the 11 S product the loss of 72
residues from this portion of the protein nas reduced
its effectiveness in this respect.

Despite the evident importance of the domain en-
compassing the unique region of the 289R protein,
other studies have shown that the 12 S, 243R product
transactivates early adenoviral genes as efficiently as
the 13 S product (Leff et al., 1984; Richter et al., 1985;
Winberg and Shenk, 1984). In the present work, no
evidence was obtained that any sequences present in
the 12 S product, except for the C-terminal end of the
domain, were at all necessary for transactivation of the
Ad5 E3 promoter. This would suggest that if there is a
12 S domain, its activity is less than about 5% that of
the 13 S domain. However, there is another passible
explanation for our failure to detect another domain in
the 12 S sequence. Glenn and Ricciardi (1987) have
shown that the Ad5 EIA mutant hr 5, in which Ser;gs Of
the 13 S product is changed to AsN, blocks transacti-
vation by wt E1A, possibly by the mutant protein com-
peting with the wt protein for a cellular transcription
factor. lf the 12 S product interacts with the same
factor, our nonfunctional mutants may block this inter-
action, preventing us from detecting 12 S activity. We
have looked for interference from d/ 1112-1115in
transactivation by wt pLE2, but we have failed to de-
tect the clearly defined effect reported for hr 6 (not
shown).

Recently, Zerler et al. (1987) have shown that ex-
pression of PCNA is activated by the 12 S product and
independently of the 13 S unique region. It seems
likely, therefore, that the 12 and 13 S products contain
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different transactivation domains for different sets of
targets genes. The array of mutants described here is
being used to study this possibility, as well as to in-
vestigate domains for other E1A functions.
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2) 8equences in El1A Proteins of Human Adenovirus 5 Required
for Cell Transformation, Repression of a Transcriptional

Enhancer and Induction of Proliferation Cell Nuclear
Antigen (Jelsma et al., 1989, Virology 171, 120-130)

This paper describes a series of mapping studies in
which our panel of E1A mutants was used to define regions of
the E1A proteins required for: 1) transformation of primary
BRK cells in cooperation with activated ras; 2) trans-
repression of the SV40 early promoter/enhancer in Hela
cells; and 3) induction of proliferating cell nuclear

antigen (PCNA) in BRK cells.
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ticn
in,

' rznge of deletion and other mutants in the coding region of the E1A gene of Ad5 has been assayed for transforma-
1 baby rat kidney (BRK) cells in cooperation with ras, repression of the SV40 enhancer, and induction of proliferat-
>l nuclear antigen (PCNA). Transformation efficiency was drastically reduced by deletion of residues 4-25, 36—

6{ - 111-138 in exon 1 of the 289 residue (289R) and 243R E1A proteins. Deletion of other residues in exon 1 had

lit.

affect. With mutants in the region unique to the 289R protein, and in exon 2, the only effect on transformation

seuriad to be an increased tendency of mutant transformants, compared to wt, to migrate to form secondary foci.
Rsurassion assays, performed with E1A plasmids producing only the 243R protein, showed that deletion of residues
4-25 or 36-60 inhibited repression completely. Deletion of residues 128-138 reduced repression, but deletions else-
where in exon 1 had little effect. Deletion of residues 188—-204 in exon 2 reduced repression slightly, and deletion of all
of exon 2 reduced it to about one-half. It is concluded that for transformation, there are two functional domains in E1A
proteins, both in exon 1, both involved in binding different cellular proteins, and both probably concerned with different
transforming functions. One of these domains, involving residues 4-25 and 36-60, also functions in repression, but
the role of the second in repression is much less critical. All of the deletion mutants in exon 1 induced PCNA synthesis
in BRK cells. This result, together with previously published work, suggests that the active site for PCNA induction
either involves residues 61-69 or 82-85 in exon 1, which have not been deleted, or it does not depend on any single

limited region of the E1A proteins.

INTRODUCTION

Among the transforming proteins of mammalian
DNA tumor viruses, the 289 residue (289R) and 243R
proteins from the E1A region of human adenovirus 5
(Adb5), and of the closely related Ad2, are of particular
interest for several reasons: together or individually,
they are almost certainly responsible for most of the
range of effects that the E1A region can produce in in-
fected cells; they are relatively small; and they appear
to consist structurally of a series of relatively indepen-
dent functional domains. This paper describes experi-
ments designed to provide more information on the re-
lationship between structure and function in these pro-
teins.

The 289R and 243R E1A products are acidic,
nuclear phosphoproteins encoded by mRNAs of 13
and 12 S, respectively, and are identical to one another
except for an internal sequence of 46 amino acids
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unique to the 289R. They are the major products of the
E1Aregion and are able to bring about the immortaliza-
tion or establishment of cells, the transformation of
cells in cooperation with the E1B region of adenovirus
or with an activated oncogene such as ras, the activa-
tion of transcription in trans of viral and cellutar genes,
and the repression of viral and cellular transcriptional
enhancers. In quiescent cells, they induce mitosis, and
the synthesis of DNA, proliferating cell nuclear antigen
[PCNA or cyclin, the auxiliary protein of DNA polymer-
ase & (Bravo et al., 1987; Prelich et al., 1987)] (Zerler et
al., 1987), and an epithelial cell growth factor (Quinlan
et al., 1987). (For reviews and earlier references, see
Branton et al., 1985; Berk, 1986.)

The molecular mechanisms underlying the activities
of these proteins are largely unknown, although some
clues have been obtained. One example is in the stimu-
lation of gene transcription, where the effect of E1A is
apparently not to increase synthesis of transcription
factors (Green et al., 1988), but to activate preexisting
factors. Thus in transcription by RNA polymerase llI,
transcription factor IIC appears to be activated by
phosphorylation (Hoeftler et al., 1988). Another exam-
ple relates to the ability of E1A proteins to bind to a
number of cellular proteins (Yee and Branton, 1985;
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Harlow et al., 1986; Egan et a/., 1988), one of which,
with molecular mass 105kDa, has now been identified
as the retinoblastoma protein p105-RB (Whyte et al.,
1988a; Egan et al., 1989). The binding to this protein,
which we have shown to occur between residues 111
and 127 of E1A (Egan et al., 1988}, may be directly in-
volved in the oncogenic transformation of cells (Whyte
et al., 1988a; Egan et al., 1988, 1989).

An approach used by a number of different groups
to understand more about the structure and function
of E1A proteins has been to examine E 1A mutants cre-
ated by site-directed mutagenesis. These studies have
made it possible to localize segments of the proteins
that are essential for different functions (Moran and
M.thews 1287). In general, these segments coincide

w nthre  rotein regions that are conserved between
sc 2ralt  -.an and simian serotypes (Kimelman et al.,
17 19), i. .2y conserved regions 1, 2, and 3. Thus
c. 13erv.. :2gion 2 (CR2) and particularly CR1, both in
e .n1¢ common to both 289R and 243R proteins,

ar-. requ & for cell transformation (Zerler et al., 1986;
Moran e 2., 1986; Kuppuswamy and Chinnadurai,
1987; Wnyte et al, 1988b)and for enhancer repression
(Schneidereral., 1987, Lillie et al., 1987; Kuppuswamy
and Chinnadurai, 1987). On the other hand, CRS3,
which encompasses the region unique to 289R, is in-
velved in transcriptional activation (Moran et al., 1986;
Lillie et al., 1987; Schneider et al., 1987; Jelsma et al.,
1988).

In order to be able to survey the coding region of E1A
systematically, we have created a series of in-frame de-
letion mutants by oligonucleotide mutagenesis that
spans the entire coding region. Here we report results
with these and other E1A mutants that have identified
three regions, all in exon 1, that are essential for trans-
formation. In enhancer repression, two of these same
regions are also critical, but the third is less important.
Surprisingly, although E1A protein is required for the
induction of PCNA, we have been unable to find any
region of the protein which by itself is essential for this
induction.

MATERIALS AND METHODS
Plasmids, viruses, and cells

The construction of E1A mutants o/ 1101-1110, d/
1112-1116, sub 1117, pm 1120-1122, and pm 1131
and their rescue into plasmid pLE?2, containing all of
E1A, has been described previously (Jelsma et al,
1988; Egan et al., 1988). Ad5 0/ 520 (Haley et al., 1984)
was obtained from P. E. Branton, McMaster University.
pLE2 gl 520 was constructed by replacing the wt E1A
Xmal to Xbal fragment of pLE2 with the same fragment
from d/ 520. Mutants o/ 1101-1109 in pLE2 were

cloned into pLE2 d/ 520 by cleaving both plasmids with
BamH| and Xmal, recovering the appropriate fragments
from agarose gels, and ligating. [In pLE2, the BamHI
site is joined to the beginning of the Ad5 sequence at
nucleotide 22 (Jelsma et al., 1988).] Mutated E1A re-
gions were rescued into Ad5 df 309 by the method of
Stow (1981) or McGrory et al. (1988). pSV2CAT (Gor-
man et al., 1982), Ad5 d/ 312 (Jones and Shenk, 1979),
and Ad2/Ad5 df 1504 (Osborne et al., 1982) were ob-
tained from F. L. Graham, McMaster University, and an
El-ras plasmid (Shih and Weinberg, 1982) from S. Mak,
McMaster University.

Hela cells were maintained in minimal essential me-
dium (MEM) supplemented with 10% newborn calf se-
rum. Primary baby rat kidney (BRK) cells were prepared
from 2- to 6-day-old Wistar rats according to van der
Eb and Graham (1980) with minor modifications and
were plated and maintained as described (Ruley,
1983).

Transformation assays

BRK cells were transfected (Ruley, 1983; Graham
and Bacchetti, 1983) on the second day after plating,
when the dishes were 60-70% confluent. Cells were
stained by treatment with Carnoy's fixative and Giemsa
stain.

Lines of transformed cells were tested for growth on
soft agar according to Macpherson and Montagnier
(1964).

CAT assay for enhancer repression

The CAT assay for enhancer repression was carried
out on extracts of transfected Hel a celis in the same
manner as that for transactivation (Jelsma et a/., 1988)
with the following changes. In transfection, the DNA of
interest was 5 ug of pSV2CAT and 2 or 3 ug of either
pLE2 or pUC18 per 100-mm dish of cells. To increase
the sensitivity of the assay itself, harvested cells were
resuspended in 150 ul/dish 0.25 M Tris, pH 7.8, 5 mM
EDTA (TED buffer), and after sonication, extracts were
incubated at 60° for 10 min (Crabb and Dixon, 1987).
Reaction mixtures contained 10 to 20 ul of extract, 0.2
uCi ["*Clchloramphenicol (60 mCi/mmol; NEN), 1.6
mM acetyl-coenzyme A, and TED buffer to a final vol-
ume of 50 ul. After thin-layer chromatography and au-
toradiography, radioactive spots were scraped and
quantified by liquid scintillation counting as before (Jel-
sma et al., 1988).

Analysis of PCNA induction

Confluent monolayers of BRK cells, 2 days after plat-
ing, were infected with virus at an m.o.i. of 10 PFU/cell
and labeled from 12 to 14 hr postinfection with 100 uCi
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FiG. 1. Map of a series of mutations spanning the coding region of Ad5 E1A. Regions deleted in terms of the 289R protein are indicated by
open boxes. The ability of mutants to transactivate transcription {Jelsma et al., 1988) is also shown.

[*S]methionine (ICN Biomedicals) per 60-mm dish in
methionine-free medium. Cells were harvested, and
extracts were prepared and immunoprecipitated as de-
scribed (Mathews et al., 1984). Extracts in 40 ul/dish
buffer A (10 mM Tris-HCI, pH 7.5, 0.14 M NaCl, 1.5
m M MgCl,, 0.5% Nonidet-P40) were precleared by
adding 10 ul 10% protein A-Sepharose CL-4B (Phar-
macia) in buffer C (50 mM Tris—HCI, pH 7.4, 150 mM
NaCl, 5 mM EDTA, 0.5% Nonidet-P40, 0.5% sodium
deoxycholate, 0.1% sodium dodecyl sulfate, 2 mg/mi
bovine serum albumin) and then diluting 1:1 with buffer
C. Cleared lysates were immunoprecipitated with 5 pl
of a human antiserum directed against PCNA (Immu-
noConcepts, Sacramento, CA), mouse monoclonal an-
tibody H219 to the Ad5 72KD DNA binding protein
(Rowe et al., 1984), or mouse monoclonal antibody
M73 to Ad2 E1A proteins {Oncogene Science, inc.,
Manhasset, NY), together with 30 ul 10% protein A-
Sepharose in buffer C. The immunoprecipitates were
analyzed by electrophoresis on 12.5% SDS-polyacryl-
amide gels and fluorographed.

RESULTS

Most of the work described below was carried out
with the E1A mutations shown in Fig. 1. These muta-

tions, described previously (Jelsma et al., 1988; Egan
et al., 1988), fall into two categories. Pm 1120-1122
contain mis-sense mutations affecting 1, 6, and 1 resi-
dues respectively in the unique region of the 289R pro-
tein between residues 147 and 157 (Fig. 1). All the
other mutations cause deletions in the E1A protein
products, as a result either of deletions in the genome
(d/1101-1110and d/ 1112-1116), or of premature ter-
mination during translation (sub 1117 and pm 1131).
All the mutated E 1A regions should produce 289R and
243R proteins, except d/ 1110, which lacks the %
splice site for 12 S mRNA and therefore probably pro-
duces no 243R protein, and sub 1117, which lacks the
3 splice site and therefore probably produces a single
readthrough product consisting of the first 185 resi-
dues of the 289R protein followed by a mis-sense ly-
sine (Jelsma et al., 1988).

For experiments on repression of the SV40 transcrip-
tional enhancer, we constructed a series of double mu-
tants, in which d/ 1101-1109 were each combined
with o/ 5620. Mutant o/ 520 lacks nucleotides 1107-
1117, which span the 13 S 5' splice site, and therefore
produces no 13 S mRNA or its 289R protein product
(Haley et al., 1984). This series of double mutants, des-
ignated d/ 1101/520, d/ 1102/520 and so on, therefore
produces only the 243R protein mutated in exon 1.
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TABLE 1
TRANSFORMATION OF BRK CELLS 8Y MUTANTS IN THE UNIQUE REGION AND IN ExON 2 of ETA
Number of dishes with focit
Total number of foci
Average number of foci/dish
Normal culture With agar overlay
wt Number of wt Number of
Mutant control experiments Mutant control experiments
pm 1122 51/52 47/57 5 8/8 6/7 2
833 301 31 33
16.0 5.3 3.9 4.7
dl1110 38/54 30/55 5 7/8 6/7 2
440+ 7 105 38 33
8.3 1.9 4.8 4.7
dar1112 39/47 29/52 6 19/19 17/18 4
565 129 154 83
12.0 2.5 8.1 4.6
al11is 51/53 43/53 5 8/8 6/7 2
732+ 1°* 165 + 2* 45 33
13.8 3.2 5.6 4.7
dr1ii6 43/45 39/45 4 3/4 3/4 1
224 +2* 146 + 2* 6 7
5.0 3.3 1.5 1.8
pm 1131 54/54 49/55 5 4/4 3/4 1
523 +6* 323+ 1* 11 7
9.8 5.9 2.8 1.8
ad/ 520 37/37 29/36 6 31/32 28/32 6
752 142 448 193
20.3 3.9 14.0 6.0
ras alone 8/145 — 18 — _ —_
21 —_ —_ —
0.14 —_ — —

* Number of dishes in which the foci were too numerous to count. Most of these were probably secondary foci (see text) and for the calculation

of average number of foci/dish were treated as one focus/dish.
1 Results are totals for the number of experiments indicated.

In the assays for transformation and for enhancer re-
pression, the mutant E1A regions, including d/ 520,
were tested in plasmid pLE2, a pBR322 derivative con-
taining the whole of the Ad5 E1A region (Jelsma et al.,
1988). For the study on the induction of PCNA synthe-
sis, mutated E 1A regions were rescued into the pheno-
typically wt Ad5 virus o/ 309.

Transformation of BRK celis by E1A mutants in
cooperation with EJ-ras

E1A mutants were assayed for their ability to func-
tion in cell transformation by transfecting primary baby
rat kidney cells with pLE2 and a plasmid containing the
EJ-ras oncogene. In early experiments, 0.12, 0.25, and
0.50 ug per 60-mm dish of both the E1A and ras plas-
mids were used in each assay, but different concentra-

tions did not give significantly different numbers of foci.
The results of these assays therefore have been
pooled, and in later experiments only 0.25 ug of each
plasmid DNA per dish was used.

Cultures were monitored for foci throughout each
experiment. In many experiments, particularly with mu-
tants in the unique region and in exon 2, which are dis-
cussed first, transformed cells tended to lift off and
seed secondary foci elsewhere in the dish very rapidly.
To minimize this, wherever possible dishes were
stained as soon as the number of foci rose above 10.
All remaining dishes were stained after about 4 weeks.
Because of the complication with secondary foci, re-
sults are given for the fraction of dishes with foci, the
total number of foci, and the average number of foci/
dish. In a few instances, foci became too numerous-
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FiG. 4. Induction of PCNA synthesis by E1A mutants of AdS. Ex-
tracts of BRK cells, mock-infected or infected with the mutant viruses
indicated and labeled with [**S]methionine, were immunoprecipi-
tated with anti-PCNA antiserum and the immunoprecipitates were
analyzed on SDS-polyacrylamide gels and fluorographed. The posi-
tions of molecular mass markers are shown. The PCNA band is indi-
cated by an arriwv.

Firire <« .ows typical resuits with immunoprecipi-
tate< obta  -: using anti-PCNA serum for deletion mu-
tant:: span 3 the entire N-terminal 85 residue region,
namely Ac- ./ 1101-1105 and Ad2/Ad5 d/ 1504 (Os-
borne et & 1982), which lacks residues 1-15 (Dow-

ney et al., 1984), compared to that obtained with the
12 S virus Adb di 520. All of these precipitates gave a
band of 35-37 kDa, typical of PCNA (Zerleret al., 1987;
Bravo etal., 1987; Prelich et al., 1987). This band could
be detected oniy faintly in extracts of mock-infected
cells and of cells infected with AdS df 312, which lacks
most of E1A (Jones and Shenk, 1979) (Fig. 4). In other
experiments (not shown), this band was found after in-
fection with AdS ¢/ 309, which produces both 13 and
12 S E1A mRNAs; this band comigrated with a band
precipitated from infected cell extracts by a sample of
PCNA antiserum from M. B. Mathews (Cold Spring
Harbor Laboratory); and this band was not detected in
similar extracts precipitated with unrelated antisera
against E1A proteins and the 72-kDa E2A protein. Oc-
casionally in these experiments, a few of the infections
gave aless intense 35 to 37-kDa band than did the rest,
as is the case with 0/ 1102 and o/ 1105 in Fig. 4. Over
all the experiments, however, we found no consistent
evidence to suggest that any of these exon 1 mutants
was appreciably less efficient at inducing this PCNA
band than d/ 520 or d/ 309. Rather, it was clear that
infection with these mutants always gave a PCNA band
that was significantly stronger than the background
level seen in mock or d/ 312 infections, indicating that
the ability of E1A proteins to activate PCNA synthesis
had not been abolished by the deletions studied. Re-
sults similar to these were also obtained (but are not
shown) for mutants that delete all of the rest of the
243R and 289R proteins, namely the other exon 1 mu-
tants, Ad5 d/ 1106-1109, and exon 2 mutants Ad5 d/
11156-1116 and Ad5 d/ 313, which lacks sequences

for the C-terminal 70 residues of E1A proteins as well
as most of E1B (Graham, 1984).

These results, together with earlier work (Zerler et
al., 1987}, confirm that E1A is required to induce PCNA
synthesis in BRK cells, but they also show that none of
the deletions so far studied abolishes induction com-
pletely, i.e., none of the deleted portions of the E1A
protein products appears to be essential by itself for
this induction.

Production of E1A proteins

Cells transfected with the different pLE2 mutants
used in this work were not checked for the production
of E1A proteins, but it is unlikely that any of the results
obtained could have been due to the failure of some
mutants to produce these proteins, for the following
reasons. First, in KB cells infected with mutant viruses
containing each of the deletions in exon 1, either alone
or in combination with d/ 520, or containing the dele-
tions in the unique region, E1A proteins have been de-
tected in amounts comparable to those infected with
wtvirus (Egan et al., 1988; C. Egan, unpublished obser-
vations). Second, every mutant studied gave a positive
result, indicating protein function, in at least one, and
usually two, of four assays, the three described here
and that for transactivation in Jelsma et al. (1988).

DISCUSSION

Site-directed mutagenesis is a valuable technique
for studying adenovirus E1A proteins, as it enables us
to identify domains that are important for different phe-
notypic effects, and from this to distinguish which of
these effects are likely to share the same underlying
molecular mechanisms. Using a series of in-frame de-
letion mutants spanning the whole of the coding region
of E1A, we have identified, more systematically and
precisely than has been possible before, regions in
E 1A proteins which when deleted adversely affect the
ability of these proteins to transform BRK cells in coop-
eration with ras, and to repress the SV40 transcrip-
tional enhancer. By contrast, we found no region of
these proteins which by itself was necessary for the
stimulation of PCNA synthesis in BRK cells.

In exon 1, there were three regions in which dele-
tions markedly reduced transformation, namely at the
N-terminal end between residues 4 and 25, between
residues 36 and 60 in CR1, and at the C-terminal end
from residues 111 to 138 in CR2 (Figs. 2A and 2C).
In enhancer repression assays of the d/ 520 series of
double mutants, which express the 243R protein only,
deletions of residues 4-25 and 36-60 effectively abol-
ished repression, whereas in CR2 only deletion of resi-
dues 128-138 had any significant effect, reducing but
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not abolishing repression; mutants d/ 1107 and d/ 1108
repressed the enhancer efficiently, even though they
transformed cells poorly (Fig. 2). By contrast, deletions
of residues separating these critical regions, that is,
26-35, 70-81 at the C-terminal end of CR1, and 90-
105, had comparatively little effect on either transfor-
mation or repression.

Previous work has also shown that in transformation,
the N-terminal end of E1A (Subramanian et al., 1988;
Whyte et al., 1988b; Velcich and Ziff, 1988), CR1 {Lillie
et al., 1987; Schneider et a/., 1987; Stephens and Har-
low, 1987; Ulfendahl et al., 1987; Velcich and Ziff,
1988), and CR2 {Moran et al., 1986; Lillie et al., 1986;
Kuppuswamy and Chinnadurai, 1987; Schneider et al.,
1987) were important, and thatin enhancer repression,
the N-terminal end (Velcich and Ziff, 1988) and particu-
lary CR1 (Schneider et al., 1987; Lillie et al., 1987; Vel-
cich and Ziff, 1988) were involved, but that mutations
in CR2 had limited effects (Schneider et al., 1987; Kup-
puswamy and Chinnadurai, 1987). However, our re-
sults extend these observations by demonstrating
clearly that for both transformation and repression, the
N-terminal half of exon 1 contains two critical regions,
the N-terminal end and CR1, and that these regions are
distinctly separate. The existence of these two sepa-
rate, functionally important regions is further reflected
in the ability of mutants in this area to bind a 300-kDa
cellular protein. E1A products from d/ 1101, 1103, and
1104 bind this protein poorly, whereas with o/ 1102,
the binding is the same as that with wt E1A (Egan et
al., 1988) (Fig. 2C).

Of the three important regions identified in exon 1,
that in CR2 is probably functionally independent of the
other two. The structural independence of CR2 has
been shown by complementation studies (Moran and
Zerler, 1988), but these do not prove that CR2 is in-
volved in a separate function from the others. At pres-
ent, the strongest evidence for this is the differences in
the properties of the regions. While mutations in all
three regions affect transformation, those in CR2 affect
enhancer repression much less than mutations in the
other two (Fig. 2B). Furthermore, CR2 appears to con-
tain the principal binding sites for cytoplasmic proteins
of 107 and 105 kDa, but not for one of 300 kDa,
whereas the reverse is the case for the two regions in
the N-terminal half of exon 1 (Egan et al, 1988;
Fig. 2C).

This same evidence indicates that the N-terminal re-
gion and CR1 share properties and so are probably in-
volved with the same functional domain. This would
mean that residues 26-35 form a joining loop that is
not essential to function. There are two possible ways
in which the N-terminal region and CR1 are organized:
one is that they form complementary parts of one do-

main; an alternative is that the N-terminal region forms
a structural foundation for the correct folding of a func-
tional domainin CR1. At present we cannot choose be-
tween these possibilities.

Mutations in the unique region and in exon 2 had no
effect on transformation, except for an increase in the
seeding of secondary foci compared to that found with
wt E1A, probably due to altered adhesion of transfor-
mants to the plastic substrate. It is not clear whether
this phenomenon could have affected the results of
other authors using similar mutants. The lack of sensi-
tivity of transformation to mutations in the unique re-
gion and exon 2 confirms the earlier findling that a trun-
cated product consisting of the first 140 residr es of the
289R protein is able to transform BRK . -ilsir :oopera-

tion with ras (Zerler et al., 1986; Whv  eta/ 1988b).
In addition, this lack of sensitivity de’ .1st  2s that,
functionally, the regions in exon 1 the. 3re ¢ cal for
transformation must be totally indepr 2nt. e rest
of the polypeptide chain beyond exorr  This  shown
most clearly by ¢/ 1110, which delete: residi. 3 140-

160 in the 289R protein and presurrably riaxes no
243R product as the 5’ splice site for the 12 S mRNA
has been removed. With this mutant, producing only a
mutated 289R product, removal of the section of the
polypeptide chain immediately adjacent to the critical
CR2 at its C-terminal had no effect on transformation
(Table 1). The functional independence of the unique
region from exon 1 is also apparent from results on
transcriptional activation: the region required, corre-
sponding closely to CR3 (Lillie et a/., 1987, Jelsma et
al., 1988), is not detectably affected by limited dele-
tions inexon 1 (Jelsma et a/., 1988).

It is interesting to compare the results depicted in
Fig. 2 with a comparison of the hydropathy profiles of
E1A 289R protein and the product of the avian retrovi-
rus MC29 myc oncogene (Branton et al,, 1985), a
nuclear protein that, like E1A, is able to transform in
cooperation with ras (Ruley, 1983; see also Berk,
1986). These profiles show regions of close similarity,
between residues 7 and 85 in E1Aand 112 and 190in
v-myc, and between residues 115 and 166 in E1A and
213 and 264 in v-myc, which may reflect similarities in
function. Within exon 1 of E1A, these regions corre-
spond closely to the sequences required for transfor-
mation and enhancer repression. However, all that is
known of the functions of the similar v-myc sequences
is that residues 112-143 are required for transforma-
tion, but the rest are not (Stone et al., 1987).

In two exon 2 mutants, d/ 1115 and sub 1117, which
were defective in trans activation and deleted part or
all of exon 2 respectively, repression of the SV40 en-
hancer was reduced but not abolished. Because re-
moval of the whole of exon 2 does not eliminate repres-
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sion entirely, it seems likely that exon 2 is not directly
involved in repression, but has only a limited effect on
the folding of active sites in exon 1. Alternatively, a de-
letion or a premature termination in exon 2 could cause
the C-terminal portion of the protein to block an active
site in exon 1. The results with g/ 1115 and sub 1117
agree with those of Schneider et a/. (1987), using a mu-
tant very similar to sub 1117, but not with Velcich and
Ziff (1988), who found that two mutants similar to d/
1115 and sub 1117 were unable to repress transcrip-
tional enhancers. The reason for the discrepancy is not
apparent, as although the repression assay of Velcich
and Ziff (1988) differed from ours, it was similar to that
of Schneider et a/. (1987).

Re-~ults withy mutations in the C-terminal end of exon
1, wi =hrei-ss the SV40 enhancer but do not trans-
form and v 1 mutations in exon 2, which transform

butt-vere ed repression, confirm observations of
othe. (Su.  n1anian et al, 1988; Velcich and Ziff,
198 (hatv .sformation and enhancer repression are

sepzarable i+ :tions. In the present work, no mutants
were 1ound 113t transformed and yet completely lacked
the ability 10 repress the SV40 enhancer. On this basis,
it is possible that enhancer repression is necessary,
but alone is not sufficient, for transformation.

The conclusion that probably two separate domains
in exon 1 are required for transformation is interesting
in light of the recent finding of Whyte et al. (1988a) that
the 105-kDa cellular protein, which binds to residues
111-127 of E1A proteins (Egan et al., 1988), is the reti-
noblastoma protein p105-RB (see also Egan et al.,
1989). Clearly this binding, which involves one of these
two domains, could be one of the activities of E1A nec-
essary for transformation, but the necessity for a sec-
ond, functionally separate domain suggests that at
least one other E 1A function is also required. The dis-
covery of the identity of the 300-kDa cellular protein
that binds to this second domain is eagerly awaited.

So far, no functional domain has been identified for
the induction of PCNA synthesis. Induction was not ap-
preciably reduced by any of the E1A deletions studied
here or previously (Zerler et al., 1987) that collectively
delete the whole of the 243R and 289R proteins, with
two minor exceptions. These exceptions are residues
61-69, between d/ 1104 and d/ 1105, and residues
82-85, between d/ 1105 and the beginning of the re-
gions deleted by the mutants of Zerler et al. (1987). It
is possible that one of these two regions is the active
site for induction and we are investigating this. An aiter-
native is that no single region of the E1A proteins alone
is responsible for activating PCNA synthesis. Rather,
activation may depend on some repetitive feature of
protein structure and is able to tolerate the deletion of
one of the repeats without noticeable effect. For exam-

ple, by analogy with a recent model for the initiation of
transcription (Sigler, 1988), the repetitive feature may
possibly be regions of negative charge, of which three
of the most extensive in the 289R protein (excluding
phosphorylation) are residues 45-60, 133-141, and
189-199. (In the 243R protein, these are residues 45—
60, 133-138, and 143-153.) To detect a loss of PCNA
stimulation would then require the deletion of at least
two of these regions. We are at present investigating
this possibility also. Whatever the ocutcome of future
studies, however, results to date suggest that the
mechanism by which E1A proteins induce PCNA is en-
tirely different from those used in processes for which
functional domains have been identified.
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72, 120, 89
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El1A function, our series of E1A mutants was used to map

cellular protein-binding sites on the El1A polypeptides.

3) Mapping of Cellular Protein-Binding Sites on the
Products of Early-Region 1A of Human Adenovirus (Egan et
al., 1988, M.C.B. 8, 3955-3959)

The experimental approach for mapping cellular
protein binding sites on the E1A polypeptides involved
infecting human KB cells with the dl 309 series of E1A
mutant viruses, immunoprecipitating E1A proteins with an
ElA-specific monoclonal antibody and analysing the

immunoprecipitates by SDS PAGE.
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TABLE 1. Correlation between binding of E1A-associated
proteins and transformation by Ad5 E1A mutants

Binding Binding Binding
Virus Residues (e wt)of (e wt)of (%6 wt) of Tmn§fonnnlion
deleted 300-kDa  107-kDa  105-kDa with ras®

protein®  protein® protein®
wt 0 100 100 100 +
di1101 4-25 0 60 120 -
dil1102 26-35 160 150 380 +
di1103 3049 10 40 S0 -
di1104 4860 0 9% 50 -
di1105 70-81 50 90 120 +
di1106 90-105 130 120 170 +
di1107 111-123 140 50 0 -
di1108 124-127 100° 0 0° -
di1109 128-138 130 80 130 -
di1110  140-160 160 120 100 +
hrsd 110 120 100 +
di1504 1-14 - + + +€
di313 220-289 + + + +

? To quantify binding, the polyacrylamide gels shown in Fig. 3 were
autoradiographed with preflashed film (20). From exposures in which all film
densities fell on the linear part of the characteristic curve of the film, the
amounts of the 300-, 107-, and 105-kDa cellular proteins and all of the E1A
products were measured by microdensitometry with a Hoefer Scientific GS
300 apparatus. Values were normalized to the amount of total E1A protein and
expressed as a percentage of the values obtained with wt Ad5. In cases in
which deletions eliminated a methionine residue, an appropriate correction
was made. Binding with the mutants d/504 and d/313 was not quantified in this
study; the presence (+) or absence (—) of binding is indicated.

® Transformation assays were carried out with BRK cells with plasmid
pLE2 containing mutated E1A regions and an activated ras gene, as described
previously (21, 30). The specific transformation data will be published

separately (Jelsma et al., in preparation). +, Transformation; —, no transfor-
mation.

€ Values were obtained in a separate experiment.

9 hr5 contains a point mutation that alters residue 139 in the 289R product
and amino acid 185 in 243R. ’

- Data of Osborne et al. (26) by a different transformation assay involving
virions.

putative binding site was apparent, between residues 124 and
127 and residues 111 to 127, respectively. Other regions of
the E1A protein which, when deleted, resuited in only partial
reduction in binding may play a role in the tertiary structure
of the primary binding site.

The fact that the E1A-binding proteins appear to interact
with exon 1 of E1A proteins is of great interest, as this region
has been linked to oncogenic transformation, cellular immor-
talization, enhancer repression, and other activities (15, 21,
22, 28, 30, 34). For transformation in association with an
activated ras gene, two highly conserved regions encoded by
exon 1, termed CR1 and CR2 (Fig. 1), are required (21, 22,
30, 33, 34). Recently, the deletion mutants described in the
present study were used in plasmid form to map the regions
in exon 1 necessary for transformation in cooperation with
ras. The results showed that in addition to CR1 and CR2, a
region near the amino terminus was also essential (Jelsma, et
al., manuscript in preparation). Others had previously dem-
onstrated the importance of the amino terminus, but they did
not show that this region was functionally separable from
CR1 (34). There was an excellent correlation between the
failure to bind one or more of the E1A-associated proteins
and loss of transforming activity (Table 1). The only excep-
tions were dl1109 and d/1504. The former transformed
poorly, even though the mutant E1A product appeared to
bind the E1A-associated species at levels comparable with
that of wt AdS. The latter, which fails to bind the 300-kDa
species, has been shown by others, using whole virus, to be
capable of transformation (26), although it has not been

MoL. CeLL. BioL.

tested under the present assay conditions. Thus, it is possi-
ble that at least one of the reasons why CR1, CR2, and the
amino terminus are necessary for transformation may be the
requirement to form functional complexes with all three
ElA-associated proteins. Further clues about the roles of
these proteins must await their identification and character-
ization.
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Figure 5). Each mutant that was defective for association
with p300 was impaired for transformation, as well as for
repression of the SV40 enhancer, while mutants that failed
to associate with pl105, or pl107 and pl105 both, were
defective for transformation, but not enhancer repression.
These correlations suggested that the El1A proteins may
repress enhancers by binding to p300 and bring about
transformation by associating with both p300 and p105. The
hypothesis that binding of cellular proteins by E1A was
required for transformation was significantly strengthened
shortly after publication of Egan et al. (1988) when one of
the El1A associated proteins, pl105, was identified as the
product of the retinoblastoma growth suppressor gene (Whyte
et al., 1988). Mutations in both copies of the
retinoblastoma gene were known to be common characteristics
of all retinoblastomas, suggesting that p105 (now referred
to as pRb) normally functioned to suppress cell growth (see
Weinberg, 1991 for a review). If the normal function of pRb
was to regulate cell growth, then it followed that one of
the roles of the ElA proteins in transformation could be to
sequester and inactivate pRb to allow unregulated cell
division. Since binding to pRb was probably required - but
not sufficient - for transformation it was also possible
that the other ElA-associated proteins played similar roles
to pRb in cell growth control. In an attempt to further

characterize the consequences of the interactions between
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ABSTRACT Previous work has suggested that oncogenic
transformation by the E1A gene products of adenovirus type 5
may be mediates! through interactions with at least two cellular
proteins, the 1¢%-XDa product of the retinoblastoma growth
suppre. or gen: :1::05-Rb) and a 300-kDa protein (p300). By
using vi~ 2l mut: - ., we now show that the induction of cellular
DNA s thesis - - quiescent cells by E1A differs from trans-
formati' ~inth- A products induce synthesis if they are able
to biné v eithe-  $5-I3b or p300, and only mutant products
that bir+: to 1.~ -:r are cxtremely defective. These results
suggestiat plf- | .35 and p300 (or cellular proteins with similar
E1A-bin::ing pi »; oriics) provide parallel means by which DNA
synthesis can b+ -cgulated.

1

The familiar explanation that cancer is due to uncontrolled
cell growth has been given sharper focus recently by devel-
opments in the concept of cellular anti-oncogenes or growth
suppressor genes. that is, genes whose products normally
arrest cell growth. Unlimited cell growth is thought to occur
if these genes are deleted or altered or if their products are
inactivated. The main experimental basis for this concept has
been recent findings on the retinoblastoma (Rb) gene, indi-
cating that retinoblastomas arise when both alleles of this
gene are lost or inactivated. This work, which essentially
began with a study by Knudson (1), has been reviewed by
Weinberg (2).

Further insights into the mechanisms of action of the Rb
gene have been obtained through studies with the early region
1A (E1A) oncogene of human adenovirus type 5 (AdS).
Expression of this gene can immortalize cells, cause cells to
proliferate, and, in collaboration with a second oncogene
such as AdS E1B or activated ras, induce oncogenic trans-
formation (3). Transformation seems to require specific in-
teractions between E1A polypeptides and key cellular pro-
teins. Several cellular proteins to which E1A proteins bind
have been observed (4, 5). Two of these have molecular
masses of 105 kDa and 300 kDa (p105 and p300, respectively).
pl0S has been identified as the product of the Rb gene
(p105-Rb) by Whyte et al. (6), and this was subsequently
confirmed by our group (7). It has further been found that
E1A mutants whose proteins fail to bind to p105-Rb also fail
to transform cells (7-10). It is widely believed that the
formation of a complex with E1A products inactivates p105-
Rb, thereby permitting the uninhibited growth associated
with oncogenically transformed cells. However, this associ-
ation is clearly not the only event required for E1A-mediated
transformation as mutant E1A products that bind p105-Rb
normally but fail to bind p300 are also defective for trans-
formation (8-10). This suggests that p300 is involved in
growth control as well.
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The major products of the E1A region of AdS are proteins
of 289 and 243 residues. They are produced from 13S and 128
mRNAs, respectively, and are identical except for an extra
internal sequence of 46 amino acids in the larger protein. To
learn more about the way these proteins function in trans-
formation, we have constructed and studied the properties of
a series of small in-frame deletion mutants spanning the
whole of the coding sequence of the E1A gene (9, 11). We
have also used these mutants to map the sites on El1A
proteins involved in binding to p105-Rb, p300, and another
cellular protein of 107 kDa (p107) (8).

It has been known for some time that E1A induces cellular
DNA synthesis in a variety of growth-arrested cells (12-14).
Studies on the phosphorylation of pl05-Rb during the cell
cycle (15-18) led to the suggestion that this protein may help
to regulate the progress of cells from Go/G, phase into S
phase (16, 17). In an attempt to understand more clearly the
role of both p105-Rb and p300 in this regulation, we have used
our series of E1A mutants to examine the relationship
between the induction of cellular DNA synthesis by E1A
products and their ability to bind to p105-Rb and p300. The
results suggest that binding of E1A proteins to either p105-Rb
or p300 (or to other cellular proteins with similar binding
properties) is sufficient to induce synthesis. These data
provide further suggestive evidence that p105-Rb regulates
entry into S phase but that p300 is an alternative control
element for DNA synthesis.

MATERIALS AND METHODS

Cells and Viruses. The 293 cell line (19) was maintained in
Eagle’s modified minimal essential medium (MEM) supple-
mented with 10% (vol/vol) newborn calf serum. KB cells
were maintained in a-modified MEM supplemented with 10%
(vol/vol) fetal bovine serum. Primary baby rat kidney (BRK)
cells were prepared from 4- to 6-day-old Wistar rats as
described (9) and were maintained in Dulbecco’s modified
Eagle’s medium supplemented with 5% fetal bovine serum.

The construction of E1A mutations dl1101-1109 and
pm1l31 and their transfer into an E1A plasmid pLE2/520,
which expresses only the 12S E1A mRNA, have been de-
scribed (8, 9, 11). pLE2/520 contains a deletion from AdS5
di520 that removes the 5’ splice site for the 13S E1A mRNA
(9, 20). E1A mutations dl1141-1143 were constructed and
transferred into pLE2/520 in a similar manner. Mutant
pLE2/520 plasmids containing two deletions in exon 1 were
created by combining appropriate restriction fragments from
plasmids containing single exon 1 deletions. Mutated E1A
regions were transferred from pLE2/520 into the phenotyp-
ically wild-type (wt) virus AdS dI309, by using either the

Abbreviations: AdS, adenovirus type 5; BRK, baby rat kidney;
pl05-Rb, 105-kDa retinoblastoma protein; p300 and p107, cellular
proteins of 300 kDa and 107 kDa, respectively; wt, wild type; pfu,
plaque-forming unit(s); moi, multiplicity of infection.
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method of McGrory et al. (21) or the method of Stow (22), as
described (9). After screening, each mutant virus was plaque-
purified twice, amplified, and titrated on 293 cells.

Induction and Measurement of DNA Synthesis. The proce-
dure for measuring DNA synthesis was that of Zerler er al.
(14). BRK cells were plated on 60-mm dishes and infected 3
days later at a multiplicity of 10 plaque-forming units (pfu) per
cell. At the time of infection or 24 or 48 hr after infection, 50
uCi of PH]thymidine (Amersham) in 5 ml of fresh medium
was added. After labeling for 24 hr, the cells were harvested
and resuspended in 0.3 M NaOH. DNA was precipitated with
trichloroacetic acid and collected on Whatman glass-fiber
filters, and radioactivity was measured in a scintillation
counter.

To estimate the extent of viral DNA synthesis in BRK cells
infected with 12S virus, duplicate sets of quiescent cells were
infected either with the phenotypically wt AdS d1309 or with
the 128 virus Ad5 di520 and labeled for three 24-hr periods.
Controls were provided by mock-infected cells or by cells
infected with AdS di312, which lacks essentially the whole
ElA region. With one set of cells, incorporation of [*H]-
thymidine into total DNA was measured as before. From a
second set of cells, viral DNA was extracted by the Hirt
method (32), the samples were electrophoresed on 0.6%
agarose gels, and the radioactivity in each of the viral DNA
bands was measured by scintillation counting. Because of
lysis, measurements on cells infected with d1309 could only
be made over the first 24-hr labeling period.

Analysis of E1A and Associated Cellular Proteins. Proteins
from virally infected KB cells were analyzed as described (8).
KB cells were infected at a multiplicity of 70 pfu per cell and
labeled with [>*S]methionine. To lysates of these cells was
added either the ElA-specific monoclonal antibody M73
(Oncogene Science, Manhasset, NY) to precipitate E1A and
associated cellular proteins or the Ad5 E1B-specific antibody
9C10 (Oncogene Science) as a control. Precipitates were
analyzed by SDS/polyacrylamide gel electrophoresis, fol-
lowed by fluorography.

RESULTS

Several previous studies have shown that E1A products are
able to induce cellular DNA synthesis in quiescent primary
BRK cells infected with adenovirus (14, 23-25). This is also
the system we have chosen for examining the role of E1A
protein binding in this process, as it enables us to relate
results directly to our earlier work on the transformation of
BRK cells by E1A mutants (9). BRK cells are semipermissive
for AdS5, and cell killing was prevented by infecting with virus
containing mutated E1A regions transferred into a dI520

xon 1
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background. d1520 expresses only the E1A 12S mRNA and its
product, the smaller 243-residue protein (20), and, in the
absence of the 289-residue protein, which is required to
activate transcription of other early viral genes, viral repli-
cation is limited (14, 23). Throughout our work, DNA syn-
thesis was measured by the incorporation of [*H]thymidine
over three 24-hr intervals, namely, 0-24, 24-48, and 48-72 hr
after viral infection. Three measurements were made to
discover whether the incorporation induced by each of our
El1A mutants was rapid, delayed, or transient (cf., refs. 23
and 25). In no case did we detect any significant trend, and
so we report below the incorporation over the total 72 hr after
infection for each mutant as a percentage of that by dI520.

Estimation of Viral and Cellular DNA Synthesis in BRK
Cells Infected with 128 Virus. To establish the extent to which
viral DNA synthesis affected our results, quiescent BRK
cells were infected with the phenotypically wt AdS dI309 or
with d1520 and labeled with [3H]thymidi:- : Uptake of radio-
activity was then measured into total {:°iA and into viral
DNA. Ad5 dI309 produced much more - ::al DN . than did
dI520 (see also ref. 14). By comparing inc-  oratit- into total
DNA and viral DNA for these two virus: - Jata: - ¢ shown),
it was possible to arrive at an upper lim’- or the -action of
the incorporation with di520 due to vi.© DNA ynthesis.
Results from two experiments estimatec -.is at « ‘% or less
of total DNA synthesis and, therefore, ¢: -iinor ; :portance
compared to the synthesis of cellular DI\ 3.

Induction of DNA Synthesis by E1A Miutants < cntaining
Single Deletions. A number of published studies with E1A
mutants have attempted to define the regions of the 243-
residue protein essential for the induction of DNA synthesis
(14, 23, 24, 26, 27). The results suggested that the N-terminal
85 residues are required, although other evidence (25, 26)
indicated that sequences at the C-terminal end of exon 1 (Fig.
1) are also necessary.

To investigate this question further, we examined a series
of AdS mutant viruses, d11101/520, d11102/520, etc., in which
single deletions in the coding region of E1A (Fig. 1) were
combined with d1520. Initially, we tested d11101/520 through
dl1109/520, di1141/520, d11142/520, and pm1131/520 for
their ability to stimulate incorporation of [*H]thymidine into
DNA in quiescent BRK cells. Except for pm1131/520, these
mutants all contain a small deletion in exon 1 of E1A and
include dl11101/520, di1103/520, and dl11104/520, which
should lack the principal binding sites for p300, and d11107/
520 and d11108/520, which should lack those for p105-Rb and
pl07 (Fig. 1). pm1131/520 contains a termination mutation in
exon 2 that deletes the C-terminal 71 residues of the E1A
protein. Collectively, these mutants delete almost the entire
exon 1 and a major portion of exon 2 (Fig. 1). Fig. 2 shows
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FiG. 1. Map of the AdS 243-
residue E1A protein, showing the
deletions used in the present
study, with the residues deleted
(a) and the principal sites affecting
binding to pl05-Rb, pl07, and
p300 (b) from Egan et al. (8).
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Table 1. Ability of E1A 243-residue-related proteins from mutant
AdS viruses to induce DNA synthesis in BRK cells compared to
their ability to bind to p105-Rb, p107, and p300 in KB cells

Lo DNA Experi-

Binding synthesis, ments,
Mutant pl0S-Rb  pl07 p300 % of control no.
Mock - - - 15 4 11
di520 + + + 100 11
di312 - - - 18+ § 4
d101/07/520 - + - 20+ 4 7
di01/08/520 - - - 29 6 3
dl43/08/520 - - - 14+ 4 2
d103/08/520 - - { 48+ 9 3
dl04/08/520 - - ! 41 =10 4
dl1143/520 l + - 38+ 8 4
di01/06/520 + + - 69+ 6 3
di02/06/520 + + + 121 £ 15 3
d102/07/520 - + + 80 * 12 3
d102/08/520 - l + 89 * 18 3
di05/07/520 - + + 92 £ 17 3

DNA synthesis for each mutant is the incorporation of [*H]-
thymidine as a percentage of that for d1520 (control) (mean = SEM).
Mutants are grouped according to their ability to induce cellular
DNA synthesis poorly (lines 4-6), at a reduced level (lines 7-9), or
at a level comparable to that of dI520 (lines 10-14). Binding to
p105-Rb, p107, and p300 is shown as similar to (+), or much reduced
compared to that with d1520 (| ), or not detectable (-).

p105-Rb and p300. In contrast, the ability to bind to p107 did
not correlate with induction of DNA synthesis. In no case
was loss of induction due to failure to produce E1A proteins,
as the defective mutants produced at least as much E1A
protein as other mutants (Fig. 3). Lack of induction was also
not due simply to the presence of two separate deletions in
exon 1, as double mutants d102/06/520, d102/07/520, dl02/
08/520, and d105/07/520 stimulated DNA synthesis effi-
ciently (Table 1) and d101/06/520 stimulated DNA synthesis
to the same level as d11101/520 alone (Fig. 2).

From these results, it appeared, therefore, that the ability
of a mutant to induce DNA synthesis correlated with its
ability to bind to p105-Rb, to p300, or to both and that it was
only mutants that bound to neither of these proteins that were
markedly defective at inducing DNA synthesis.

Two double mutants, dl03/08/520 and d104/08/520, in-
duced intermediate levels of thymidine incorporation. With
dl04/08/520, only weak binding to p300 was observed (Fig.
3); we discuss this mutant below. The ability of d03/08/520
to induce DNA synthesis at the level it did was at first
surprising, as results with d11103 (ref. 8; see Fig. 1) had led
us to believe that this mutant would bind poorly to p300 and
not at all to p105-Rb. However, in this earlier work (8), the
mutant used produced both the 289-residue and 243-residue
El1A proteins, whereas the present mutant gave only a
243-residue-related product. In fact, with dl03/08/520 (Fig.
3), binding to p300 was somewhat better than that observed
with d11103 (8). These data suggest that deletion of residues
30-49 may have somewhat different effects on binding to
p300 by the 289- and 243-residue proteins.

Effects of Different Multiplicities of Infection and of Mixed
Infections. To investigate the effect of multiplicity of infection
(moi) on the level of induction of DNA synthesis, d1520,
d101/07/520, and dl04/08/520 were assayed using up to 40
pfu per cell (Fig. 4). The plot for d1520 shows that induction
was maximal at moi values above 5. d101/07/520 gave only a
slight increase in thymidine incorporation toward higher
values of moi, indicating that this mutant is extremely de-
fective at inducing DNA synthesis. However, d104/08/520
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This mutant is discussed in the next se.. “s.

If the induction of cellular DNA synth« . - isa¢:-1sequence
of the E1A protein binding to cellult D rote; . such as
pl05-Rb and p300, then, in a mixed . ectior the El1A
product of a mutant such as d102/08/520, .. hich i: :iuces near
wt levels of incorporation and binds 300 w:il, should
predominate over the product of a mutaxt such s d101/07/
520, which is defective for induction and binds uudetectable
amounts of pl05-Rb and p300. This was tested in an exper-
iment in which BRK cells were infected with these two
mutants. The incorporations obtained, as percentages of the
level with d1520, were as follows: d1312, 25%: d101/07/520
alone, 30%; d102/08/520 alone, 110%; d101/07/520 plus dl02/
08/520, 120%. Thus the effect of d102/08/520 predominated
over that of dl01/07/520.

DISCUSSION

There are two significant findings in the results presented
here. First, as others have found (14, 24), there exist E1A
mutants such as dI1101, di1103, d11107, and dl1108 that in
BRK cells are defective for transformation (9) but, never-
theless, induce significant levels of cellular DNA synthesis
(Fig. 2). Clearly therefore, changes in the control mecha-
nisms of the cell that permit cellular DNA synthesis are not
in themselves sufficient to account for the uncontrolled
continued growth associated with transformation.

The second finding is the close correlation between the
induction of cellular DNA synthesis by E1A products and the
ability of these products to form complexes with the cellular
proteins pl05-Rb and p300. Mutants that induced DNA
synthesis at a level comparable to that observed with the‘wt
128 control virus d1520 (see Table 1) produced E1A proteins
that bound readily detectable amounts of p105-Rb, p300, or
both. On the other hand, mutants that were most deficient at
inducing DNA synthesis—namely, dl01/07/520, di01/08/
520, and d143/08/520—produced E1A proteins that bound
undetectable or very low amounts of these two cellul'f\r
proteins. The binding of E1A proteins to the cellular protein
pl07 did not correlate with the induction of DNA synthesis,
and so this binding did not appear to be involved. '

Mutants dl1143/520, d103/08/520, and dl04/08/520 in-
duced reduced levels of DNA synthesis. Of these, d11143/520
and d103/08/520 gave levels that correlated with the limlt'ed
binding of their E1A proteins to both p105-Rb and p300 (Fig.
3). It is more difficult to account for the properties of
dl04/08/520, which induced DNA synthesis better than ex-
pected from the very weak binding to p300 (Fig. 3). One
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possibility is that the BRK equivalent to p300 binds more
efficiently to this E1A product than does human p300.
Alternatively, induction of DNA synthesis may be due to
another, unidentified cellular protein with binding properties
similar but not identical to those of p300 (see below).

A connection between the induction of DNA synthesis and
binding to p105-Rb and p300 readily explains our results with
double infections and with different values of moi. If binding
of the cellular proteins to E1A products is responsible for
inducing DNA synthesis, then, in an infection with two
mutants, we would expect a mutant whose protein binds to
predominate over one whose protein does not bind. This is
what we found. In experiments on the induction of DNA
synthesis at increasing values of moi (Fig. 4), induction by
d1520 was not critically dependent on moi values above 5 pfu
per cell. This suggests that if binding to p105-Rb and p300 is
required for in-tuction, the amount of E1A protein produced
at thes: moi v: ues is not limiting. However, if a mutant E1A
protei: were = 'iciently weak at binding, then the amount of
it proc’ :ced i.: ¢ cell could become limiting, and induction

might hen ' ;ase as the value of moi increased. This
appe:z :dtol ¢ case with dl04/08/520, the E1A protein of
whicl sinds . emely weakly to p300.

Thi ourre  iis are consistent with the hypothesis that the

bindi: . of the: LA 243-residue product to p105-Rb and p300
isresponsible .. the induction of cellular DNA synthesis and
that buiding t., cither of these proteins is sufficient for this
induction.

However, the evidence for this hypothesis is not conclu-
sive. The present results suggest that binding of at least two
cellular proteins to different sites on the 243-residue poly-
peptide, toward the N- and C-terminal ends of exon 1,
respectively, is involved in the induction, but it is not certain
that p105-Rb and p300 are these proteins. A variety of other
cellular proteins besides p105-Rb, p107, and p300 can bind to
the 243-residue E1A product (4, 5, 28), and any that bind to
the same sites as pl05-Rb and p300 could be important for
induction. So far. we have not identified other cellular
proteins with such binding properties.

How might E1A products affect regulatory processes in the
cell? In the induction of DNA synthesis, one or both of the
two cellular proteins could be inducers that are activated
when the E1A product binds. Alternatively, one or both
could be suppressors that are inactivated by binding the E1A
product. If both are inducers, our data indicate that it is
sufficient for the E1A protein to interact with either to induce
synthesis. If p105-Rb is one of the proteins, it is likely to act
as a suppressor. From studies on the phosphorylation of
p105-Rb during the cell cycle (15-18), it has been proposed
that this protein may help to block passage of cells from
Go/G, into S phase (16, 17) and that a viral protein like EIA
may remove this block by binding to p105-Rb and inactivating
it as a suppressor (16). Should one of the proteins be a
suppressor and the other an inducer, induction by mutants,
such as dl1101/520 and d11107/520, requires that activation of
the inducer and inactivation of the suppressor can each on
their own lead to DNA synthesis. Finally, if both cellular
proteins are suppressors, they must act cooperatively rather
than in parallel, as these same mutants show that inactivation
of either suppressor by binding to the E1A product is
sufficient for DNA synthesis to occur.

Were p105-Rb and p300 to be the cellular proteins affected
by E1A in the induction of cellular DNA synthesis and in cell
transformation, several other questions follow. For example,
it has been reported that the Rb gene is expressed in a wide
variety of tissues (29). Is p300 equally ubiquitous? We would
expect the induction of cellular DNA synthesis to be inti-
mately associated with cell transformation. What is the
relationship? Earlier work (8, 9) suggested that transforma-
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tion required E1A proteins to bind to p105-Rb and p300. The
evidence for this was that mutants such as dl1101, which
failed to bind to p300, and d11107, which failed to bind to
pl05-Rb, were defective for transformation in combination
with ras. Thus to permit uncontrolled growth associated with
transformation, the E1A protein must bind to pl05-Rb and
p300 whereas, to induce DNA synthesis, it must bind to
either one. This would suggest that the pathways by which
p105-Rb and p300 participate in the control of cell growth are
more complex than those that control the onset of DNA
synthesis and that in the latter case, the two proteins provide
alternative means by which DNA synthesis can be induced.
It is already known that sequences in exon 1 of E1A also
affect mitosis and passage of cells through the cell cycle (23,
30, 31). Our E1A mutants can be used to examine the
relationship of these processes to the binding of p105-Rb and
p300 and to explore some of the other questions raised here.
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5) Effects of Ad5 E1A Mutant Viruses on the Cell Cycle in
Relation to the Binding of Cellular Proteins Including

the Retinoblastoma Protein and Cyclin A (Howe and
Bayley., 1992, Virology 186, 15-24)

This report describes the use of the dl 520 series
of mutant viruses to: 1) map domains in the 243R protein for
stimulation of cell division in BRK cells, 2) map binding
sites on the 243R El1A product for association with the

cellular proteins p400, p300, pl07, pRb and cyclin A.
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We have examined the ability of Ad5 E1A 12S viruses with deletions in E1A exon 1 to induce quiescent baby rat
kidney cells to progress through the cell cycle and to undergo mitosis. Measurements of mitotic index and analyses by
fluorecence activated cell sorting were correlated with the abilities of the mutant E1A proteins to bind to cellular
prote’y 5. All the mutants induced cells to leave GO/G1 and enter S phase, but two groups were defective at inducing
mito:. - and cells infected with them appeared to be blocked between the S and M phases. The first group of mutants,
with - «2tions in the regions of residues 4-25 and 30-60, bound p300 poorly or not at all and gave reduced numbers of
mite. . The second group, with deletions between residues 111 and 138 in CR2, failed to bind pRb and were com-
plete: wefective at inducing mitosis. In this group, mutants lacking residues between 124 and 138 bound p107 and

cyckr
exter:

appeass identical to p107. @ 1992 Academic Press, Inc.

INTRODUCTION

In the transformation of cells by DNA tumor viruses,
the role of at least some of the viral oncogenes appears
to be to synthesize products that interfere with cellular
proteins controlling growth. An important line of evi-
dence supporting this view is that the E1A proteins of
human adenovirus type 5 (AdS5), large T antigens of
SV40 and polyoma viruses, and the E7 protein of hu-
man papilloma virus 16, all bind to pRb, the 105-kDa
protein product of the retinoblastoma growth suppres-
sor gene (Yee and Branton, 1985; Harlow et a/., 1986;
Whyte et al., 1988b; Egan et al., 1988, 1989; DeCaprio
et al., 1988; Dyson et al., 1989, 1990). Furthermore,
mutant E1A, SV40 targe T antigen, and E7 proteins
that fail to bind pRb are defective for transformation
(Egan et al., 1988, 1989; Jelsma et al., 1989; Whyte et
al., 1989; DeCaprio et al., 1988; Banks et al., 1990). It
has been suggested that pRb controls the exit of cells
from GO/G1 into S phase of the cell cycle, and that
proteins of viral oncogenes remove such a control by
binding to pRb (Whyte et al., 1988b; Buchkovich et al.,
1989; DeCaprio et al., 1989). So far, no direct connec-
tion has been established between the formation of
such protein complexes and changes in cell growth,
either for pRb or for another cellular protein, p300, that
is bound by E 1A proteins and that has also been impii-
cated in the regulation of cell growth and in transfor-
mation (Whyte et al., 1988a, 1989; Egan et al., 1988;

' To whom reprint requests should be addressed.

. at much reduced levels and induced cells to overreplicate their DNA, The site in E1A required to bind cyclin A
i+, from residue 124 to at least 127. Cyclin A binds to a 107-kDa cellular protein, which by peptide analysis

Jelsma et al., 1989; Stein et al,, 1990). Nevertheless
studies of the effects on cells of oncogenes such as
E1A are likely to yield important information on the mo-
lecular mechanisms controlling cell growth.

The contribution of the Ad5 E1A oncogene in cell
transformation is apparently to ‘‘immortalize” cells,
that is to induce unlimited growth and division (Ruley,
1983). Aside from this, E1A has a range of other biolog-
ical activities as well (Berk, 1986). These include the
ability to activate transcription of some viral and cellular
genes in trans, to repress some viral and cellular tran-
scriptional enhancers, and to induce mitosis and cellu-
lar DNA synthesis in growth-arrested primary rodent
cells. The principal products of the E1A gene are pro-
teins of 243 and 289 residues, which differ only by an
internal sequence of 46 amino acids in the larger. From
the predicted sequences of E1A proteins, three re-
gions have been found to be highly conserved between
different adenovirus serotypes (van Ormondt et al.,
1980; Kimelman et al., 1985), of which two, conserved
regions (CR) 1 and 2 (Fig. 1) are pertinent here. To learn
more about the molecular mechanisms underlying
E1A activities, a number of laboratories, including our
own, have used site-directed mutagenesis to map
functional domains within the E1A proteins. The re-
sults have shown that the N-terminal end of the protein
and the N-terminal end of CR1 are required for trans-
formation in cooperation with ras, for enhancer repres-
sion, and for binding to p300 (Lilie et al., 1987;
Schneider et al., 1987; Whyte et al., 1988a, 1989;
Egan et al., 1988; Velcich and Ziff, 1988; Subramanian

0042-6822/92 $3.00
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Exon 2
| —
CR1 CR2
dl1101 di1104 d11107
4-25 48-60 111-123
di1o02 dinios di1108
26-35 70-81 124-127
di1103 dl1106 di109
30-49 90-105 128-138

Fig. 1. Map of the Ad5 E1A 243 residue protein, showing the
positions of conserved regions 1 and 2 (CR1, CR2), and the positions
of the ¢« !etion o ..tations used in the present study, with the resi-
dues a=! .ted.

(Zerler :tal., 187), but this was not confirmed in later
work (szllet ¢ /., 1989).

To rwestig.-'¢ further the importance of sequences
inexon 1 of E 1A proteins in the induction of mitosis, we
studied quiescant BRK cells infected at a multiplicity of
10 PFU/cell with a series of mutant Ad5 viruses con-
taining deletions in exon 1 of E1A. These deletions, d/
1101 to d/ 1109, are shown in Fig. 1. To reduce viral
replication and the cell killing that resulits, these exon 1
mutations were used in an Adb df 520 background, so
that only the smaller 12S E1A mRNA and its protein
product were synthesized (Haley et al., 1984; Howe et
al., 1990). These mutant viruses were designated d/
1101/520-d/ 1109/520. The percentage of infected
cells entering mitosis was measured by blocking cy-
cling cells in a metaphase-like state by adding the mi-
crotubule polymerization inhibitor nocodazole for ei-
ther 0-24 or 24-48 hr postinfection (p.i.). Measure-
ments were not made later than 48 hr, because at
these times dead cells confused the counting of mi-
toses. In five experiments, the average percentage of
cells entering mitosis, summed over the whole 48-hr
period, was 38 + 12 in d/ 520-infected cells, and 4 + 3
in cells infected with d/ 312, a virus lacking essentially
all of E1A. Mock-infected cells gave a value similar to
that for infection with o/ 312. In these experiments, a
muitiplicity of infection of 10 PFU/cell was found to be
optimal: at 1 PFU/cell, mutant viruses defective at in-
ducing mitosis (see below) gave too few mitoses for
accurate counts, while at 30 PFU/cell, the viruses were
lethal to the cells.

To compare mutants df 1101/520-d/ 1109/520 with
d/ 312 and d/ 520, the mitotic indices of infected cells
were summed over the two 24-hr periods of treatment
with nocodazole, expressed as a percentage of the
index for d/ 520, and then averaged over several exper-

iments. These averages are shown in Fig. 2. It is clear
that induction of mitosis by mutants d/ 1101/520, df
1103/520, and d/ 1104/520 was significantly reduced,
while mutants d/ 1107/520, d/ 1108/520, and d/ 1109/
520 were as ineffective at inducing mitosis as d/ 312.
By contrast, induction was affected relatively little in of
1102/520, d/ 1105/520, and d/ 1106/520. Mitotic indi-
ces in individual experiments (not given) showed that d/
520, d/ 1102/520, d/ 1105/520, and d/ 1106/520 pro-
duced most of the mitoses in the first 24 hr p.i., with
30% or less of this number in the second 24 hr p.i. For
dl 1101/520, d/ 1103/520, and d/ 1104/520, all mi-
toses occurred in the first 24 hr p.i.

FACS analysis of cells infected with E1A mutants

In a previous study (Howe et a/., 1990), we found that
each of the mutant viruses d/ 1101/520-d/ 1109/520
retained the ability to stimulate cellular DNA synthesis
efficiently in quiescent BRK cells. Because not all of
these viruses were able to induce BRK cells to proceed
through mitosis, it was clear that other E1A functions
beyond those required to stimulate DNA synthesis are
needed to drive infected cells to complete the cell cy-
cle. In an attempt to learn more about the effect of E1A
on progress through the cycle, we used fluorescence
activated cell sorting (FACS) to analyze BRK cells in-
fected with viruses containing E1A exon 1 mutations.

For FACS analysis, infected BRK cells were fixed and
stained with propidium iodide at 24, 48, and 72 hr p.i.
Representative FACS profiles are shown in Fig. 3. Ex-
cept for one feature discussed below, the profiles for
cells infected with df 520 or with mutants a/ 1101/520-
dl 1109/520 (Figs. 3B-3F) were generally similar and
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FiG. 2. Histograms of the mitotic index for BRK cells infected with
different E1A mutant viruses, expressed as a percentage of that for
cells infected with d/ 520 (+SD for the numbers of experiments given
in parentheses).
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Fig. 3. FACS profiles from one experiment of BRK cells at 72 hr
after infection with different E1A mutant viruses. (A} Mock-infected
and infected with (B) d/ 520; (C) o/ 1103/520, (D) d! 1107/520; (E) d/
1108/520; (F) d/ 1109/520.

contained a higher percentage of cells in S and G2/M
than were found in mock infected cells (Fig. 3A). The
percentages of cells in S and G2/M at the three 24 hr
times after infection with different mutant viruses and
averaged over a number of FACS analyses are shown
in Fig. 4A. It is evident that all of the mutants were
capabie of inducing cells to leave G0O/G1 and enter S
phase, and this is consistent with our earlier observa-
tion that all of these mutants are able to induce cellular
DNA synthesis (Howe et al., 1990). A significant differ-
ence between the FACS profiles was that d/ 1108/520
{Fig. 3E), d/ 1109/520 (Fig. 3F), and possibly to a small
extent d/ 1107/520 (Fig. 3D), gave a higher proportion
of cells with DNA contents greater than G2/M than did
d/ 520 (Fig. 3B) and the other mutants (Fig. 3C). These
higher DNA contents varied in amount and were not
confined to one discrete value. Histograms for the per-
centages of such cells for all of the mutant viruses are
given in Fig. 4B.

To investigate further the overreplication of DNA
caused by these mutants, FACS analyses were carried
out to compare cells infected with d/ 520, d/ 1107/520,
dl 1108/520, and d/ 312 (or mock-infected). In each
case, the number of cells with DNA contents >G2/M

was calculated as a percentage of celis in S, G2/M,
and >G2/M. Table 1 shows the results of three experi-
ments for cells at 48 and 72 hr p.i., the times at which
the effects were most marked. It is clear that the per-
centage of cells overreplicating their DNA was signifi-
cantly higher with d/ 1108/520 than with wt 128 virus,
a/ 520. With d/ 1107/520, the percentage was greater
than for d/ 520, but the difference was barely signifi-
cant, statistically.

Binding of mutant E1A proteins to cellular proteins

In previous studies on the binding of mutant E1A
proteins to the cellular proteins p300, p107, and pRb,
we used either single E1A mutations in a background
of dl 309, a phenotypically wt virus which produces
both 13S and 12S E1A mRNAs (Egan ei ai., 1588), or
double E1A mutations in a d/ 520 backgrcund (Haowve et
al., 1990), all of which differ from the i.:utants used
here. To check the binding properties ¢f the E1.- pro-
teins from the present mutants, we analyv:ad imrmuno-
precipitates of these E1A proteins for the presence of
p300, p107, and pRb (Fig. 5). Because of the impor-
tance of cyclins A and B in the cell cycle, we analyzed
the immunoprecipitates for the presence of these pro-
teins as well: cyclin A has been reported to bind to E1A
proteins (Pines and Hunter, 1990; see also Giordano et
al., 1989), but there is no evidence that cyciin B does.

Significant amounts of E1A proteins were immuno-
precipitated with the E1A-specific M73 antiserum from
labeled cells infected with each of the mutant viruses
except d/ 1109/520 (Fig. 5). Because this mutant con-
sistently produced much iower levels of E1A protein, it
was impossible to compare it with the other mutants in
the efficiency of its E1A protein to bind cellular pro-
teins. Relative to d/ 520 (Fig. 5, lanes 5, 13), binding of
E1A to p300 was similar in d/ 1102/5620 (Fig. b, lane
14), d/ 1105/520 (Fig. 5, lane 15), d/ 1106/520, d/
1107/520, and d/ 1108/520 (Fig. 5, lanes 9-11), con-
siderably reduced in d/ 1103/5620 (Fig. 5, lane 7), and
negligible in d/ 1101/620 (Fig. 5, lane 6) and d/ 1104/
520 (Fig. 5, lane 8). In the same region of the gel as
p300, another protein, first observed by C. Egan and P.
E. Branton {(unpublished) and designated p400, was
bound to proteins from df 520 (Fig. 5, lanes 5, 13) and
dl 1104/520-d/ 1108/620 (Fig. 5, lanes 8-11, 15), but
not from d/ 1101/520-d/ 1103/520 (Fig. 5, lanes 6, 7,
14). E1A proteins from all the mutants bound p107,
except that the level was much reduced with of 1108/
520 (Fig. 5, lane 11). Binding of pRb with d/ 1101/5620,
dl 1102/620, d/ 11056/520, and d/ 1106/520 was com-
parable to that with d/ 520, but it was reduced in d/
1103/520 and d/ 1104/620 (Fig. 5, lanes 7, 8), and it
was negligible in o/ 1107/520 and d/ 1108/520 {Fig. 5,












22 HOWE AND BAYLEY

TABLE 2

SUMMARY OF ABILITIES OF E1A EXON 1 MUTANTS TO INDUCE PROGRESSION THROUGH THE CELL CYCLE AND TO BIND TO CELLULAR PROTEINS

Induction of Binding® to

Entry Entry Overreplication

into S into M* of DNA p400 p300 pRb p107 Cyclin A
al 520 + + + + + + +
dl 1101/520 + { - - + + +
dl 1102/520 + + - + + + +
d/ 1103/520 + { - i + + +
d/ 1104/520 + ¥ + - + + +
adl 1105/520 + + + + + + +
ol 1106/520 + + + + + + +
adl 1107/520 + - +/- + + — + +
o/ 1108/520 + - + + + - { -
dl 1109/520 + - +

* Mitotic index: + similar to d/ 520; § markedly less than with d/ 520; — same as mock infection or infection with d/ 312.
® Binding: + significant; { markedly less than in d/ 520; — not detectable. No results are shown for o/ 1109/520 for reasons " -2cuss-.; in the

text.

ple, mutants d/ 1101/520 and d/ 1108/520, that bound
to only one of the two cellular proteins, p300 and pRb.
Thus, as our earlier results indicated (Howe et al.,
1990), neither of these proteins on their own can be
responsible for preventing BRK cells from leaving GO/
G1: both must be uncomplexed to E1A in the cell. Mu-
tants d/ 1101/620, o/ 1103/520, and o/ 1104/520
bound p300 at much reduced or undetectable levels
(Fig. 5, lanes 6-8) and caused only a small percentage
of cells to enter mitosis. This correlation suggests that
p300 may affect passage of cells from S into M. Cells
infected with d/ 1107/520 and d/ 1108/520 were
blocked completely before M, and as neither of these
mutants bound pRb (Fig. 5, lanes 10, 11), this protein
may be responsible for the block. d/ 1108/520 also
showed much reduced binding to p107 and cyclin A,
and it induced a significant increase in the number of
cells accumulating excess DNA (Table 1). This may
mean that p107 and/or cyclin A in some way facilitate
the overreplication of DNA, although as d/ 1107/5620
caused a small, marginally significant increase as well,
a role for pRb in overreplication cannot be excluded.
As d/ 1109/520 consistently produced much less
E1A protein than the other mutants (Fig. 5), it was im-
possible to compare this protein with those of the other
mutants in the efficiencies with which it formed com-
plexes with cellular proteins. Despite the small amount
of E1A protein from d/ 1109/520, the effect of this mu-
tant on cells was similar to that of d/ 1108/520, and this
similarity can be explained in terms of the amounts of
cellular proteins bound. The E1A proteins from both
mutants bound to pRb, p107, and cyclin A at compara-
bly low levels (Fig. 5, lanes 11, 12), and it is this weak

binding in both cases that we suggest me accow:nt for
the failure to induce cells to enter mitosis and for the
induction of excess DNA synthesis. However, the rea-
sons for the weak binding were different in the two
mutants: d/ 1108/520 produced normal levels of E1A
protein that bound inefficiently, whereas at the same
multiplicity of infection, a/ 1109/520 produced too little
E1A protein for significant binding, however efficient it
may have been intrinsically in binding to these pro-
teins. It is more difficuit to explain how a/ 1109/520
induced cells to progress from G0/G1 into S in the first
place. At the multiplicity of infection used, this mutant
complexed a detectable amount of p300 (Fig. 5, lane
12), and although this amount was smaller than in
other mutants, it may have been sufficient to allow
cells to escape from GO/G1 into S phase. None of the
phenotypes observed here correlated with binding to
p400.

The abilities of mutant forms of the 243 residue E1A
protein to bind to p60-cyclin A (Fig. 5) showed that the
principal binding site includes some or all of residues
124-127 deleted in d/ 1108/520. We could not judge
whether the site extends into the neighbouring dele-
tion of d/ 1109/5620, because of the low level of E1A
protein produced by that mutant. This site is smaller
than, but consistent with, residues 121-127, one of
two sites for binding to cyclin A recently reported by
Giordano et al. (1991). Based largely on the failure of a
mutant with residues 30-85 deleted to bind to cyclin A,
these authors concluded that residues 30-60 are also
required. in contrast, our two smaller deletions span-
ning this region, o/ 1103/520 and d/ 1104/620, bound
cyclin A reasonably well. Evidently binding to cyclin Ais
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affected only by relatively large deletions between resi-
dues 30-60, as we recently demonstrated to be the
case in the binding of E1A to pRb (Howe et al., 1990).
Much more information is required on the interac-
tions of E1A with cellular proteins before we can prop-
erly understand how E1A affects cells. Nevertheless a
picture is beginning to emerge, and in this respect the
work of Wang et al. (1991) nicely complements our
present and previous results (Howe et a/., 1990). Wang
et al. (1991) showed that, probably by inducing p34¢°92
kinase activity, the 12S E1A protein can induce the
phosphorylation of pRb in quiescent BRK cells without
necessarily binding to it. As a consequence of this
phosphorylation, the cells can enter the cell cycle. Only
double E1A mutants that failed to bind both p300 and
pRL were . fective at inducing the kinase activity.
These res.. ; help to explain our observations here
and previor: .y (Howe et al., 1990) on the induction of
entiy of qu:. sent cells into S phase by E1A. Our pres-
ent ' ork ac < to the picture by showing that both p300
and pRb ac: . :iter in the cell cycle as well, and that E1A
must bind tv these two proteins to abrogate their ef-
fects in restricting progress through the cycle.
Information is accumulating on the role of cyclin Ain
the cell cycle. Important functions for both cyclin A and
cyclin B are to bind to and activate p34 and related
histone H1 kinases (see e.g., Lewin, 1990). D'Urso et
al. (1990) have shown that in an in vitro system, these
kinases are necessary to activate DNA synthesis. The
cyclin—kinase complex that is responsible for this acti-
vation in vivo has not been identified, but it is more
likely to be the one associated with cyclin A as this
kinase activity appears earlier in the cell cycle than
does that with cyclin B {Giordano et al., 1989; Pines
and Hunter, 1990). itis not clear how the association of
E1A with cyclin A would affect the role of cyclin A in
activating DNA synthesis. Giordano et al. (1989) found
that the level of cyclin A-kinase activity was the same in
adeno-infected Hel a cells as in uninfected cells. In the
present work, cells infected with either d/ 1107/520, in
which E1A associates with cyclin A, or o/ 1108/520, in
which E1A does not, both entered S phase and were
both unable to progress into mitosis: the main differ-
ence between the two infections was that d/ 1108/520
caused a higher percentage of cells to accumulate ex-
cess DNA, suggesting perhaps that in the absence of
E1A, cyclin A may be able to reinitiate DNA synthesis
SO as to cause overreplication. It is unfortunate that we
do not have a mutant that binds to pRb but not to cyclin
A, as this might allow us to define the function of cyclin
A and the effect of E1A binding more clearly. The re-
sults reported here suggest there may be other
aspects to cyclin A function, however. Analyses of ex-
tracts of infected and uninfected Hela cells immuno-

precipitated with anti-cyclin A serum revealed the pres-
ence of a 107-kDa protein, which comigrated on SDS
gels with p107 in extracts of Ad5-infected Hela cells
immunoprecipitated with M73 anti-E1A serum (Fig. 5,
lanes 3, 5-10, 16, 17), and which, from peptide analy-
ses (Fig. 6; Whyte, Howe, and Bayley, to be published),
appeared identical to p107. Furthermore, the binding
of E1A to p107 and to cyclin A were both markedly
reduced with d/ 1108/520. Together, these observa-
tions suggest that while cyclin A may bind directly to
E1A, it could alternatively bind to E1A via p107. Clearly
more work is required to establish what function the
cyclin A-p107 complex serves and what interactions
cyclin A makes with other proteins in infected and un-
infected cells. Apart from the role of cyclin A itself, how-
ever, the association of cyclin A with p107, and the
correlation between the phenotype of d/ 1108/520 and
its reduced ability to bind p107 and cyclin A discussed
above, are the first hints of function to be reported for
p107.
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Figure 4. Mapping of E1lA protein binding sites in BRK cells
using the dl 520 series of E1A mutant viruses. E1A
immunopreciptates were prepared from 3°s-labelled BRK cells
and analyzed by SDS-PAGE. A fluorogaph of the dried gel is
shown. Bands corresponding to E1A polypeptides and the

cellular proteins p400, p300, pl07 and pRB are indicated.









Figure 5. El1lA deletion mutations and functional domains.
(A) The first and last amino acid residues removed by the
indicated mutations are given. The approximate position of
the residues removed is represented by open rectangles. (B)
El1A domains required for binding to each of the indicated
cellular polypeptides are represented by filled rectangles.
Regions required for binding to the human and rat cellular
polypeptides are the same with one exception; sequences
represented by the striped rectangle are necessary for
association with human pRb, but not rat pRb. (C-F) Domains
required for the indicated E1A functions are represented by
filled rectangles. For induction of DNA synthesis the
regions represented by the striped and the stippled

rectangles are each sufficient on their own.
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found upon testing to be completely defective for trans-
activation. Recently, Joe Mymryk in Dr. Bayley’s laboratory
has found that this mutant produces an E1A protein,
indicating that exon 1 may act as a framework which holds
the transactivation domain in an active form. Small
deletions within this framework do not compromise its
structural integrity, while deletion of the entire framework
renders transactivation domain ineffective.

The results with dl 1119 differ from those of M.
Green (Lillie et al., 1987) who synthesized a 49 amino acid
peptide corresponding to residues in the unique region.
These researchers showed that when this peptide was micro-
injected into the nuclei of cells, it was able to activate
transcription from the Ad5 E2 promoter (Lillie et al.,
1987). To create a product resembling this peptide, dl 1119
was combined with pm 1131. This double mutant, dl 1119/pm
1131, then was predicted to code for an 83-amino acid
peptide containing all of the unique region. However this
mutant, like dl 1119, was unable to activate transcription
in our assay. Possible reasons for the inactivity or
apparent inactivity of the 83 amino acid peptide were that
the peptide was unstable and rapidly degraded, or that our
assay was not sensitive enough to detect low levels of
transactivation. M. Green reported that the 49R peptide was
100 times less potent than wild type E1A (personal

communication). If this was also the case for our putative
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recognized by the enhancer binding proteins H2TF1l and NF-KB
(Rikitake and Moran, 1992). These findings indicate that
p300 could be a transcription factor which associates with
enhancer elements. DNA sequence motifs related to the
recognition sequences for p300 have been identified in some
enhancers which are repressed by El1A (Rikitake and Moran,
1992). These include the SV40 enhancer, the HIV long
terminal repeat, the kappa light-chain enhancer and the E1lA
enhancer. These findings suggest that p300 may act normally
to promote transcription from these enhancers. If this was
correct, it would be tempting to speculate that the E1lA
protein could bring about the repression of these enhancers
by modifying the ability of p300 to act as a transcription
factor. The E1A proteins do not seem to affect the DNA
binding activity of p300 (Rikitake and Moran, 1992), but it
is possible that they prevent p300 from associating with
other key transcription factors. One of these could be the
TATA binding protein which is known to associate with p300

(Dr. E. Moran, personal communication).

Gene enhancers that do not contain p300 consensus
binding sites can also be repressed by ElA (Rochette-Egly et
al., 1990; Enkemann et al., 1990, Rikitake and Moran, 1992).
These findings could be interpreted in a number of different
ways. It is possible, for example, that ElA could bring
about repression of various classes of enhancers by

associating with cellular proteins other than p300 (Rikitake
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the other hand, Lillie et al. (1986) have reported that a
mutant containing a point mutation of a single CR2 residue
is defective for both repression of the SV40 enhancer in a
human Hepatoma cell line, and for transformation of BRK
cells. These seemingly contradictory results highlight the
potential dependency of enhancer repression assays on cell
type and they suggest that correlations drawn between E1A
functions (such as enhancer repression and transformation)
would be more meaningful if the assays for both were carried
out in the same type of cell.

One potential role for repression in transformation
could be to prevent cells from entering pathways leading to
terminal differentiation. A number of studies have shown
that the E1A proteins can prevent myogenic and neuronal
differentiation (Webster et al., 1988; Maruyama et al.,
1987) and that the ability of the El1A proteins to inhibit
myoblast differentiation involves the repression of
transcription of a number of muscle specific genes (Webster
et al., 1988). The El1A sequences required for suppression
of myogenic differentiation correlate exactly with the E1A
sequences at the N-terminal end and within CR1 which are
required for repression and transformation (Mymryk et al.,
1992). The ability of the El1A gene to prevent cellular
differentiation and hence cessation of cell growth could be
advantageous for productive viral infection (Stein and Ziff,

1987; Rikitake and Moran, 1992).
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double mutants that were defective for induction of DNA
synthesis failed to associate with both pRb and p300, and
that the single mutants that were defective for stimulation
of mitosis failed to associate with either pRb or p300 (Howe
and Bayley, 1992). These correlations suggested that the
E1A proteins could induce DNA synthesis by binding to pRb or
p300, but that binding to both was necessary for stimulation
of cell division.

Although pRb and p300 appear to be the most
important proteins required for ElA’s effect on the cell
cycle, we cannot rule out the possibility that other E1A
binding proteins also play important roles. One E1lA
associated protein, pl107, is a member of the pRb family and
is known to associate with cyclin A (Ewen et al., 1992; Faha
et al., 1992; Howe and Bayley, 1992). Cyclin A is required
to regulate S-phase. Results found with one of our mutants
(discussed below) suggest that E1A might associate with
pl07/cyclin A for proper regulation of S-phase. In addition
we have also found that another ElA binding protein, pl30,
which is also a member of the pRb family of polypeptides
(Dr. P. Whyte, unpublished results) binds to E1lA through the
same residues as pRb (Mymryk et al., 1992; my unpublished
results). It is possible that this protein could be
responsible in whole or in part for the functions we have
suggested for pRb in ElA-mediated cell cycle regulation.

Although other El1A binding proteins could be
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cell cycle regulators such as cdc2 and myc (reviewed in
Cobrinik et al., 1992; Nevins, 1992). The E1A proteins may
be able to induce S-phase by binding to pRb since this
results in the dissociation of pRb/E2F complexes and the
release of active E2F (Bagchi et al., 1990). Free E2F would
be available to promote expression of genes like myc and cdc
2 which would in turn stimulate S-phase.

Our model of cell cycle progression by E1lA predicts
that binding of pRb may be required to stimulate progression
from S-phase to mitosis. Evidence comes from our studies
with mutant dl 1107/520. This mutant, which fails to
associate with pRb, is able to induce cellular DNA
synthesis, but is defective for stimulation of mitosis. One
other line of evidence suggesting that pRb may act at points
in the cell cycle other than at the G,/S transition comes
from a detailed study of the state of phosphorylation of pRb
throughout the cell cycle by DeCaprio et al. (1992). These
authors found that pRb is phosphorylated in three steps:
once after exit from G, but before the G,/S transition, once
during S-phase, and once in G,/M. These changes in
phosphorylation state could represent different functional
forms of pRb (DeCaprio et al., 1992). Since E1A (unlike
SV40T antigen) can associate with phosphorylated forms of
pPRb it is possible that E1A may bind to and alter pRb’s
potential regulatory roles at various points in the cell

cycle beyond the G,/S transition. It is also possible that
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PRb, take longer to induce cellular DNA synthesis than wild
type dl 520 (Wang et al., 1991). Perhaps mutants that do
not bind pRb directly induce DNA synthesis as they have to
bring about phosphorylation of pRb before cell cycle
progression can occur. Wild type or E1A mutants producing
proteins that associate with pRb may bypass the need for
phosphorylation by sequestering pRb directly.

Compared to pRb, relatively little is known about
p300, but it is possible that this protein plays a role
analogous to pRb as a suppressor of cell growth. p300 is a
phosphoprotein that, like pRb, is phosphorylated in a cell-
phase specific manner (Yaciuk and Moran, 1991). A
phosphatase-sensitive form of p300 has been found to
accumulate when cells are blocked in mitosis, suggesting
that this form accumulates in phases outside of G, (Yaciuk
and Moran, 1991). As described above, p300 has a DNA
binding activity and it associates with specific enhancer
elements that have been shown to be present in the promoters
of a number of genes which can be repressed by E1A. The
ability of El1A to repress enhancers and to suppress myogenic
differentiation appears to be closely correlated with
binding to p300 (Mymryk et al., 1992; Heasley et al., 1991).
Therefore by binding to p300, the E1A products could prevent
p300 from carrying out its likely normal role - to act as a
transcription factor (Rikitake and Moran, 1992) that

regulates expression of differentiation specific genes whose
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