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Abstract

’ . Human adenoviruses are capable of oncogenic

- transformation of mammalién cells in culture and are a
valuable model system‘for use in studying the molecular
basis of»cancer. The Early Régiqn 1A (Elé) gene of the
virus is involved inAtransformation, and its protein
products have been previousiy reported ﬁo assoéiate with
cellular polypeptldes termed p300, plo7, plOS, p68 and
p65. The ob]ectlve of the present 1nvest1gat10n was to
characterize these cellular proteins and to determine
something of their function or biological significance
_ﬁith respect t§ Eiaémediated transformation.

It was found that p300, p68 and p65, as well as a
number of other cellular proteins~were able to bind with
specificity to bacterially-produéed Ela products
covalently linked to Sepharose‘beads (Ela-Sepharose) ,
suggesting that this would bé suitable for affinity
purification of Ela—blndlng protelns. ) ! Y @

The binding sites. for p300 pl07 and pl05 on the
Ela polypeptides Q;re mapped in a collaboratlve study
with Dr. Stan Bayley's lab. A region at thg°amino
:términug of Ela proteins was %nvolVéd‘in binding p300,
and'p107 and pl05 bound overlapping regions 'in CR2." CR1 *
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played some role in binding all three proteins, but
probably not as a primary binding site. Ela proteins

which failed to bind either p300 or pl05 were

‘transformation defective, which indicated a role for both

proteins in Ela-mediated transformation. Ela proteins
which failed to . bind both p300 and pl05 were incapable of
inducing DNA synthesis in guiescent cells, suggesting

these proteins were cooperatively involved in suppressing

DNA synthesis. pl05 was confirmed to be the product of

“the retinoblastoma tumour suppressor gene, pl05-Rb.

Comparlson of the peptide digestion products of pl107 and
p105-Rb and examination of the expre551on of p107 in
retlnoblastoma cells suggested that:p107 and pl05-Rb are

from different, but related genes.
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Introduction

1.1 Adenoviruses: Etiology and Classification

1.1.1 Etielogy

Human adenoviruses were first identified as the

etiological. agent of acute respiratory disease (ARD) in

imilitary.recruits at Fort Bragg, North Carolina (U.S.Army

Commission gn Acute Respiratqry Diseases, 1947). Acute

respiratory disease was defined as one.of'a‘collection of
severe respiratory ailments which were‘epidemic among.new
recruits, particularly in the late fall ahd early spring.

Characterized by fever, sore throat, hoarseness, cough

and drowsiness, ARD was seen as clinicall§ distinct from.
the common cold in tha£ the'pharyngeal involvement was
more pronbunced, and the incubétion period between
infection and onset of symptoms wgé longer.

Subsequently, and in an independent investigation,
Rowe et al. (1953) repbrted the isolation of an, adenoid
degeneration agenf (A.D. agent) from cultured adehoid
tissue obtained in 6pera£ions oh young children.” A.D.
‘agent was found to cause a cﬁaracteristié degeneration

pattern in a number of human epithelial cell cultures,

I



including adencid, embryonic nose, pharynx and trachea,

‘and HeLa cells, with an incubation period of four to °

-?_eight;days. Presumptive evidence for an immunological

relationship between A.D. agent and the virus implicated
in ARD was reported by Hilleman and Werner (1954)
following the isolation of a viral agent, RI-67 from a
patient with primary‘atypical pneumonia, dﬁring ah :

outbreak of severe respiratory illness among recruits at

' Fort Leonard Wood, Missouri. Adenoviius sérotYpes 1-7
‘were isolated.fromione or the other of these sources

' (Jawetz et al., 1955).

Adenovirus serotype 8 was first'isolatéd from the

cornea of a seaman suffering from.a condition ¥nown as

 wshipyard eye" (Jawetz et al., 1955), and was later.

deternmined to be the causative agent of this epidemic

- form of keratbdonjunctivitis (Tawetz, 1959). . Al:hough

- the etiology of the shipyard eye agent did not resemble

that of the other known adenoviruses, .and it could not be

neutralized by monotYpic sera against_serotypes 1 to 7,

it did produce the characterlstlc cytopathic effect on

HeLa cells and it reacted positively in complement

fixation assays using anti-adenovirus antisera, thus

clearly deflnlng it as a member of thlS group (FJawetz et '

—_.._._l‘

al., 1955) o ' - -
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A fourth clinicai syndrome which has been
associated with adenovirus infection involves acute
gastroenteritis in young children. Because many
adenovirus.serotypesVreplicate efficiently in the
intestine and may be excreted in the stool of both
healthy and ill children, the relationship between
adenovirus infection and gastrbintestinal disease was not
clear in early studies. It has more recently been
reported, however, that the adenovirus serotypes which
are enteric but which are not easily cultivable in tissue
culture, are closely associated with gaéﬁroenteritis, and
may account for approximately 15% of cases of viral
gastroenteritis in hospitalized infanté and children
(Gary et al., 1979 and Retter et al., 1979). The fact

that these serotypes are non-cultivable may have resulted

in theig being overlooked as potential pathogens in

earlier studies. , et

There are now 41 known human serotypes of

adenovirus, and the virus has been iscolated from a number

of other species, including cats, dogs, tree shrews,
pigs, sheep, and some fowl (Flint, 1981a and Horwitz,

1990b). In animals and birds, infection tends to be

associated with specific disease, but in humans,

. L : Y]
adenovirus associated disorders are. often characterized
i ' .
by more general symptoms and involve only one third of

o
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tne known human serotypes (Horwitz, 1990b). . Many .
serotypes, including serotypes 25 to 33,_were either
isolated from healthy individuals, or are not associated
with any specific illness. Serotypes 40 and 41 have been
implicated in:gastroenteritis in children (Gary et al.,
1979 and Retter et al., 1979), and serotypes 8, and more

recently 19 and 37 are.associated‘with the epidemic form

of keratoconjunctivitis known as "shipyard eye" (Jawetz

et al., 1955, Jawetz, 1959 and Horwitz, 1990b), but most

of the remaining serotypes are involved in a variety of.
respiratory and pharyngeal conditions. These include
acute febriie pharyngitis, with or without accompanying
mild conjunctivitis, acute respiratory disease, .
pertussis-like syndrome, and pneumonia. Latency is often
established, particularly in‘adenoid tissue, and virus
has been recovergd as late as two years after the initial

infection (Horwitz, 19%0b). .
Cr

in 1962, using a novel approach to the search for
human tumour viruses, Trentin et al. reported that
adenov1rus serotype 12 produced tumours when 1njected
into newborn Syrian hamsters. The approach they used wasd.
based on the hypothesis‘that a potential human tumour

virus might produce tumours only under some phys1010gioa1

conditlons of the host which might arise sone length of

”time after_the manifestation of the acute disease



symptoms normally associated w1th the virus.
Adenoviruses were seen as. potentlally 1nterest1ng
candidates because of their ability to cause acute
“illness in children, followed by 1atency, and because of
their similarities to other animal tumour viruses, such
as polyoma. Syrian hamsters were chosen as a test
species because of their known susceptibility to cancer‘
- induction by animal tumour viruses or foreign tissue
transplants. Of the;nine aoenovirus serotypes tested by
Trentin et al., only Ad12 was capable of'inducing
tumours, which appeared one to three months later at the
site of injection with elllprotocols used. It was
suggested that, because 26% of the ‘population carries
noﬁtralizing antibodies for'Adlz, this virusrcould_be
etlologlcally related to cancer in man. Following the

report of Trentin et al., 1t was reported that AdlB was

also highly oncogenic in hamsters (Huebner et al., 1962),
and that serotypes 7 and 3 (Glrardlﬂgt al., 1964, Larson
et al., 1965 and Huebner et al. 1965) coﬁld produce
tumours in hamsters as well, but only after a much longer
1ncubatlon perlod (greater -than 200 days) .Even the

- serotypes which Were not oncogenic when injected into
animals could transform primary rodent cells in culture,
Twéo_that the.transformed'cells were tumourigenic wheh

injected into hamsters (Freeman et al., 1967 and Rowe et

A



al., 1984a). Adenoviruses were the first human viruses
reported to be oncogenic in animals, and this finding
generated a great deal of interest with regard to their
involvement in human cancer. With the exceptiondof.one
Qroup's report 6n the detection of Adl2-related RNA
sequences spécifically in neurogenic tumours (Ibelgaufts
et al., 1982), most attempts to detect adénoﬁirus
sequences in humaﬁ tumours have failed (Green, 1970 and
Green et al., 1979cj. These results suggested that
‘adenovifuses are not likelyltd be human cancer—causing
agents (Green et al., 1979¢ and Horwii:z, 1990b) .
Nevertheless these viruses, especially ad2 and Ad5, have
been well characterized at the molecular‘level; énd ﬁave
| pr§ven to be valuable model systems in whiqh tb study the
molecularneventé.involved in transformation of mammalian
cells. |
1.1;2 qiassification N

The family Adencviridae is subdivided into two
-genera, Aviadenovirus, which includes the viruses tha%
infect évian species, ahd Mastadenovirus, which includes
the viruses which infect mammalian speciesé(Norrby_gg
al.” 1976). The divisionqofEthe family into two Qenera

- was made on the basis of an absence of any cross-reacting

s
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structural proteins between avian and mammalian

adenoviruses. Within the Mastadenovirus genus, most of
the known serofypes are of human origin, but a number
havé‘also been isolated from simian species, and a few‘
from equine; bovine, ovine, canine, murine, porcine and
opossum species (Norrby gﬁ al., 1979 and Horwitz, 1990a).
all serbtypes within this genus show some Cross-—
reactivity in complement—fixation assays, which are
depehdent 6n pfoperties-of the:"group'specific" antigén,

or hexon capsid protein, which is highly conserved

1

. (Wadell et al., 1980). Complement-fixation analysis was

originally the means of identifying new adenovirus
isolates, and new serotypes were identified in
neutralization assays with type-specific sera for

established serotypes (Hilleman etal., 1954 and Jawetz et

al., 1955). As the number of human adenovirus serotypes
increased, however, it became expedient to develop a
classification scheme based on a bioclogical property .of

the virus which would facilitate identification of new

isolates.

Rosen. (1958) reported that adenoviruses had the
ability to haemagglutinéte red blood cells from a number

of species of animals, or from humans, and that thé

. pattern of blood cell types which could be agglutinated

was characteristic of the serotype of virus. He

Q .



suggested three subclasses of human adenoviruses based on
haemagglutination pattern which is largely dependent on
properties of the fibre structural protein (Wadell et
al., 1980 and Horwitz, 1990a). This classification
scheme has been updated and revised by others including
Zuschek, 196i and-Hierholzer; 1973, and now includes four
subgroups. Suggroup 1 includes those serotypes which can
produce cemplete agglutination of monkey erythrocytes,
subgroup 2 gives complete agglutination of rat
efythrecftes, subgroup 3, partial agglutinetion_of rat
erythrocytes, ahd subgroup 4 shows little or ﬁe |
agélutination of any red blood eell types assayed
(Horwitz, 1990a).
' Following reports of the transforming
capabilities of a number of adenovirus serotypes (Trentin
et al., 1962, Huebner gg:glé{ 1962, Girardi et al., 1964,
Larson et al., 1965, Huebner et al., 1965 and ‘Freeman et
al. 1967), and analysis of the G + C content bf_the DNAs
-of the different serotypes (Lacy and Green, 1964, Lacy
and Green, 19?§“and Lacy and Green, 196;), Lacy and Green
'sﬁggested_that Lumanradenoviruses be eﬁbclassified'as one
of three groups, besedgpn the two_properties of
oncogenicity and G + C .content. Highiyvoﬁcogen}e Group A
_viruses (serot?%es 12, 18, 31’ ewefe‘vefy,tumouiigenic in

animals and had a G + C content of 48-49%. Group B



10
viruses (serotypeé 3, 7, 11, 14, 16 and 21) were weakly
oncogenic in animals, producing fewer tumours and
requiring a greater iucubatiou period. These serotypes
had a G + C content of 50-52%. Group C viruses,
consisting of the remaining serotypes which had been
described at that time, did not produce any tumours in
test animals, but could tranSforﬁ cells in vitro, aud had.
a somewhat higher G + C content of 55-61%; A later study
by Pifia and Green (1968), however, found that the highly'
oncogenic simian adenovirus SA7 had a sighificantly
higher G + C content than thut of the ongogenic human
viruses, suggesting that:the correlation betweeh ®

oncogenicity and G .+ C content was imperfect and that G +

- C content was probabiy not indicative of a particular

biological property. That waiver aside, this
clgésification scheme agreed to a iarge extent with that
of the. haemagglutlnatlon groups described above, with
Group A serotypes possessing subgroup 4 agglutlnatlon
characteristics, 'and Group B serotypes being of
haemagglutination subgroup 1. Group C viruses were a

mixture of subgroups 2 and 3 with respect to

agglutindtion properties and thishwaS“latér revised so

that Group C currently refers to the haemagglutlnatlon
subgroup 3 serotypes 1, 2, 5 and .6 and Group b to the

subgroup 2 serotypes (Green; 1870).
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The subdivision of humanradenoviruses_into these
four groups (A-D) was consistent with DNA homology
studies, which indicated a significantly higher degree of
homology by DNA-DNA hybridization when comparing
serotfpes within a group (generally greater than 85%
homologous, except within éroup A, where it is 48-69%) to
serdtypes in two differenﬁrgroups (10-35%) (Lacy and
Greeﬁ, 1967, Garon et al., 1973 and Green et al., 197%9a).
In addition, the DNA homology studies indicated that Ad4
represented a unigue serotype and it was suggested that -
it be classified as a member of a new group, Group E
(Green et al., 1979a).

The validity of the Group A~D subdiyiSions} and
fhe separate status for Ad4 as a member of Group E, wds
éonfirmed in studies comparing the humbers and molchlér
: maéses of the virion structural proteins by SDS-
polyacrylamide gel electrophoresis, and by chparing
‘ resfriction enzyme pétterns from DNA digests of the viral
genomes (Wadell, 1979 and Wadéll et al., 1980). 1In
addition, the.more‘recently'isolatedﬁehteric adenovirus
_serotypes 4q\and 41 were characterized as a new Subclaés
:of serotypés,UGroup”F;-using-thesé two criteria (Wadell
et al., 19'80-'and Wadell et al., ~1986) .‘  Tne‘abov'e
information on the claé%ificationlbf‘humah'édencvirusés_"

is outlined in Table 1.
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Classification of human adenoviruses.

Table 1

12

Sub-  Species DNA

Apparent molecular Hengglutigation ~ Oncogenfeity
genus weight of the major pattern’ in newborn
- Homo- &C ¥ internal polypeptides hamsters
logY % of Smal ___
[¢4] fragments® Vv VI (31
A 12,1831 3-89 48 &5 S Ba W High (tumours
(8-20) 515k 28 in most
- 465~ animals in
43.5 4 months
85 3,7, 11,14, 89-9%4 51 810 53.5- 2% 18X 1 Ueak (tumours
16,21,34, (9-20) ‘ $4.5K in few animals
35 . in 4-8 months
c 1,2,5,6 §9-100 58 10-12 &8.5% 24 18.5K Il nil
¢10-16)
0° 8,9,10,13, "%-99 58  16-16 (S0- . .k  18.2¢ 1 ail
15,17,19, (4-17) _ s0.5x%
20,22,23, C
24,25,26, ‘
27,28,29,
.30,32,3%,
36,37,38,39
E “ 4-23) 58 1619 &8¢ 24.5K 1.4 111 nil
F &0 n.d. _ Rud. 9 &5K 5.5k 7.2 1v nil
& & e nd. 112 M85 B/SKE WA v nil

not classified: ad _l.a‘

¢

¥ Per cent hmloﬁ within the group end in brackets: homology with members of other groups

2 ONA fragments were snalysized on 0.8-12% agaroee gels. DNA fragment smaller than 400bp not resolved

3 I, complete agglutination of sorkey erythrocytes ;
111, partisl agglutination of rat erythcocytes (feue

erythrocytes only after addition of heterotypic anti

& Polypeptide ¥ 'of Ad 31 wes & single bend of 48K

o5 Only DUA restriction and polypeptide inalysta have been perforsed on Ad 32 - Ad 39

6 Polypeptides V and VI of AdB showed
V of Ad30 showed an apparent molecular wef

Modified from Wadell (1980) -

11 complete agglutination of monkey erythrocytes:
r receptors); IV agglutination of rat
sgr-.

apparent molecular wefghts of 45K and 22K respectively. Polypeptldel
ght of 48.5¢.

-3

N
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In summary, the 41 known serotypes of human
“‘adenoviruses have been subclassified as Groups A-F
accoy d1ng to a number of biological or molecular )
properties. These include oncogenicity, ‘ability to
agglutinate red blood cells from rats or monkeys, degree
of homology by DNA-DNA hybridization, number and
molecular masses of the?structural polypeptides, and
restriction digestion pattern ef the'viral DNA. It has
been noted that these dlfferent methods of grouplng
adenov1rus serotypes gave subgroups which were
essentially in agreement with each other, even though the
assays depend to some extent on propertles of different
regions across the entlre genome of the virus (Flint,
198la). This has been taken to indicate that the
subgroups do represent distinct genetic entities which
diverged shortly after the divergence of the adenovirus
host species (Waddel et al., 1980 and Flint, 1981a),
.theory which is supported by the observation that,
although genetic recombination may occur between members /
of a subgreup, it has never been detected*between,nembers:.

of different subgroups (Flint, 1981a).

o



1.2 Structural Characteristics of the Virion

Adenoviruses are non-enveloped, icosahedral

‘viruses; with a single linear molecule of - double-stranded

DNA as their genome (Green and Pifia, 1963, Horne et al.

/1959 and van der Eb and van Kesteren, 1966). Most of the

research which has gone into determining the structural

characteristics of the virus has involved serotypes 2 or

5, which are very similar to each other. As these two

serotypes are representative of adenoviruses as a group,

both with respect to the structure of the virion and

‘genomic organization (Horwitz, 1990a), the information

outlined in the following two sections, although derived
from Ad2 or Ad5 studies, is considered.vaiid for

adenoviruses in general.

1.2.1 Virion Capsid : l -
=

The capsid of the virus, which encloses the-

genomic material, has been shown by electron microscopy
. . L .

14 . .
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to be icosahedral in shape, and approximately 70 nm in
diameter. The cépsid is made up of 252 distinct
spherical protein subunits, termed capsomers, which are
each-épproximately 7 nm in diameter (Horne et al., 1959).
Each of the‘rﬁenty facets_of the icosahedron forms an
equilatéral triangle with six capsomers along each éide
(Figure 1a), énd from each of the 12 vertices formed
where thé edges of any five facets converge, a
proteinaceous fiber projects (Figﬁre 1b). The fiber has
a length of approxlmately 20 nm which dlffers sllghtly
from serotype to serotype, a dlameter of "2 nm, and has a
knob on the end dlstal to th; capsid, ;of dlameter 4 nm
(Valentine and Perelra, 1965) Of the 252 capsomers
which make up the capsid, 240 are 51tuated so that each

is surrounded by 6 others, and are therefore termed hexon

capsomers, or hexons.
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- Figure 1

Electron micrographs of adenovirus serotype 5.
A: The virion is an icosahedron. One of the 240 hexons
‘surrounded by six identical hexons and one of the 12
pentons surrounded by 5 hexons are labeled. B: Six of
the 12 fibers per virion are shown projecting from the
vertex penton capsomers. Adapted from Horwitz, 1990a.
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Thé 12 capsomers at the vertices'are each surrounded by
only 5 others, and are termed pentons. Each penton S
consists of a penton basé plus its projecting fiber,ﬁhnd 
these two components cé% be isolaﬁed as separate entities
from infected cells (Valentine and Pereira, 1965 and
Ginsberg et al., 1966).- Hexon, penfon base and fiber are
the three main soluble antigens found in infected cells, “
and all are pfoduced in great excess (Flint, 198la).-
Analysis of virion protéins by SDS-poiyaérylamide gell
‘electrophoresis has resulted in the identification of a
number'of other, 1esé abundant'virion cbmponehts (Maizel
et al., 1968a, Everitt et al., 1973, 1975). ‘The relative
gel mobilities 6f the virion_proteins_ahd a model of

their arrangement in the virion capsid and core is

illustrated in. Figure 2 (from Horwitz, 1990a).
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Figure 2

Schematic representation of an adenovirus. The
mobilities and relative amounts of each protein after
electrophoresis of the dissociated virus on a SDs-
polyacrylamide gel are shown on the right. The roman
numerals refer to a polypeptide designation described by
Maizel et al. (1968). Adapted from Everitt et al,, 1975.
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..non-covalently bound identical subunits .(Maizei et

21

1.2.2 Hexon

Hexon protein (polypeptide II) representé 51% of
the protein present in the virion (Maizel, 1968b), and is
the hajor group-specific antigeh (Valentine and Pereira,
1965), although it may also possess some type-specific or
subgroup (haemagglutinin) specific epitopes (Fliﬁt,
1981a). The hexon capsomer is elliptical in shape, with
11-12.5nm by 8-8.5nm dimensions by eleétron microscopy
(Hofne and Wildy, 1961). Based on the dimensions, the
original estimate of moleculér mass was ;210 kilodaltons
(kD) (Valentine .and Pereira, 1965), but analysis ofv
purified hexon capsomers using'methddé such as ’
sedimentation-d}ffusion, sedimentation—equiiibrium, light
scattering, and X-ray diffraction have given mass values
of 313-380kD (Flint, 1981a). By'sns-polyacrylgpide gel
analysis, purified hexon capsomers contain only one |

)

protein component, of molecular mass 110-120kD,

7 suggesfing that each hexon capsoﬁer consists of three

al.,
1968a, Everitt et al., 1973, 11975 and Furcinitti et al.,

1989). -
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_1.2.3 Penton.Base

The penton base (polypeptide III); which is a
,sphegiéal capsomer of diameter 8 nm found only at the
vertices of the adenovirus'capsid, possesses both grouﬁ
and sub-group specific antigenic properties (Valentine‘
and Pereira, 1965) and consﬁitutes about 5% of tﬁe virion
protégn (Maiéel et al., 1§g;$j; Purified.pénton base
aloneﬁaddéd to tissue culture cells may cause the cells
ﬁo roﬁnd up and detach from the plaﬁe; suggesting that
this wvirion coﬁponent is primarily fesponsible fdr‘the
specific c&tépgthic effects seen in adenovirus infected
cells (Pettersson and Hégland, 1969). Penton base has
also been fe?grted to have a closely associated double-
stranded or_é&ngleéstranded endonuclease activity (Flint,
1981a), élthbugh‘ﬁqre recently this activity has been
seen té-be dissociable from the_penton base Protein
(Ho;witz,'1990a%,1indicating that it is not intrinsic.

‘The predicted m%lecuiar mass of the‘pentoh basé capéomer,
cbas_eci on phfsical dimensions under thé_électron“
micrdsdopé‘is 210kD (Valentine and Pereira, 1965), and
molecular mass deterﬁination byﬁSDS—pOIYacrylamide gel
was 70kD (Maizel et al., 1968a); suggesting fhat eéch

i



penton base capsomer consists of more than one

polypeptide.
1.2.4 Fiber

The fiber (polypeptide IV), which projects from
the penton base at each of_the 12 verticeS'ef the caﬁsid,
constitutes 4%‘of the protein present ip the virion
(Maizel et al., 1968b) and has both subgroup and type
specific preperties associated ﬁith the tail and the
distal knob respectively (PetterSson et al., 1968). It
has been sﬁggested that the knob functions in attachment
of the virion te target cells.(Valentine and Pereira,
1965). 'By'electron microscopy the fiber dimeneions haQed
been shown to be 2nm by 20nm with the knob having“a
diameter‘of 4nm (Valentineﬂand Pereira, 1965) and the.
molecular mass’ of the intact fiber by sedimentation
estimated'aé 183kD (Dorsett and Ginsberg, 1975). "By SDS-
polyacrylamide gel electropheresis the fiber érotein has
a molecular mass of about 60kD (Malzel et al., 1968a and .
Weber et al., 1989), and 1t has been shown to d¢ontain two
- residues of N-acetylglucosamlne. The Ad2 flber proteln
consists of 581 amino acids and'is thought to form the
1ntact fiber by dimerization (Philipson, 1983) . U51ng.a

monoclonal antlbody specific for an epltope near the
_ . : \a :

~

23
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amino terminus of the fiber proteln, Weber et al (1989)

demonstrated that the amino terminus of the protein was

embedded in the penton base in the intact virion, with

the remainder of the protein projecting ocutward to form

the body of the fiber.
1.2.5 WMinor Capsid Componhents

Other minor proteln components of the capsid
include polypeptlde IIIa, Whlch assoc1ates with the
perlpentonal hgxons (Flint, 1981a), polypeptide IX which

acts as a cement between hexon capsomers and binds them

.together in groups of nine (Everitt, 1973 and Furcinitti

é; al., 1989), and polypeptides VI and VIII, which are

also hexon-associated and line the capsid interior

(Horwitz, 1990a).

1.2.6 Virion Core

The capsid of the virus encloses the viral core,

- which consists of the viral genome and its associated

proteins. The adenovirus genome is a single linear

kilobase pairs in length and has a molecuiar mass of 20-

25 X 108 D&Ttons (Green and Pifia, 1963, van der Eb and

Y

\r 'n\

/

24

'mpléculé of double stranded DNA which is approximately 35
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van Kesteren, 1968 and Wu et al., 1977). The ends of the
DNA molecule have inverted terminal repeat regions of
approximately 100 nucleotides (Wolfson and Dressler,

1972), and the 5' end of each DNA strand has a 55kD viral

protein covalently attached to it via its terminal dcMP

residue (van der Eb et al., 1969, Sharp et a2l., 1976 and

Rekosh, et al., 1977).

in the.virion, adenovirus DNA is thought to be
folded as a regular array of nucleosome-like subunits
maintained through an association with the major core
protein, polypeptide VII; which represents about 20% of
the total’virion protein (Maizei et al., 1968a, 1968b,
EVeritt et al., 1973, 1975 and Flint, 198l1la). Two other
DNA binding. proteins, polypeptide V and protein g,

associate with the virion core as minor components which .

may help to condense and stabilize the core structure
(Ha;pst et al., 1977, Vayda et al., 1983 and Lunt et al.,

1988) .

“

1.3 Organization of the Viral Génpme

: 'As.dgscribed above, adenovirus serotypes 2 and §
have a double-stranded 1ihear genome. Shearing of the
genomic DNA followed by analysis of each of the molecular

halves has resulted in these being designated as the left
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half or the right half of the genome based on the

& convention that the left half has a higher G + C content

(60% G + C versﬁs 53% for the right half of Ad2) (Green,
1970). Again by convention, nucleotides are numbered
from the left end of the genome, and the two DNA strands
are referred to as the r end 1 strands, according to
whether transcription proceeds along them to the right or
to the left (Sharp et al., 1975).

| In early studies, using DNA-RNA hybridization
technlques, Green et al. (1971) found that in

productively infected cells, 80-100% of the adenoviral

- genome was transcribed, and that there were two waves of

m-RNA production. Early messages, Whlch were produced
prior to DNA replication, hybridized to both the 1 and r
strands, and late messages produced after DNAC:eplication
were tfanseribed maihiy from the r strand. Sﬁérb et al.
{1975), -again using DNA-RNA hybridizatieh, but on
restriction“enzyme digested'fragments of the viral
genome, ‘reported thet eariy messages were produced from

four discrete regions of the genome, two on the 1 strand

- and two on the r strand. Late messages, “which coded for

 the structural protelns of the v1r10n, were prlmarlly

S 3

qproduced from e.51ngle region ‘on ‘the r strand which lay

" between map units 30 and 95 on the genome (Sharp et al.,

1975 and Chow et al., 1977b). The presence of

26
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independent promoters for each of the early reQions,
termed early regions 1-4 (E1-E4), was demonstrated
through ultra-vioclet mapping of the sites of initiation

of the messages (Berk and Sharp, 1977).

By in vitro selection and translation of messages

‘which hybridized to specific DNA fragments (Lewis et al.,

1976), and by using electron:microsoopy to determine

which regions of the genome selected messages hybridized

to (Chow et al., 1977b), the number and size of the

messages coning from both early and late regions was
determined. 'This type of analysis demonstratedffor the
first time that messages of different sizes, and coding

for different proteins, could come from the same gehe,

-thus providing the first evidence for proce551ng of

nuclear RNA into spllced m-RNA products. It also

27

indicated that there were two 51tes of 1n1t1atlon for RNA

transcrlptlon within the El region, suggestlng that it=

should be subd1v1ded into Early reglon la (Ela) andﬁﬂ1b

(Lewis et al., 1976) o : ‘ : .

Further research, using additional teohniques

"such as S1 nuclease mapplng and DNA sequenc1ng, prov1ded

a greater understandlng of how the adenov1rus genome was

organlzed where nuclear transcrlpts were 1n1t1ated and

étermlnated and the locatlons and number of spllce

junctlons present 1n the processed tlanscrlpts. Figure 3.



represents a schematic map of the Ad2 genome, indicating
‘the location of early and late genes, their messages, and
the protein prodﬁcts, where known. A brief‘description
of the gene products follows;.and a more detailed
analysis of the known functions of the proteins,

: particulariy the Ei proteins, in lytic ihfectibn and in

' transformation, is provided later.
1.3.1 Region Ela

Eafly Region 1, at the left end of the genoﬁe,
encompasses two ihdepenqently promoted'genes transcribed
from the r straﬁd; Ela, which is located between 1.3 and
4.5 map units, and Elb, which is found between 4.6 and

11.2 map units (Horwitz, 1990a). The Ela region produces
. . . o 3!

oo

<

28
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Figure 3

Transcription and translation map of adenovirus type
Adapted from Horwitz, 1990a.

o
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a single nuclear transcript, which is spliced to prodﬁce
five messages. These messages are reférred to by their
sedimentation values as 13S, 12S, 113, 10S and 98; and
are translated from the same initiation codon tqﬁpfbduce
proteins which all share the same amino terminﬁg
(Perficaudet gg‘g;;, 1979, Green et al., 1979b, Vi:tanen
and Pettersson, 1983a,,Stephens and Harlow, 1987 and |
Ulfendahl et g;;, 1987).. The four largest messages, of
which the 13s and 1238 pfedominate,'differ with'respect to
the number and sige bf their internal splices, but share -
the'samelreading frame across each message so that the
proteins producéd‘are highly ;elated throughout the
1en§th of the polypeﬁtide (Perricaudet et al., 1979, van
_ Ormondt et al., 1980 and Smart et al., 1981). These four
messages produce a family of aéidic nuclear
phésphoproteins whichrmigrate on SDé-éolyacrylamide gels
as proteins with molecular masses of 52kD, 48.5kD (ffom
the 135S message), 50kD and 45kD (from the 12S message)
(Green et al., 1979b, Rowe et al., 1983b and Yee et al.,
1983) and 35kD.and 30kD from the'llé and 10S messages
Jrespectiveiy (Stephehs and Harlow, 1987 and Ulfendahl et
al,, 1987).. The 9S message splices into a different
reading frame from that of the-other fouf méébages, and .
has.béen-predicﬁed'from its sequencekto-produce a protein

of'molecular mass 6,1KD which has the same amino'terﬁinal'
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27 amino acids as the products of the other messages bﬁt_
has an enﬁirely different sequence following residue 28
(Virtanen and Pettersson, 1983a). A 28kD protein has

been reported to be the‘product of in vitro translation
oflthe 9S message (Spector et al., 1980 and Esche et al.,
1980), but the relationship between this prdtein and the
predicted in gigg QS product is unclear (Smart et al.,

1981 and Virtanen and Pettersson, 1983a).

1.3.2 Region Eib
The Elb regibn produces two major messages. - One,
of length 2.2kb predominates early in infection and the
other, of length 1.05kb accumulates later in infected

cells (Perricaudet et al., 1980, Bos et al., 1981 and

Glenn and Ricciardi, 1988). Two minor messages, of

:length 1.26kb and 1.31kb are also produced (Virtanen and

Pettersson, 1983b, Anderson et al., 1984 and Lewis and
Anderson,’ 1987). All four of these messages, when

translated from the first initiation codon, produce a 176

‘residue protein, which migrates as a 19kD doublet in SDS-

_ polyacrylamide gels (Rowe et al., 1983a, McGlade et al.,

1987 and McGlade et al., 1989). All four messages may.

also be translated from the second initiation codon and

" in a . different reading frame to produce, due to

A5

N

U
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differential splicing, a family of proteins which are
related to each other but not to the 19kD.protéin. In
Ad5 these are a 496 residue (58kD)lprotéin from the 2.2kb
message, a 156 residue protein (25kD doublet) from the
1.26kb messagé, a 93 residue ﬁrotein (about.éOKD) from
the 1.31kb message and an 84 residue {20kD) protein from
the 1.0Skb méssage. These four related proteins share 79 .
comﬁon amino terminal residues, andlthe 1.26kb meséage
éplices back ‘into the same reading frame as the 2.2kb
message_so.that the 156 residue protein and the 58kD
protein share 78 coﬁmon'carboky terminal residues. The
1.31kb and 1.05kb messages are spliced into different
reading frames which gives each of the resulting proteins
a unique carboxy terminus (Bos gg.g;L, 1981, Gréeﬂ g;\
al., 1982, Matsuo et al., 1982; Lewis and Anderson, 1987

and Brown et al. (submitted)).

1.3.3 Region E2

Region E2 is transcribed from the 1 strand_bf the
genome frgm map uhit-positions 6?.9 to 61.5 (E2a) and 29
to-14.2'(E2bi (Ho:witz,,lQQOa); The transc:ipts from E2a:
and _E2b are produced doordinately.from the same promoﬁer,
and share leader sequences, but utiiizé qifferen% :

polyadenylation sites (Berk and Sharp, 1978). E2a
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ﬁranscripts are found at levels about 100 fold greater
than those of E2b, possibly due to ﬁreferential use of
the E2a polyadenylation site (Stillman et g;;, 1981).
Early in infection this region is transcribed from a
promoter found near-map position 68, and late in
infection transdription is promoted from further

upstream, as far as 87 or 99 map units .(Chow et al.,

1980). The E2a transcripts code for the 72kD DNA binding
protein‘which is essential for viral repliéation (Lewié
gg‘glL, 1976), and thé‘ﬁzb transcripts code for bbfh the
105kD viral DNA polymerase (Alestxom.g;'gL, 1982 and _
Stillman et al., 1982) and the 80kD precursor to the 55kD
terminal protein (Stillman et al., 1981 and Smart and .
Stiilman, 1892), both Of‘ﬁhich are aiso required.for

viral replication.

1.3.4 Region E3

The E3 region, tranécribed from the r strand of
the genome, lies between'map unit positions 76;6 and 86.2
(Horwitz, 1990a). It produces at leagt gine messages,
511 of which shareﬁthe same S5' unt:anslated region and -
all of which; through the'ﬁse of alternétive splice sites
and one of two pbssiblé-polyadehylation sites, have

different open reading frames (Carlin et al., 1989 and
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Ginsbérg et al., 1989}. Thié region is not essential for
viral growth in tissue culture éells, but appears ﬁo
produce products which function to benefit the virus in
sone way during infection of the normal host. Four

unique proteins have been identified in vivo from this

region, and three of these have been at least. partially
-characterized wiih respeét to‘function. These include a
_ 1§kD glycoprotein (Chow gﬁ al., 1980, Burgert and Kvist,
1987 and Ginsberg et al., 1989), a 14.7kD protein
{Gooding et al., 1988 ;nd Ginsberg et al., 1989), a.:
11.6kD protein (Ginsberg et al., 1989) and a 10.4kD
protein (Carlin é; al., 198§_and.GinSber§ gg.glé,-19§9).

o

1.3.5 Region E4

R

Early region 4 is transcribed from the 1 strand

. of the genome between map.units 99.3 and 91.3,¢and‘

produces at least nine messages which have the same

~ initiation and polyadenylation sites but differ with

respect to inﬁernal.gplicing (Chow et al., 1980): At wg}¥;
least five proteiﬁs have been detected in ziggrfom_phis
region. TheSe have molecular masses of 14kD (Downgy’gg_

‘al., 15&3), 19kD and 21kD (Harter and.LeQis,~1973), and }

17kD and 34kD (Cutt et al., 1987).

o}
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1.3.6 Iate Reqgion

Following DNA replication, messages'are produced

primarily from the late region, which is transcribed off

‘of the r strand of the genome (Sharp et al., 1975). This

region, which codes for most of the virion structural
proteins, produces a single nuclear transcript late in
infection which extends from map position-16.4 to 99

(Bergét and Sharp, 1979 and Shaw and 2iff, 1980). The

‘twenty or more messages which come from this transcript

share a common tripartite leader segment (Chow et al.,
1977a and Klessig, 1977) but terminate at one of five
polyadenylation sites to give five "families" of messages

(L1-L5) (Chow et al., 1980), which are spliced in-

‘different ways to produce a Iarge number of'open reading-

frames‘kLewis et al., 1975). Messages from the L1 région
apﬁear early in‘infection, indicating that the major late
promoter is active early as well as late (Shaw and Ziﬁf,
1980). At early times, however, thé primary transcript
from the major late promoﬁer terminates ﬁithih the L2

region (Akusjarvi and Persson, 1981). The L1 message

whichmpredomihatés early iﬁ’infection‘iér#hat which codes

for two related prbteins of molééﬂlar massé§ 52kD_and_

- 55kD (Chow et §14,¢19§0j.__ ﬁé%e;than half of these
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messages include an extra leader sequence, the i segquence

{Chow et al., 1980), which interferes with normal
translation, possibly by introducing its own open reading
frame upstream of the one normally utilized (Akusjarvi

and Persson, 1981). Later in infection, the L1

ltranscript'is preferentially spliced to produce the

message for structnral protein IITa (Chow et a;;,'léso
and Akusjérvi and Persson, 1981). . The-L2;L5 MRNA
famllles begln to be produced at the onset of viral DNA
replication, and their production is degendent on this
eventr(Shaw and Ziff, 1980). The L5 messages may also
have leader'sequences X, y and z in aodition to the
tripartite leader (Zain et al., 197§)3- | N

. Two virion structural protelns, protein IX and

protein IVa,, are transcribed at 1ntermed1ate tlmes {

‘ durlng 1nfectlon from genes which are promoted

1ndependent1y of the major late promoter.t Protein IX.'

which is a hexon—assoc1ated proteln, is coded for on the s S e
o S Lo ; T
r strand of the genome, between map’ unlts 9.4 and 111
e

(Pettersson and Mathews, 1877). Proteln Ivas. 1s aw-”

SR 0 AN

‘ maturatlon proteln translated from a message transcrlbed

PR =,

‘“Afrom the l strand of the genome, between map p051tlons& o

&L

©18.1 and 11.3 (Persson ‘et al., Te79y. -~ e

“
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1.3.7 VA RNAsS

Two small RNA speéies which do not code for
proteins are transcribed by the host Pol IIX RNA
polymerase from the.r strand of the genome at about map

- position 30 tWeinmann et al., 1976 and Horwitz, 1990a).
These VA (virus—associated) RNAs possess considerable
secondary structure (Weinmann et al., 1976), and it has .

been suggested that they may function in promoting the

~splicing of some_virél messages (Horwitz, 1990a) or in

| positively regulating translation of viral mRNAs

(Svensson and Akusjdrvi, 1984). With the exception of
these VA RNAs, all other adenovirus geneé‘are transcribed

by the host Pol II polymerase (Price and Penman, 1972) .

1.4 Productive Tnfection

Y Human Adenovirus serotype 5 normally infects the

epithelial ceils of the upperlrespiratory_tract (Hof%itz,
1990b), and so the lytic infectious?cycle of the virus
has mainly been stﬁdied in tissue culture cells of "
epithelial origin, such as KB or HelLa cells. The
infectidus byclé may be divided into a numbef of stages,

beginning with adsorption of the virus to the target

{
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cell, and penetration of the plasma membrane, followed by
uncoating of the virion and transport of the viral DNA to
the cell nucleus. In the nucleus, early transcription
takes place, followed by viral DNA replicafion and late
transcription, resulting in the accumulation of virioh.
structural proteins. Assembly and rélease of the mature

virions completes the lytic infectious cycle: _ ' &

1.4.1  Adsorption, Pénetratioh'and Uncoﬁﬁinq

Ad5 virions bind to theﬁe#ternal surface of
target cells thfough a-ﬁighly specific and noh—energyﬂ
‘requiriné interaction between the virion fiber protein,
and a host cell receptor (Lonberg-Holm and Philipspn,‘
1969). This adsorption can be inhibited by the addition
of purified fiber proteinto;fhgkgé;ls prior to virus
 ‘cha11enge, but is unaffected ﬁ;’the addition of other
vifion structural components (Leviné«and Ginsberg, 1967).
Using fiber protein alone, or fiber.pfotein attached to
penton base, or whole virions as affinity substrateg, a
nunber of groups have identified three dell surface
glycoproteins;whidh constitﬁte major adenovirus receptor
componénﬁs. These have mobilities on SDS—PAéﬁ gélé
corresponding to‘moleculér masses of 70£D,‘40kﬁcand 34kD

(Meager et al., 1976, Hennache and Boulanger, 1977 and



40
Svensson et al., 1981). There aré estimated to be 105 to
106 receptors per cell, but the maximum number of virions
which can attach to one cell is in the range of 104
~{(Philipson et al., 1968), suggesting multivalent binding
by each virion (Patterson and Russel, 1983). Following
initial receptor binding the adsqrbed virus particles are
redistributed over the cell surface into clusters or
"caps" (Persson et al., 1983 ahd Pétterson and Russél,
1983). This is an energy requiring process which
Patterson and Russel (1983) have suggested is mediated by
the cytoskeleton, and which aﬁbears to play an important
rola in efficient viral penetration. hﬁalysis of
infected cells byleléetroh microécopy héé indicated that
the virus may penetfate fhe plasma membrane of the cell
“directly (Morgén et al., 1969), or may be endocytosed in
.coafed or uncoated vesicles (Chardonnet and Dales, 1970a
and P;tterson and Russel, 1983). The half-life ?f this
process is 15 minutes (Lonberg-Holm and Philipsdh, 1969),
and it involves loss of some of the virion capsid,
.possibly the fiber and penton base components, ‘leaving
the internalized virion with a core which is slightly
sensitive to DNase (Sussenbach, 1967 and Svénsson and
Persson, 1984). The internalized virion is transported
rapidly to the nucleus by a mechanism which is thought to

involve an association with microtubules (Chardonnet and
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Dales, 1972 and Dales and Chardonnet, 1973). At the
nuclear membrane, further uncoating of the virion is
accomplished, and the core is released. This may require

a nuclear pore-associated ATPase activity (Chardonnet and

 Dales, 1972 and Dales and Chardonnet, 1973). The viral

DNA enters the nucleus via the nuclear pores (Chardonnet
and Dales, 1970a, 1972). The entire process of

adsorption, penetration and nuclear uptake of the viral

genome is complete 60 to 90 minute after infection at

37°C (Chardonnet and Dales, 1970a,b).

1.4.2 Early Transcrigtioh

Early transcripts are defined as those which -

appear before the beginning of DNA synthesis, and which

can be detected in the presence of inhibitors of DNA

"synthésis. These come primarily from the four éarly

regions E1-E4, although low  levels of transcription from
some late regions have bee; dete;ted. Messages from
region L1 and a regidn between map units 17 and 21.5 can
be detected early in infection, but at levéls which are
extremely reduced compared to those expressed after DNA
replication (Lewis and Mathews, 1980 and Nevins and

Wilson,‘1981).* Similarly, transcripts from two

independently promoted‘regions coding for structural



‘proteins IVa2 and polypeptide IX begin to appear at
intermediate times, just prior. to DNA synthesis, but
increase dramatically at later times (Chow et al., 1980
and Horwitz, 1990a). During early infection, viral RNA
représents 0.1% or less of the total cell RNA, but viral
messages conétitﬁté 5-18% of the cytoplasmic-mRNA (Flint
and Broker, 1981). Of the five'eafly regions, Ela is -
transcribed first,:followéd tempﬁrally by E2, E3, E4 and
Elb (Glenn and Ricciardi, 1988). The early phase of
viral transcription ends with the onset of DNA
replication at about 8 hours post infection in KB or Hela
cells, although transcripts from early regions may still

be produced at late times (Chow et al., 1980 and Flint

and Broker, 1981).

. 1.4.3 Farly Proteins: Function in Lytic Infection
Q

Ela Proteins
The Ela p;oteiné are the first of the viral early
gene products to appear in infectedccells, and can be
detected within two hours of infection :(Rowe et al.s
1984b). The protein species which predominate early in
infection are tfanslated from the 135S and 125 messages
(Chow et al., 1980 and Glennland Ricciardi, 1988). The

products of the 115 and 10S messades are minor species

42



whioo are produoed primarily late in infection (Stephehs
and Harlow, 1987 and Ulfendahl et al., 1987). As
previously. described, these four messages share common 5!
and 3' ends and are translated in the same readino frame,
but differ with respect to the size and number of their .
internal spllces (Flgure 4) They produce a highly
related, heterogeneous group of phosphoproteins which
migrate as a series of bands on one dimensional SDS-PAGE
gels with mobilities correspondlng to molecular masses of
52KkD, 48.5kD (from the 13S message), SO0kKD and 45kD {(from
the 12s message) (Green et al., 1979b, Rowe et al., 1983b
and Yee et al., 1983) and 35KkD and 30kD from the 11S and
10S messages respectively (Stephens and Harlow, 1987 and
Ulfendahl et al., 1987) ' On two-dinensional SDS-PAGE
gels, this heterogenelty is even more pronounced and it
has ‘been suggested that Ela products -can be resolved into
as many as 60 polypeptide species (Harlow et al., 1985)
Studies on the post-translat10na1 modlflcatlons of these
protelns indicate that most if not all of this |
heterogenelty is due to dlfferentlal phosphorylation (Yee
et al., 1983, Tsukamoto et al., 1986b, Tremblay-g% at.,

1988, Riéhter et al., 1988 and Tremblay et al., 1989).

The molecular mass shift of about 4kD from the faster to

the slower migratinq species of each of the 125 and .138

products is brought about primarily by a single

43
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Figure 4

Transcription and translation map of early region

1 of adenovirus type 5. (With permission
Branton)
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phosphorylation event at serine residue 89 (Dumont et
al., 1989 and Smith et al., 1989),-a1though this shift in
mobility may also be contributed to by a phosphorylation
event near the carboxy terminus of the protein (Richter
et al., 1988).
| Ela proteins have a very short half-life of about
40 minutes (Branton and Rowe, 1985) and foliowihg

translation, they are rapidly localized to the nucleus by

- the nuclear transport system in the cell which recognizes

a pentapeptide nuclear localization iziynal at the carboxy
terminus of the Ela polypeptides (Krippl et al., 1984,
Ferguson‘gg al., 1985, Lyéns et al., 1987 and Yamasaki et
al., 1989). 1In cell fractionation studies, Ela p:oteins

have been found in both nuclear ahd.cytoplasmic fractions‘

" (Rowe et al., 1983, Feldman and Nevins, 1983 Branton et

al., 1984 and Chatterjee and Flint, 1986), but u51ng
indirect 1mmunof1uorescence, it has been- shown that they
are primarily 1ocallzed in the nucleus {(Feldman and
Nevins, 1983, Yee et al., 1983 and Schmitt ét al., 1987).
This nuclear association may be fragilé and easily .
disrupted by cell.fractionation techniques (Schmitt et
al., 1987). A portion of the 13S gene pfoduct has‘beeq
found to associate with thé nucldar matrix (Feldman and
Nevins, 1983, Chatterjee and Flint, 1986 and Schmitt et
al., 1987). | |



One of the primary functions of Ela proteins in
lytic infection is to activate transcription from the
other four early regions (Jones and Shenk, 197%a and Berk

et al., 1979). The Ela promoter itself, which is active

'in the absence of viral gene products, can be up-

regulated by the Ela proteins (Berk et al., 1979 and

. 'Nevins, 1981). In the absence of Ela proteins, only very'

low levels of other early transcripts are detectable and

viral replication is severely restricted (Katze et al.,

1981 and Nevins, 1981). The products of both the 12S and

138 messages act as transactivators early in infection,

_but the 13S products are much more efficient (Winberg and

Shenk, 1984, Ferguson et al., 1985, Moran et al., 1986,

Ferguson et al., 1986 and Fahnestock and Lewis, 1989).

Ela proteine do not bind DNA directly, but are thought to
act by mediating.the effect of transcription factors
whlch bind to the promoter regions of the other early
genes (Kovesdl et al., 198s, Wﬁ et al., 1987, Fahnestock
and Lewis, 1989 and Pei and Burk, 1989). There is no
Siﬁgle common promoter region or tfanscription factor

through whlch Ela protelns exert thelr effect on target

¢ genes, although some factors such as ATF and E2F are

involved in the transactlvatlon of more than one of the'

viral promoters’(Jones et al., 1988). Generally,

transcriptional activation by Ela proteins can be

O
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effected.in the absence of new cell protein synthesis,
and it ‘has been suggested_that Ela proteins activate
transcription factors which are already preseht in the
cell réther than induce synthesis of new factors (Kovesdi
et gl, 1986, Jalinot et al., 1987, Reichel et al., 1988,

Pei et al., 1989 and Bagchi et al., 1989). This

activation may involve a post-translational modification,

such as phosphorylation, to alter the DNA binding

‘capabilities of the factor (Reichél et al., 1988,

Sassone=-Corsi, 1988, Yamémoto‘gg al., 1988, Raycﬁaudhuri_
et al., 1989 and Bagchi et al., 1989), or it could
involve bringing appropriaté factors'togééher to form an
éctive complexT(Jélinot_gg gl&, 1987).

The Ela 138 gene product, which is a.more‘potent
transactivator thancthe 128 product, has a unique 7
intefnal sequence of 46 amino acids. This region,,wgich
by itself has been shownftO‘be“sufficient td
transactivate other viral genes (Lillie et gl;,(1987,{
Green et al., 1988 and Lillie and Green,'1989), consists

of an activation domain and a recognition domain

_sepagifed by a metal-binqingfdomain which has a zinc=-

finger motif (Culp et al., 1988, Lillie and Green, 1989

[
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and Fahnestockiahd Lewis, 1989). Mutations in any one of

these three domains severely reduces the ability of 138

<

products to transactivate (Glenn and Ricciardi, 1987,



Jelema et al., 1988, Green et al., 1988, Culp et 1

1988 end Fahnestock and lewis, 1989). It has been
suggested that this 46 amino acid region acts to bring
138 pfoteins to the promoter of a target gene through an

interaction between the recognition domain and a

- transcription factor bbuﬁd to the promoter. In this

model the activation domain, once it has been p051tloned
at the promoter, functlons t0 enhance transcrlptlon

(Lillie and Green, 1989). The zinc finger, a motif found

in a number of transcription factors (Mitchell and Tijan,

.1989), may contact the DNA in such a way so as to promote

K

the formation or increase the stability of .the .

transcription complex on the'DNAu(Culp et al,, 1985).

| Invéddéﬁion?tofiranscripfional activaﬁion ef the
other:early.genes,'Ela proteins repress enhancer-driven'
transcription from their own promoter.(Borrelii et al.,
1984, Smlth et al., 1986). It has been suggested that -
this function may become active as Ela protelns
accumulate in early infection, and may allow them to -
down—regulate their own synthe51s_(Borre111'g§ al., 1984,
Smith et al., 1986). Both the‘13s and- 125 gene products

have been reported to repress enhancer driven

’trenscription (Smith et al., 1985), but the 125 product

appears to fuﬁctionrmore effectively in this capécity

(Lillie et al., 1986 and Dery et al., 1987). The 128
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product has als§ been reported to repress transcription
from the other early promoters (Guilfoyle et al., 1985
and Dery et al., 1987), and again, it has been suggested
that this may function to reduée transgription from the
other eafly proméfers after Ela proteins have
accumulated, and sometime'following their early
trénsactivation of these same promoters (Dery et al.,
1987) ..

) A third function of Ela proteins in 1lytic

‘infection involves the stimulation of DNA synthesis in

L T

| quiescent cells. Both the 125 and 13S products have been RS
reﬁdrfed to be able to indude DNA syntheéis in guiescent, A
non-transformed humah'cellg (Spindler.gg gl;, 1985 and
Kaczmarek et al., 1986) and.in-primary rat epithelial .
f.cells (Nakajima et al., 1987, Zerler et al., 1987%‘ |
~ Quinlan and.Grodzicker; 1987, Moran and Zerler, 1988 and
- smith and Ziff, 1988); In Gg-arrested huﬁgn WI-38 lung
fibroblasts; expressibn of the 128 product was found to
\belrequired fdr maximal virq;.replication (Spindler et
"al., 1985). In the natural course of infection, the
“target cells for the virus are terminally differentiatéd
epitheliél cells of théluppér reSbiratory tract, which_
are quiescent‘fHorwitz, 1é90b)._ It has been suggestéd
that ﬁhé_ability_to iﬁduce cellular ﬁN# syntheSis'in e

these cells is of benefit to the virus because it results
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in more efficient viral DNA replication (Spindler et al.,
1985 and Quinlan and Grodzicker, 1987).

| Ela proteins also function to protect infected
cells against the anti-viral action of interferons.
Interferons are‘a class of proteins which can be produced
by virusjinfected cells, and which induce a cascade of
events in neighbouring cells, designed to protect them

against infection (Lengyel, 1982). The abrogation of

' this protection by Ela proteins enables the virus to

replicate in interferon-treated cells, and as such‘is
beneficial to the virus in lytic infection. Ela prqteins
have been reported to repress transcription of géne§
induced by interferon (Reich et é;;, 1988), and to
directly or indirectly inhibit specific interfeion:
induced activities which would normally impair the
repllcatlon of an 1nterferon-sen31t1ve virus such as
vesicular stomatltls v1rus (Anderson and Fennle, 1987).
Elé proteins also 1nduce polymerase ITX transcrlptlon
during 1nfectlon (Yoshlnaga et al., 1986), resulting in
transactivation of the-adenovirus VA RNA genes,'at least

one of whlch antagonizes the 1nterferon—1nduced”eIF2~a

klnase (Kitajewski et al., 1986 and O'Malley et al.,

' 1986) .
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Eib Proteins

The products of both of the open readiné frames
of this region (Figure 4) are required for productive
infection in KB cells; as mutants affecting either the
19kD protein or the 58kD protein are host range (Harrison
et al., 1977), and defective in viral DNA replication |
(Babiss and Ginsberqg, 1984). The £9kD prétein,‘which has
been shown by indirect immunofluorescence to be primarily
" associated with the nuclear membrane and perinuclear
.region (Rowe et al., 1983 and McGlade et al., 1987) is
modified both by fatty agid acylation (Grand et al., 1985
and McGlade et al., 1987) and by phosphorylation at a
__single serine résidue (McGlade et al., 1989). Infection .
‘of cells with virgséé carrying mutations in the 19kD
coding regioﬁ results in a cytocidal effect which gives a
large plaque phepotype; and the rapid degradation of both
“cellular and viral DNA (Chinnadadurai}-1983, Mak and Mak, 
1983, Subramanian et al., 1984, Takimori et al., 1‘984 and
White et al., 1984). The 19kD protein has been reported
to be involved in transactivation of thé other early

=

genes (Herrmann et al., 1987), and the relief of Ela-
mediated enﬁancer repression (Yoshida et al., 1987), but '
these functions appear to depend on the type of assay

used (White and Stillman, 1987 and Herbst et al., 1988),

and may be an indirect result of the ability of the 19kD
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protein to-protectuDNA from degradation (Herrménn and
Mathews, 1989). |

The Elb 58kD profein is_deteéted by indirect

immunofluorescence mainly in the perinuclear region of

infected cells (Rowe et al., 1983a and Yee et al., 1983).
It is a phosphoprotein which has a protéin‘kinase
activity associated with it when it is isolated fromrcéll

extracts by immunoprecipitation (Branton et al., 1981 and

,

R . A
. Yee and Branton, 1983). The 58kD protein forms a complex

with the E4 25kD protein (Sarnow et g;;, 1984 and Cutt et
al., 1987), and functions in facilitatipg the tfénspdrt |
of late viral messages, as well as inhibiting the
aqcumulétion of cellular mRNAs, thus contributing to the
shut-off of host protein synthesis during lytic infection
(Babfés andzbingberg:‘1984; qutt et gl;: 1987, Samulski -
and Shenk, 1988 and teppard and Shenk, 1989). The
functions of the smaller 58kD-re1atéﬁ proteins haﬁe not
for the most parf been well-characterized, ﬁut the 156
residue protein may be required for viral replication

(Brown and Branton, unpublished).

E2 Proteins
‘E2a messages code for a 72kD DNA binding protein
which has a number of functions in the lytic cycle. This

is a nuclear phosphoprotein which is found in vivo both
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as a full length 72kD polypeptide and a 48kD cleavage
product (Sugéwara et al., 1977 and Axelrod, 1973). The

cleavage product, which lacks the amino terminal 120

amino acids of the protein, can be isolated in vitro by

cleavage of the full length polypeptide with
chymotrypsin. The 72KD protzin has functional domains at
both its carboxy and amino termini. The amino terminal
120 amino acids contains most, if not all of the
phosphoryiation sités (Klein et al., 1979), and has been
reported to function in the regulation of late gene |

expression, and to contribute to the host range of the

virus (Klessig and Grodzicker, 1979 and Brough et al.,

1985). Tpis r;qion ﬁay also be invélved_in
autoregulatioqﬁof the 72kD gene, by enhancing its own
expressicn, and phosphorylatidh at a number of sites
appears %o be critical for this function (Morin et al.,
1989). The amino terminus of the protein is capable of
binding ATP.ang may have a protein kinase activity
associated with it (Branton et g;;, 1985b) . The.carboxy‘
terminal domain functions in binding the 72kD prot%in to
both éingle—stranded hNA and RNA (Klein et al., 1979 and
Cleghon andlxlessig,;lgss), an interaction which is
required for viral DNA :eplicationr(van dér Vliet and
Sussenbach, 1975). Thié région is also involved in the

down-regulation of viral early gene expression, both by

54
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blockingﬁtranscriptional initiation specifically from the
E4 promoter.(Nevins and Winkler, 1980 and Handa et al.,
1983), and by destabiliiing early viral mRNAs {Carter and
Blanton, 1978 and Lazaridis et al., 1988); Later in
infection, the carboxy terminal domain mediates the role
of the 72kD protein in assembly of new virion particles
{Nicolas et al., 1983).

.E2b ﬁessages code fbr the 80KD precursor of the
55KkD terminal protein which binds to the 5' termini of
thelviral‘ genome (Rekosh et al., 1977), and for the 140KkD
viral DNA pﬁlymerase (Friefeld et al., 1983). Both of
these proteins, in addition to the 72kD DNA-binding
protein, -are required for viral repiication (Lichy et |
al., 1983 and Friefeld et al., 1983), and their functions

in replication are discussed below.

E3 Proteins
The E3 region of thg genome, which is not
essential for virus propagation in tissue culture,
produces at least four&proﬁeins, three of which have been
found to function in the modulation of the’ﬁ?§t's

s

response to viral infection in vivo. The 19kD

glycoprotein produced from this region complexes non-
covalently in ihfected-cells with major

histocompatability antigens, and prevents their terminal
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glycosYlation and expression at the cell surface {Burgert

, and Kvist, 1987). This is thought to permit infected

cells to evade destruction by the host's cytotoxic T
1ymphocytes, which recognize viral antigéns present on
the surface of.infected cells, only in the presence of.
méjor histpcompatability antigens (Burgert and Kvist,’
1987, Tanaka aﬁd Tevéthia,-1988‘and Ginsberg et al.,
1989); Adenovirus infected cells carrying viruses which
1ack:the E3 region are also susceptible to 1ys;s by
tumour necrosis factor, a protein hormo;e which is
secreted by some céilg of the immune system in response
to .inflammation or viral infection. A 14.7kD E3 protein
functions to protecﬁ infected cells from this cytolytic
effect (Gooding et al., 1988). A third E3 protein, of
molecular mass 10.4XkD, has an amino acid sequence similar
to the_cytoplasmic portion of the epidermal growth factor

receptor., This protein induces internalization and

cdegfadation of the receptor in infected cells, possibly

through the formation of hetero-oligomers. It has been
éﬁggested that'this may function to constitutively induce

the mitogenic gffect normally associated with the

internalization of the receptor in respohée to epidermal -

growth factor, resulting in increased proliferation of

S -

infected cells, and resultant stimulation of viral DNA

synthesis. Alternatively the internalization of the

1
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receptor in the absence of ligand may abrogate EGF-
induced cellular responses leading to inflammation and

recruitment of the host's immune system (Carlin et al.,

1989 and Ginsberg et al., 1989). The function of the
fourth E3 protein, of molecular mass 11.6kD, has not been

determined (Ginsberg et al., 198%).

E4 Proteins
The E4 region of the genome codes for functions
which are important in viral DNA replication,
accumulation ofklate,meséages and proteins, and viral
growth (Halbert et al., 1985, Hemstrom et al., 1988 and
Brldge and Kettner, 1989), but for the most part
specific functions have not been attributed to the flve'

proteins which have been detected in vivo from this

- region. The 25kD protein (34kD) detected by Sarnow et

al. (1954) and Cutt et al. (1987) forms a complex with

the Elb 58kD protein which is functionally involved in

_host cell shutoff and late viral polypeptide synthesis

(Cutt et al., 1987). A second E4 protein is involved in
activation of the E2F transcription factor which is
required for maximal transcriptional activation of the E2

promoter (Reichel et al., 1985 and Hardy et al., 1989).
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1.4.4 DNA Replication

Replication of the double-stranded linear genome

can be initiated at either end, and proceeds semi-

. conservatively by continuous elongation, resulting in the

displacement of one non-replicated parental strand

(Lechner and Kelly, 1977 and reviewed in Horwitz, 1990a).

This strand is probably replicated in the same way

following the annealing of the complementary sequences at
either end to form a panhandle structure which resembles

the ends of the viralugenome, and which acts as an origin

‘of replication (Lechner and Kélly, 1977, Lichy et al.,

1983 and Lippé and Graham; 1989).
Studies with temperature-sensitive mutants in
vivo, and purified viral proteins in vitro have

demonstrated that the three viral proteins coded for by

‘the E2 region are required for viral DNA replication (Van

der Vliet and Sussenbach 1975, Horwitz, 1978, Ikeda et
: c

i

al., 1981, Stillman et al., 1982 and Lichy et al., 1983).

The reaction.is primed by the 80kD precursor to the S5kD

terminal protein (Rekosh gﬁ

al., 197?).4 This protein

- complexes in a 1:1 ratio with the virus-encoded DNA

polymerase, binds to the terminus of the adenovirus

genome, and forms a covalent attachment through a serine
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residue to the 5! hydrokyl of a dCMP nucleotide
(Desiderio and Kelly, 1981 and Lichy et al., 19g2). The
polymerase then utlllzes the free 3! hydroxyl end of the
nucleotlde to initiate the polymerlzatlon reactlon, and

synthesizes the daughter strand continuously in a 5' to

3' direction to the end of the gencme (Stillman et al.,

1982).  The 72kD DNA binding protein, also coded for by
the virus, is requifed for chain elongation and may play'

a role in unwinding the DNA at the end of the genome to

~ facilitate the initiation of the replication reaction

(Lichy et al., 1983 and Stuiver and van der Vliiet, 1990).

A number of factors coded for by the host cell

are either required for, or contribute to“the‘efficiency

of the replicétion process (Lichy et g;;,rlssa ahdr 
Horwitz, 1990a). Nuclear factor,I; which has also‘béen
isolated as a transcription factor termed CTF (Jones g;
al., 1987), binds near fhe origin between nucleotides 17
and 48 and is necessary for 1n1t1at10n and elongation of
the nascent strand (Nagata et al., 1982 and Leegwater et
al., 1985). Nuclear factor II, which is a type I
topoisomerase, is required later in the elongation ‘
process, presumahlfito reduce torsional stress (Nagata et
g;;, 1989){ Nu¢iear-factof III also binds near the

origin, and recognizes a specific sequence between

nucleotides 36 and 54 (Pruijn et al., 1986, 1988). This
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factor, which enhances activity of the origin, has also
been recognized as a tfanscription factor (Pruijn é; al.,
1987 and O'Neill ahd Kelly, 1988). Topoisomerase 1T,
which is not required for adenovirus replication in
vitro, may be necessary ig‘gizg to mediate the.separation
of daughter strands which are closely linked tg‘the

nuclear matrix (Schaack et al., 1990).
1.4.5 Host Cell Shutoff

In lytic infection of KB or Hela cells,
inhibition of host cell macromolecule synthesis begins to
be seen at Qbout the same time as viral DNA replication,
and follows the early stages of infection (Bello and
Ginsberg, 1967 and Ginsberg et al., 1967). Host protein
synthesis is almost completely shut off by 16 hours post-
infection as a result of preferential transport of virus-
specific me%sages from the nucleus to the cytoplasm,
although host messages are still transcribed and

processed correctly (Beltz and Flint, 1979). There is no

rapid breakdown of pre-existing cytoplasmic host messages

(Horwitz, 1990a), but initiation of translation of these

messages may be inhibited by the virus-induced increase

in double-stranded RNA activated inhibitor (DAI) .protein

‘kinase activity, which results in phgsphorylation and
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inactivation of the a-subunit of the translation
initiation factor eIF-2 (0'Malley et al., 1989). Host |
cell DNA synthesis is gradually reduced, starting at
about 6 hours‘following'infection of randomly growing KB
cells (Gihsberg et al., 1967). Using logarithmically
growing HeLa cells which were cell-cycle synchronized,
Hodge and Scharff (1969) found that the initiation of a
new round of host cell DNA synthesis was inhibited if
viral DNA replication beganlwhen the cells were in Gy,
and cell DNA synthesis was severely reﬁuqed but not -
completely inhibited if viral DNA wés_replicated during s
phase. It was suggested that host replicons which were
: initiated early in S phase could complete their round of
" replication, but those which would normally repliéate
later in S phase were prevented from initiating. The
shutoff of host protein synthesis may also contribute to
a reduction in the ability of the cell to replicate DNA,
:if proteins normally involved in the replication process

were in short supply (Horwitz, 1990a).

1.4.6 TLate Transcription

Following viral DNA replication, laﬁe transcripts
: are-preferenfiall? produced from the replicated templates

(Sharp et al., 1975),-and reach levels 10 fold in excess
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9f th6se detected during early infection (Horwitz,
1990a). Some, such as:the independently promoted
trénscripts for protein IX and pﬁlypeptide Iva2, and
transcripts from the Ll region downstream of the major
late promoter, are defectable in lower levels earlier in
ipféction, but ére greatly amplified follqying DNA

replication (Chow et al., 1980). The majority of late

transcripts, however, are promoted by the major late

promoter and réquire in cis the prior replication of the
template they are transcrlbed from (Thomas and Mathews,
1980). The controls for thlS early to late, switch are
not well understood, but it has been suggested that it

may involve displacement of components with which the

~ unreplicated genome is associated, or alterations in the

structure of the DNA itéelf (Thomas and Mathews, 1980).
There is recent evidence that the promoter for protein IX
is jnactive early in infection due to its position within
the Elb coding region, which resuf?s in its occlusion due
to actlve transcription across this reglon_(Valesdand
Darneli, i989). The authors"suggest that replication of
the DNA template is requiredAto clear the promoter, thus
allowing the required transéripiion factors to interact
with it.

Most of the late transcripts code for virion

structural proteins or their precursors. These
Ay
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polypeptides are being synthesized at a maximal rate by
20 hours post—infection (Horwitz, 1990a) and are
transported rapidly to the nuclei, where new virion

assembly is initiated_(Flint‘and Broker, 1981).

1.4.7 Assembly and Release of New Virions

He#on polypeptides trimerize into héxon capsomers
within a‘few minutes of their rele;se from polyribosomes
(Horwitz et al., 1969) in a process mediated by the 100kD
scaffdlding protein (Ceﬁko and Sharp, 1983). These
capsoﬁérs then self-assemble into empty shells in the
infected cell nucleus an& develop through_“light
intermediate capsid", "heavy intermediate éapsid“ and
"young virion" stages before becoming mature virion
Jparticles (Flint and Broker, 1981),  A numberrbf minor”
capsid components, such as polypéptides VI, VIII, and
IIIa associate(%ith the hexon shell to forﬁ a light e

B S N
intermediate capsid structugg (D'Halluin et al., 1978).4%“\&3553
Viral DNA enteré the éapsid;beginning at its left end,
direcfed by the packaging signal which is located betwee;
nucleotides 290 and 390 at t;e left end éf fhe_genome |
' (Hearing et al., 1987)., The light intermediate capsid

may be isolated from infected nucleii in association with

a portion of the left end of the viral genome, which'is

[
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thought to result from shearing of the full-length genome.
dufing isolation (Horwitz; 1990a). The chromosome enters
the assembling structure covalently attached to the 80KD -
terminal protein, but in the absence of any of “he virien
core proteins with which it aéSociates in the mature
virion (Horwitz 1990a). -Incomplete capsids containing
full length DNA constitute the Wheavy intermediate" class
of structures (Flint and Broker, 1981). Assembly of the
penton capeome£s'from penton base and fiber proteins
proceeds more.slowiy than aseembly of the hexon cepsomers
(Horwitz et al. ' 1969), but these are found in the capsid .
by the young virion stage (Horw1tz 1%90a), as are proteln
IX (Ghosh—Choudhury et al., 1987), precursors to the
other minor capsld components, and the virion core_
c‘pfoteins (Horwitz, 1990a). The final maturation involves
cleavage of precursor capsid componentshby a 23kD protein
from the L3 region (Bhatti and Weber, 1979) to give the
mature products, and a general compacting of the entire
eapsid to give a structure which is impermeable to |
nucleases (Horw1tz, 1990a) . : .

The virus lytlc cycle is complete within 32 to 36
Hours (Horwitz, 1990a), gnd results in 4-,000—10,2000_
ﬁiable progeny virus particles per ce;l (Green and
Daesch,.1961).‘,Adenoviruses'doenot specifically.code for

fdnctions which lyse the host cell (Flint and Broker,
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1981). The cell dies through attrition, and virus

particles remain cell-associated for some time after cell

~death (Horwitz, 1990a).

1.5 Transformation by Huﬁén“Adenoviruses

_ Human adenoviruses are classified into three
subgroups according;to theirlépility to cause tumours in
baby rats and hamsters (Lacyléhd Green, 1967). Subgroup
A viruses, whioh includelserotypes 12 and 18, are highly
oncogenic and produce tumours with a high incidonce at

the site of injection within three months (Trentin et

al., 1962 and Huebner et al., 1962) Subgroup B viruses .

such as Ad? also induce tumours in injected anlmals, but
are only weakly oncogenic, producmng tumours in a small
proportion of animals (1—21%5 ouly after a long latency

(200-400 days) (Girardi et al., 1964 and Larson et al.,

*1965) Tumour cells from hamsters injectea with viruses

.’F «

from either Subgroup A or B can be suocessfully passaged

through adult hamsters, and new tumours appear within

‘three weeks (Trentln et al., 1962 and Larson et al.,

1965). Subgroup C v1ruses, Wthh 1nc1ude serotypes 1, 2

and 5,\are not oncogenlc and do not produce tumours in

A ¢
1njected anlmals, even after long periods of tlme

¢ {Trentin et ay;, 1962, Huebner et al., 1962 and Lewis et
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al., 1974). Although not tumourigenic in rodents,

Subgroup C viruses can transform primary hamster or rat

cells in wvitro (Freeman_gg al., 1967 and McAllister et
al., 196%a), and these cells may be tumourigenic when
injected back into suckling hamsters or immuhosuppreesed
juvenile rats_(McAliister et al., 1969b, Lewis et al.,
1974 and Williams et al., '1974) - Most, if not all |
adenov1rus serotypes are capable of transformlng
mammallan cells in culture (Branton gt al., 1985a and
references therein), and transformation of both primary
and dlfferentlated cells of a number of mammallan
species, 1nc1udlng human, have been reported, using
either virus or DNA—mediated.procedures (Leyiﬁthal and
CPeterson, 1965, Reed, 1967, Graham and van der Eb, 1973,
Graham et al., 1977, Byrd et al., 1982, Whittaker et 2l.,
1984 and Woodworth and Ison, 1987} Rat or hamster cells

transformed in vitro by non—oncogenlc serotypes have

characteristics similar to cells transformed by oncogenic

serotypes (Freeman et al., 1967), and closely resemble. .
= : \,
cells explanted from virus-induced tumours {(McAllister et -

al., 1969a, Branton et al., 1985). Transformed cells are

capable of 1ndef1nate growth in vitro, are not centact-
[ RS

1nh1b1ted at high den51t1es, andbare able to grow in eoft

agar, and in medium with low levels of calcium (0.1 mM)
v ' - o ’ o

(Freeman et al., 1967 and McAllister et al., 1969b)Q
1\
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Early studies showed that adenovirus-transformed cells
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did not produce infectious virus, but expressed serotype-

specific mRNA and produced viral antigens that'éould be
detected by indirect immunofiuorescence or in complement-
fixation assays (Huebner et al., 1962, Girardi, 1964,
Larson et al., 1965, Reed, 1967, Freeman et al., 1867,

McAllister et al., 196%a,b and Lewis et al., 1974). This

" led investigators to search for specific adenovirus

tumour antigens, and the oncogenes that coded for them.

=

[

1.5.1 Isolation of Transforming Genes

A number of lines of evidence led to thé
identification of Early Region 1 (El)aas the region
codiné for transforming functions. Firstly, examination
of adenovirus transformed rodent cells.indicated that

only a portion of the viral DNA became stably integrated

into the host genome, and that.although thé actuai amount

‘of integrated material varied between cell lines, the

lefﬁmost.approximafély 14% of the virus genome was always
present%(Gallimore et gi;, 1974, 'Flint, 1981b and Green
et gl;:-lssl); Secondly, DNA-RNA hybridization analysis
provided evidéhce that the virai messages :produced in
transformed cells were'alsé transcribed from a small
ffacﬁiqn of‘the virai genome'during lytic infection, and

.%.
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that they came only from early genes (Green, 1970, Graham
et al., 1977, Aiello et al., 1979 and Green et al.,
1981). Thirdly, there was the demonstration by Graham et

al. (1974a,b) that small fragments of Ad5 DNA from the

left end of the genome were sufficient to transform rat,

hamster or human cells, with the suggestion that the

transforming regior was of a size likely to contain two

contiguous genes mapping to an area between 1% and 6% on

"the viral genome.' Cells transformed by sheared viral DNA

or restriction fragments containing the leftmost 8% of

the genome were tumourigenic and did not appear to differ
morphologically from cells which had been transformed by
the intact vifus,;indicating that genes outside of the El

region did not contribute to the transformed phenotype

(Graham et al., 1974a,b, van der Eb et al., 1977, Rowe

and Graham, 1983 and Rowe et al., 1984a).

1.5.2 Ela and Elb: Roles in Transformation

°
it ) "
In early studies, the involvement of products
from both of these gehes in transformation was suggested

by the presence of messages and proteins specific for

‘both Ela and Elb in transformed cells (Gilead et al.,

1976, Graham et al., 1977, van der Eb et al., 1977,

Schrier et al., 1979, lLassam et al., 1979, Green et al.,
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1981 and Lewis and Mathews, 1981). Viruses with
mutatioﬁs in either gene were found to be potentially
defective for transformatioh (Graham et al., 1978, Jones
and shenk, 1979b, Carlock and Jones, 1981 and Solnick and
Anderson, 1982). Neither gene on its own, if transfected
into primary rodent cells, could induce the fully
transformed phenotype seen if both Ela and Elb genes were
present (van den Elsen et al., 1982), indicating that
both contributedrto the transformation process..

The products of Elaralone are capable of
partially transforming, or immortaiizing primary rodent

‘cells (Dijkema et al., 1979, Houweling et al., 1980 and «

7

Graham et al., 1984). These cells can be passaged
%hdefinipely in cultufe, but are more fibroblastié in o
morphology than fully transformed cells, and are
generally not tumourigenic (Graham et al., 1984 and
Branton et al., 1985). The efficiency of immortalization
by Ela depends at least in part on levels of expression
ofEEla products (Senear and Lewis, 1986) and the{éulture
conditions used to select for immortalocells {Graham et
al., 1984). The products of both the 125 and 13S Ela
messages are present in transformed cells (Rowe et al.,
1984a and Branton and Rowe, 1985), and products of both

contribute to the transformed.phenot&pe-(Montell'gg alf,

1984, Haley et al., 1984, Hurwitz and Chinnadurai, 1985,

a3
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and Kuppuswamy and Chinnadurai, 1988). Ela proteins, in
addltlon to belng able to transform cells in conjunction
with Elb, can cooperate with polyoma virus middle-T
antigen or with the Ha-ras oncogene to transform primary
rodent cells (Ruley, 1983, Land et al., 1983.and Branton
et al., 1985). |

| Elb gene products, in the absence of Ela products
have no detectable transforming activity in either
primary or established cells'(Solnick and Anderson, 1982,
van den Elsen et al., 1982, 1983 and Ruley, 1983). 1In
DNA-mediated transformation assays, an& in cooperation
with Ela,*only approximately the lett half of the Elb
‘ gene, coding for the 19kD protein and the amino terminus
of the 58kD protein is required to produce fully
transformed cells (Groham et al., 1974a,b, van der Eb and
Houweling, 1977, Rowe and Graham, 1983 and Rowe et al.,
1984). With viral-nediated transformation, howéﬁer, the
éntire El region is required and it has been suggested
that ‘the carboxy terminai half of the 58XkD protein is not
necessary for transformation but it may be involved in
mediating the integration of virion DNA into the host
chromosome (Rowe.and Graham, 1983). There is recent

evidence that Ela products in conjunctlon with elther the g’

I

19kD protein or the SBKD protein are able to transform

cells, but that transformation is more efficient in the
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presence of both Elb products, suggesting that they may
function via independent pathways in transformation

(Edbauer et al., 1988, White and Cipriani, 1990, McLorie

et al., 1990 and Zhang et al., 1990).

| The biolo§i0a1 mechanisms by which Ela and Elb
proteins transforﬁ cells are nof well underétood, but the
development of ant}-peptide and monoclonal antibody

prébes for these proteins, as well as site-directed
mutagenesis of the E1 genes, has facilitated the‘approach
to understanding their fﬁnctions (Rowe et al., 1983b, Yee
and'Branton; i985a, Harlow et al., 1985, Egan et al. |
1988, Jelsma et al., 1988 1589, McLorie et al., 1950 and

Brown and Branton, unpuleQhed)

1.6 Mechanisms of Transformation

It is générally accepted thét.transformed cells
have developed an abnormalfproliferative capacity as a
result of genetic alteration. This alteration may be the
result of spontaneous mutation, ‘or mutation induced . in
the cell genome by an external agent such as a chemical
carc1nogen or ultra V1olet ‘light. It may also result:
from the introduction into the cell of oncogenes from an

external source, such as a virus. As a greater -

understandlng of the molecular processes which regﬁlate
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normal growth and development is acheived, so are the
mechanisms by which these processes can be disrupted,
leading to oncogenic tranSforﬁation. Cellﬁlaﬁ genes that
play critical roles in maintaining normal growth
processes may be eliminated in transformed-ce;ls, or
altered so that the proteins they produce function
abnormally. Two such classes of genes nof&gily present
in cells include proto-oncogenes, wh;se products may

become acisively oncogenic following mutation, and anti-

72

oncogenes, or tumour suppressor genes, whose products are

eliminated or inactivated in the transformed cell
{reviewed by Bishop, 1933,'Huntér} 1984, Varmus, 1985,
Hunter, 1987, Weinberg, 1988, and Sager, 19;9). |

The mechanisms by which oncqgénic viruses alter
normal cell processes to produce a transformed phenotype}
have providéd a- great deal of insight.into how those
normal processes work, and how tﬁeycare sometimes
disrupted iﬁ naturally occuring cancers. The study of
transforming reé;oviruses, in‘barticulér;?was
instrumental ih the discovery of the proto-oncogene class

of cellular genes. Many retroviruses carry in their

- genome an activated oncogene which is homologous to one

of the cellular proto-oncogenes. Comparison of the
activated and normal versions of these genes, both by

sequence analysis and biochemical function has provided

[+
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information on how they may become activated in human
malignancies and what the functional properties of the
activated form are which lead to neoplastic

transformation (reviewed by Bishop, 1983, 1985, Hunter,

"1984, and Varmus, 1988).

The mechanisms by which DNA tumour viruses such
i _ .
as adenoviruses and the papova viruses transform cells

are less well understood. The transforming genes have -

been identified but these are unlike those of the

transforming RNA viruses, in that they do not have
extensive sequence homology with known cellular proto-
oncbéehes (reviewed by Green, 1985 and Bishop, 1985).
Some homology at therlevel of secondary structure exists
between Ela proteine and the myc family of oncogene;
(Ralston and Bishop, 1983 and Branton et al., 1985a),
although the fdpctional significance of fhis is not
clear. There has been no detectable correlatioh between
an enzymatic activity intrinsic to the oncoproteins of
the DNA tumour viruses, and their ability to transform
cells. One approach to understanding the mechanlsm of
actlon of these proteins has been to search for cellular
components w1th which they interact. Eerly reports
indicated that-a number of celluler proteins could be -

detected in ass001at10n w1th the T-antlgens of polyoma

and SV40 v1ruses 1n 1nfected and transformed cells. (Lane

._0
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and Crawford, 1979, Courtneidge and Smith, 1983,
Grussemmeyer et al, 1985, Murphy et al., 1986 and
Courtneidge and Heber, 1987). Oone of the proteiﬁs,
termed p53, which specifically complexed with SV40 large
T-antigen, could also be detected in associatién ﬁith the
Ad5 E1b 58kD protein (Sarnow et al., 1982). This
suggested that binding to p53 might represent a co@mon
méchanism by which oncoproteins from different DNA tumour
viruses were involved in transformaﬁion, and stimulated
interest in the characterization of other cellular

proteins found in association with the products of DNA

' tumour virus oncogenes.

k7]

1.7 Cellular Proteins Associated with Ela Products b

I
r
AL

Yee and Branton (1985b) were the first to repart

.an association between Ad5 Ela proteins and a number of

cellular polypeptides. These cellular proteins could be
immunoprecipitated in conjuﬁcfion with Ela 12S and 135
products, from infected KB cells of transformed human 293.
ce%lsﬂ: Their relative ?olecular masses as determined by

reducing SDS-PAGE analysis were 65kD, 68kD, 105D, 107kD

and 300kD, with the 105kD, 107kD and 300kD species being

the most readily detectable. These pfoteins were shown

~ to be specifically complexed with Eia polypeptides. by
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‘virtue of the fact that they could be. detected in immune
complexes using antisera direcred'against different
epitopes on the Ela proteins. They were detected in
similar quantities iﬁ?infected and uninfecﬁed eells, as
 determined by mixing experiments, indicating that they
are not induced byfviral infection. The 300kD (p300), .
107kD (pl107) and?lOSkD (P105) proteins were shown to be
phosphoproteins;land the other species were not
phosphorylated. These‘results.were later confirmed and
extended by Harlow et al. (1986), who reported tba“the
major detectable cellular species (p300, plo7, an p105)
assoc1ated with only a small fraction of the Ela protelns
present in transformed cells, and appearedﬁto form
individual complexes with'the Ela proteiﬁs!'as‘analysed
by separation en sucrose gr?dients. 'Bdth;groupsire?brted
a nunber of minor proteins whose presence iu the imﬁune
complexes was either inconsistent or difficult to detect
due to their low levels, and these were not

characterized.

1.8 Thesis Proposal

The research descrlbed in this +hes:.s was carried

out in order -to further characterlze the cellular

9
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prsteins tound in association with Ad5 Ela polypeptides,
and, if possible, to determine something of their
biologigal significance with respect to Ela-mediated
transformation.

The ability of. bacterially-produced Ela to form
complexes with the cellular proteiﬂs was examined to
determine its suitability as an affinity substrate for

,purigicatisn:‘ Attempts to raise monoclonal antisera to

fgel—nurified Ela binding proteins by-ig vivo or in wvitro

immunization of Balb/C mice were unsuccessful. A number

of attempts to directly identify the proteins as already

known cellular gene products were also unsuscessful. The

biological significance of the proteins was investigated .

in a collaborative study with Dr. Stan Bayley's lab in

" which the regions on the Ela proteins involved:in binding

the cellular polypeptides were identified. Binding of
Ela proteins to both p300 and pl05 was shown to be
essential for transformation.'_Binding of Ela prbﬁeins to
either p300 or pl05 or botn cofrelated with the nbility
of Ela proﬁeins to induce DNA synthesis in quiesscent
cellsQi The role of pl07 in transformation was‘notﬂclear,
but it did not appear to.play a role in induction of.bNA
synthésis. Followingﬁrenorts b; othersjfhatxths prodnst
sf tge rétinoblastpma tumour supprsssor gene could be

‘found in association with Ela'proteins and SV40 large T
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antigen, pl05 was confirmed as the Rb gene product, and
it was determined that most'qf this protein complexed
with Ela pfoducts_in infected cells. Binding of p300,
plos énd Pl07 to Ela proteins in a number of human tumour
cell lines was investigated. P300 was present in all
cell lines inﬁestigated but it was found that pl07 was
expressed at béreiy detectable levels in rétinoblastoma'
lines with defects in pPl05-Rb. Cleveland peptide

analysis of -these two proteins indicated a possible

structural relationship between them, but further studies

will be necessary to determéne the nature and extent of

this relatiohship.

&
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Materials and Methods

2.1 Viruses

The wild—type strain of human adenovirus serotype
5 used in these studies has been describéd previousiy
(Harrison et al., -1977 and Graham et al., '1978), as has’
the host-range mutant hr5 (loc. cit.), which contains a
point mutétion‘altering residue 139 in the 13S Ela gene
product and residue 185.in the 12S product. The mutants
d11504 (Osborne et al. 1982) and d1313 (Colby and Shenk
1981) lack 14 amino acids at the amino_terminus aﬁd 70
amino acids at the carboxy terminus of the Ela proteins,
respectively. The mutant{dl520 contains a deletion in

Ela which removes the 5' splice donor for the 13S message

v

~and thus produces only the 128 message'(Haley et al.,

'1984). The mutants Ad89-A and Ad96-A (Tremblay et al.,

1989) carry polnt mutations-in the first exon of the Ela
products and produce Ela protelns with serine residues 89
and 96 respectively altered to alanihesresidues. The
dl1101 to 311115 series of délétion mutants lacks short
stretches of amino acids’ encompa551ng most of the “region

amlno to residue 204 of the 13S product and residue 158

of the 125 product. This series of mutants, and g;1141,

d11142, and dl1143 were created in Dr. Stan Bayley's lab,

and their development and phenotype have_beén previously
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described.(Jelsma et al. 1988, 1989). Viruses cerrying
these Ela mutations either aloﬁe or in combinations of
‘two ﬁutations were rescuned into dis5z20 background_to
produce viruses expreseing mutated 12S . products only
(Howe‘gg al., 1990). all vifus stocks were propageted on

monolayers of 293 cells.
2.2 Cell lines

Human KB cells; an established cell line derived
from nasopharangeal carcinoma tissue, were cultured as
monoféyers on 100mm plastic tissue culture dishes (Nune)
in alpha mini;al essential medium (a—MEﬁ) with 10% foetal
celf serum. The 293 cell line, derived from human
embryonic kidney cells transformed by the.leftmost end of
the edenovirﬁs 5 genome fGreham et gl; 1977), which
consﬁitutively exprese_Ela and Elb gene products, were
tcultured as monolayers on 150mm tissue culture:dishes in
| Joklik's modified mediunm supplemented~%ith‘10% horse
'Serum.q The re%inoblae@oma %;nes were grown as non- or
eemi—cadherent cell masses éﬁa eere propaéated on 100mm
plates“in a-MEM supplemented with 15% foetal calf serum(i
These lines were all derlved from prlmary retlnoblastoma

tumours and lines ¥79, WERT, Rb537 Rb522, Rb544, Rb383,

Rb414 and Rb430 have been partially characterlzed‘(Frlend
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et al., 1986, Dryja et al., 1986, Lee et al., 1988,

Goddard et al., 1988 and Zhu et al., 1989). The

established human‘retinaiﬁéell line HER3.10, transformed
by sequences at the left end of Adl2 (Byrd et al. 1982),
was propagated as a monolayer on 100mm plates in a-MEM
supplemented with 10% foetal calf serunm. Most of the
retinal lines used ﬁn this study were provided by Dr.

. - : I

Brenda Gallie (The Hospital for Sick Children, Toronto).

. Small cell 1ung carcinoma (SCLC) cell lines RG-1, H-209

and H-69, were der1Ved from primary tumours, with lines

. H-69 and H-209 having been prev1ously descrlbed (Harbour

et al., 1988). These were grown as non—adherent cell -
masses in RPMI- medlum plus 15% foetal calf serum in 100mm
plates. Non—small cell carc1noma lines A549 A427 and
Calu—l, also derived from lung carc1nomas, were cultured
as adherent or seml—adherent monolayers on tissue culture
plates in a-MEM supplenmented with 10% foetal calf. serum.
Line A549 has been praviously described (Yokota et gl;
1988). 0A11 lung cell lines were acquired from Dr. Ted
Bradley. (1'Institut du éancer de Montréal).

u

2.3 Antisera

g Anti-peptide antisera Ela-N1 and Ela-Cl are

directed against the amino and carboxy termini,




respectively, of AdS5 Ela proteins and have been
previously described (Yee and Braﬁton 1985 and Yee et al.
1983). The mouse monoclonal antibody M73 (Harlow et al.

1985) was made against a TrpE-Eia fusion protein purified

from bacteria (Spindler et al. 1984), and it recognizes
‘an epitope within the region coded for by the second exon

of the Ela proteins (Stephens and Harlow, 1987). The rat.

monoclonalnéntisera R7 and R28 were made to the same
bacterially—pfbdﬁced protein as the M73 antibody
(Tsukamoto et g;;i 1986a), but they react with an epitope
with%P a region bounded by amino acid reéidueé 26 and 70
of th; Ela polypepﬁide (this thesis). Tﬁe mouse
monocleonal antihodf H-219 recodnizes the Ad5 72K DNA
bindihg protein and has been previously described
(Branton et al. 1985). The anti-Elb 58K monoclonal
antiserum uéed was purchaseé ff;m Oncogene Science and it

reacts with an epitope near the amino terminus of the 58K

protein (C. Egan and P.E. Branton, unpublished results).

2.4 Purification of bacterially-produced Ela proteins

Bacterially-produced Ela 13S or 12S gene products

were purified from Escherichia coli (cell line AR120)
containing._either the expression vector pASl4h1A410 (for.

expression of 138 product) or pASl-ﬁ1A412'(for production
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cf 128 product). These cells and the Ela protein-
purification procedure were kindly provided by Dr. Martin
Rosenberg (Smith, Kline and French Labs, New.Jersey), and
the construction of the vectors is described elsewhere

(Rosenberg et al. 1983 and Ferguson et al. 1984). Ela

proteins were purified from these cells by a procedure

modlfled from that of Krippl et al. (1984) Briefly,

bacteria were cultured:ovefnight in Yeast Tryptone (YT)

Broth (10g tryptone, 5g yeast extract, 10g5NaCl in total ™
volume 1 litre), and an aliquot of the.ovefnight culture
was dlluted 1 in 100 in ¥T plus 50ug/m1 Amp1c111;n. This
culture was grown at 37°C to: an optical” den51ty of 6€50nm

(ODgsg) of 0.4 -0.6, and then Ela protein production was

minduced by the addition of nalidixic acid (Calbiochem) in.

1M NaCH to a final concentration of 60ug/ml. The
bacterial culture was allowed to continue 1ncubat¥ng with
aeration at 37°C for 7 hours, and the cells pelleted by
centrifugation for 20 minutes at 12,500g. This procedure
yielded ;pproximately 1.2g of bacterial‘ceils per 250 ml
of bacteriél culture, and the cell pellets were either
stored.overnight at -70°¢C, or were resuspended-
immediéte%y in 1§§;s buffer to begin protein
purification.

'\T

To extract Ela proteins, cells were resuspended

'in Lysis Buffer (50mM Tris pH7.5, 1.0mM
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ethylenediaminetetraacetic acid (EDTZA), 1.0mM
dithiothreitol (DTT), 5.0% glycercl) at a volume of
60ml/20g cells, and lysozyme was added to a concentration_
of l0mg lysozyme/zog cells. The suspension was stirred
for 30 minutes at 4°C, and phenyl-methyl-sulfonyl-
fluoride (PMSF) was added to 1.0mM final concentration,
using a PMSF stoék‘solution of 100mM in ethanol. The
cells were sohicated fdr 6 minutes and then:gelleted by'
centrifugation for 20 minutes at 12,500§ at 4°C. This
resﬁlted in the release of some of the Ela protein into
the supérnatant; buf'as the insoluble portion réﬁaininé
in the pellét represented a purer starting material, Ela
proteins were preferentially purified from the pellet
fraction, and the supernatantrdiscarded. The pellet was

resuspended in Lysis Buffer plus PMSF, sonicated 1 minute

and centrifuged at 12,5009 for 20 minutes at 4°C, then

i

the pellet waglresuépended, sonicated briefly, and
centrifuged again. Ela protein remaining;}? the pellet
in insoluble form was then extracted by.reéﬁéﬁénsion in
20 ml of Extraction Buffer (50mM Tris pHS.0, 1.0mM EDTA,
5.0mM DIT and 6.0M'Urea) per 20g of starting material,

brief sonication, and centrifugation at 12,500g for 20

minutes at 4°C. The supernatant fraction was loaded onto .

a DEAE Trisacryl column which had been equilibrated in

Column Buffer (50mM Tris pH 8.0, 1.0mM EDTA, 1.0Mm DTT
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50mM NaCl and 2.0M Urea), osing 20ml of resin per 20g
starting materialr. Proteios were eluted from the column
usino a 50mM to 500mM NaCl gradient in a volume equal to

ten times the column resin volume. Fractions cof eluate

\‘___

of approximately I\ml volume were collected and assayed
for prote1n content uslng a- commerc1ally prapared Bio-Rad
proteln assay dye reagent and determination of absorbance:
at 595nm. Fractionsﬁsere pocled into larger volﬁﬁes

|[
representlng protein peaks which eluted from the column

-at dlscrete NacCl conce@tratlons, and portions of these

pooled peaks were run on sodium dodecyl sulfate (SDS)

,‘

polyacrylamlde gels, transferred to nltrocellulose, and

N

{
probed by western blot to determlne Wthh peaks contained

Ela protein. Samples containing Ela proteln were

‘dialysed against Ela Buffer (50mM Tris pH 7.5, 1.0mM

EDTA, 1.0Mm DTT, 20mM NaCl) and again assayed for protein

concentration using’ the Bio-Rad reagent and absorbance at
- fal

:595nm. Peroent purity of the Ela proteins was estimated

by runnlng a fractlon of the sample on an SDS
polyacrylamlde gel and staining with Coomassie Br1111ant
Blue dye. All purlfled Ela proteln samples used appeared
to be of at least 80% or greater purlty. Allquots of

purified protein were frozen at -20°C for further use.ﬂ
) ‘,‘
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2.5 cOn1uqatlon of bacterlallv—oroduced Ela orotelns to

f.

cya nogen bromlde-actlvated Sepharose

Bacterially-produced Ela proteins ip Ela Buffer,
purified as®described above, were lyophilized, and the
pellet resuspended at a concentration of 5 mg/ml in
Coupling Buffer {(0.1M NaHCO;, pH8.3 plus 0.5M NacCl).
Cyanogen bromide-activated~Sepha:ose beads (Pherﬁacia)
were swelled for 15 minutes in 1mM HCl to give a final
-volume equlvalent to half of the volume of proteln sample
‘Wthh was to be coupled (1g of dry Sepharose gives
approximately 3.5ml of swelled beads)._ The swelled
Sepharose beads were then washed three tlmes with 1.omM
HCl followed by one wash with Coupling Buffer before
additiqp of the Ela proteins in Coupling Buffer. The
i proteiu and beads mixture was allowed to couple overnight
~at 4°C or two hours at room temperature on an end-over-
end mixer. The beads uith protein coupled to them were
then pelleted by centrlfugatlon, the supernatant removed,
and remalnlng reactlve groups on the beads were blocked
w1th,Block;ng Buffer (1.5M Tris, pH8.0) using a 2:1 ratio
of buffer to beads and mixing on an end-over-end rotator

either overnighttat 4°C or for two hours at room

86

ﬁempereture.. The conjugated Beads. were then pelleted‘and_
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washed with Coupling Buffer followed by Acetate Buifer
(Q.lH Acetate, pH4.0 plus 0.5M NacCl) three times for a .
total of six washes to remove any non-covalently adheriné
protein residues, washed a final time in coupling buffer,
and resuspended in Ela Buffer at aA9:1 volume of buffer
fo volume bf bead ratio. Ela-Sepharose beads were stored

at 4°C.

2.6 Infection and radioclabeling of cells

“e Ny

KB cells, and non-small cell.luhé‘carcinoma cells

=
<Sr

were infected with wild-type or mutant viris at a

2

A

multiplicity of infeétion of 35 plaque forming units
(pfu) per cell in 1 ml of spent medium per 100mm pléte.
Retinoblastoma and small cell lung carcinoma lines were

infected with wild typé:virus at approximately 100

'_pfu/céll in 1 ml of spent medium per.100 mm plate. The

virus was allowed to adsorb to the cells for 1-2 h;urs,_
after ﬁhich phésl ml adsorptior volume was diluted out to
approximatei& 10 mls per 100mm plate with spent medium,
and the infection was éiiowed to continue for a further
5-7 hours. The cells éefe_theh radiolabeled for a'period
qf 2=4 hours by removing the spent_medium, washing-the"
cells.onCe withl199 Mediuﬁ minus methionine (Gibco), and

incubating in fresh 199 Medium minus methionine =«
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containing 50uci/ml 35S methionine (Amersham Corporation;
specific activity 1,300Ci/mM) in 2ml per 100mm plate
prior to harvesting. For ofthophosphate labeling, cells
were wéshéd in 199lMedium minus phosphate and.incubated
for four hours in 199 ﬂedium minus phosphate containing
1.25mCi/ml of 32P—orthophosphate (New Engiahd Nuclear) in

4ml per 100mm plate. . .

2.7 Preparation of cell extracts and immuneprecipitation
\’: . . .

<
3

i
[N

- After iqfection”and/or labeling, cells of lines

'ﬁhich grew as adherent monola?ers?were harvested—by.

- aspirating the spent mediﬁm,_scrapihg the plates with a

rubber scraper, resuspending the cells in cold (4°C)

'”Phosbhate—Buffered saline fPBS) and transferringwthem to

a 12ml polypfopyleﬁe Falcon centrifuge tube. Célls 9f$
lines wﬁich grew as.nbn-adhefent masses were tfansferred
‘to?Falcon tubes and the cells pelleted prior to removaltl
of the spent medium. Cells were then washed a nunber of
times with cold_PBS, pelleted and lysed"by‘vortexing in
Iml per 100mm plate of Ripa™ (SO0mM Tris pH7.2, 150gM"
éNgcl,'i%'Triton-x 100, 100 KIU Aprotinin (Sigma));tgr

v

‘modified Schaffhausen Buffér (200mM Tris pH7.0, 137mM f

NaCl, 1.0mM CaCl,, 0.4mM MgCl,, 10% glycercl, 1% NP-40).

S
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A°C.. The Protein-A Sepharose beads were pelleted, the

CellViysates were clarified by centrifugation at 12,500g
for 20 minutes at 4°C. | -

_ For 1mmunopre01p1tatlons, 0.5ml ‘aliquots of
clarlfled cell extract were transferred to Eppendorf
tubes, 250ul of a suspension of Protein-A Sepharose beads

were added (suspension prepared by pre—swelllng the beads

in the appropriate lysis buffer, washing, and

ffresuspendihg the bead pellet in a nine-fold volume of

buffer), and an apprepriate volume of antibody. This

_mixture was allowed to react for a period of time varying

from three hours to overnight on an end-over-end mixer at

supernataht has rembved and the beads were washed €ither
three tlmes w1th Rlpa followed by two times with RiEEE
(50mM Tris pH? 2, 150mM Nacl 100 Kiu Aprotlnln), or .
three tlmes with modlfled Schaffhausen Buffer followed by
two tlmes w1th LlCl Wash Buffer (100mH Trls pH7 o, 200mM

Licl, 50mM DTT, 1.0mM CaCly, 0.4mM MgCly). The pelleted

.beads were fesuspended in 40ul of Laemmli Sample Buffer

(s0omM Tris pH6.8, 1% SDS, 10% glycerol, 1% B-

mercaptoethanol, 0.01% bromophenol blue) and boiled for 5

minutes. . ‘ : e
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2.8 Segaration of~groteins by SDS polvacrylamide gel

electrophoresis

Discontinuous sodium-dodecyl—sulfate
polyacrylamlde gel electrophoresis in one dlmen51on was
carrled out by a procedure adapted from Laemmli (1970)
Proteins were separated u51ng_vert1ca1 slab gels, with a
5% acrylamide stacking gel (1éSuM Tris pH6.8, 0.1% 8Ds,
0.05% glycerol, 0.0625% ammonium persulfate, 0.075%

N,N,N',N'étefremethylethylenediamene (TEMED), using a

 30:1.0 stock solution of acrylamide : bis-acrylamide) and

an 8% separating gel (375mM Tris pH8.8, 0.1% SDS, 0.1%

.9lycerol,. 0.05% ammonium persulfate, 0.06% TEMED).

Solutions were degassed extensively prior to addition of
activating agents, and allowed to polymerize for a
minimum of 1 hour before loadlng. Gels were run “h:

C

overnlght in Electrode Buffer (0.025M Tris pHS.3, 0. 192M

' Glyc1ne and 0.1% SDS) at (constant current ‘which was pre-‘

adjueted?to allow stacking to be carried out at 40 to 60

volts, and electrophoresis was terminated when the

da

_Bromophenol‘Blue tracking dye reached the‘bottom‘ofAthe a

: Ebl. ‘Prior to fluorography,'gels were soaked in

dlmethylsulfox1de (DMSO) ‘twice ' for 0. 5 hours each time,

followed by 3 hours in a 22. 5% w/v solutlon of 2,5-
1

dlphenyloxazole (PPO) in DMSO. Gels were thn rehydrated

-.-c/
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for 1 hourhin water, dried on Watman chromatography
paper, and exposed to Kodak RP X-Omat film at -70°C

(Bonner and Laskey 1974).
2.9 Cleveland peptide mapping

| The partlal dlgestlon products of protelnsrwere
compared by hydroly51s w1th Staphvlococcus aureus V-8
Protease (Bohrlnger—Mannhelm), using the method descrlbed“
by Cleveland et g;;if1977);.-Briefly; protein samples
'were runlon's%‘SDS:polyacrylamide'gels, the gels‘were
.dried and ekposed to film.. The developed fluorogram-Was '
used to locate hands representing the proteins of .=
1nterest and gel pleces contalnlng the approprlate
polypeptldes were excised. The gel pleces were re-
swelled in Electrode Buffer, the paper backlng was
removed and the 1ntact pleces were loaded into the wells
-of a 15% SDS gel (5% stacking gel). For V-8 analysis the
- wells were then 1oaded with 508l of Laemmli Sample Buffer
contalnlng 0.1, 1. 0 or 10. Oug Staphyloccus V-8 Protease.
'Electrophores1s was started at SOV, and the current was
shut off for 1 hour when the dye front reached the
stacklng gel/separatlng gel junctlon. ‘After turnlng the
I

| current back on, the gel was ‘run.on constant current

until the dye front reached the,bottom of_the gel.

e A R i e Eear'e



92
Enhancement and fluorography were ca:ried out as

described above.

.2.10 Western blotting

Immunoprecipitated samples were prepafed and run
oh 8% SDS gels as described above. Following
electrophﬁresié} proteins were transferred to
nitrocellulose using a Bio-RadLElectrbblotting apparatus.
The transfer was carried out overnight at 200mA at 4°C in
Transfér'Buffer (200mM giycine, 25mM Tris,:zo%‘methanol).
The nitrocellulose membranes were then washed at room
temperature 5 minutes in phosphate-~buffered saline, and
blocked by washing 30 minutes in Tris- Saline Buffef (TS)
~(10mM Tris pH7.5, 150mM NaCl) containing 5% w/v Carnation
Powdered Skim Milk, followed by fwo 5 minute washes with
TS. Blots were probed with an appropriate first ) °
antibedy, diluted 1/1000 in TS plus.5% milk for 60
minutes, then washed twice with 10 mi@yte washes in TS,
and probed with the appropriéte second antibody (either
1251 conjugated géat anti-rabbit I1gG or 1251 conjugated
goat anti-mouse IgG-(ICN)) 1.0uCi/ml in TS plus 5% milk,
for 60 minutgs. Blbts were then washed twice for 10
minutes_perlwash in TS, dried an%:exposed'to £film at room

temperature.
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Chapter 3

Binding of Cellular Polypeptides to Ela proteins produced

in Escherichia coli
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Binding of Cellular Polypeptides to Ela proteins produced

in Escherichia coli

3.1. Association of cellular proteins with soluble

Ela polypeptides produced in bacteria

k

_ _ . -
It was previously shown by Yee and Branton e

S

(1985b), that Ad5 Ela polypeptides associated in infected
KB cells with at least five.cellular proteins terméd
p300, plof, pl05, p68 and p65. The ability of these
céllular proteins td associate with bacterially‘p:pduced
FEla gene products was investigated in order to
characterize the specificity of binding and to
potentially provide a method of purifying them for
further study. Ela proteins were prepared from bacteria
expressihg Ela products, as described in Chapter 2.

In the first experiment, the ability to bind cellular
proteins was éxamined using both purified Ela products
synthesized in E. coli and those from Ad5 infected human
KB cells. For these studies cell extfécts were prepared
'in either Ripa™ or modifiéd Schaffhausen Buffer, which
containS'divalent,cations. *Botthuffers wefe employed
',because in preﬁioﬂs studies it had been shown that in

some cases divalént cations significantly affected the

4]
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binding of the celiular proteins éegﬁla products (Yee and
Branton, 1985). Figure 5A shows thaﬁ,ja%ing modified
Schaffhausen Buffer which contains Ca+*-aﬁ&:Mg++ and the
antl-peptlde serum Ela-Cl which is spec1f1e“for the
carboxy terminus of Ela protelns {(Yee et al., 1983), Ela
polypeptides as well as the plo7, pl05, pé68 and p65

cellular proteins were 1mmunoprec1p1tated from extracts

\

of Ad5 infected cells labeled with 35S-methlon1ne (1ane\\
B), but not from those of 1abe1ed mockflnfected cells
(lane A). In a similar experiment using Ripa~ which
lacks divalent cations, these species as well aé the p300
cellular protein were seen (Figure 5B, lane B). P1l05 and
pl07 were poorly resolved in these gels, but in other
experiments (see below) they were clearly'sepa;able as
two closely migrating proteins. Figure 5 also shows, as
demonstfated previously (Yee and Branton, 1985), that
mixing of extracts from labeled uninfected cells with ﬁg
those from.uhlabeled infected celleﬁreSulted in‘the n
coprecipitation of these labeled cell proteins along with
unlabeled Ela products using Ela-Cl anti-peptide serum

(lane C, Figures 5A and 5B). Precipitation of all

.species was'eliminated by'the addition of an excess of

the carboxy terminal peptide (Ela-C) ‘to which the

. antiserum was produced (lane D, Flgures 5A and 5B).

95
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In order to investigate further the nature of the
association, a similar mixing experiment was carried out,
except that Ela proteins synthesized‘in E. coli
transformed by plasmids pAS1-E1A410 (12S8) or pAS1-E1A412
(13S) (Fergquson et al., 1984, 1985), were used in place
df those from infectedlcells. . These proteins are’
identical ie sequence fo authentic Ela polypeptides
except that they lack the arginine residue at position 2
at the aminq terﬁinus; Previous studies_had shown that
these products are efficiently immunoprecipitated by the-
Ela-Cl serum (B. Ferguson and P. Bfanton, unpublished |
results). Extracts from 39S-methionine labeled °

- uninfected cells were mixed with varying amounts of the

-*_:_purified E. coli-expressed Ela protelns elther in the

:Hpresence or absence of excess of Ela-C peptide and tne
mlxtures”ﬁere prec1p1tated w1th Ela-Cl serum. In the
presence of divalent catlons (u31ng modlfled Schaffhausen
Buffer) small amounts of p65 and p68 were prec1p1tated ~J¥;;
;u51ng 0.1pg of, the 138 mRNA product (Flgure 5A, lane F),
and substantially more was detected using 1.0ug Qf this
protein (Figure 5A, lane G). Precipitatibn‘of.pss and
p65 proteins was completely blocked by the -addition ‘c_:f_
the Ela-C peptide (Figure SA,'lane'H). 'Similar results

- were ‘also obtalned in the absence of dlvalent cations but

the amounts of p6s and p65 were reduced as usually

&
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occurs under these conditions (Figure 5B, lanes E and F).
Using the Ela 12S mRNA product (Figure 5A, lanes I to K

and Figure 5B, lanes G to H) "comparable results were

. \\
obtained, except that the amoueé\ef blndlng of\n68 and
\_

p65 was somewhat less than that seen Wlth the 13? mRNAk\

product. ~Thls observation was con51stent w1th thex 

\\ e
previous results of Yee and Branton (1985), 1nd1cat1ng

that p68 and p65 associated somewhat more strongly w1th‘\\ ig}ﬁ%&g
\Q\

the virally-produced Ela 13S gene product. Only a very
small amount of binding of material that comlgrated‘w¥§h

pl07 and pl05 was observed with either of the E. gg;ir_
‘expressed E1A proteins (Figure 53, lanes F to K, and

Figure SB,.lanes E to H). In the case of p300, binding

" was poor even in the absence of divalent cations (Figure

5B, lanes E to H). This result'was surprising as p300ff

p107 and p105 generally represented the major spe01es ,;'E“i
detected in assocxatlon w1th v1ra11y—produced Ela f;" o
products.; These results 1ndlcated that whlle 965 and p68

bound eff1c1ent1y to bacterlally—produced Ela gene

products, p300, plo7 and_p105 did not.
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.. .Figure 5

Association of cellular proteins with Ad5 Ela
products from Ad5-infected human cells or synthesized in
bacteria from cloned c-DNAs. Ad5 infected and uninfected
KB cells were labéled with 35S-methionine from 8 to 10
hours post-infection. These cells, and unlabeled
cultures were harvested either in the presence (modified
Schaffhausen buffer, Figure 5a) or absence (Ripa~, Figure
Eb) of divalent cations. In some cases labeled extracts
were immunoprecipitated with 25p1 of the Ela C-terminal
anti-peptide serum, Ela-Cl either in the presence or
absence ‘of Ela-~C peptide. In others, extracts from
labeled uninfected cells were mixed with those from

.. - unlabeled infected or mock-infected cells-and the
. ... _mixtures. were immunoprecipitated with Ela-Cl serum as
described above. Finally, extracts from labeled
~..uninfected cells were mixed with 0.1 or 1.0pg of :
~-bacterially-produced Ela 12S or 13S product, and these
- mixtures were precipitated with E1a-Cl serum in the
presence or absence of peptide. Samples were analysed by
SDS-PAGE using 9% polyacrylamide gels. Ela proteins from
infected cells are present in lane B of panels A and B
and are seen as a diffuse group of bands near the middle
.- of the gel. A: Extracts prepared in modified
-Schaffhausen buffer containing divalent cations. mw,
l4c-labeled molecular weight markers (New England
- Nuclear): lane. A, mock-infected cells;'B, Ad5-infected
cells; C, D, labeled uninfected cells (3és—labe1ed M)
mixed with unlabeled infected cells (Ad) in the absence
. {€) or the presence (D) of 10pg of Ela-Cl peptide (10P) ;
. E, labeled uninfected cell extract mixed with unlabeled
- mock-infected cell extract immuncoprecipitated as for lane
- C, as a negative control; F, G, and H,. labeled uninfected
cells mixed with 0.1 (F) or 1.0 (G) ug of purified E.
. coli-expressed Ela 138 product (410) and -25ug of Ela-C
..-peptide:(H):; ' I, J, X, ‘as in.F to H except using the Eia
- 125 product’ (412). B: Extracts prepared in Ripa™ 2
- lacking ‘divalent cations. mw, l4c-labeled molecular
.. Weight markers; lanes A-D, same as lanes A-D in A; lanes
- /-E~F, same as lanes G-H in A; lanes G-H, same as lanes J~K
in A, o i ' ' R :

o
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-_ Vlrus-encoded Ela proteins produced in KB cells

are potentlally phosphorylated at a number of sites, two

of which (serlne residues 89 and 96){ are in the first’
exon of the Ela proteins (Tremblay et al., 1988),‘near
regions which play a role in the binding of pjoo, p107
and plos (Egan et gl;, 1988 aﬁd see below). Ela proteins
produced in bacteria should n&t be phosphory1§ted, and it
was.thouéhfithat the reduced“binding of the cellular
bolypeptides might have been due to the lack of

phosphorylatioﬁ §t serine 89 or 96. To.investigate this

-possibility, KB ééils were infected with .either wt=Ad5;

or with one of the'mutant viruses, Ad89-A or Ad96-a, in
which the serine residues at poéitions 89 and 96
respectiﬁély were changed to alanines (Tremblay et al.,

1989). Ela'proteinS‘were immunoprecipitated under mild

"condltlons using the anti-Ela monoclonal antlbody M73,
"_and the 1mmunopre01p1tates were analysed by SDS-PAGE. As
.shown in Figure 6, the_assoc1at1on of p300;’p107-and'p105

‘with Ela pfoducts was just as efficient with Ad89-A or

AdQG-A (lanes c ‘and D) as ‘with Ela from the virus

_

(lane B). Immunoprec1p1tatlon of the Elb 58kD proteln

was used as a-negatlve control as this proteln does not

v
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Figure 6

Binding of cellular proteins to mutants lacking
phosphorylation sites at Ser-89 and Ser-96. KB cells
were infected with wt Ad5 or with the mutants AD89-A and
AD96-A which contain alanine residues in place of serines
89 or 96. m: l4c~-labeled molecular weight markers
(indicated at left of the figure); A-B: wt AdS
precipitated with monoclonal antibody to the Elb 58kD
protein (A) or M73 serum (B);.C-D: AD8S-A (C) or ADS6-A
(D) precipitated with M73 serum. The positions of the

300, 107 and 105 kDa protelns, 496R and E1A products are
1ndlcated at the r1ght

#
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associate withUthegEla—binding proteins, and thus there

was no binding detectednflaneuA).'

'3.3 Association of cellular proteins with bacterially-~

pfoduced Ela prodﬁcts conjugated to Segharpse beads

~ Binding of Cellﬁlar proteins was also examined
using the E. ggli—produéed 13S mRNA product coupled by
d?anogen bromide to Sepharose beads (hereafter termed
? o - Ela-Sepharose). As aocontrol,-bavine serum albumen
| | (BSA)-Sepharose conﬁugates were also examined. Agaiq, in
1. l _ " a standard experiment using labeled uninfected or AdS
| infected KB cells, pl07 and pl05 were evident (Figureﬁ?,
lanes C and E). p300 was seen in-éhe absence‘klane c),
but not the S%esencé (1ane E).of divalent cations. In _

. addition, p68 and p65 were seen at low levels (lane C).

In all cases, addition of an excess of Ela-C peptide

blocked precipitation of ali.species (lanes Br%nd D), and
o none of the cellular proteins were precipitated from -
mock-infected cells (lane A). - When Elé—Sepharose was .
mixed with extracts froﬁ labeléd'ﬁniﬁfectéd cells
prepared in the absence of divalent cations (Figure 7,
lane F), several cellular pﬁoteins were detected in
association with the beads. Among these were some that ~

were also,pfesent when BSA-Sepharose was used (lane G).
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Figure 7

Binding of cellular proteins to E. coli-produced
Ela protein linked to Sepharose beads. The E. coli-
produced Ela 13S mRNA product (410), and as a control
BSA, were linked to cyanogen—bromlde—act1vated Sepharose
beads as described in Methods and Ma*erlals. These beads
were mixed for 3 hours at 4°C with extracts from 35s-
methionine-labeled uninfected KB cells which were
prepared using modified Schaffhausen lysis buffer
.containing divalent cations or Ripa™ lysis buffer,
without divalent cations. The beads were then washed and
analysed by SDS-PAGE as for immunoprecipitations. In
addition a standard experiment using labeled Ad5- or
mock-infected cells precipitated with Ela-Cl serum was .
carried out. mw, l4c-labeled molecular weight marker;
lanes A-C, extracts in buffer containing divalent cations
and precipitated with Ela-Cl serum; A, mock-infected
cells; B, AdS5-infected cells with 10ug of Ela-C peptide;
C, Ad5-infected cells; D-E, extracts in lysis buffer
1ack1ng divalent cations and precipitated with Ela-c1
.serum; D, infected cells and C-terminal peptide; E,
infected cells; F, Ela-Sepharose with extracts from .
uninfected cells prepared in the absence of divalent
catlons. G, BSA-Sepharose with labeled extracts prepared
in the absence of divalent cations; H, Ela-Sepharose with .
labeled extracts prepared in the presence of divalent
cations. -The molecular masses (X107 3) of: protelns which
bound to Ela-Sepharose and not to BSA-Sepharose are noted
at the right.
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In addition to these proteins, which presumably bound
non-specifically, there were several other prominent
species that appeared to be Ela spééific. Two of these
proteins co-migrated with p68 and p65, and a third with
p300. This 1attef prétein was not detected in the
presence of divaleﬁt cations (lane H), and it was thus
considered likely that it was the p300 previbusly
described. In adaition, a protein was present which
migrated in the gel in a position befween pl07 and pl05,
but.it was not clear whether this protein was related to.
one or the other or both. In a number of expefimeﬂts
this band was always seen: to mlgrate in the same position -
relatlve to the pl107 and plO05 bands, and was of the same
relative intensity. The fact that it was found to be
phosphorylated (data not shoﬁn), and pl07 and plo05 are\
also phosphoprotéins (Yee and Branton, 1585b) suggestéd
that it could be rélated ﬁo one or the other. These
resuits suggested that at least p300, Lp68 and pé65 aré
capable of blndlng to Ela—Sepharose. In addition to

these spec1es,:several other{;}otelns showed afflnlty for .
the Ela—Sepharose, but not BSA-Sepharose, including majorl

species of 75, 33 and 30kD, a 150kD protein and more ©

A
-

minor species of 95, 180 and $300kD. Thus these, ”,
‘polypeptides may also represent Ela—bihding proteins.

The >300kD protein, in particular, was reproducibly found

oo
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in anti-Ela immunoprecipitation reactions, and has been
detected with antisera directed against different
epitopes on the Ela proteins, suggesting that it is
associated with Ela products (sée below and data not
shown). Polypeptides of about 33 and 30kD were oggerVed
in a previous study (Yee and Branton, 1985), but they
were seén inconsistently. Upon profbnged exposure of
fluorographs, low amounts of thése proteins, as well as
the 75kD species,'wefé also found with BSA-Sepharose, and 
so the status of their specificity is unclear. The 30kD
species comigrates with histone H3 (data not shown), but
identity between the two proteins has not been
established. It has been reéorted that the Ela proteins
of Adl2 can associate with“histones (Grand and Gallimdre,
1984). The 30kDﬁspecies did not comigrate with the RNA
polymerase II-associated protein RAP30, and so was
considered not to have identityﬂwith this polypeptide

(data not shown).
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Chapter 4

Hapﬁing the Binding Sites of the Cellular Proteins
' - on the Ela Polypepfides:
| and |
Correlation of Binding with BiologicaI*Activity
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Mapping the binding sites of the cellular proteins on the
Ela polypeptides and correlation of binding with

biological activity

The two major proteins coded for by the Ela
region have lengths of 289 residues (the 13S product) and
243 fesidues (the 128 prqdﬁct), and are identical except

for the presence of an additional 46 internal amino acids

in the larger species (Perricaudet et al., 1979).
Structurally, the 289 fesidue protein can be divided into
" three regioqs: residueé i-139, whidh are common to both
the 289 andh243 residue pfoteins;(exon 1); resiéues 140-
185‘whi¢h are unique to tﬁe 289_residue protein (the
unique region):_and residues 186-289 ﬁiich are aga}n
common to both ﬁroteins (exon 2) (see also Figure‘lé).
Ela ptoteins are”involved-in a number of functions,
including-transéctivation of viral and cellular genes
(Berk et al., 1979, Jones and Shenk, 1979,. 1979b,
Nevins, 1981,'1982, kao and Nevins, 1983, and Stein and
:Ziff 1984) transcriptional repression (Borrélli et al.,
1984, Hen et al., 1985, Velclch and Ziff, 1985 and Hen et
‘al., 1986), 1nduct10n of DNA: synthe51s and m1t051s in
'qulescent cells (Spindler et al.; 1985 Nakajlma et lf

1987 and Qulnlan et al,, 1987), 1mmprta1;zat10n,-and, in
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cooperation with Elb proteins, oncogenic transformation
{Branton et al., l985a, and references therein)}. At the
time this research\was initiated, others were beginning

te find that specific regions or domains of the Ela

proteins were involved in specific functions (Jochemsen

et al., 1984, Lillie et al., 1986, Moran et al., 1986b
and Zerler et al., 1986). As nothing was known at the |
time about the biological functions of the cellular Ela-
binding proteins, a collaborative study with Dr. Stan
Bayley was undertaken; in which Ela deletion mutants were
examined for their ability to bind.to'the cellular
'protelns,'and a correlation between blndlng and |
'blologlcal function was looked for. It was thought that
hthls approach might prov1de some 1n51ght into the Ela-
mediated function(s) with which the cellular proteins
were involved,qand‘indicate.what the normal‘biological,
roles of the proteins were in uninfected cells. Most of
the Ela deletlon mutants used in thls study were made -and .
characterlzed w1th respect to’ blologlcal function in Dr.
'fBayley s'lab by Tony Jelsma, Nlna Cunnlff, Carole
Evelegh John Howe and Joe Mymryk and the}detalls of
their productlon and characterlzatlon have/been publlshed o

.(Jelsma et al., 1988 1989 and Howe et al.,‘1990)
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4.1. Role of the Ela amino and_carboxy termini

To examine the importance of the amino and
carboxy termini of Ela products in the binding of
cellular proteins;:humen'KB cells were infectea‘with wt
Ad5 or with mutant d11504 or di313 which lack sequences
encoding the first 14 residues at the amino terminus
(Osborne et gl;,'lssz) or thellast 70 amino aeids at the:
carboxy terminus (Colby and Shenk, 1981}, respectively.
Adsfinfected and mock-infected cuitures were labeled with
358—methidnine end cell extracts prepared in either the
presence or absence of divalent cations were
immunoprecipitated with‘anti-peptide antiserum Ela-Cl or
E1=—N1 whlch are specific for the carboxy or- amlno-
termini respectlvely of both the Ela 138 and 12S products
(Yee gg;gl;;.1983, andLYee and Branton, 1985a). In some
cases the peptides.to which these antisera were generated
were also added in the minture._ Immunoprecipitates'Were
analyzed by SDS-PAGE on 8% polyacrylamide gels and
' mlgratlon patterns were: determlned by fluorography.

Flgure 8 1ane B, shows that w1th extracts from wt-

K

1nfected cells, Ela-C1 serunm prec1p1tated p300, p105 and
0p107 in addltlon to Ela products.- As shown prev1ously

(Yee and Branton, 1985b), p300 was . ab:ent when extracts
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Figure 8

Ela-associated proteins in cells infected with
~the mutants d11504 and dl313. Human KB cells infected
with wt AdS5 or with mutant 411504 or dl313 were labeled
with 39s-methionine and cell extracts prepared either in
the presence or absence of divalent cations were
1mmunoprec1p1tated using either Ela-Cl or Ela-Nl1l anti-
peptide serum, in sone cases in the presence_of the
appropriate synthetic peptides. Lanes: nw, l4c-1abeled
- molecular weight markers (DuPont NEN Research Products);
m, mock-infected cells; i, AdS5 infected cells; p, .
precipitations carried out in the presence of 10ug of
appropriate peptide.: Extracts were prepared in the
presence (+) or absence (=) of divalent cations. To the
right of the gel are shown the positions of p300, plo7 -
and 105. to the left are shown the molecular masses of
the l4c-labeled markers (+ . 103 ).
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were precipitated in the presence of divalent cations
(lane E). The three cellular proteins were not
precipitated.from mock-infected cells (lanes A, D, G and
J), and addition of Ela-C peptide blocked thelr
precipitation (lanes ¢, F, I and L). Wlth E1a-Cl serum,
and extracts from cells infected with mutant g;1504, plo7

and pl05 were detected, but p300 was not (lanes H and K).

With extracts from wt or dl3l3-infected cells

precipitatedlwith'Elale‘serum p107 and pl05 were present
bﬁt p300 was not .(lanes N and Q). These results were
compatible with previous data that indlcated that Ela
protein complexes containing p300 &ere not precipitated
by serum prepared against the'amino_terminus (¥Yee and
Branton, 1985b).' These data suggested that the amino
terminus of Ela producte may be involved in bindlng p300
but that neither this region or the last 70 residues at
the_carbexy‘terminus plays a significant role for pl07

and p105;

i

o

4.2 Studies with other deletion mutants and hr5

Cells 1nfected W1th wt Ads, w1th hrs, or w1th one

of a series of deletlon mutants were 1abeled w1th 358-

'v‘i

Al

methlonlne, and extracts were prec1pltated w1th the Ela-

specific monoclonal antlbody M73 . and analyzed by SDS-
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Figure 9

Ela-associated proteins in cells infected with
various deletion mutants and hr5. Cells were infected
with wt or mutant Ad5 or they were mock-infected. The
Ad5 deletion mutants 411101 to 411107 (31101 to 1107),
411109 (1109), 4111310 (1110) and 411108 (1108) all
possess in frame deletions (see Figure 16 and Table 2 for
details of the deleted sedquences) and their production
has been described previously (Jelsma et al., 1988).
These -mutants were all propagated in cell line 293
(Graham et al., 1977).  Cells were labeled with 3
Methionine and extracts prepared in Ripa™ lysis buffer
were immunoprecipitated using M73 anti-Ela monoclonal
.antibody directed against an epitope in the second exon
" of the Ela polypeptides (Harlow et al., 1985). . Lanes: m,
molecular weight markers; A, mock-infected-cells: B, wt
Ad5 infected cells; C through L, mutant-infected cells
(as indicated); M and N, wt Ad5 (M) and 411108 (N) from a
.separate experiment. The residues missing in the
deletion mutants are indicated at the bottom of the
figure. Positions of p300, pl07 and pl05 are shown at
the right of the gel; to the left are shown molecular
masses of the l4c-labeled markers.

i
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PAGE. Mutant hr5 contains a point mutation at nucleotide
1229 which alters Gly-139 in the 125 preoduct to Asp and
alters Ser-185 in the 135 product to Asn. (Glenn and

Ricciardi, 1985). The other mutants contain in-frame

-deletions and yield Ela products lacking various regions

(Jelsma et al., 1988, 1989, Howe et al., 1990; see Figure
16, Tables 2 and 3, and the legend to FPigure 9 for
complete details). aAll of these mutants produced

reascnable amounts of Ela proteins, although migration

‘"rates were anomalous and increased or even decreased in a

fashion unrelated to the size of the deletion {(Figure 9).
An ana1y51s (not shown) 1nd1cated that removal of acidic
're81dues and to a lesser extent prollne was the pr1nc1pal o
cause of lncreased gel mObllltY of mutant Ela protelns.

These results suggested that hlgh contents of these two

i

types of amino ac1ds cause Ela protelns to ‘migrate much
slower than would be expected from thelr molecular

masses.

_ Flgure 9 shows that p300, plo7 and p105
coprec1pltated w1th Ela products from cells. infected w1th
wt Ad5 and hr5 but were reduced or absent with some of. °

the’ deletlon mutants. To quantlfy the amount of blndlng

_1n the. experlment shown, approprlate exposures of the gel

in Flgure 9 were scanned by mlcroden51tomer.: The amounts

: of p300, pl07 and p105 were normallzed to the total

LT i
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amount of Ela present relative to the values obtained

‘with wt Ad5 (Table 2). The numbers obtained from

scanning this gel represented a reasonable approximation

of the amount of binding of the cellular proteins seen

with these mutants in a nunber of experiments (Table 2).

p300 was undetectable with d11101 and d11104, greatly

- reduced with d11103, and somewhat reduced with d11105.

. These results, together with that obtained with 411504

showed that binding of p300 was‘affected by deletions
within two regions of exon 1, namely between residues 1
and 25 and between amino acids 56 and at least SOI(Figure
16).' The involvement of the first 14 to 25 residues at

the amino terminus supported. observatlons made prev1ously-

| ‘(Yee and Branton, 1985b) and in the present study (Flgure

8) whlch indicated that the Ela-N1 anti-peptide serum

failed to'recognize Ela protein complexes5containing

‘p300. This failure nay have resulted from the binding of

p300 to thls region, although it could also have been due

to a conformatlonal change induced by blndlng at another

y .
<,51te. p105 was undetectable with d11107 and somewhat

reduced w1th d11103 and d11104, 1nd1cat1ng that the

R

_reqlon between re51dues 111 and 123 (and perhaps the E
_reglon between res1dues 36 and 60) plays a role in

. binding thls proteln. The 1ncreased blndlng with dll1io02

was not seen in other experiments in which levels similar

ST
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to wt Ad5 weré observed (Figure 12 and data not shown) .
With pl07, binding was somewhat reduced with mutants
d11101, d11103, dl1107 and d11109. It was cons:.dered
unlikely that residues 1 to 25 were involved ‘in blndlng
this protein, as reduced binding was not seen 1n other
experiments with mutant d11101 (see Figﬁres be;oﬁ énd
déta not shown), and was never seen with g;iso4 (Ficqure
8) which lacks residues 1 to 14.. Less binding was seen
-reproducibly in several experiments with g11103.and"
d11109, suggesting that residues 36 to 47 and 128 to 138
éould be.of some importance.

Because noﬁé of the previous mutants completely
eliminated binding of p107, mutant d11108 was constructed
in which residues between those removed by mutants d11107
and d11109 namely 124 to 127, were deleted.' With this
mutant, blndlng of p300 was sxmllar to that seen with wt
Ad5 (Figure 9, lane M) but nelther Pl1l07 nor p105 were
detected (lane N). This indicated that the region
nécessary for binding of pl05 could be extendéd to
residue 127, and that residues 124-127 were required to
bind to plo07. Deletions in the unique region (gllllo;
d1111é 411113 and d11114) or in the second exon between

"residues 188 and 204 (d11115) did not affect blndlng of

e
‘v':_

Further mutational analysis in exon 1 showed that. thed:

SR
R

any of the proteins (Table 2 and data not shown) . .
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loss of residues 61 to 69 (d11141l) resulted in somewhat

reduced binding of p300 (Figure 14, lane D and Table 2),
but loss of residues- 82 to 92 (dlli42)} had no effect on
the binding of any of the cellular proteins (Figure 14,
lane F and Table 2). Deletion of residues 38 to 60
(d11143) resulted in loss of binding of p300, and reduced
binding of plo5 (Table 2 and‘data not.éhown) again
suggesting that residues w1th1n CR1 affected blndlng of
these two proteins. With the exceptlon of one short
region.in exon 1 between residues 106 and 110 and one
region in exon 2 between amino.acids 205 and 219,
delefiéns across‘thg entire Ela polypepﬁide were examined
for their éffédt on binding the cellular préteins, and
the results are summarized iﬁ Tablg 2 and:Figure 16; In
brief, a region at the amino terminus of Ela‘prbteins,
between residues 1 and 25 was involved in binding p300; a
region within CR2 between residues 111 and 127.was |
involved in binding p105; and residues 124 to 127 were
involvhd in binding pl07. Deletions in CR1l between
residues 36 and 60 resulted in loss of binding of p300,

and reduced binding of both p107 and pl05.
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4.3 Role of reqion between residues 36 and 60

Small deletions between residues 36 and.60
appéared to affect the binding of ail three cellﬁlar
proteins to some extent, but it was not clear whether
this region represented an actual binding site for p300,
P107 or plo5, or ﬁhether these sequences contributed
conformationally:to binding at another site. In 6rder to
further invesfigate the role of this region, KB cells
were infected and cell extracts immunoprecipitated wiﬁh
the Ela-specific rat monoclonal antibodies R7 and R28,
which had been previously reported to recognlze an
immunodominant epitope lying somewhere between residues
23 and 120 (Tsukamoto et al., 1986a). In |
immunoprecipitation reactibns, both R7 and R28 recognized '
Ela proteins complexed with p300, but neither recognlzed

Ela protelns bound to p107 or plos (Flgure 10, . lanes E
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~ Figure 10

_ Immunoprecipitation of Ela-associated proteins
using various Ela-specific antisera. Cells ‘were infected
with wt AdS, or_they were mock-infected, and after
labeling with 35S-methionine, the cells were lysed in
Ripa™ lysis buffer and the extracts immunoprecipitated
with either the anti-peptide serum Ela-Cl, the rat
monoclonal antibodies R7 or R28, or the mouse monoclonal
antibody M73. Symbols are as described in the legend to
- Figure 8. -
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be immunoprecipitated by the Ela-Cl'enti-peptiQe
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and G), although Ela gene products in association with

all three cellular proteins could be precipitated from

the same cell extracts with the M73 monoclonal which

recognizes an epitope in the second exon of Ela proteins
(lane I), or with the Ela-Cl anti-peptide-entiserum‘(1ane
B, with peptide comﬁetition shown in lane cj. None of
the- Ela—blndlng proteins were prec1p1tated by any of
these antlsera using extracts from unlnfected cells
(lanes A, D, F or H). In order to more closely delineate
the amino acid residues which cOnstituted_the R7/R28

epitope, KB cells were infected with wt AdS5 or one of the

-dl1iiol series of deletion mutants, ahd-thefextracts‘were

1mmunoprec1p1tated with either the Ela-Cl antl—peptlde
setum or the_Rza monoclonal. As stown in Figure 11, the
Rzé antibody feiled‘to immunoprec1p1tate Ela proteins
from three of the deletlon mutants, d11102 d11103 and _
dil1io4 (Elgure 11A,.1anes K and N and Flgure 1iB, lane H)

although Ela proteins from these same cell extracts.could

™

_antiserum (Figﬁre 11A, 1anes I and L and Figure 11B, lane

w

n Fy wlth peptide competltlons in the succeedlng lanes)

The R28 monoclonal recognlzed Ela protelns from cells
1nfected with wt v1rus, or w1th d11101 dlllos or d11106
(Flgure 11A lane H and Flgure 113 1anes K and” N)

These data 1nd1cated that the epitope for R28 (and for R7
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Figure 11

Determination of the binding site of the R28
monoclonal antlb0u,::5§élls were infected with the
various deletion mutants or wt AdS5, or were mock-
infected, and after 1abe11ng, , cell extracts were
1mmunoprec1p1tated using either Ela-Cl serum or the R28
rat monoclonal antibody. A: nw, molecular weight
markers; A, B, extracts from mock-infected cells
immunoprecipitated with either the Ela-Cl serum (A) or
the R28 serum {(B); C to N,. extracts from cells infected
‘with wt Ad5 (C to E) or cells infected with the Ela
. deletion mutants 411101 (F to H), dl1102 (I to K) or
+d11103. (L to N) 1mmunoprec1p1tated | with Ela-Cl serum in
the absence (C, F, I and L) or the presence (D, G, J and
. M) of Ela-C peptide, or immunoprecipitated with R28 serunm
- (E, H, K and M). B: Synmbols are as for A but extracts
were immunoprecipitated from cells infected with wt. AdS
(lanes C to E) or one of the Ela deletion mutants dl1104
(lanes F to H), d11105 (lanes I to K) or dili1i1o06 (lanes L
to N), or from mock-infected cells (lanes A and B)
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which reacts with the same or an overlapping epitope
(Tsukamoto et al., 1986a) required the entire region

between amino acid residues 26 and 60, suggesting that

this region has a degree of secondary structure which was

disrupted by the deletions in d11102, 411103 and d11104.

The inability of these antibodies to recognize Ela

proteins bound to plo07 or pl05 suggested that plo07 and

. pl05 interact in some way with the region between '

residues 36 and 60, and that this binding either blocks
or alters the epitope recognized by R28. The fact that

p300 can be 1mmunoprec1p1tated in association w1th Ela

proteins by the R7 our R28 antlsera suggested that the

region between resmdues_36 and 60 1s-not a p:lma:y
binding site for this protein. This, in turn, implies
that the role of this region may -be te confer a degree of
secon&ary structure near the‘amino terminus of Ela
protelns whlch allows p300 to blnd at the amino terminus.
This suggestlon is con51stent with the result shown in .
Figure 12, demonstratlng that two of the reglons

important in‘binding p300, betweeh'residues‘4 and 25, and

- 30 and 49, do'not complement each other for binding p300

in trans but must be present on the same Ela molecule 1n

.¢is. For th1s experlment cells were 1nfected Wlth wt é

Ad5, or d11101 or d11103 or were co-lnfected with both @
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Figure 12

Double . infection with dl1101 and d11103 does not
complement for p300 binding in trans. ‘krtracts from 39s-
methionine-labeled KB cells infected with.wt Ad5 (lanes A
- and B) or one of the Ela deletion mutants dliiol, (1aneﬂ”
C and D) d11102 (lanes E and F) or 411103 (lanes G and”
H), or infected with both d11101 and 411103 (lanes I and
J) were immuncprecipitated using the hamster monoclonal -
antibody H219, directed against the E2a 72kD protein
(lanes A, C, E, G, I) or the ant1—E1a mouse monoclonal
antibody M73 (lanes B, D, F, H, J) ‘mw, 14 C-labeled
‘molecular weight markers.
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d11101 and 411103 to provide the two regions in trans,

and extracts were immunoprecipitated with the M73 anti-
Ela monoclonal antibody (Figure 12, lanes B, D, F, H, J)
or the H-219 hamster monoclonal against the E2a 72kD DNA
binding protein (lanes A, C, E, G, I1) as a negative
control. The amount of p300-precipitated in conjuhction
with Ela proteins from extracts of cells infected with

both d11101 and d11103 (lane J) was essentially the same

‘as the amount precipitated from cells infected.with

either dllibll(lane D) or dl1103 (1ane H), and was

clearly less than the amount precmpitated with Ela from

cells 1nfected-w1th wt AdS (lane B) or the mutant 411102
(lane ¥) which binds p300 at wt levels. The ability of

these mutants to transform primary baby rat kidney cells

in conjunctioﬁ‘with activated ras, and their ability to

bind the cellular proteins has. been summarized in Table 2
(see also Egan et al., 1988 and Jelsma et al., 1989).
Mutants produCing Ela products which failed to bind to
P300, p105, or both pl07 and plo05 were found to be

transfotmation deficient.

131
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4.4 Studies with single and double mutants in a 128
background

In order to characterise the ability of Ela
deletion mutants to induce DNA synthesis in quiescent
- cells, viruses which produced Ela gene products from the
dl1101 series of mutants rescued into a 128 backgfbund. T
were developed (ie. d11101/520, 411102/520 etc.) (Howe et
| gi;, 1990). The DNA synthééis assays required that the A
128 products alone-be tested, as the 13s p;oducts were
found to be dytolytic over the exténded period of time
required to assay this function JHoVe et al., 1990). . Thé;
ﬁig products of these 12S deletion mutants were examineéi
ifor their ability to associate with the‘cellular

proteins. Previous results obtained:usiﬂg the Ela

o

matants 41520 and d1313, which produce only 12§ or 13§
l"j_:roducts, respectiﬁely, had-indiéated that p300, pl105 and’
p107 bound as efficientiy to the 125 Ela proteins as ﬁhéy
'did to the 13S proteins (Yee anﬁ Brahton, 1985b). These
results wefe.consisﬁént withfthe mapping described above,
_iﬁdigatihg tha¥ a119three_cgllﬁlar~proteins bound to
' regions‘in exon 1 and ﬁérglﬁnaffécﬁedkby mutations in the
'uniqﬁé'regién.w_ihus;‘it;ﬁas eipeCtednthat thesé'cellﬁlar'
| ﬁ:oteihs.wbﬁldzﬁind'in-a ccmpérable fashion to exon 1

deletion mutants éxpressed in 12S background (ie.
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di1io01/520, d11102/520 etc.). To test this, XB cells

were infected with either wt virus, d1520, or one of the
g;1101/520tseries of Ela mutants, and the extracts were
immunoprecipitated with M73 monoclonal antibody or,'as a

negative control, a mouse monoclonal against the Elb 58KkD

_protein. Representative immunoprecipitations are shown

in Figure 13 and the data are summarized in Table 3.
Essentially the same results were seen with the 128

series of mutants as with those expressed in a.ﬁ;
backéround. Ela products from the mutants g;l;dl/szo and
d11104/520 failed to bind p300 (lanes F and H) and |
g11103/520_and d11105/520 products associated poorly with

p300 (data not shown). Products from d11107/520 failed

' ‘to bind p105 (1ane J) and Ela protelns from d11108/520

14

did not a55001ate w1th either pl05 or plo7 (data not

"shown) Agaln, ‘the mutants d11103/520 and d11104/520

e

_relatlve to the amounts of p300 and Ela protelns in the ; &

uproduced Ela protelns which assoc1ated w1th reduced

amounts of pl07 and/or pi05 (lane H and data not shown) .

‘The d11109/520 mutant bound reduced "amounts ‘of p107

immunopreclpltate'(lane L and data’ not_shown). The

reduced amount of p105 in the 1mmunoprec1p1tate 1n lane L

was not seen in other experlments. In order to: test”

0

: dlrectly whether a mutant whlch showed reduced blndlng in’

the wt background showed the same degree of reduced

“
e
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Figure 13 ' s

Ela-associated proteins in cells infected with

‘deletion mutants expressed in 125 background. Extracts
from 35s-methionine-labeled KB cells infected with wt AdS

(lanes A and B), the 41520 mutant which expresses only:
the Ela 12S products (Haley et al., 1984). (lanes C and -
D), or with one of the 125 background deletion mutants
dl1101/520 (lanes E and F), dl11104/520 (lanes G and H),
dl1107/520 (lanes I and J), or d4l11109/520 (lanes K and ~

'L),.were immunoprecipitated using an anti-Elb 58kD mouse

monoclonal antibody (lanes A, C, E, G, I and K) or the
M73 monoclonal antibody specific for Ela proteins (lanes

"B, D, F, H, J and.L). The production of these 128

background mutants has been described elsewhere (Howe et
al., 1990). mw, l4c-labeled molecular weight markers. .
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binding in'ﬁhe 125.background, KB cells were infected
with wt AdS or with d11103 or 411103/520, both of which
produce Eia préducts which bind only reduced amounts of
p300 and pl05. Extracts from infected cells weig
immunoprecipitated with M73 or the anti—58kD monoclonal
as a negative cqntrol, and the results, shown in Figure

14 ihdicated that the amounts of p300 and pl05 bound to

:Ela products from dl11103 or dl11103/520 (lanes H and J)

were the same, but clearly much reduced relatiye to wt
(lane B), even though similar amounts of Ela proteins
Qere précipitated in all reactibns. In this experiment,
the ability of the Ela—binding.proteiﬁs_to bind to Ela
polypeptides missing residues 61 to 69 (g;1141) (Figure
14, lane D) or residues 82 tb 92 (dl1l142) (lane F) was
also investigated. Neither of these deléfiongbappeared
to affect binding of plG7 or plo0S5, but'lossjg; residués
61 to 69 resulééd in reduced association-wifh p300 {lane
D). - p

A series of Ela mutants carrying these exon 1
mutants alone or‘in various combinations in a 128
backgrouqd was produced by John Howe.and Joe Myrmx} in
Dr. Stan Bayley's lab and characterised with respeét to

their ability to induce DNA synthesis in quiescent rat 0

cells (Howe et al., 1990). Again, in order to determine

. the relationship, if any, between the ability-of the
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Figure 14

Ela-associated proteins in cells infected with

'the deletion mutants 411141, 411142, d11103, and

d11103/520. Extracts were made from 35g_methionine-
labeled KB cells infected with wt Ad5 (lanes A and B), or
with one of the exon 1 deletion mutants 411141 ‘(lanes C
and D), dl1142 (lanes E and F) or 411103 (lanes G and H),
or with the mutant §11103/520 producing only a 128

product containing the d11103 exon 1 mutation (lanes I

and J), and were 1mmunopre01p1tated with an anti-Elb 58kD
monoclonal antibody (lanes A, C, E, G; I), or with the
M73 monoclonal antibody dlrected agalnst ‘Ela proteins

‘(lanes B, D, F, H, J). mw, l4c-labeled molecular weight

marker. The unusual mlgratlon pattern of the Ela

.polypeptldes from the mutant d11141 may result from the

creation of a new DNA sequence identical to the splice
acceptor site of the 125 and 13S products, across the
junction of the deleted region. If this splice acceptor
site were to be used in conjunction with the upstream
splice donor for the 10S and 115 messages, it could
result in the productlon of an additional heterogeneous
group of proteins missing additional amino acid residues
between residues 27 and 60, which would be expected to
migrate on an:SDS polyacrylamide gel in a manner similar
to the group of smaller Ela products seen in Lane D.

fr
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mutated Ela products carrying combined deletions to
associate with p300, pl07 and pl05, KB cells were
infected with wt virus, or with one of the deletion

mutants and extracts were immunoprecipitated with M73

‘monoclonal antibody or with the anti-58kD morioclonal.

Representative results are depicted in Figure 15 and
results for all mutants examined are summarized in Table
3. The results were consistent ﬁith thoSe previously
shown.'le. viruses contalnlng the 411101 mutation at the
amino terminus in combination with the deletlons in
glllos, 411107, or 411108 (1anes‘D, F and H), produced
Ela-proteins which'failed.to bind p300. Pp300 assbciated
somewhat better with Ela proteins from 411103/08/520 and
d11104/08/520 than with those from d11103/520 and
g;1104/520 (Tables 2 and 3 and data not shown).’ If the
reoion deleted in g;1104_and gllios has a conformational
effect on a p300 binding site at the am}no terminus, then
it may be possible for the additional deletion of .
residues in d11108 to alter the conformation in some
other way so as to provide a sllghtly dlfferent effect on‘
binding of p300. Ela protelns produced by v1ruses hav1ng
the d11107 mutation in combination with any other
deletlon failed to bind p105 (ie. lanes F and L), and
those.frog viruses with the 411108 mutation combined with

another deletion failed to bind to both pl07 or pl05 (ie..
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Figure 15

Ela-associated proteins in cells infected with

mutants carrying double deletions in exon 1 of the Ela

12S products. Extracts were made from 32S-methionine-

labeled KB cells infected with wt AdS (lanes A and B), c=

with one of the exon 1 double deletion mutants in 12S
background, d11101/1106/520 (referred to as dl101/06/520) -

(lanes C and D), dl101/07/520 (lanes E and F), d101/08/520

(lanes G and H), d102/06/520 (lanes I and J), d102/07/520
(lanes K and L) or 4102/08/520 (lanes M and N), and were
immunoprecipitated with an anti-Elb 58kD monoclonal
antibody (lanes A, C, E, G, I, X and M), or with the M73
monoclonal antibody directed against Ela proteins (lanes
B, D, F, H, J, L and N). mw, 1‘C-1abeled molecular weight
marker. ' '
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lanes H and N). Ela proteins which bound to eithef p300
or pl05 could induce cellular DNA synthesis but those
failing to bind to both cellular proteins were deficient
at induction oleNA synthesis (Table 3 and Howe et al.,

1990). The ability to induce DNA synthesis did not

appear to be affected by the binding or failure to bind

to plo7.

" The binding site data is suﬁmarized'in Figure 16,
‘which shows a schematic repfesentatipn of the Ela
polypeptide, indicating the'locations of the consefved

regions, the deletion mutants and antisera used in this

- 142

study, and the regions on the Ela pblypeptidelinvolved in

binding p300, pl07 and pl10S.
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Table 3

Binding to 128 background single and double mutants
: and . :
correlation with induction of DNA synthesis.

virus bindlng binding Dbinding induction
: to plO0  to plO7  to plos ::“rtmh:.h
1520 - ‘e 44 -
T odlanz - - - -
Quieysze . R . .
411102/520 T e 4 - P
A11103/520 /- + + +
411104/520 - - + +
411105/520 - + - -
niuns/s:u . - L - ++
dino7s520 P + - ++
glnesssae’ - - - - '
d11r09/520 - + - -+
d101/07/520 - “ - -
d1o1/08/520 - - - -
dl43/08/320 - - - -
41037087820 + - - i
41047087520 . - - + .
d11143/520 - - + + >
dlorjesssz0 - = + - -
dloz/08/530 - e + - -+
4102/07/520 - e - 4 .
dlo2/08/520 ) - - . ’
d105/07/520 - - - >

'm- amount of binding of the cellular proteins wvas X .

tained by visual sxamination ef the ralative D
.l.nt-na.lt.lu of the protein baM; seen in a nusbar of
axpari and h

3 b.lnalng sinilax that seen with yt Els
. reduced relative to that sesn with
n Ela, but still md.lly dlt.ctlbl.
+/= binding not

ol

. W
uu synthasis data for these mutants has been published .

Hove .li ].'L._. 1990} . kin!ly, DMA synthesis waz measured > 2
l.nhnby kidney cell 8 vhich ware plated on 0 mm
dishes, lnd infected with virus at a m.0.i. of 10, thres
dayn atter plating. At the time of infection, or 24 or
4% hours post-infection, & Cella wers labaled ovar = 4
hour pariod with Sopcl ot ll-t::n.ldlm in fresh sedium. T,
Tha cells ware harvested and in . 0.3N NaOH, DHA wvas .
precipitatad from the !.mu v th trichlorcacetic acid
and collactad on Watman glass fibre rllters, which wers
counted in a scintillation counter. ABILity te induce
bHA synthesis is sxpressed as

]

(=

++ induction at a level ee-pluhln to . c
that of ;uszo (¥t Ela 125 product) o

+ induction at a leval raduced .
xelative to di320 fnduction, but’
greater than that seen in the

N . of Ela p (le. with

41312)

- peoor inducticn, comparsbla to that
ssan vith 41712 (no Ela products)

w
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Figure 16

Ad5 Ela 289R (13S) product, mutants, antisera,
conserved regions and binding sites. The 289R protein is
shown with its three structural regions: that encoded by
exon 1 of the 125 mRNA (residues 1 to 138), the region
unique to the 289R product of the 135S mRNA and the region
encoded by exon 2 of both Ela nRNAs (residues 186 to 289
of the 289R protein). Shown below are the regions
believed to be recognized by various Ela-spec1f1c sera
and the locations of deletions in the various AdS
mutants. Shown above are the positions of conserved
. regions 1, 2 and 3 (CR1, CR2 and CR3 respectlvely) and
the locatlons of the regions which play a role in the.
binding of p300, p107 and pl05, as interpereted from data

obtained in the present report. ———, Sequences
essential for binding; =------- , Sequences having some
effect on binding.
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Identification'of pl05 as Rb, product of

the retinoblastoma tumour sﬁppressor gene
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Identification of plos‘as Rb, product of the

'retinpblastoma tumour suppressor gene'

Little was known of the identity or function of

cellular proteins found in association with Ela gene

" products prior to the report of Whyte et al. (1988a)

identifying the 105kD Ela-binding protein observed by
Harlow and coworkers as the product of the Rbl recessive.
‘oncogene. This éene is absent or altered in
retinoblastdmas and other human cancers and encodes a
nuclear phosphoprotein assodiatedmwith DNA biﬁding
activity (Friend et al., 1986, 1987, Fung et al., 1987,
and Lee et al., 1987a, 1987b). The Rbl gene ’product:. vas
also reported to bind to thé'large T aﬁtigén of SV40
(DeCaprio et al., 1988). These daté suggested that the
effective removal of the Rb protein int;rcomplexes with
DNA tumour vifﬁs oncogene prBducts could be‘of some

importance in transformation by these viruses. The

Iy

following experimepts were undertaken in order to confirm
that the 105kDHE1a?biﬁding protein first reported by Yee

and Branfon (1985) was the'product'of the Rbl gene, and

1‘£o investigate the amount ‘of Rb proteiﬁ which complexed

to Ela products in iqfegtedkandrtransformed cells.

S
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5.1 The Ela-binding protein pl05 is the product of the

Rbl dgene

To investigate the relationship between the Ela-

binding protein pl05 and the product of the Rbl gene,

. extracts from Ads—infected or uhinfected KB cells labeled

with 3®S-methionine were immunoprecipitated with an Ela-

- specific monoclonal antibody (M73) or with the rabbit

anti—peptidesserum RB#5 which recognizes the Rb protein

(Whyte et al. 1988a). Figure i7A shows that Ela-specific

serum precipitated the 52 and 48.5 kDa forms of the 13S

product-és well as the 50 and 45 kDa 128 species (lane

B). The three cellular Ela-binding proteins, p300, pl07

and pl05 were also detected in precipitates from AdS-

infécted cells (lane B) but not from uninfected cultures

(lane A). As previously demonstrated (Egan et al.,

1988), with the mutant 411107, which lacks residues 111

to 123, p300 was present in amounts comparable to those

found with wt AdS, plo7 &as somewhat reduced, and pl05
| Q
was totally absent (lane C). These results confirmed the

requirement for the sequence between residues 111 and 123

within CR2 for binding of p105. With extracts from mock-
, wt Ad5-, and d11107-infected cells (lanes D, E and F,

respectively), the RB#5S

irae]
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Figure 17

Immunoprecipitation of E1A proteins and the Rbl

" gene product. A: Extracts from cells infected with wt
AdS5 or 411107, or mock-infected cells, were
immunoprecipitated with the ElA-specific mouse monoclonal
antibody M73, with RB#5 anti-peptide serum against the
product of the Rbl gene, or with nonimmune rabbit serum.
m, mock-infected cells; wt, wt Ad5-infected cells; 1107,
dl1107-infected cells. Lanes A to C: M73 serum. Lanes D
to F: RB#5 serum. Lanes G to I: nonimmune rabbit serum.
Lane J: this extract was precipitated twice with RB#S

- serum and then with M73 serum. Lane K: this extract was
precipitated twice with nonimmune rabbit serum and then
with M73 serum. The inset (lanes B' and E') shows a

' shorter exposure of fluorographs similar to those
presented in lanes B and E. - The positions of the 300, .
107 and 105 kDa ElAebinding'proteins and the ElA products
are shown to the'right. The positions of the individual
52, 50, 48.5 and 45 kba E1A proteins are shown at the
left. B:. Immunoblotting of E1A products and the Rb.
protein. Extracts from wt AdS-infected cells
precipitated with monoclonal antibody to Elb S58kD protein
(lane A), M73 serum (lane B), RB#5 serum (lane D), or
nonimmune rabbit serum (lane E), or those from 411107-
infected cells precipitated with M73 serum (lane C) were:
separated by SDS-PAGE and the proteins were transferred
to nitrocellulose paper which was divided in two. The
top half was treated with RB#5 serum and the bottom half
with E1A-Cl anti-peptide serum, as descrlbed in Materials
and Methods. :

L
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antibody precipitated comparable amounts of a protein
that comigrated with pi05. It wae noted that with
appropriate exposures of the gel (see the inset to Figure -
177), both RB#5 serum (lane E) and Ela-specific
antibodies (lane. B) actually prec1p1tated two p105
polypeptldes, a major species and a minor slower—
migrating polypeptide. These‘species‘were not
precipitated using normal rabbit serum (lanes G, H and
I).. It was apperent that low levels of the 52, 50, 48.5
and 45kDa Ela proteins were preseﬁt in the'RB#s
precipitates from wt Ads-lnfected cells (lane E) but not
~ in those from mock—‘or glllo7-;nfected cultures (lanes D
and F). The identity of these Ela species was confirmed
by comparing the S. aureus V-8 proteaee pepﬁide petterne
of the 52 kDa proteins precipitated by Ela-specific
antibody and RB#S‘serum (Figure 183a). Using 0.5, 1.0 or
20.0 ng‘qf the V-B‘protease, Ela pfbteins precipitated
with anti-Ela antiserum (lanes labeled E) yielded
digestion patterns that were identical ﬁo those obtained
from the pfoteins precipitated by RE#S serum (lanes
labeled R).  The similarity'Of peptide patterhs_suggestgd
that the Rb protein is associated with Ela products in
infected cells, | | _ s

To further invesﬁigate the relationship between

the Rb protein and pl105, cell extracts that had been
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Figure 18

Analysis of ElA products, the pl05 EiA-binding
protein and the product of the Rbi. gene by partial
proteolysis with S. aurevus V-8 protease. Extracts from
AdS-infected cells were immunoprecipitated using either
M73 or RB#5 serum and the proteins were separated by SDS-
PAGE. Areas of the gel containing either the 52 kDa ElA
protein or the pl05-Rb protein were excised and treated
with 0.5, 1 or 20 ug of S. aureus V-8 protease as
described by Cleveland et al. (1977). A: ElA 52 kDa
protein precipitated by M73 (E) or RB#5 (R) serum.

B: pi0S precipitated by M73 (E) or RB#5 (R) serum.
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 precipitated with either RB#5 or normal rabbit antibody

(ie. lanes E and H) were reprecipitated with Ela-
specific serum. Figure 174 (lane K) shows that after

precipitationﬁwith normal rabbit serum, Ela-specific

“antibody still precipitated large amounts of Ela products

as well as p300, pl07 and pl0S. However, following
treatment with RB#5 (lane J), Ela-specific serum

precipitated p300, pl07 and Ela products, but no

detectable pl05. These data strongly suggested that the

Ela-blndlng protein p105 is the Rbl gene product.

To examine the relatlonshlp between these
proteins further, extracts from cells 1nfected with
either wt AdS5.or 411107 were 1mmunoprec1p1tated with Ela-
spec1f1c antlbody, RB#5, or normal rabblt serum, oOr w1th
a rat monoclonal antibody” agalnst the Ads Elb 58kD
protein. Protelns were separated by SDS—PAGE and then
transferred to nitrocellulose paper which was divided in
nalf. Each half was then immunoblotted, the top portion
of the gel containing ploslﬁith:RB#S antibedy, and.the ¢
bottom half containing Ela pr?teins with éla-Cl serum,
and both were treated with 125I-labeled goat anti-rabbit
IgG antibody. With Ela-Cl serum (Figure 178, bottom),

the 52 and 50kDa major Elaﬁproducts were detected with

_ precipitates from wt AdS5- and g11107-infected cells .

prepared using Ela-Cl serum (lanes B and C) but not with
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the other samples. The RB#5 serum (Figure 17B, top)-

detected the Rbl product precipitated from wt AdS

infected cells using RB#5 serum (lane D) and also plOS

_ precipitated‘using Eia-Cl (lane B). No Rb protein was

detected in precipitates obtained with the Elb 58kD-
specific serum (lane A), normal rabbit seruﬁ (lane E) or .
with extracts from cells infected with dl1107 (lane C).
These results again suggested that the Ela-binding
protein pl05 is the prodﬁct of the Rbl gene.

To demonstrate the relationship between pl105 and the Rb

protein directly, each polypeptide was excised from a

polyacrylamide gel and treated with S. aureus V-8

protease. Figure.lsB shows that the V-8 peptides

4

generated from the two proteins were identical, thus

proving that the pl05 is the product of the Rbl gene.

5.2% proportion of the Rbl product bound to Ela proteins

" in infected and transformed cells

_ To determine what propof%ion of pl05-Rb in
infected cells could be found in association with Ela

produgts, cell extracts were precipitated either with

. Ela-specific M73 monoclonal antiserum (Figure 19, lane B)

or with monoclonal antibody against Elb-58kD Whigh
precipitates large amounts of this Elb polypeptide but
7
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Figure 19

Proportion of pl05-Rb protein bound to ElA

. products. Extracts from Ad5-infected cells were

precipitated with monoclonal antibody against Elb 58kD

protein~{496R)} (lane A), M73 serum (lane B) or RB#5 serum

(lane C). Lanes D and F, extracts precipitated twice
with M73 serum and then reprecipitated with either M73
serum {(lane D) or RB#5 (lane F). Lane E, extracts
precipitated twice with monoclonal antibody to 58kD and

‘then reprecipitated with RB#5. The positions of p300 and

pl07, p105-Rb, 58kD, and ElA products are shown at the
right. The positions of lic.]labeled molecular weight
markers‘(Amersham Corp.) are shown at the left (lane nw) .
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net the Ela-binding proteins (Figure 19, lane A). The
amount of Ela—specific antibody used in this experiment
was sufficient to remove all of the Ela proteins present

in the extract, as shown by their absencesin a subsequent
‘reaction with M73 serum (Figure 19, lane D). These
extracts were then reprec1p1tated w1th RB#5 serum.

Figure 19 (lane F) shows that only a small proportlon of
p105—Rb protein falled to a55001ate w1th Ela products in
infected cells. Much of this material appeared to be the
minor sldwer'migrating species recognized by RB#S |
.?antibodyQ The 1evels of pl05-Rb proteln in lanes E and F
were estlmated by microdensitometer scans of approprlate
exposures of this fluorograph and revealed that only
about 25% or less feiled to associate with Ela products.
Thus most of the piOS—Rb protein in infected cells is
assoclated with Ela preducts. A 51m11ar proportlon of
pl05-Rb was found in association w1th Ela products in Ads
transformed 293 cells (data not shown). 7

QIt had been breviously shown by Yee and Branton

(1985b) that pl05 associated with Ela polypepfides is a
phosphoproteln. To determine whether there was a
difference in the degree of phosphorylatlon of pl05-Rb
bound or not bound to Ela proteins, infected KB cells.
| were labeled with 355-methionine or 32P-orthophosphate

and the extracts were immunoprecipitated with monoclonal

Ry,
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antibodies against fhe Elb 58kD protein or normal rabbit
serum as negative controls, or with M73 anti-Ela
monoclonal antibody or RE#S anti-peptide rabbit serum.
~As in the previous experiment, excess anfi—Ela or 58KD
antibody was used and the ektracts were'feprecipitated
with the same Ela or 58kD antibody to ensﬁre removal of
all Ela or 58kD protein before being reprecipitated with
anti-Rb- antiserum. The results are shown in Figure 20.
With extracts ffom cells'labe;ed‘with 35g-methionine
(lanes A and B) or 32P-orthophospha£e (lanes E and F),
p300, plO?oand plOS-Rb were found in associétion with Ela
protéins (lanes B and F) but not‘with 58kD ﬁroteins
(lanes A and E); confirming that all three associate with
‘Ela polypep}ides as phosphoproteins. Rb proteihﬂwhich'
‘was immunoprecipitated by RB#5. antiserum frbm lysétes
labeled with either 355 or 32p (lanes C and G) appeared
as a'doublet.baﬁd.with the slower migrating species
appearing to be more heavilylphosphorylated (lane G). 1In
lanes C and G the four major Ela species could Be
detected in association with the immunoprecipitaﬁed pl05-
Rb proteins, indicating that pl105-Rb pinds to |
phosphorylated forms of Ela pfoteiﬁs‘fromvboth'the 128
and 13S messageé. In immunopredipitations of 32p-
labeled extracts, using normal rabﬁ?ﬁ serum, no pl05-Rb
or associated Ela proteins were detécted (lane.H). To

ensure removal: of ®

1Y
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Figﬁre:zo

. Phosphorylation of pl05-Rb protein bound to E1A
products. Lanes A to D, extracts from 35S-methionine
labeled AdS5-infected cells were precipitated with
monoclonal antibody against Elb 58kD protein (lane A},
~ M73 serum (lane B), RB#5 serum (lane C) or non-immune
serum (lane D). Lanes E to H were immunoprecipitated as
for lanes A to D except that the extracts were prepared
from 32p-orthophosphate labeled cells. Following
immunoprecipitation of 58kD or Ela proteins, the cell
‘extracts from the reactions:shown in lanes A, B, Eand F
were re-immunoprecipitated for. 58kD (lanes I and K from
extracts A and E respectively) or Ela proteins (lanes J
and L from extracts B and F respectively) to ensure that
these viral proteins were cleared from the extracts.
These same four cell extracts were then precipitated a
third time, using RB#5 antiserum and.the precipitates run
in lanes M to P, with lanes M and O representing
precipitates which were precleared of 58kD protein
(extracts A and E) and lanes N and P representing
extracts that were precleared of Ela proteins (and Ela-Rb
complexes) in the reactions shown in lanes B and F. mW,
molecular weight markers. :



p10s-Rb
<a=58K

2 5
['8 Q
_ |

p—
_—

FC _H

32P

saK EA Rb

e

n [ . B B e % .u
LI S ot s = M amﬂ.

355

AB CDE

38K ETA Rb NI

mw

(=]
o
o™

&Gt

Y,
&
I
.
i
]



163

all Elé and 58kD proteins from the immupoprecipitation
reactions shown in lanes A, B, E, and F, these lysates
were reprecipitated agdinst the same proteins, using an
equal_émount of antiserum, and the reprecipitations were
run in lanes I to L, respectiveiy. These same four
lysates were then 1mmunopre01p1tated a thlrd time using -
an excess of RB#S antiserum, and the 1mmunoprec1p1tates
run in lanes M to P respectively. 1In 1ane_M pl05-Rb Q
protein present in cell extracts which had been pre-
cleared of the 58kD is illustrated. As the 58KD protein
does not associate with pl05-Rb, the amount of pl05-Rb
appeared to be the same as that in lane C, which was
”e#pected, an§ the protein appeaféd as the characteristic

doublet, with the faster-migrating species being the most

evident in an 35s-labeled extract. Lane N depicts the
same type of jmmunoprecipitate, but the extracts ﬂaa been
pre-cleared of all the Ela protelns together with
whatever p105-Rb had been tound to them. The pl05=Rb .
protein which was left is_significantly reduced” in

o amount, in comparison with lane M, and appeared to
consist of equal amounts of t@e slower ané faster

; ‘migrating species, suggesting that it was primarily the

faster mlgratlng form of p105—Rb which binds to Ela

protelns, con51stent with the results shown in Flgure 19.
1

- The immunoprecipitates in lanes 0 and P duplicated ‘those
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in lanes M and N, except that they were from 32p-
orthophosphate labeled cell extracts. In lane O, as in
lane G, the 32p-labeled pl05-Rb band appeared to consist
of two species, of about the same intensity. As the
slower migrating form appears to represent a minor

protein species when 39s-methionine labeled cell extracts

‘are examined, this may suggest that the slower migrating

form of the protein is the more heavily phosphorylated.

Others have demonstrated that increased phosphorylation
‘ o

‘of Rb protein accompanies a shift in gel mobility, from a

faster to a slower migrating form in monkey cells (Ludlow

et al., 1989) and in Hela cells (Buchkovich et al.,

1989). When the cell extracts were pre-cleared of Ela
proteins (lane P), the faster-migrating form of §105-Rb
again appeared ‘to be preferentially removed, suggesting
that Ela proteins complex more readilyrwith the less

pliosphorylated form of pl05-Rb.

It
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Detection of Ela-associated proteins in human tumour
cells and potential relatedness of pl07 and

pl05-Rb

6.1 Cleveland peptide comparison of ple7 and gldS-Rb

Studies on the binding of the cellular Ela—
associated proteins to Ela deletion mutants indicﬁted
that pl107 and pl05-Rb both bind to Ela prdéeins in
conserved. region 2 (CR2), and require ove;lapping, but
not identical amino acid sequences for their association
(Egan et al., 1985 and see Chapter 4). This similarity

in binding specificity; combined;with the failure to

detect pP107 in retinoblastoma cells lacking both alleles

of the Rb gene (Egan et al., 1989 and see below),

suggested an investigation into the degree of identity
between theée proteins by comparison of their partial v-8
protease degradation products. KB cells were infected
with wt ad5, labeled with 35g-methionine from 8 to 10
hours post-ihfection-and the lysates were precipitated
usindtthe M73 mouse monoclonal antibodj specific for Ela .
products or as a negative cohtrol the monoclonal antibody

specific for the Elb 58kD -protein which does. not



associate with the Ela binding proteins. The
immunoprecipitates were separated by SDS-PAGE on 6% gels,
and the bands corresponding to pl07 and pl05-Rb were
located by autoradiography and exéised. Both the gel
from which the bands were taken and the excised bands
themselves were re-exposed_to'film to §erify that the gel
pieces to be digested contained only pl07 or pl05-Rb
respectively. The gel pieceé were inserted into the
wells of a 15% gel and digested with increasing amounts

of Staphylococcus V-8 proteaée. Proteolysis of p300

served as a means of,comparingkthé pl07 and ;105~Rb
digestion products with thPse of an unrelated protein. -

An alterhative approach to isolating p107 and‘plos-%ﬁ
proteins for analysis was to immunoprecipitate pl07 in
association with Ela iroducts from KB cells infected with
the A4S mutant'g;1107, whose Ela products are missing L=
residues 111-123 and are able to bind pl07 but not plo5-

ﬁb (Egan et al., 1988). For these preparative gels,
pl05-Rb was obtained in immunoprecipitations from
__uninfected cells using the mousefﬁonoclonal antibody Rb-

. 02 (Pharmingen), and again, bands excised from the gel

and the.gel itself were re-expdsed-a second time to
visualize what the'gel_pieces.dontained‘priorﬂto

digestion. Results similar to th;se shown in Figure 21

were obtained using both preparative methods.

A

N
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Figure 21

Cleveland peptide comparison of pl07 and plO5-Rb.
Gel pieces containing p105-Rb, pl07 or p300 were excised
from 6% preparative gels, loaded into the wells of a 15%
polyacrylanide gel, -and overlaid with sample buffer
containing ‘0. 2ug, 2.0ug or 20.0pg of S. audreus V-8
protease, as indicated at the top of the figure. Lanes
labeled 300 indicate digestion products of p300; lanes
labeled 107 are digestion products of pl07 and lanes
labeled RB are digestion products of p105-Rb. mw,
molecular weight marker. - .
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The digestion pattern of p300 (lanes labeled 300) is
differéﬁt from those of the other two proteins, but pl07
(lanes labeled 107) and plOS—Rb (lanes laﬁeled Rb)
appeared to be similar but not identical at the level of
primary seéuénce, as they shared several common peptiées.
In order to examine the possibility that pl07 and pl05-Rb
night be products of alternatively spliced mRNAs of the
same gene a number of other :etinoblastoma lines with -.
defects in ﬁhe Rb gene were examined to look for

expression of pl07.

C
[CR

‘6.2 Detection of Ela-binding proteins in retinoblastoma

gell lines
To determine whether pl07 could be found
complexed to Ela products in retinoblastoma cells, cells

from a number of retincblastoma lines, and one non-

- retinoblastona ret1na1 line were infected with AdS, u51ng

a multiplicity of infection of 100pfu/cell for the

retinoblastoma lines and 35 pfu/cell for the non-

retinoblastoma lines and the Ela-associated prbtéin

complexes wére 1mmunoprec1p1tated from cell extracts

_u51ng ‘the M73 antlbody. The 1mmunoprec1p1tates were

analysed by SDS~PAGE on Silgels. These cells were

infeqted at a higher multipiicity of infection than that

./‘1
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normally. used to 1nfect KB cells in order to ensure the
production of reasonable amounts of Ela polypeptides.
Infected cells were labeled with 35g-methionine from Blto
10 hours post-infection, as it had been previously
determined that a two hour labelling period aliowed for -
optimal detection of all the proteins of interest (date‘

not shown). Immunoprecipitations'using the monoclonal

' antibody directed against the Elb 58kD protein were used

as a negative control for each cell(iine. Cell lysates

from infected KB cells were immunoprecipitated as

-p051t1ve controls.

The results are shown in Figure 22. Binding of
pl07 to Ela proteins was undetectable in any.of the 9
re%inoblastoma lines tested (Figure 22a, lanes E-J and
22b, lanes C-N), but binding of p300 was seen in all

lines (lanes D, F, H, J, L and N). Pl05-Rb was 5150

absent from the_immune complexes in all cases, but this

' was expected as the Rb gene has been predicted to be

absent or'mutated in retinoblastoﬁa‘cells. Although the
protein products have not been directly examlned the Rbl
gene has been characterlzed as deleted or altered in
WERI," Y79, Rb537, Rb570, Rb383 and Rb414 lines, (Lee et
al., 1985, Goddard et al., 1988 and Zhu et al., 1989).

In all retlnoblastoma cell 11nes examlned suff1c1ent

amounts of:Ela proteins were produced to ‘be able to

“ezef?
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Figure 22

_ Detection of Ela-associated proteins in
retinoblastoma cell lines. Extracts from KB cells, Adi2-
transformed retinal cells or retlnoblastoma cells
infected with wt Ad5 and labeled with 35sS-methionine from

8 to 10 hours post-infection were ;immunoprecipitated with- . -

an anti-58kD monoclonal antibody or with the M73 mouse
monoclonal specific for Ela proteins. A: ° Extracts from
KB cells (lanes A, B), HER3.1l0 retinal cells (Adl2~- _
transformed) (lanes C, D), or one of the retinoblastoma
cell lines WERI (lanes E, F), Y79 (lanes G, H) or Rb-537
{lanes I, J) immunoprecipitated for 58kD protelns (lanes .
A, C, E, G, I) or Ela proteins (lanes B, D, F, H, J). '
B: Extracts from KB cells (lanes A, B), or from the

retinoblastoma lines Rb-570 (lanes C, D), Rb-430 (lanes‘"”

E, F), Rb-522 (lanes G, H), Rb-544 (lanes I, J), Rb-383
(lanes K, L} and Rb-~414 {lanes M, N), 1mmunoprec1p1tated

. . for 58kD proteins (lanes A, C, E, G, I, K, M) or Ela

protelns (lanes B, D, F, H, J, L, N) o

Ty
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clearly visualize the cellular p300 protein associated
with them. pl07 in infected or transformed cells and ih
the immortalized HER3.10 retinal cells (Figure722a, lane
B and D and Figure 22b, 1ahe B) is seen as a band of
about the same magnitude of intensity as p300. 'The'
absence of this band in the lanes containing
immunoprecipitates from retinoblastoma lines suggested
.that the protein was either absent ih_these celis, or
expressed at extremely reduced levels, 6? that it was °
expressed in a form which was unable to complex with Ela
proteips. L _ o o

To attempt to distinguish betw:én these’ three
possibilities; WERI or Y79 ce11§ were 1abe1gd for lohger
periods of time using a five-fold greater amount of 35s-
methionine than was'usually used, lyéed and precipitated
as described ébové( Thejqata indicated that very small
amounts of pl07 coﬁld, iﬁ fact, be detected (Figure 23
lane D'). It was npged*that the inteﬁsity‘of the band
representing p107 in WERLI cells was extremely reduced
relative to the intensity of the band in ‘the KB cell
immungprecipitatidh reactions, but the intenéities of the

« _ _
bands representing p300 in both cell lines was

Ay ‘ L . :
essentially the same (Figure 23, lanes B and D).

c1évéland peﬁtide analysis of the pl07 band from KB cells

and the comigrating species seen in WERI cells was used
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Figure 23

Detection of iow amounts of pl07 in WERI cells.
KB cells or WERI retinoblastoma cells were infected with
wt AGS and labeled from 7 to 10 hours post-infection with
35g-methionine (1.0 mCi per 100mm dish). Extracts from
these cells were immunoprecipitated with a mouse

monoclonal antibody specific for Elb 58kD proteins (lanes o

“ A, C).or with the M73 mouse monoclonal specific for Ela
proteins (lanes B, D). Lanes A, B, immunoprecipitates
from KB cells; Lanes C, D, immunoprecipitates from WERI
cells; lanes C' and D' are-from a longer film exposure of
the material in lanes C and D. o
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Figure 24

V-8 peptide comparison of pl07 from KB cells and
the comigiating 107kD protein from WERI cells. Gel
pieces containing p300 or pl07 from KB cells or the 107kD
protein from WERI retinoblastoma cells were excised from
preparative gels, loaded into the:wells of a 15%
polyacrylamide gel and overlaid with sample buffer
contalnlng 0.1zg (lanes A, B and C), 1.0ug (lanes D, E,
anf F) or 10.0pg flanes G, H, and I) of S. aureus V-
protease. Lanes A, D and G, digestion products of p300;
lanes B, E and H, digestion products of pl07 and lanes C,
F and I, dlgestlon products of the 107kD protein from
WERI cells. Lanes B' and C' are from a longer film _
exposure of the material in lanes B and C. mw, molecular
wglght marker.
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to show that these were jdentical proteins (Figure
24) .Wnether the redaced amounts of pl07 seen.were due to
only a low amount of plo7 belng present in retinoblastoma
cells, or whether a loss of Rb gene function results in
seﬁerely reduced ability of p107 to bind to Ela was not
determined. The detection of pl07in even low amounts in
WERT cells,{which lack both Rb alleies, clearly iﬁdicated
that p107 could not be a product of the Rb gene.
6.3 Detection of Elaeasscciated.proteins in iung cell
carcinoma lines- | j s
) f

o '
To further characterize the expression and/or

ability of pl0o7 to bind t#FEla products in cells with

defeces in the Rb gene, cells from a number of lines of
small-cell or non—small cgll carc1noma of the lung were

1nvesr1gated. Small-cell carcinoma of the 1ung has been
L ”

characterized as one of/the cancers with which defects of
I3

the Rb gene have been assoc1ated. Lysates of these cells

-were . prepared and immunoprecipitated as described for

retinoblastoma cell 11nes. The 1mmunoprecip1tates_were

. separated on 8% SDS PAGE gels, and results were as

illustrated in Figure 25. Infected KB cell extracts

W

immundprecipitated for 58K (lane A) or Ela proteins (lane

B) were again used to demonstrate that p300, pl07 and
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A

Figurefzs ‘ : ©

Detection of Ela-associated proteins in Small

Cell Lung Carcinoma (SCLC) lines having defects in Rb.
Extracts from 3°S-methionine-labeled KB cells infected
with wt Ad5, or infected lung carcinoma cells were
immunoprecipitated with anti-58kD mouse monoclonal (lanes
labeled 58kD) or M73 anti-Ela mouse monoclonal (lanes

* Jabeled Ela). Numbering from the left side of the gel, .
lanes 1, 2, KB cell extracts; lanes 3, 4, extracts from F
A549 non-small-cell carcinoma line; lanes 5, .6, extracts

from RG-1 SCIC line; lanes 7, 8, extracts from H209 SCLC
line.
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pl05 were all detectable in this experiment_(lane B).
Infected AS549 cells, froﬁ a (non-small cell)
adenocarcinoma of the lung, have been characterized as
having normal Rb mRNA and protein expression (Yakota et
g;;,-lgss). p300, pl07, and pl05-Rb proteins from-these
cells were all detected in association wiﬁh Ela ﬁ%oducts
(Figure 25, léne 4). RG-1 and H-209 (lanes 5, 6 and 7,
8) are both lines developed from small-cell carcinoma of
the luﬁg (SCLC).i ?105-Rb was not detécted in association
with Ela proteins in either of these lines, ccasistent
with evidence that the Rb protein and/or meséage is not
expressed in a majority of SCLC lines (Harbour et al.,
1988 and Yakota et al., 1988). Interestingly, and unlike
thé situation in.retinoblastoma cells, pl07 was detected
at normai levels bound to Ela gene produéts, as was p300
(Figure 25, lanes 6 and 8). The reduced intensity of the
p300 and pl07 bands in the immunoprecipitationstffom RG-1
cells was likely due to the small amoﬁht of Ela present
relative to the other cell lines. Even with reduced
amounts of Ela proteins it was noted that the
intensities of the p300 and pld7 bands were of

/‘—\\‘_ Gy,
essentially comparable magnltudes, consistent w1th the \?fw

N
relatlve intensities seen in the other llnes. ;Two other'
non-small-cell carcinoma lines (A427 and Calu-1) and one

other small-cell carcinoma line (H-69) yie;ded similar
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results (Table 4 and data not shown). A427‘and Calu—~-1l
both producéd p300, pl107, and pl05-Rb proteins which
cégld be immﬁnoprecipitated in association with Ela gene
products. H-69, Twhich_produces only tréce amounts of Rb |
mRNA (Hérbour et al., 1988) . exhiﬁited no detectable
binding of pl05-Rb to:Ela, but normal amounts of p300 and

e

' pl07 were seen. These results are summarized in Table 4.

[#]

Il
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Table 4

Expression of Ela-associated proteins
in human tumour lines.

Ela p300 p107 ~ pl05-Rb
ﬁ:
Retinchlastoma
WERI + + reduced/- -
Y79 + + - -
Rb537 + + - -
Rbb22 + + - -
Rb544 + + - -
Rb383 + + - -
- Rb414 + + - -
Rb430 + + - -

Retinal Cells of non-retinoblastoma origin

Her3.10 : + ‘ + + +
(Ad12 immortalized)

0y

. Small Cell Iung Carcinoma

RG-1 + + + -
H-209 - + + + - )
H-69 + + + - =

I3

Non-Small Cell Iung Carcinoma

Ab49 . + + + +
A427 + + + +
Calu-1l + + + +

W
A
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' Discussion

\\\\

The results'ﬁgesented in this thesis describe the
further characterization of cellular broteins which are |
found in association ﬁith Ad5 Ela polypeptides in
infected and tréﬁsformed cells, and which were originally
described by Yee and Branton (1985b) " In the present

studies the cellular proteins, termed p300, plo7, p1054

‘Rb, pss”ﬁnd,pss were initia11y~characterized with

'respect to thelr ahlllty to bind to Ela gene products <

synthe31zed in’ "B.. coli, as such products could be cof use
in afflnlty purlflcatlon (Egan“gg_gl;, 1987). lU51ng
soluble baeterially—produded 125ye£§13s,pro&ucts nixed
with 1abeled cell extracts, it was found that two of the
cellular protelns, p68 and p65 bound very efflclently,
but p300, pl07 and pl05 bound very poorly or not at all.
p68 and p65 bound somewhat more effieiehtly to the 138
prodﬁcts than to the lzs'products;'censistent with a
previous-obsertetion-of Yee and Branton“(1985b) using Ela
protein cemplexes from cells infected with mutant AdS
viriens. . _ | e el
The failure ‘of tﬁecpactetially-produced Ela
products to associate with §300, p107'and“p105 could have

resulted from differences in the degree or type of post-

[+
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translational modifications generated in prokaryotic and
eukaryotic cells. In mammalian cells Ela proteins are ..

phosphorylated at a number of‘sites (Tsukamoto et al.,

_ 1986, Tremblay et al., 1988 and Dumont et al., 1989), and

this is the only known modlflcatlon of these proteins
(Harter and Lewis, 1978, Yee et al., 1983 and Yee and
Branton, 1985a). Phosphorylation at one of these sites,

serine 89, causes a characterlstlc change in the

| migration pattern of Ela protelns on SDS—polyacrylamlde

'lQEla (Dumont et al., 1989), and thlS change in mlgratlon

is not seen with bacterlally-produced Eia products

(Richter et al., 1985), 1ndlcat1ng that phosphorylatlon

e

at this site does not occur. As serine 89 and a second

phosphorylatlon site at serine 96 (Dumont et al., 1989)

:1ie near to the reglon 1nvolved in blndlng to pl07 and

o

p105 (see below and Egan et al., 1988,ﬁand elsewhere,
Moran, 1988 and Whyte et al., 1989), .Ela mutants &
‘containing Ala-89 or Ala—96 were examlned for thelr
ability to associate with pl07 and p105 in infected
cells. It was found that Ela proteins produced bY both
mutants were ab%e to assooiate ﬁithlpSOO, p107¥andrp105
at levels essentially the same_asfgt Ela products. Other
studies using a mutant altered at both Ser-89_andﬂser-96
yvielded similar results'(Dumont and Branton; unpuolished

)

results) These data suggested that the inability of
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- products tq,aseociate efficiently with p300. For plo7

R
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bacterially-produced Ela products to bind to these three
cellular proteins was not due to -their lack of

phosphorylation at either:of these sites, but did not

‘rule out the possibility that other phosphorylation sites

or other differences in pcst-translational modification

”could play a role in affecting the association. .

The bacteriaily-produced Ela polypeptides used.in
the present study also differed from Ela proteins o

produced by wt virus in that they lack arglnlne residue 2

'(Ferguson et al., 1984). As Ela deletlon mutants with

alteratlons at the amino terminus generally fail to bind

v

to p300 (Egan et al., 1988 and Whyte et al., 1989), ‘and

Ela point mutants® altered at Arg-2 also fail to blnd p300

I3

(Whyte et al., 1989) thlS could also represent a possible

reason for the failure of the bacterlally-produced Ela

and pl05, it was observed that their ability to associate

. & . L] » 2 I I 2 » .
in vitro with v1ra1%y-produced Ela proteins 1n mixing
experiments was reduced when compared to in vivo

experiments and so the inefficient_binding to the

'bacterially—produced Ela proteins may have resulted in

‘part from the in V1tro condltlons of the experiment. A

further p0551b111ty was that one or more of the cellular
=)

spe01es required the presence of some viral product other

than Ela protelnsrln order to blnd to them efficiently.
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To test this possibility, bacterial Ela products were

s mixed with cell extracts from uninfected cells or cells

infected with 41312 virus_(deleted ianla but producing
all other viral products). No difference in the
assoéiation between Ela proteiné and the cellular
polypeptides could be detected in the presence of other
Qirai products (data not shown). |

To. further test the possibility of utilizing the

" bacterially-produced Ela products as an affinity

substrate for purification of the cellular proteins, the
bécterially—broduced'13s products were covalently
attached to cyanogen bromid%;activatediéepha;ose, and

this Ela-Sepharose was examined for its affinity for the

cellular proteins. pé68 and p65 again boundﬂefficiently -

to this substrate, suggesting that either soluble
bacterially-produced-Eiékﬁroteins or Ela—Sepharose.could
be used;to furthei‘purify these two proteins either for
antibody production or for microsequencing.

Interestingly, p300, which did not associate efficiently

o

with the free bacterial Ela proteins, could bind quite

~ .
well to Ela-Sepharose.J One possible explanation for the

difference in binding of this protéin to uncoupléd.versus

coupled bacterially—pfoduced Ela polypeptides could be

that the process of attachment_to cyanogen bromide-

189

activated Sepharose, which involves coupling through free
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amino groués, favours the formation or presentation of an
appropriate binding site at or near the amino terminus of
the Ela proteins. |

A number of other proteins were detected in -
association with Ela—Sepharose; but nét with BSA-
Sepharoée, suggesting that they too may be‘Ela—binding
proteins. These included proteins with apparent
ﬁobilities which indicated molecular masses of 30, 33,
75, 95, 106, 150, 180 and >300 kD. Polypeptides of about
33 and 30kD were observed in'a previous study (Yee and
Branton, 1985b), but they were seen inconsistently. 1In
this present study, upon prolonged exposure of the
lfluorggraphs, low amounts ;f these proteins, as well as
of the 75kD species were also foﬁnd with BSA-Sepharose,
and'so.the status of their specificity is unclear. The =
30kD species comigrated withahistone“H3,'whidh may be of
interest as Grand and Gallimore (1984) have found that
Ela proteins of Adl2 can associate with histone. The

‘biological importance of this property remains to be

o

establishe?.
The 106kD protein was consistently fo&nd to

migrate at a position midway between that of.;107'and

pl05. The 106kD pfotein was found to be a |

phosphoprotéin. This spediés was not characterized

e ity
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further with regard to its relationship with p107 and
pl0S.

) The >300kD species was detected in association
with soluble bacterially-produced Ela prbducts as well as
Ela-Sepharose. This same‘protein,'or one migrating in a.
similar position, was consistently found in association
with Ela proteins precipitated fiom infected cell
extracts using Ela-Cl or M73 antibodies which recognize
- different epitopes on the Ela polypeptides. Thus fhis
protein may répresent an Ela;binding protein which has
not yet been reported or characterized. |

The first indication that any of these cellular
proteins‘were functionally involved in Ela-mediated
transformation came from studies done in collaboration
with Dr. Stan Bayley's lab, in which the regions on the
Ela polypeptides with which the cellular proteins
interacted were mappéd and the ability of Ela deletion

mutants to bind the cellular proteins was correlated with

biologiégl activity (Egan et al., 1988). Ela proteins

" contain three regions which are highly.coﬁserved among
different adenovirué serotypes (Kiﬁelmanﬁg; al., 1985).
Two‘oE Fhese‘fegioné are involVed in Ela-mediated
transformationﬁand are pfesent in both the 12§ and 138§
'pfoducts.'fThese two regipns are found infexgn 1 between

residues 40 and 80 (conserved region 1; CR1) and residues

0
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ALillie et al., 1987, Moran and Mathews, 1987 and Jelsma e

‘et al., 1988); CR1 and CR2 are'involved in-a number of

" or reduced binding of one or more of the cellular

-

g - 192
121 and 140 (CR2). CR3 con51sts most y of the 138 unlque

reglon and maps on the 138 product between resrdues 140

-~

and 188 (Moran and Mathews, 1987). It has“been suggested

N
RS

that these conserved regions represent funotLOnal
:\\
domains, with CR3 belng both necessary and, in some cases

sufficient (Green et al., 1988) for transactlvatlon'of\

% \-\

other viral early promoters {Moran et al., 1986a, 1986b;

./1:.'

transformatlon-related functlons, such as the induction
of DNA synthe51s and mitosis in quiescent cells,
induction of synthesis of.prollferatlng cell nuclear
antigen, anduinduction of epithelial cell growth factori
‘(Moron et al., 1986b, Zerler et al., 1987, Moran and | |
Matheﬁs, 1987,iSubramanian gt al., 1988, Smith and 2Ziff,
1988 and Howe et al., 1990). It was thought that some
information on oossible biological functions of the Ela-
associated proteins. could be obtalned from a knowledge of
which Ela reglons they 1nteracted w1th.

Using a series of small in frame deletion hutants -
which spanned almost the entirelEla coding"sequence;'the
regions with which the‘cellular:proteins interacted were

determined. It was felt thotcdeletions which eliminated

%

proteins must exist in regions involved in the
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association with cellular polypeptides either by exerting
conformational effects on a binding site, or by binding
directly to the cellular protein. For p300, two regions
of Ela products were found to be involved in binding and
these were located at the amino terminus, within the.
'reglon between re51dues 1 and 25, and in CR1l between
residues 36 and 49. Deletions between re51dues 50 and 82
resulted in reduced binding. It was not clear if these
two regions combined to form a single binding site or if
one of these regions is necessary only for the formation

of an appropriate protein structure at the other site.

H"”EThe result show1ng that the epitope for the R28 rat

'monoclonal antl-Ela antlbody requlred the entire region
between residues 26 and 60 may 1nd1cate that there is.
some degree of tertiary structure within thls regxon.f
The R28 antibody recognized Ela proteins bound to p300,
but the anti-peptide antiserum Ela-Nl,.directed'against:,
the amine terminus of Ela proteins failed to '
1mmunoprec1p1tate Ela protelns in assoc1at10n w1th p300.
These results may suggest that the blndlng site for p300
is at the aminoftermlnus of Ela polypepthes, and that -
this bindingrhiﬁdersfahtihody recognition ‘of the amino
term1na1 epitope, but not the R28 epitope. ‘

For pi07 and p105, only a smngle putatlve blndlng

‘site was apparent, between residues 124 and 127 and
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_re51dues 111 to 127 respectlvely. ft\Seemed,likely'that

other regions of the Ela proteln\w1thln\§F1 whlch ‘when

deleted resulted in only partial reduction in. blndrE?,_;

may play a rocle in the tertiary structure of\the pr1$§}§\\\
~— -.“-\

binding s1te, or may stabilize blndlng at the pr;mgry

~

site through weaker protein:protein interactions.

: . \\".\ ' R - N
Results which were essentially in agreement with these, g**«e;;z
and which further showed that Ela residues 86 to 120.were ~f\if:j%
not required for pl05 binding were later reported by -;\f‘hee\;;\

Moran (1988) and Whyte et al. (1989) in an 1ndependent '“f: S

study on Ela-blndlng protelns which thlS group was'*uf _‘““ﬁh-gfﬁ}*

investigating (Harlow et al., 1986). f'viﬁ;"'
The fact that the Ela-blndlng protelns appeared Jl
to 1nteract W1th exon 1 of Ela protelns was of great
'1nterest as thlS reglon had been linked in a number of
studles to 1mmorta11zat10n andkoncogenlc transformatlon
“(Moran et al., 1986b, Lillie et g;;, 1986, 1987, Moran
and Mathews, 1987, Subramanian et al., 1988 and Smith and
2ifE, 1988). For tfahsformation in association with an
activated ras gene, both CR1 and ckz areurequired.-_The
"deletion mutants descri?ed in the present study werexueed
in plasmid form to map the regions in'exon 1 necessary:,
for transformation in cooperation with res;Z The results
showed that, in addltlon to CR1 and CR2 a reglon near the
amino. termlnus was also essential (Jelsma et a1., 1989).
Others had previously demonstrated the 1mportance of the

amino terminus, but had not shown that this reglon was




-functlonally separable from CR1 (Whyte et ail., 1988b),
although other amino—terninal transformation-negative
'jimutants have‘been reported since (Subramanian et al.,
1988 and Smith and Ziff, 1988). There wastan excellent
correlation between the failure to bind one. or more of
the Ela-associated proteins and loss of transforming
act1v1ty (Table 1). The only exceptions were d11109 and
d1i1504. The former transformed poorly, even though the
mutantlEla'product appeared to bind the Ela-assoclated
.species at 1evelslnear to that of wild t§pe Ad5. The
latter, which failed to bind p300 has been shown by
others, using whole virus, to be capable of |
transformation (Osborne et al., 1982), although it was

not'tested under the present assay conditions. These

'1'fresu1ts suggested that at 1ecst one of the reasons why

ff*CRl, CR2 and the amlno termlnus are necessary for

_transformatlon could be the requlrement to form

P functlonal complexes with all three Ela—assoc1ated
protelns. The results further suggested that the major
'Hrole of cﬁlkwas to prov1de some degree of secondary
structure 1n exon 1 whlch was requlred for blndlng of
p300 at the anino termlnus and whlch stablllzed the

f blndlng of p107 and p105 to residues in CR2.

: Little’ was: known of the 1dent1ty or blologlcal

functlon of these cellular polypeptldes prior to the

195
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accounts of Whyte et al. (1988a) and DeCaprio et al. |
(1988) who reported that the product of the Rbl
retinoblastoma tumour suppressor gene could be detecteg
in éssociation with ﬁla proteins and with large T antiéen
of 8V40, respectively, This gene is absent or altered in
retinoblastomas (Friend et al., 198.6,' 1987, Fung et al.,
198? and Lee et al., 1987a) as well as in some other
tumour types including- osteosarcomas (Toguchida et al.,
1988, 1989), small-cell 1ung carcinomas (Harbour et al.,
1988 and Yakoda et g;;;_1988), breast carcinomas (T'ang
et al., 1988, Lee et al., 1988b ana Varley et al., 1989),
and other soft tissue sarcomas (Friend et al., 1987 and
Reissman? et al., 1989)ﬂ:_Because iﬁ is the loss of
function of the gene that is‘assoc;ated with malignancy,
Rbl has been terméd a tumou;wsuppfessor gene, ofﬁanti—
oncogene, tyeifutative function of which is to block cell
proliferation. ".The Rbl gene product was orlglnally |

I

described by Lee et al. g(1987b) as a nuclear
phosphoprotein which, gheh immunoprecipitated from human
cells and analysed on SDS-polyacrylamide gels, migrated
as a doublet band of molecular mass 110kD. The protein
.was repérted to have some DNA binding activity, and
analysis of the protein sequence showed that it had

putative metal-binding domains and proline rich sequences

similar to those of some transcription factors (Lee et

n
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al., 1987a). The protein was found to be ékpressed in a
number of cell types, and the gene appeared to be hlghly
conserved (Lee et al., 1987a, 1987b)

The results presented in this study were
compatible with those of Whyte et al. (1988a) and

demonstrated that the Ela—binding protein pl05 is the

‘product of the retlnoblastoma tumour suppressor gene.

The identity of these two proteins was demonstrated in a
number of ways. Rb protein. immunoprecipitated using

anti-Rb'anti-peptide serum comigrated on gels with pl05

~ precipitated in association with Ela proteins, and both

pl05 and Rb from 35s-methionine labeled cell extracts ran

,las doublets, with the slower migrating species appearing

dus the minor band. Preclearing infected cell extracts

with anti-Rb serum prior'to immunoprecipitating the Ela
proteins resulted in loss of pl05-Ela complexes in the

immunoprecipitates, although Ela proteins complexed to

~ P300 and pl07 could still be detected. Ela proteins from

bdth;}zs and 135 messages could be found in association

with Rb pProteins in anti-Rb immunoprecipitation
reactions, as shown by Cleveland peptide digestion of the
Ela products. Western blot analysis demonstrated that

anti-Rb antiserum could directlyArecogni§e pl0s.

Finally, Cleveland peptide analysis of pl05 and Rb

indicated that the peptide products from the two proteins
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.~ were identical, clearly showing that pl05 was the product

of the retinoblastoma tumour suppressor gene, hereafter
termed pl05~Rb. By preclearing cell extracts of all Ela
proteins (and thus of all pl05-Rb protein complexed to
Ela polypeptides)'ahd then reprécipitating the same
extracts for plo5-Rb, it was shown that only a very small
amount of pl05-Rb existed in ﬁncompleked-form (Egan et
al., 1989). This result was consistent with the model
presented by Whyte et al. (1988a) which suggested that
transformation by Ela proteins results from binding to,
and inactivating pl105-Rb, thus mimicking the inactivation
or loss of this gene product in naturally 6ccurring
tumours. The modef predicts that Ela.proteins must bind
to most ofrthe pl05-Rb present in the cell, as .the
results discussed above confirmed, and the model also
predicts that binding to pl05-Rb is.required for
tfansformation. _tﬁis requirement had already been
demonstrated (see above), but it had also been éhown that
binding to plos-Rb was not sufficient for Ela-mediated
transformation. Binding to at least one other cellular
protein, p300, was also necessary for tranéformation.

Ela proteins which failed to bind to either pl05-Rb or
p300 were transformation defective (Egan et al., 19880and
Whyte‘gg al., 1989). The E7 proteins of a number of

human papilloma viruses also bind to pl05-Rb, suggesting
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that the inactivation of pl05-Rb through interﬁction with
a tumour antigen may reprgsent a common mechanisﬁ of
transformation for different DNA tumour viruses (Manger
et al., 1989 and Dyson et al., 1989a}.

In immunoprecipitation reactions from ceils
labeled with 32p-orthophosphate, it was demonstrated that
.both the slower and faster migrating species of pl05-Rb -
which co—precipitaﬁe with Eia products were
phésphoryléted, and these species appeared to be of the

same intensity. In immunoprecipitations from 35s-labeled

cells however, the slower migrating species is seen as a
much less intense.band, suégestinglthag it is a minor
pfotein spgcies. These results together may indicaté
thaﬁ the slower migra£ing, minor‘species is more heavily
phosphorylated. It has been shown by Ludlow ég'g;&

(1989) that SV40 large T antigen kinds only ﬁo under- or 5
non-phosphorylated forms of pl05-Rb, suggesting there may
be some'differeﬁce in the specificity of-binding of large
T cémpared to.Ela proteins. Recently it has been shoﬁn
that plos-Rb ha; characteristics of a cell cycle
regulaééry element and'ié_phosphorylated in a cell cycle-
dependent manner (Chen gg;;l;J 1989, DeCaprio et al.,

1989 and Buchkovich gg_gl;,.iQBS)i_ The protein exists in
a form which is not detecﬁabiy phosphbrylaﬁéd dufing G1.,

and first becomes phosphorylated at G;/S. It then
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undergoes further phosphorylation events in G, and early
M,’following which it is dephosphoryiated, so that when
the cells re-enter G,, all the pl05-Rb present is
unphosphorylated. It has been suggesﬁ;a éhat the non-
phosphorylated form of the protein/ié*the active form,
and that the phosphorylation evenéhat G1/S inactivates
the protein; thus allowing DNA;synthesis to brbceed (Chen
et al., 1989, DeCaprio et al., 1989 and Buchkovich et
al., 1989). T gntigen associates‘with ploS~Rb in a cell
cycle—depehdent manner, complexing with only with the
non-phosphorylated fofm present during G, and so

nfpresumably‘only inactivating the active form (Ludlow et
g;;é 1990). The resulfs discussed above suggest that Ela
ptoteins may show less discrimination in théir binding to
plOS-Rb; and their binding may not: show any.cell cycle
depeﬁdency, but this has yet to be shown diréctly. The
ability to inactivate a suppressor of DNA synthesis is
thought tb be of benefit to viruses such as adenoviruses
which normal;y inféct qﬁiescentrepithelial éells, as the
induction of DNA synthesis in £hese cells would likely
prémote viral DNA replication as well.

Further evidence for the ability of pl05-Rb to

act as a‘suppreséor of DNA synthesis was obtaihed_in a
-study in which Ela mutants coding for 128 prdducts with

;single or double deletions in exon 1 were examined to
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determine whether they could induce DNA synthesisrin |
quiescent rat cells (Howe et al., 1990). These mutants
were also used to infect KB cells, and the ability of the.
Ela products to bind tc p300, p107land‘p105—Rb ﬁas
examined. The results (Table 2) again showed a
correlation between binding of the cellular proteins and
the 1nductlon of DNA synthesis. Ela mutants whlch bound
elther p300 or pl05-Rb or both, at levels 51m11ar to the
wt control (dl520) could induce DNA synthesis at 1evels
\comparable to wt. Mutants which failed to bind to both
.p300 and“plds-Rb'(or which bound extremely low amounts of
these proteihs), did not induce DNA synthesié at levels
greater than the Ela-minus virus, d1312 ﬁhich was used as
a negative control. -Mutants which bound feduced ievels
of elther p300 or plOS-Rb or both were. capable of)
1nductlon of DNA synthesis to levels greater than that of
d1312 but not as great Q$ that induced by @1520. There
was no correlation between the blndlng of pl07 and
1nduct10n of DNA synthe51s. One of the mutants,
411104/08/520 was capable of-inducing.DNA synthesis at a
level greater than‘would‘have ogeh expected, inen that
the Ela products from this mutant failed to bind p105-Rb
and bouné extremely reduogd amounts of p300. It is
possible that the products of this mutant interact in

some novel way with an as yet unidentified oellular
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factor which is involved in the induction of DNA
synthesis. Another possibility is that the reduced
binding oflthe Ela proteins to pBOQ which was seen in KB
cells was not as reduced in the rat cells in which the
DNA synthesis assays were carried out. The results
suggested.thet p300 as well as pl05-Rb acts to suppress
DNA synthesis and that the tﬁo proteins act in a
cooperative manner. - If one or both of these oroteins is
1nact1vated through an interaction w1th Ela products, DNA
synthe51s is 1nduced. It is only in cells carrylng Ela
protelns whlch blnd neither p300 nor plo7, that the
qulescent state of the cells is malntalned. The ract
" that only one of the protelns must be 1nact1vated to
allow DNA synthe51s to proceed, but both must ke
inactivated to allow the cell to become transformed,
suggests that one or both o§:p300 and pl05-Rb have
functions cother than the-suppression of DNA synthesis.
Others have shown that the regions on Ela with which
these two proteins interact may be distinguished on a
‘functlonal basis with respect to the 1nduct10n of DNA
synthesis anafother ;unctlons such as focus formatlon,
~induction of an epithelial cell growth factor and
induction of m1t051s in cells in Wthh DNA synthe51s has
already come about (Moran and Mathews, 1987 Subramanlan

g; al., 1988 and Smith and Ziff, 1988). Further studles

o

§
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will be required to fully delineate the functions of
these two cellular proteins.
The research described above suggested that both
p300 and pl05-Rb are involved in the suppression of DNA
synthesis, and that both must be inactivated for cells to'

become transformed, indicating that binding of at least

"these two proteins by Ela products has some biological

significance. The biological significance of the

association of Ela proteins with pl07 was not made clear

- in these studies, although pl07 did not appear to play

any role in the suppression of DNA synthesis. A role for

p107 in Ela-medjated transformation was not-apparent as

all Ela mutants which were characterized as(failing to
complex to pl07 also failed to bind'plos—ﬁh. such
mutants were found to'beltransformation defecti?e,fbut SO
were mutants which failed to bind to p105-Rb only. Ela
mutants producing proteins which do not complex with
plo7, but do assoc1ate w1th both plo Rb and p300 have
not been descrlbed.

Cleveland peptlde analﬁels 1ndlcated that there

was some - degree of homology between p107 and p105—Rb ‘but

- the dlgestlon patterns although smmllar, were not

identical 1ndlcat1ng, in. agreement w1th Ewen et al.
(1989) and Dyson et al. (19391:) ; that p107 and plOS-—-Rb

are not identical protelns. The extentgof homology_



between these two proteins could not be determined by
this type of analysis, but further information on the
degree of homology and the identity of common peptides
could possibly be obtained following separation of
tryptic peptides from both proteins by high performance
liquid chromatography. '
Retinoblastoma cell lines were infected with wt

AdS in order to characterize the binding of the Ela-
associated proteins in these lines and it was noted that
pl07 was not detectable in any of the 9 retinoblastoma
11nee tested, although Ela proteins were produced during
infection of these cells, and a third Ela-blndlng protein
p300, was readily detectable in all cases (Tehle 3).
plO? could be detected in retinal cells of non-—
retinoblastoma_origin, indicating that it is‘normally
produced in this cell type. With the radiolabeling

procedure used in these experiments, p300 and pl07.
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appeared in contrel lanes on the fluorograms as bands of °

about the same intensity, and so it was expected that
p107 would be detected in the'retinoblestoma.cells under
theee labeling conditions. Failure to detect pl07
'SuggeSted that either p107 was not present in
retlnoblastoma cells, or that it was present but at
_extremely reduced and therefore undetectable levels, or

that it was produced at normal levels but was unable to
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complex to Ela proteins in the absence of functional
pl0S-Rb. It had previously been shown that binding of
plOS;Rb to Ela proteins was not required for binding of
p107 (Egan et al., 1988), and so the third possibility
suggested rather that functional Pl05-Rb was necessary to.
meodify or alter pl07 in some way before pl07 could
interact with Ela proteiné. When WERI-RB1 retinoblastoma
cells were labeled‘for an extended period of time using
increased ambﬁnts of 35g-methionine, it was found that a
veryﬁsmall éméunt of pl07 could be detected. This
.indicated ih.agreement with reports by Ewen et al. (1989)
and Dyson et al. (1989) that pl07 was expressed in these
cells, .and that it could not therefore be an
.alternativéiy spliced product of the Rbl gene, both
alleles of which are missing in WERI-RB1 cells. Clearly
however, the protein was either expressed at extremely
reduced levels in WERI-RBl cells or only a small fraction
of the pl07 present in these célls could:bind to Ela.
When small cell lung carcinoma cells which lacked a
functional Rbl gene product were eggmihed however;fit was
found.that normal amounts 6f pl107 ﬁere found in
assoqiation with Ela proteins; Suggesting thﬁt there waé f
no requirement for pl05-Rb to modify or_act on pl07 as a
preréquisite'to formation of a cqmpiex with Ela prodﬁéts;

This is consistent ‘with the hypothesis that it is the
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level of expression of pl07 and not its ability to
associate with Ela proteins which is redooed in
retinobiastoma.cells; although in the absence of a probe
for pl07 mRNA, no definitive conclusions with respect to
levels of expression could be made.

These results may suggest a p0551b1e relatlonshlp

‘between the product of the retlnoblastoma tumour

suppressor gene, pl0o5-Rb, and plo7, with which it has

.been shown to share a number of characteristics. Both of

these proteins bind to adenovirus Ela proteins and to

SV40 large T antigen, and for both proteins large T binds

-only the non- or undervphosphorylated form (Ewen gg al.,

1989), whereas Ela protelns a55001ate with phosphorylated
and non-phosphorylated species (Yee and Branton, 1985b,

this thesis and Buchkovxch et al., 1989). Both pl07 and
p105—Rb blnd to Ela protelns in overlapping regions (Egan

L

et al., 1988 and Whyte et al., 1989). Mutations that

- remove amino ac1o reSLdues 111-123 ‘on Ela polypeptides

' weliminate pl05-Rb binding, and mutations that remove

residues 124-127 abolish binding of both pl05-Rb and
pl07. Mutations in CR1 in the first exon of Ela proteins

result in reduced blndlng of p107 and plos-Rb p0551b1y

due to an effect on proteln conformatlon. Both pl07 and‘

,plos—Rb interact w1th a reglon of SV40 large T between

residues 105 and 114 which is highly homologous to the
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120-127 region of Ela proteins (Moran, 1988 and Ewen et
al., 1989). They are both ubiquitous proteins, which
have been detected in a number of tissue types and in a
number of mammalian species (Yee and Bfanton,‘1985b,
DeCaprio et al., 1989, Ewen et al., 1989 and Dyson et
‘al., 1989). They are of similar molecular mass, and
appear to be expressed in éimilaf quantities. The
results discussed suggeét that plo7 énd pl05-Rb may be
products of related genes.

| Iin conclusidn,iit has been shown that an‘
association between Eia'pfoteins and at 1eést two of the
cellular proteins, p300 and piOS-Rb is involved in Ela-
mediated transformatioﬂ. Both of these proteins were
also found to bé involved iﬁ”the fegulatioh of DNA
synthesis,in gquiescent cells, and appeared to act in a
cooperative manner to éuppress DNA synthesié. These
results'sugge3£éd that p300 méy be the produdt'of a
tumour Suppressor gene with a function similar to pl05-
Rb. The ability of p300 to bind to Ela-Sepharose could
make Ela-Sépharose suitable for affinity pﬁrificaﬁi%n_of
p3C0 in order to develop a probe fbr the -p300 gene, . ;
possibly by microsequencing the protein. 01oning.the gene
for p300 would clearly be of interest. The role of ﬁlO?_
"in transformation was not determined in these studies, as

© Ela mutants which could bind pl05-Rb but not p107 have

23 .



2oel
not beengreported, put this protein did not appear to
function as a suppressor of DNA synthesis. There seemed
to be some degree of homology by Cleveland peptide |
analysis betweenlp107 and pl05-Rb but further comparison

of the digestion'products of theee two proteins, possibly:

bv complete tryptic digestion and separatlon of the

peptldes by high performance liquid chromatography, w111
be required to determine the specific relationship. . Such
an analysis could result in the identification of p107

peptides having enough sequence identity to known regions

of pl05-Rb that they'coﬁld he used to develop probes for

the pl07 gene. The results described in this study

suggested that p107 may be from a gene related to plo5-

Rb, and so clonlng of the p107 gene is clearly of

interest and could help to elucidate the biological

'significance of the association between Ela proteins and

R

@
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Appendix 1. Amino acid seqguence of the Ela 125 and 138

géne products. The region unique to the 13S product is

shown as a shaded area.

- 10 20
et Arg His Ile Ile Cys His Gly Gly Val Ile The ELU GLU fet Als Ala Ser Leu Leu

. 30 : <0
ASP GIn Leu Ile GLU GLU Val Leu Ala ASP Asn Leu FPro Pro Pro Ser His Phe GLU Pro

- 50 &0
Pro Thr Leu His GLY Leu Tyr ASP Lew ASP Val Thr Ala Pro GLU ASE Pro Asn GLU GLY

70 =0
Ala Val Ser Gln Ile Phe Pro ASP Ser Val Het Leu Ala Val Gln GLY Gly [le ASP Leu

, 90 . ) 100
Leu Thre Phe £ro Pro Ala J'rg\le Ser fro GLY Pro fro His Leu‘Ser Arg Gln Pro GLU

IRT I ' 120
Gln Pro &L Gln Arg Ala Leu Gly Pro ¥al Ser flet Pro Asn Leu Val Pro GLU Val Tle

: } 130 140
ASP Leu Thr Cys His GLU Ala Gly Phe Pro Fro Ser ASP ASP GLU ASP GLU €LY Gly &L

‘ ' 150 . 160
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v 170 . ‘ 280 -
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