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ABSTRACT-
Human adenoviruses are known to transform rodent
cells in culture and these cells are tumorgenic when

injected into new born animals. It has been well

established that the early region 1 f£l) of human

~

adenovirus %ype 5 1is necessary andé séfficient for
oncogenic transformation. The E1l region is comprised of
two transcription umits known as Ela (0 to 4.5% of the
genomé)_aQ 18 (4.5 to 11.2%), each of which produces
multiple species of mRNAs and polypeptides. ElA is also
requiraed to activate the transcription of other vifal
early regions. In the present study anti-peptide sexa
ware uosed to identify and characterize these viral
proteins.

Anti-peptide sera specific for the amino- and
carboxy-termini of Ela were raised and these two sera
precipitated an identical set of four major
polvpeptides of 52, 50, 4B.5, and 45K and twe minor
species of 37.5 and 35K. Studies wusing EIA mutant
viruses alsc revealed that 52, 48.5, and 37.5K
polvpeptides are derived {rom the 1.1 kb mRNA, and the
"50, 45, and 35X species from the 0.9 Xb mRNA of EIlA.
These sera were also used to identify polypeptides that

are associated with El protelns. 3 set of five cellular

-

iii }



polypeptides consisting of >250K, 105K (doublet;, 68K,
ané 65X species were found to co-precipitate with EILA
proteins inder various conditions \end the nature of
this association was investigated usihq the
anti-peptide serz as well as an Ela-specific monoclonal
activity,

-

Antiééra against synthetic peptides corresponding
to the.both termini of E1B 38K were also raiseé and
used to identfy 58K from wild-tvpe a2nd mutant-infected
cells. It had previously been shown tgéé protein kinase
activity was associated with 58K. To ask\if protein
kinase activity 'was intrinsic to this g;ﬁial protein
several conventional methods- were used to purify SEK

and the =results suggested that such activity may be

o~

intrinsic to this wviral proteiﬁ.

The anti-peptide sera were used to purify El
proteins. A simple purification procedure using these
sera anéd their corresponding synthetic peptides was

. developed and highly purified 58K and E1l3 proteins were
obtained. Attempts were made to shtudy protein kinase
activity using these purified El proteins, however, the
results were inconclusive and ;t was not possible to

unequivocally determine if kinase activity was

intrinsic to them.
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Chapter 1

Introduction



1.1 HBuman Adenoviruses

—

1.1.1. Classification of Human Adenoviruses

+3

o date at least thirty-one recognized serotypes

of human adenoviruses have been classified into several

[\s]
(31

oups that share common properties (Flint, 19802;

—

1 e al? 198C). They have been classified into

ce

ju]
r

i

-t

sﬁbgroups according t£o the Dbase composition (G+C
content) of their DNR (Pina and Greed, 1965), the
degree of theilr nucleic acid homology as measured by
DNA:DNA and DNA:IRNA hybridization (Lacy and Green 1964,
1965, 1967; Bartok et al 1874; Garon et al 1973y, and
also their ability to -aggulutinate eryfhrocytes of
human, monkevy, and rat in vitro (Rosen 1958, 1960;
/;aggl et al 1960, Zuschek 1961). They have also Been
gathered into four groups according to their ability to

induce tumours 1n newborn hamsters. Serotvpes in

~
-

SuSgroup § which are highly oncogenic are able =to
indace tumours raéidly in the majority of inoculated
animals. The weakly oncogenic subgroup B only has a
limited capacity %o induce . tumours and membérs of
subgroup C and D which are weakly oncogenic have a -

o

limited capacity te induce tumours (Huebner, 1967;

Mcallister et al., 1969). A fifth and sixth group



b

(groups E and F) have also been identified by molecular
methods (Wadell, 1979; Gerna et al., 1982; Gary et al.,
1982; Retter et al., 1979). These classification
schemes are based on their bioclegical prﬁperties and
nucleic acid sequence homology and, surprisingly, there
is a good correlation using the different schemes to
group the serotypes.

0f all the human adenovirus serotypes, the closely
related types 2 and 5, both members of subgroup C, are
the Dbest characterized. They share 98.8-99.4% D¥NA
homology and are non-tumorgenic in newborn hamsters,
but will transform cells in tissue culture. Unless

otherwise stated, information presenkted in the

-

remainder of this ingroduction pertains to these two
-

serotypes. i . )

1.1.2. Structure and Composition of adenoviruses

The adenovirus virien is about 60-70 nm 1in
diameter and is composed of an inner core and a- h{ghly
characteristic icosahedral outer shell. The virus 1is
nonenveloped and contains 87% protein and 133 DNA
{Green and Pinz,1963). The cgpsid is built up from 252

capsomers, comprising 240 hexons (termed hexon Dbecause

each of these 1is surrounded by six neighbors) and 12



vertex capsomers at the vertices of thé icosaiadron
aach of which is surrounded by five peripentonal hexons
and thus termed pentous; The pentons are éomposed cf a
pase, which is anchored in the capsid, and an outward
antenna-like projection termed the fibre. The .core of
the virion contains " the viral genoﬁé, its ' associated
nucleoproteins, and other polypepéides, some of which
ara-involved in stabilizing the subunits of the capsid
(reviewed by Ginsberg,1879; philippison et al, 1975;

Tlink, 1980a). The viral core with a density of 1.42

(¥4 )]

‘g/em (Laveg et al, 1968 mg) contains 18-20% of the

A

total protein of the virion. These cores can be
released by ;reatment of virions with heat, formamide,
pyridine, and urea (Philippson and Lindberg, 1974).

The pol¥peptide compositicn of the adenovirus
particle has been studied primarily by SDS-PAGE (see
£ig. 1). The results revealed an anexpected complex;ty
(Haizel et al, 1968 and 1971) and up to 15 structural

polypeptides have been described. It 1s now well

ostablished that virions contain at least nine unique

'O

olypeptides (I, III, IlIa, IV, V, VI, VII, VIII and

i

X) and several minor species which represent anigque
/
; .

viiral polypeptides present in only a few sopies per



h

.

Figure 1
virion Sktructure of Adencvirus.

(Adapted from Persson and Philipson,

1982).
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{’//’xiedon, or cleavage products which remain when capsiad

polypeptides are cleaved during virion assemdly.
Polypeptides 11, ITI, aand IV with molecular
weights of 120,000, 85,000, and 62,000, respectively,
are the major polypeptides of the capsid (Maizel et al,
1968b). Polypeptide II is the subunit of the hexon and
three molecules constituﬁe one hexon structure
&Horowitz et al, 1970; Cornick et al, 1973:; Jornvall et

al, 1974). polypeptide III is the subunit of the penton

pase which is probably comprised of five such subunits. |

Three molecules o©f polyvpeptide IV form the fibre
protein. Polypeptide IX with a molecular weight of
12,500 is isolated with the groups of nine hexons and
1s thought to playv some role in binding hexons togethe}
into ninemers (Everitt et al, 1973). It also appears to
be partially exposed at the virion surface (Everitt et
al., 1973; Maize; et al., 1968a,b). ?olypeptide VIII
(M,=13,000) is found 1in association -wiith individual
hexons and appears Lo be located on the inner surface
of the capsid. Polypept%de VI (M,.=24,000) is also
localized internally, - associated with hexons.

Polypep

i

N =

ide IIIa (M, =656,000) appears to be associated

[H
rr

~

with periopentonal hexons close to the vertex regions of

the virions. It can also be cross-linked teo an internal
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core polypeptide VII and may therefore extend jnto the
interior of the virion (Everitt et al, 1973, 1975). Two
arginine-rich polyéeptﬁdes are _aséociaﬁed with the
cores, polypeptide V' (M_=48,500) and VII (M_=18,500).

They are present 1in 180 and 1100 copies 1in each

o

article, (BEveritt et al, 1873,  19875). A& third

nolypeptide (M,=55,000), present in only two copies, is

covalently attached to the molecular ends of the wviral

DNA (Robinson and Bellett, 1974; Rekosh et al, 1977).
The core-associated polypeptides probably mediate the
packaging of adenovirus DNA within the virions, but the

LY

adenovirus DNA in the core particles appears not to be

- protectad from nuclease attack 1in a way similar to

cellular DNA packaged 1in nucleosomes (Tate and

.Pnilipson, 1979; Brown and Weber, 1980).

1.1.3. The adenovirus Genome

The genome of adenovifus is an uaninterrupted,
linear molecule of édouble-strinded DNA (van der Eb and
van Kesteren, 19&6; Green et a}, 1967; van der Etbh,
1969). The genome size of adenovirus varies .only
slightly among the subgroups, fron 20x166 daltons of

the highly oncocgenic serotypes 12, 1§, and 31 to 23x106

daltons of the non-oncogenic serotvpes 2 and 5 (Green

N\



et al 1967). The strands of adenoviral DNA can be

separated 1in alkaline cesium chloride equilibrum

gradients (Sussenbach et al 1973), yiﬁh heavy (h) and

light (1) buoyant density strands corresponding -to the

-~

'r' and 'l' strands, respectively, according to an
adopted nomeﬁclature which names COmplemeﬁtary .strands
according to the respective rightward:(r) and leftward
{l) direction of transgriptiénﬂ(Sharp 1977y .

The viral DNA released from virions is covalently
attached to‘ a terminal | protein at the 5° end.
Adenovirus DNA msle:ules have two unique- structural
features: inverted terminal repetitions and palindromic

sequences near the termini. The DNA molecules form
*

single-stranded circles when denatured and renatored at

low DNA - concentrations due to the pfesence of

complementary sequences at the end of each DNA strand
(Garon et al, 1972; Wolfson ané Dressler,1972). Using
specific endonucleases to cleave DNA termini (Roberts

et al 1974), and electron microscopy (Wu et al 1977)

the Ad2 repetition has been estimated at 100-140

nucleotides. More recently direct sequencing of the
ends of adenoviral DNA nas confirmed this estimate,

indicating 102 and 103 nucleotides for the repeats of

Ad2 and Ad5, respectively (Steenbergh et al 1977;



Arrand and Roberts 1979) . The second unusual structural
Eeatufe of the adenovirus DNA molecules is the presence
of palindromes. The exposed-single-stfanded DNA segmént
folds back on itself to form a hairpin structure, and
this palindrome is locatéd approximately 180
nucleotides £from each terminué éf adenoviral DNA
(padmanabhan and Green 1976). -The hairpin structure was
isoléled by digestion with Sl nuclease and was shown by
electrophoresis to be cbmprised of about 50 base-pairs.

The functions of the 1inverted terminal repetition and

palindrome remain largely unknown.

1.1.4. Functional Organization of the Viral Genome

The transcription of adencovires RNA is
conventionally divided into two 562355, early and laté,
which are separataed Dy the onset of wviral DNA
repiicatioh. Early viral RNA was shown to hybridize to
four discrete and widely spaced regions of the wviral
genome designated El to E4 (Ortin et al 1976; Philipson
et al” 1974; Sharp et al 1974; Smilev and Mak 1978).
Regions E1 and E3 are transcribed from the'-virall b
strands, whereas regioné é2 and E4 are transcribed f{rom

. - - . 1 .
the viral 1 strands. Further studies have shown that

region El can be subdivided into two separate



G

10

transcription units, termed ElA and E1B {Sehgal et al
1979; Wilson et al 1979). These transcription units are

-

expressed at early

times (2-8 hours poét-infection)
before the onset of DNA replication.

=ight trapscription units have beén identified on
the adenovirus génome (see fig. ?). In additioﬁ to the
five early transcription “units there exist the major

. . _

late transcripticon unit ané &wo transcription units for
mRNA;Léxpreséed at intermediate times of infection._The
major late tfanscription ;nit is utilized for
expression of almost all the virion polypeptides (Lewis
et al 1980; Pettersen and . Mathews 1977) -with the

exception of pol

'
e

eptides IX and IVa whose mRNas are

e

- ~

derived from two ‘qther transcription units and are
promoted and expressed independently (Alestzom et al
1980; Wilson et al 1979; Chow et al 1977; Ch;w et al
1980). Both polypeptides 1IX and 1IVa .are asually
referred to as intermediate polypeptides because they
accumulate Dbefore and independenf o of wviral DNa
replication fChow et a2l 1980; Persson ét al 1979).

Most transcription units produce multiple mRNA
species as a result of splicing. Region E2 differs from
the other kranscription units by using alternative

promoter sites for initiation of transcription (Chow et

v
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igure 2
Transcription map of Agd 2

(adapted from Sharp, 1984)
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al 1979). During the switch from early to late phase a
promoter shift occurs so that the E2 mRNAS are
preferentially transcrived tcom. an alternative

promoter. With the major late transcription unit, its

promoter generates & primary transcript consisting of

approximately 28,000 nucléotides (Evans et al 1977)
that is then spiiced in different fashions to generate
the mRNAs for all the capsid proteins with the
exception qE ‘polypeptide IX (Berget and Sharp. 1979;
Chow et all 1977; Lewis et al 1980; Pettersson and

Mathews 1977). Spliced messages from the late promoter

share three short segments of 5' untranslated leader

RNA with a combined length of 203 nucleotides derived

from sequences at map coordinates 16.5, 19.6 and 26.6
{Akusjarvi and Petterson 1979%a; Akusjarvi and Petterson
1980b; Berget et al 1977; Chow et al 1977; Zain et ai
1979). The 3' ends of the mRNAS . are made by
endonucleolytic cleavage of the initial transcript and
addition of a poly A ta2il at one of five major poly 3
addition sites (Fraser et al 1979; Nevins and Darnell
1978) and this allows the late mRNAS to bé divided into
five 3' coterminal families designated L1 to LS5. The
fact that many i%te aéenovirus mMRNAS shére commen 3

.ends means that they are structurally polyecistronic,

i



’ T b
although in a functional sense they are monocistroni®,.

Although this promoter is termed "major late promotex",

. ' . - v .
1t has been shown hat it is also somewhat active at

%

4cly times of infestion (Akusjarvi et al 198l; Chow et

jvH]

1 1980; Fraser et al 1979; Kitchingman and Westphal

1980; Lewis and Mathews 1980)

1.1.5. Productive Infection bv Adenoviruses

(a) Absorption and Uncoating

The viral infection starts with the absorption of

_the adenovirion to specific receptors on 'the plasma
membrane of the host cells (Lonbe;g—Holé and Philipson,
1969; Levine and Ginsberg, 1967; Meager et al., 1977;

Philipson et al., 1968). The virions are bound to the
receptor§ throagh the fiber antigen (Dorsett and

Ginsbexg, 1?75; philipson et al., 1968; Sundquist et
al., 1973) located at the 12 vertices of the virion
(Valeﬁtine.and Perira, 1965). Atteméts have been maée

to isolate and characterize the virus receptor on K3

c211s and three polypeptides with apparent wmolecular

weights of 78,000, 42,000, and 34,000 have been
.identified (Hennache and Boulange, 1977), of which one,

the 42X species, 1is glycosylated (Svensson et al.,
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1981). 7The binding of the virions leads to  the

redistribqtfon of the viral :eéeptors in the oplasm
menmbrane and subsequently. resqlts in a clustering féf
aftached'virionsl(Perrson et al., 1983; Pattersson ‘and
Russell, 1983). This. reorganization mediateﬁl a
ldestabilization of the wvirgs particles ang paréial
uncoating océﬁrs a2t the outside of the plasma membraqs
leading to the loss of pentons and partial exXposure of
the génomer (Lawerence and Ginsbérg, 1967; Philipson{
1967; Sussenbach, 1967); M2tabolic inhibitor studies
suggest ' that retabolizing celis are ‘required for
uncoating (SvedSson' and Perrsoﬁ, 1984). The modified
virions are interhalized within vesicles on route to
the nucleua; Different mechanisms of internalization of
the virions have beén Suggested, involvihg p180cytosis
(Dales 1862; Chardonnet ang Dalas 1970a,b), direct
benetration of +he membrane (Lonberg-Holm and Philipson
1%69; Morgan et al. 1969), or absorptive endocytosis
(Svensson and Perrson, 1984) as described by Goldstein
et al. (1979). ' =

Within a fey minqtes of entering the cell, the
Daentonless particles move rapidly to the verinuclear
cytdplasm by a Podrly. understood mechanism (Dales and

Chardonnet, 1973; Luftig ang Weihing, 1975) ang appear




-

to become associated with pdtes in the nuclear envelope
(Chardonnet and Dales, 1970a,b;.Dales and Chardonnet,

1973). The remaining capsomers from the DNA-protein

core-are removed and the viral cores then enter into

the nucleoplasm. Both uncoating at the nuclear membrane

"and entry into the nucleus seem to be mediated by. an

ATp-dependent activity (Chardonnet and Dales, 1872).

The final stage of uncoating occurs to generate naked

DiA-terminal protein compléxes which become tightly

associated with the éucleaf matrix (?h;lipson et al.

l§%8; vounghusband ané Maqndrell 1982). The entire

orocess 1s usually compieted in about 2 hours

(philipson et al. 1968) ané can occur in the . presence

of inhibitors of protein and nucleic gcid synthesis,
: ;

suggesting that dJde_novo gene expression Dby the host

‘cell is not required (Lawrence and Ginsberg 1%67;

Philipson 1967).

(b) Early Gene Expression

Mot all of the eight transcription units are
activated simultaneﬁusly during lytic infection by
adenovirus, The pfoduction 0f adenovirus mRNAs during
lytic iﬁfection is regulated by a complicated set of

events involving both viral and cellular proteins. All
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the adenovirus cenes are éranscribed by cellular .RNA
polymerase II -except thgr VA RNA genes (Price and
Penman, 1972; Weinmann ’et al,1974). VA RNAs are -lpw
molecular weight_vifal RNAs that are synthesized by RNA
polymerase III (érice and Penman, 1972; Soderlénd et
al., 1976; Weinqann et al., 1974; wWeinmann et al.,
1976). The =role of VA RNAs in viral replication” is
still largely unkacwn.

During the infectiogsfcycle ‘the £five early
transcription wunits are  expressed with  &ifferent
kinetics (Wevins et al., 1979; Persson et al., '19813).
Region ElA is the first early gene to be expressed,'and_
transcripts from this region can be detgcted as early
.as 45 min aftér ‘infection. The maximum rate of

; b g - :
transcription from the ElA promoter 1is thereafter

-

maintained .for at least 6 hours. Transcription from
: = - . N

regions =3 and E4 begins around 1.5 hr pest infection
S

and reaches & maximum rate at about 3 hour post

infecticn, followed by a decline. Region E2 is the last

early transcription wunit to be activated and the

transcription rate peaks at 7 hours post infection then-

starts to decline (WNevins et al., 1979). The

transcription rate from the ELB promoter appears Lo  La
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sonstant throughout the infection {Wilson and Darnell,

1egl).

By

controlled at the level of transcription (Nevzns 1981),

,at_least.in part‘by- virus-encoded functions. tudies
hsiﬁg host-range mutants (Berk et “al., 1979) or
deletion mutants (Jones and Sbenk, 1979b) that have
lesions in region E1A suggestad that zla prodqp:s’-are
necessary for efficient expression 'o% oéhé£  early
régions. Cells infectied with these mutants f2il ko

accunulage c»toplasmlc mRNA from early regions le, £2,

e

3, and E4. At low mult 1011c1 of infection the grow;n

. of tHese mutants in Hela cells is seve*euv restricted.
Howeverj with 293 cells, yhlch are Ads-hransformed
human embrgonic kidney cells that express. RN&g
proteins from viral DNA encompassing the leftEOSt 11%
of the viral genome {Graham e% al., 1977; Aiello et
al., 197¢), both the host-range mutants and  the
deletion mutants grow as well as wild-type virus
(Harr;son et al. 1977; Jones and Shenk 1979a; Schrier
et ai., 1979; persson et al., 1981bf. Thus, the;‘viral
gene products from ElA are requi:eé tor the expression

of the other early regions.

Expression of ear%y regions of adenovirus 15 .
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R
Two mRVAS of 1.1 anéd 0.9%xb in ‘length are
transcrived from ElA éarly -after infection. These two
mRNAS code for overlapping polypeptides (see below for
more details). To differentiate functions of the
overlépping Ela-specific gene products mutants with
defects affecting either the.l.l or 0.9% E1A mRNAsS have
heen isolated and used o study their role for the
expression of the other early regions. The results show
that tranécriptignal control is mediated orimarily by a
sroduct(sy of the 13§ mR¥A (Ricciardi et al., 1981;
Montell et al., 1982). However, when recombinant
plasmids that produce either the. 138 or 125 gene
p;oiucts are cotransfected ifto HeLa cells with
plasmics containing the viral EIla or EIII
transcription units, the individual products of the 138
anéd 125 EL3 mR¥As Dboth stimulate EIIa and  EIII
transcription (Leff et . al.,1984)y. Two other agds
mutants, which produce eithé; the 135 or 12S E1A mRNAS
were constyucted and dsed to characterize the function
0f the ©1A mRNA gene products {Winberg and Shenk,
1984). The mutant that produces only 138 m%NA generated
near Qild—:ype vieléds in HeLa cells whi&e the virus
-

vields of the mutant that synthesizes .only 128 m=mRNA

were only S-£fold reduced. These results disagree with
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the earlier findings and suggest that the products of

noth

O

13 early mRNAs are capable of stimulating the

transcription of other early genes.
{c) WViral DNA Replication
- .

The synthesis of wviral DNA commences around six
nours post infection and reaches maximal levels six to
ﬁen hours later (Ginsberg et al 1967; Pina and Green
196%9). AdS5 DNA replication proceeds via a displacement
mechanism. Replication may start at either end of the
linear Jdouble-stranded genome and proceeds by a strand
displacement mechanism antil e of the parental
strands is completely displaced (Lechner and Kelly
1977; Sussenbach et al., 1972; Sussenbach and &Kuijk,
"1977; 1978). Because the adenovirus DNA carries
inverted terminal repetitions (Garon et al 1972;°
Wolfson and Dressler l?&Z), the liberated single strand
presumably will €form a circle which is maintained
through base . pairing ?etween the two ends, thus
generating 2 panhandieclike structure. The replication
of éhe displaced single strand 1is then presumed to
initiate in the panhano}e structure. However, it has

o
a0t bheen demonglrated directly whether the template for

complementary strand synthesis is completely

-

N



single-stranded or via a panhandlelike st{ggture
(Daniel{}l976). The findiné that adenovirus, génomes
rasiing part of thel left inverted terminal fegéaQ
pxoéﬁcé infectious progeny which contain two ‘-complete
terminal répeats is consistentlwith'the formation oé a
panhandle structure as an 'interﬁediate in adenovirus .
DNA replication (Stow 1982).

The develogmehtroﬁ an in vitrovsystem Eﬁat allows
'thq replication of adenovi{us DNA in soluble nuclear
egt:ééts haé.g:eétly increased our understanding of the
DﬁA re?licatibh mechanism used by adenovirus (Arens et

-al 1977; Challberg ‘and Kelly 1979; Enomoto et al 1981;

ja o

oTw

o - b
1976;. Ikeda et al 1981; Xaplan t\fél 1977;

[N
‘rf

Kaplan et” al 1979; Stillman 1981; Yamashita et al
1877). Extracts from infected cells can utilize
.éiagfnousyy added wiral DNA as a template  for
fepliéation. The availability of in vitro systems makes
s possioie o .analvze the different steps in
replication, to define the origin of replication, and
furthermore fo identkfy enzymes and othér compaAN=NtLs
. 4
ithai 3re necessary for adenovirus DNA replication. With
this svstem it has_been'shown. that the 30,000 dalton

pracursor for the terminal protein . (pTP) can form .a

covalent complex with  &2TP -in the presepce  of



adenoviZus DNA (Enomoto et al 1981; Lichy et al 1981;
Tamanoi and Stillman 1982). The complex then bHinds ko

the origin sequence (Hay et al 1984) and serves as a

orimer for the elongation process. It . has also been
disgoveréd' that adenovirgs encodes a viral DNA
polymeraﬁg“{mr=l40,000) in E2B between map cooédinates
14.2 and 22.9 {Lichy et al 1982). The adenovirus DNaA
pélyme:ase appears to be dapable of initiating DNA
replication in vitro by mediating linkage of dCMP to
the precursor of the terminal protein (Lichy et al-
1982; Stillman ‘1982}. Tha exact role for the E2A
encoded 72K single:s::éndeﬂ ANA binding.protein- {DPB)
in DNA }eplicatién is not known. Témpefﬂtﬁre-séﬁsitive
mutants of E2A are DNA negative and temperature shify
experiments suggest that the DBP is involved in both
initiation and elongation (Horwitz 1978; van der Vliet
and .Sussenbach 19;5; van der Vliet et al 1977}. 1In
addition %o ‘these three virally ‘coded proteins two
other cellular proteins, nuclear factors I and II :with
molecular weight of 47,000 and 39,000 respectively, are
necessary, the former 9Dveing reguirad to stimulate
DTP-ACMP initiaticon complex formation and the lather

elongation reactien (Nagata et al 1982; Guggenheimer et

al 1983; Nagata et al l983;é&§ggenheimer et al 1984).
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-molecules~ However, it has been shown that replication

It is now generally believed that adenovirus ‘DNa
replication proceeds via displacement off linear DNa
can initiate in vitro from termini embedded in plasmid
DNA (Pearson et al,. 1983) and approximately 10% of the

viral DNA in infected celis hezomes  joined as

.head-to-tail molecules dae  to the formation of

covéfently closed circles (Ruben et al,, 1983) . This;

covalently closed circular viral DNA was detested  well

-
v

pefore initiation of viral DHA  synthesis. The ags

circles*which hagd been cloned as plasmids were capable
of{ generating infectious virus with an efficiéncy
comparable with that  of virion  DNA  following
transfection iq;p_ human cells (Graham, 1984b). These
iesultS suggestad that these cireles mAay ntay a role in
viral replication, )

(&) Transition from Early to Late Gene Expression

The major. event geverning the transition from
early to late 'transcription -appears to be | the
teplication of viral DNA, because unreplicated DNA,
when introduced into cells in the- late_pEase, still

ftails to express late genes (Thomas and Mathews, 1980).

The mazjor late promoter at cocrdinate 16.5 * controls
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most of the transcript;onal activity in the late phase
and is resgonsib}e for the synthesis of functional
ARNYS for m&st. of the viEal structurél polypeptides.
Howegér, transcripts 6riginatingffrom the major late
promoter have also boen observed éarly after wvirus
infection or in cells where viral ﬁNA replication 1is
blocked (Fraser et al., - 1979; Chow et al., 1979;
XKitchingnan and _Wes:phal, 1380). The start site for
transcription is the same at both early and lats times

~of infection (Shaw and 2iff, 1980). The primary

only two cytoplasmic RNA species from L1 (Chow et al.,

1980; akusjarvi ané Perrssoa, 1981), extends %o the
- .

right end of the genome at late times and is spliced

into about 20 different mRNAs allowing expression of

genes coded in L2-L5.

The switch from early to late phase alsc involves
vi:ué;induced changes in the splicing machinery
(Akusjarvi and Perrscn, 1$81, Chow et al., 1980; Mavins
and Wilson,-l981}. The L1 nuclear RNA ?recursor is the

same colinear RNA molecule at both early and late

times. However, the ea

(a1

ly mRNA species has a

-

guadripartite leader with an extra 440 nucleotide long

leader segment derived from coordinates 22.0 to 23.2

transcript, preterminated at early times and producing
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_ . .
(designated the i-leader) spliced into the message

bgﬁween the second and thiréd late legder segments (Cho@
et al., 1980; Virtanen et al., 1982; Shaw and 2iff,
1980}‘Név§ns and Wilson, 1982). The three TlA mRNAS,
138, 125. and 95, are gen;?éted by separate splicing
eventsrusiﬁg tbe\ nuclear colinear traﬁscripts'as the
only precursor RNA-(Svensson et al.,, 1983). The 98
"mMRNA, which at early times .is barely detectable,‘
becomes the most prominent EIA mRNA late during the
infectious eycle (Spector et al., 1978, Chow et al.,
1579, wilson 2nd Darnell, 1981). It has béen speculated

that the change in abundance occuars as the resul: of

virges-induced changes in the splicing enzymes (Svensson

et al., 1983), however, it is also possible that the

. o . . . - .
incr¥ased levels of 9S8 mRNA. are due to an increased
s

stability late in infection (Wilson and Darnell, 1981).

fn additish, it appears that eérly region 2 mRNAS are
initiated at a different promoter site which  is
utilized exclusively at late times. During. early
infegtion, early regien 23 makes use of 2 promoter at
,cpgrdinaée 75.2 which is also used by region 23, bgt at
late.-éﬁmeg ragion E2A RNA is synéhesized from a
Qiféepeht promoter at cocrdinate 72 (Chow et al.,

1979) .



rhe nature and mechanism of the changes in

transcription terminatien sites, splicing patterns andé
promoter usuage which accompany the switch from early
ko lakte times remain largely dnkﬁown. Howaver, it has
been established that Dblockage oEITDNA replication
either by DN3a synthesis {nhibitors or by DNA negative
mutants prevents the formation of most' late mRﬁAs
-{éerget et al., 1876; 'Carter aﬁd Ginsbefg,-l976;' Chow
et al., 2979). ﬁﬁen cells infected by tsl25 that have
heen permitted to enter the late phase at a permissive
temperature are shifted ko a non-permissive
temperature, late‘transcription continues for extended
naciods, even though viral DNA synthesis ceases rapidly

(Carter and Ginsderg, 1976; Ginsberg et al., 1974;

r

Thomas and Mathews, 1980}. These results suggest that
the onset of DNA replication is the critical factor,
nowever, actively replicaiing adenoviral DNA wolecules

are not a prerequioke of transcription of late RNA.

(e) assembly of Adenovirion

During the late phase of adenovirus productive
infection, most of the viral nolypeptides are rapidly
released from polyribosomes and %transported .to  the

aucleus within three to six minutes (Horwitz et al.



28]
~J

1969; Velicef and Ginsbherg. '1970). During tﬁis short
interval, monomesric structural polypeptides of the
nexon, the penton base, and the fiber‘assemble into
ca5sid units (Velicer and Ginsberg 1970), but the rates
at which the different structural species’/’begome
_incorporated into mature virions varies - considerably.
Within 13 thours of infection the as;embly of 1light
_intermedﬁate particles begins (Sendquist et al., 1973),
‘and these particles appear to _be eméty capsids and
represent the fi;s: stage in particle assembly.

The cores or core §recursor complexes are rapidly
associated with viral DNA after their synthesis and
the intacnediate particles are formed by the insertion
of the wviral DNA and core-protein complexes into
preformed capsiés (Sundquist et al., 1973; Ishibashi
and Maizel, 1974}. Analysis of the viral DNA Sequences
associated with the interﬁediatéé show enrichment of
sequences nemologous to the left end in a éatterp
suggesting that 'vira; DNA seqﬁences enter preformed
capsidés by the left-end first (Daniell, 1976; Tibbits,
1977; Daniell et al., 1978). The = loss of the

L -
polypeptide Iva from the intermediates signals the

nassage of these particles into the form of young

virions (Ishibashi and Maizel, 1974).
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In tHe final stage of the virus replication cycle
‘

youdly virions mature into infectious virions. Studies

—

using a variety of temperature sensitive late mutants.
T

indicate that proteolytic cleavage, of  precursor .

-

polypeptides pvi, ©VII, and pVIII are necessary for

virien maturatioﬁ (Leibowitz and Horwitz, 1975; Weber,

' 1976; Weber ef al., 1977). Virions that are synthesized

at the non-permissive temperature in cells infected by
these temperature sensitive late mutants are. not
;nfectious (Weber et zl., 1977).’

Mat;ré virions..can be found in the nuclei of

infected cells by 15 hours aftex igﬁection (Green. et

al., 1970; Sundquist et al., 1973). Each infected cell

o "

can

the mature virions form large intranuclear eosinephilic

inclusions (Bover et al., Green and Daesch, 1961). The

virus does not synthesize any engymes which lyse cells
ané the release of virus particles appears to be due-
to cell éeath and lysis caused by attrition and may

.

occur up to 48 .hours after infection.

1.2. Transformation by Adenoviruses

-

o

3 little® dver 20 vears ago it was first reported

. +hat .Ad1l? induces tumors in newborn rats (Trentin - et

vield 4,000 to 10,000 progeny viral particles and

A



al., 1962) ‘and haméters (Huebner et al., 1962) .
Subsequently, it be¢amé clear that while not ali
‘adenovi:u§ species could induce tamors in animals,
alnost ali human seroéypes, incluéing the non-oncogenich.
ones, could rransform cells in culture (MCAliister et.
al., 1969%a,b). Wben an adenovirus infécts a - fully
permissive human cell, the outcome 1s & -productiGe
infection ending in céll aeath. Hoﬁeve;, in a_non-human

cell, the virus is unable to complete the lytic cycle

and few mature virions are formed. In some cases, mh

vizal genomé is integrated into cellular DNA leading to

-

oncogenic rransformation.” The adenoviruses appear O
breferentially transform cells that are nonpermissive

for replication, and gransformation is 2 very

inefficient process, usually requiring 104 to 106

infectious units to give rise tqQ. one transformation
. L .
event (reviewed dy s.J. Flint, 1980b; Pettersson and

akusjarvi, 1983; van der Eb and‘Bernards, 1984; Graham,

1984). =

Human adenoviruses can transform a variety of

non-permissive rodent cells, including fibroblasts from

r

hamétet (Ppope and Rowe, 1964), rat (Freeman et al.,
1967) , mouse (Younghusband et . al., 1979;

gtarzinski-Powitz et al., 1982) and rabbit (Levinthal

——
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and Peterson, K 1963). Non-oncogenic Ad2 and AdS can
replicate quita well in hamster cells (Takahashi et
al., 1969; Williems, 1973) and transformation of these
celis can be'acheivgd b? the use of virus that has been
inactivated wiil uitravioiet light (Lewis et. al.,
1974), by the use of mutants that are defective  for
repligaéionltwilliams' et al., 1974; . wWilliams, 1973;
Ginsberg ok al;,.lq?4), or by the use of sheared viral
DNA (Graham et al., 1974b; Grabham, 1977). Several
adenovizus rransformed human cells ‘have also been
isolated by Dva  transfection including a human
~ embryenic kidney c2ll line transforﬁed with sheared AdS
DNA known as 293 cells (Graham et al., 1973), and human
cetinoblast and human embryonic kidney cell lines
rransformed with a cloned DNA fragment of Adl2 (Byrd et
al., 1982; whittaker et al., 1984). It is now well
established- that adenovirus-transformed cells contain

“viral DNA, viral mRNA, and viral proteins.

1.2.1, Transforming Genes

It is well established that adenovirus DNA ‘stably
integrates . 1into the host cell genome upon
sransformation (Flint, 1980b; Graham, 1984k}, It is

possible to analyse the viral genome present in
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adenoviras-transformed cells in order to determine the

viral seguences that aré responsible for oncogenic
transforhation. These studies using a series . of
Ad2—transfo:med'rat and hamster cell lioes showed that
the proportion of the viral genome retained in the cell
"~ .
lines varied considerably from one line to the other,
however, all!cell_lines possessed the left-hand end of
the viral DNA, some as little as 14% (Gallimore et al.,
1974; Sharp et al., 1974a,b; Sambrook et al., 1975;
Flint and éha;p, 1976 . The left end of the wviral
genome corresponds to early region 1 (EL) which is  one
of five regions of the viral genome which are exp%essed
prior DNA ’ rep}iéatioﬁ. These, resalts. therefore

N

suggested  that 'l  is required for maintenance of

v

transformabtion. ) . .

The finding of Graham and van der Eb (1973} <+hat

cells can be transformed by.naked adenovirus DNA uéing
the calciam phesphate _techniqué provided direct érooi
that the transforming genes are located at the left end
of the viral genome, since it is possible to introduce
specific‘rest:ictién enzymé fragments into cells  and
thus assay their transformning capacity. These studies

snowed that transformation can indeed be acheived by

fragments containing only tha left-hand end of aAdsS DNA.

"
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in fact, not all of El -is n essér_ fox oncogénic
Eransformatfon since as little as 8% of the viral.
géﬁome is suffigient to in&uce a fully 'transformed
phenotype (Graham et al., 1974a,b; van der Eb et 2l.,
1977; Rowe et al., 1984). Subsequently, it was shown
that partial or incomplete transfozmation can be
obtained with the 4.5% Hpa I KE fragment -of ad5 DNA
(Houwelling et a}., i950;_§ijkema et al., 1979). rThe

-y
[

formaiinn =ificiency is considerably -lower than

s3]

1

7}

with larger fragments, and the .Hpa I E-transformed
cells also show a differencaa in mo:phoiogy co%pared to
&ells transforned by larger fragmeﬁts. These cells are
considered “immortalized" because of <their wunlimited
;ife—span but not "fully transformed" as are those
lines obtained using complete virus or larger DNA
‘fragments (van der Eb et al., 1979}. Taken together

these results suggest that adenovirus transformation is
— .

a two-step process. DNAa-mediated transformation using

fragments containing E1A alone results in

immortalization, whereas complete transformation can be

acheived only by fragments containing ELA plus the

5'aterminal part of E1B (Pettersson and Akusjarvi,

-1333).



. Recently it has been demonstrated that several

viral and cellular. transforming genes can on thelir own

-

~

-.transform established cell lines, but fail to transform
primary rat cells. The tumorigenic conversion -of
primary rodent fibroblasis requires two oncogenszs, mye
"and ras (Land et al., 1983; Ruley, 1983). The mechanism
may parallel the transformation by ad5 which requires
L% .. L.
the action of twe 'viral genes, =13 and El3. Froem

nucleotide and deducal amnind acid sequence analyses it

has been shown that the oncogenes nvc, myb, and ElA are
. g,

—

\

structourally related (Ralston and Bishop, 1983): Ela .

can subsititate for mve and cooperate with ras, as well

as polyoma middle-T, to induce oncogenic transformation
of primary rat cells (Land et al., 1983; Ruleyv, / 1933;

Asselin et al., 1984). These results are consistent

with the fact that viral transformation requires two
different steps.

Although adenovirus Z1A DNA can immortalize cells

and induce partial transformation, it seems that region

E1B nas no transforming activity on its own. AdS group

I host-range autants, which centain defects in E1A but

{9
-
AR
-
/7]

s $ E18, are defectivé in transformation of primary

rat xidney cells {(Carlock and Jones, 1981l; Solnick,

198%; sSolnick and aAnderson, 1982). When primarv rat

[\



xidney cells were transfected with a plasmid containingr
ELIB ‘under the- control of. an SV49 promoter to ensure
high levels of El1B expression iﬁ the absence of Ela, no
detectable transformants were found (van dén Elsen et
al., 1982). Experiments with the established rat cell
line 3¥1 also failed +o reveal any transforming
activiﬁy of the SV40-E13 hybrid region, aithough E13
was fully expressed in the cells (Kimura et al., 1975;
van den Elsen et al., 1983). These results suggest tﬁ%;
the expressiod‘of EL1B alone is not sufficient to cause

cellaular transformation.

1.2.2. Proteins encoded in E1

The adenovirus El region contains two
transcription units, ElA and E1B, and each transcribes
several messages (reviewed by Pettersson et al., 1984).
Ela codes for three mRNAs  of 1.1, 0.9,‘ and 0.6kb in
length (the 135, 125, and 95 mRNAs mentioned above).
The 1.1 ané 0.9k5 mRNAS are expressed éarly during the
lytic infection and in adenovirus-transformed cells.
‘The 0.6kb mRNA is synthesized preferentially late in
infection and 1% is not found in transformed celis and
thus is probably not imﬁortant for transformation.

Based on ¢DNA sequencing data the three E1A mRNAS

of 1.1, 0.9, and 0.6kb should code for oroteins of 289,
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245, -and 354 aminoc acids with predicted ‘molecular

weights  gf 32K, 26K, and. 6.1%, respectively
y :

(Perricaudet et al., 1579; Virtanen and Pettersson,

1983). The sequencing data also indicate that these

proteins should share a commen amino terminal sequence.

The 0.6kb mRNA product should be identical to the other
El1A proteins for the initial 26 amino acids and due to

its splicing pattern the polypentide should be

-

different from the other EI1A products beyond the

acceptor site (Virtanen and Pettersson,1983). Products

dérivéd from the 1.1 and 0.%kb mRNA  should encode

completely overlapping polypeptides, however, due to a

}arger internal splice in tha 0.9%b mRY¥A, 1its product
lacks an internal 46 agpino acid stretch found in the
'product derived from the 1l.1lkb ngA'(Perricaudt et él.,
197¢9).

Until the develodment of reagents produced in the

cocrse of “expaeriments presented in this thesis, the

. L - . Y
study of E1A proteins had been hampered by the lack of
tumor. sera capable of immunoprecipitating them. These
sroducts ‘are also 'made in small amounts during lytic:

infection and are opresent in euwen smaller amounts in

"
Q

transformed cells. In o

er to identify Ela products

many stodies used a variety of drugs to enhance the

-

-

synthesis of El1a preoteins in infected cells (Harter et

all, 1976; Saborio anéd Oberg, 1976; Harter and Lewis,

N
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1978; Brackmann et a2l., 1980; Gaynor et al., 1982).
Several groups nave also used in vitro translation of
celected Z13 mRNAS to detect the Ela products (Lewis et

al., 1976; =Harter and Lewis, 1978; Halbert ,2t al.,

- 3

.1979; Esche ex al., 1980; Spector et al., 1980; Lupker

et al., 1981; Smart et al., 1981). These studies have

suggested the existence of Dbetween two to six Ela

clypeptides with molecular weights ranging between 35K

i)

to 50K. Stadies using in vitro translation of selected
a3NA also suggefted potential products of 28K (Spector

e+ al., 1%80a,b; Esche et al., 1980; Halbert and

ARaskas, 1982), or 14X (van der Eb et al., 1979) *for the

0.6%b T1A late mRNA. Both of these polypeptides have

appargﬁt sizes ﬁar exceeding the pﬁeaicted molecaiar
waight of ,6.1X ivi;tanen and Pettersson, 1933) Howéver,
these results are prone ‘to artifacts that might
accompany cell-free protein synthesis and meﬁabolic
innibition.

Three mRNAs of 2.2, 1.0, and d.Skb are derived
from ELB. The 0.5kb mRNA produces the viral structural
protein, polypeptide IX from its own promoter {Alestrqm
et al., 1980) and <£his protein which is not founé in
transformad cells'"ﬁikoyé?ly plays no role in
transforwation. Sequencing data have indicated that the
2.2kb mRNA of Ad3S codes for a polypeptide of'i76 amino

acids (175 for ad2) and, using a different start site

-



and reading frame, a polypeptide of 496 (495 for Ad2)
amino acids - (Bos et al, 1981; Gingeras et al., 1982).

The predicted molécular weights = of these * two
. ’ -

polypeptides are 21K and 53K, respectively. The 1.0kb - ;__

MREA should produce the same - 21K protein as the 2.2kb

-

-

DRNA (Bos et a}., 1981; G;ngeras:et.al., 1982)}'

The Eéentificaéion of protéinsjdefivéé'f}om E18
has been léss.diffiéult'as compare Lo 31# proteins éue
to the fact that these proteins are generally made in
1arééri_amounts._ during lvtic infection  and in
transformed cells, and tumor - sera ‘against these
proteins are more readily available. Studies with Ad3
or AcZ2 using Eﬁ vitroe trahslation of selected E1B mRNAS
and imm@hopreciéitatﬁon usiné tamor °© sera have
identified a protein with an apparent mblecular welght
in SDS-2AGE of 53-65K, cofres?onding to E1R-496R, and a
orotein of 15-21K, corresponding to E1B-176R (Hg;ter
ané Lewis, 1978; Lassam et al., 1979a,b; Halbert et
al., 1979; SChfier _et al., 1979; Ross @&t él., }980;
_Jochemson et al., 1980; 1981; Green‘et al.{ 1979, 1982;
walbert et al., 1982; Rowe “et al., 1984). ‘Using
antibodies - Girected against' synthetic -peptides
corres?onding Lo} specific = amino acid sequences
predicted from nucleotide sequencing data, these two = &

proteins nave beén confirmeéd as the products of ‘the

>.2%5 and 1.0kb £l8 maRNAS (Yee et al., 1983-this
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thesis; Green et al., 19@3; anderson’ et al., I?S@;,Yee,

-

1984)..Thé§e tWOo proteihs are oﬁten rpfetréd to as- S8K
and Y9X for ﬁds (Graham, 1984). 1In addition to these
major séec}es, another 'pﬁoﬁein wiéh an apparent.
moleculag weignt of ZOK‘ has béen identified %romA
ac2-infected and ;?ansformed cells (Gfeen et al.,
1979); Thié‘ profeiﬁ, which has been_ purifieé to

nomogeneity, is related ko the E1B-58K (Green et al.,

H

1982) ahd alsoc. translated in vitro.from ElBjspecific
MRNA (Matsuo éé “al., 1982f. Proteinvéeqﬁence ‘studies
further revealed that it shares compietely oceflapping
polypeptidegfwith‘ElB—SSK. ‘7?his protein is 155 amino

acids in length and consists of the amino "terminal 78
and carboxy terminal 77 residues of _the <E1B-58K

{Anderson et al., 1984). This resuvlt is also confirmed

by the fact that this preotein is also precipitated by

antibodies directed agaiast synthetic peptides
corresponding o the amine- and carboxy-termint of

E1B-58KX (Anderson.et al., 1984; Luchner et al., 1984).

-

1.2.3. FPunction of E1 -

As described, above, adenovirus early region 1
plays an important role in oncogenic transformation and
region 1A also regulates the expression of other early

regions and it has been suggested that the control



39

_—

2vent ogccurs at the level of transcriptional initiation

N {Eogén and Shenk, 1982; Weeks and Jones, 1983). The
rolé of EIA 1in the regulation of expression of other
2acily :egio;s has Been inﬁéstigated by imicroinject;on
into cultured cells or frog oocytes of cloned viral. DNA
carryihg‘ElA seﬁueﬁces. A§ a measufe of ElA‘function. a
second plasmid has also been co-injected including-
sequences for ¥he gene coding ﬁor ‘the E2a Aads lDNA

'bihding protein (Rossini, 1983), or chimeréc genes
which wére constructed with promoter §edueﬁces-of dthef

adenovirus early regions and the structural sequencs of
the ' bacterial . enzyme

chloramphenmigol-3-o-actyltransferase (CAT) (Jones et
al., 1983). These resalts ‘confirmed that ElA  is
requirad .. to activate the transcription of oﬁhe:
adenovirus eariy regions. More-recently the ElA gene

~ : :
productvitself has  been synthesized 1in Escherichia

coli, and using-a Xenopus cocyte microinjgction assay,

T — . - -

it has been shown that the puarified E. coli-produced
ElA protein activates the transcription of othef carly

regions and funciions as efficiently as the E1A gene

4

-

tself (Terguson et al., 1984).

Several lines of evidence suggest that ‘there is
not an absoiute requirement for E1A gene producis to
activate the transcription of other early viral

regions, When ¢@lls are infected with Ela mutants at
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low multiplicities, transcripts  from other - early
regions can be detected but at 2 later time. By

. _ iy -
increasing the wmultiplicity of infection, this slow

o

activation of early .transcription can be enhanced
(Nevins, 1981). These results suggest ;hat E1A only
acts to enhance oOr Eac}litate the 'tranécription of
other early regions. The ElA defect 1in tﬁese mutants
can also be overcome by inhibiting protein synthesis.
It has been suggesued that Ela gene Sroducts function
£o e’lmlnahe a short-livad cellular fa/;or that acts to -
repress early viral transcripticn (Nevzns, 1981), or to
block - accumulation of earlf* mRNAs (Katze -et al.,
1681;1983; Persson et al., l98la,b). Treatment of célis
before infection with protein synthesis inhibitors
would thus reduce the concentration of this inh@bitory
pfotein. This model could also explain the cbservation
obtained with ;igh multiplicity infection of EX1A
mutants as enhanced expression of other early regions
could be duoe to the presence of 2 large ﬁumber of
copies of _early viral promoter. regions in the <cells
+hat causes dbinding of all, or most, of the celliular
repressor proteins. , -

More :ecently; Cross and Darnell  (1983) have
-einvestigated the cycloheximide stimulation of early

transcription and found that expression of early viral

genes, including ElA; is required before the addition
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of cyclohexinide can prodgce the stimulation’. These
results suggest that the mechaniém of 5tim@la£ion by
cycloheximide' is diffefent from the mechanism - of
indgppidn‘by ElA proteins. Furthermore, Gaynor-and Ber¥k
(1953), using cells that were first infected with one
'E1A muetant, incubated until viral trahseription was
detectabie, aqﬁ then superinfécted with ;afseéond‘ Ela
mutant with distinguishéble tfanscripts from early
region 3 (E3), found that,transcgiption of E3 of . the
second virué was still deiayed..mhese results are not
compatible with the cellular repressor protein moael
since the first incoming virus ought 7%0 titraﬁe out'
the heost cell repressor péoteins fesulting in the'
immediate expressioa of all other early regions‘of the
second virus. They proposed that ELA proteins induce
the transcrip;ion of other early reéjons by catalyzing
the assembly of the wviral DNA intq_ an éctiye
trénscriptional complex.

It has been reported that certain cells, ihcluding
the T3 mouse teratocarinoma line, express an ElA-l{ke
function. These' cells,” which also express the heat
shock gene, a éene that can be induced by ElA (see
Delow), ar capablé of expressiﬁg ear}y " adenovirus
genes 1in the absence of ElA (Imperiale et al., 1984).

There is also avidence demonstrating that immediate

early oroteins of herpesviruses, including pseudorabies
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(Feldman et ai.,rl982; Imperiale et al,, 1983), herpés
simplexlvirus type 1 (Tremblay et-ai., 1985), and huﬁan'
cytomegalovirus (Tevethia and- Spector, 1984}, can
.i;duce adenovirus early‘transéfiptiog,in the absence of
ElAa. These ‘data suggest that the mechanism  of
transcriptional activation by Ela products and by
nerpesvirus immediate early proteins could ge at least
partially similar. Wevertheless, detailed knleedge of
the mechanism of adenovirus early gene activation by
£1a is still lacking and more experiments have to be
done in ordar to undé}stand this complex process,
nilthough gene activation by ElA is  largely
limited to early adenovirus transbription-units, it has
been found that ElA also activates the transcription
of the manmalian heat-shock gene (and the synthesis of
the 70K heat-shock protein) and of &—tubulin in
adenovirus-infected Hata cells (Nevins, 1982; Kao and
Nevins, 1983; Imperiale ét al., 19845 Stein and Ziff,
1984). In addition, infection Qi“h ade;oviruses has
also been found to induce altera;ions in the cell cyqi?
and, using E1A mutants, it has been shown that. this is
a direct effect of Ela (Braithwaite et al., 1983).
Furthermore, several experiments have shown thaé - ElAa
products can activate the transcriotion of nonviral

genes that are newly introduced into cells either by

transfection or infection, even though the expression
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of the endogenous éopﬁes of these genes is unaffected
(Gréen et al., 1983; Gaynor et al., 1984; Svensson and
Akusjarvi,-l984b). Differences in-chromatin structure
between the newly introduced nonvirél genes and their
endogenous. counterparts probably plays a role in gene
activation by ElA products. It is also interesting to
note that transcription of an ‘integrated copy of the
adenovirus E3 gene is activated by Ela products
(Zartois and Berk, 1984), suggesting that they possess
a high degree of specificty for viral genes. All these
observations tend to suggest ‘that E1A is not only

involved in regulating expression of other early viral

ganes, but also one of its roles is to activate the

expression of certain cellular genes. An attractive
hypothesis is that these ElAa-induced alterations in
ceilular gene expressien may lead to immortalization of
primary cells (Graham, 1984) and an understanding of
the biochemical functions of ElA maQ shed light on the
mechanism of transformation.

In addition to enhancing transcription Borrelli et
al (1984) receptly sﬁowed that ElA also can causs -

negative regulatio of a viral enhancer. When HelLa

cells are transfected with a plasaid containing a

rabbit Y-globin gene linked to the enhancer of polyoma
Oor SVi0 virus, the enhancer stimulates transcriotion of

the ¥-globin gene, but ttanscription is repressed |if

T~
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the cells are co—transfectéd with a plasmidé that
expéesses'ElA proteins. In competition experiments the
negative efﬁecﬁ of the ElA proéucts can be relieved Dby
co-transiaaiing Ln;teasing amounts of . recombinants
contzining enhancer elements, including the ElA  gene's

own enhancer. These resalts sunpested that the enhancer

-l

itself is probably the ~‘target for the- negative

regulation. Inhibition of the ElA enhancer activity by

‘+he Ela proteins also suggested that expression of ElA

can be autoregulat=ad :laring lvtic infection.

The functions of E1B polypeptides are less clearly
established. As described above, in a@dition to TlA, at
least part of EIB s raquired 'to induce complete
rransformation in primary cells. The most important
region is the 5' half of E1B, up to approximately 8.0
m.d. This Seqment contains the coding segquences for—tﬁé
19K protgiﬁfépecified by the E1B 1.0kb mRNa, ;5 well as
a possible N—terminal region of a‘truncated 58X protein

-
coded~—for by the 2.2kb mRNA. It seems likely therefore
that S8K may not play an .important role 1in maintaining
the transformed cell phenotype. HOwever, studies using
4.8 muténts that are defective in the synthesis of 38K
ggest that it is required for initiation of
cransformation by virions (Graham et 2al.; 1978; éowe

and Graham, 1983; Graham et al., 1983). Previous

studies using AcE5 host range mutants have suggested



tnat 218 gene products do not- function to replicate
viral DNA but do affect the Synthesis of laté ‘viral
pdlypéptides (Lassém et al., 1978; Jonés aq@ Shenk,
1979) . More recently, "using deletion wmutants that
affect ELB 19K and 58K pol&peptide species, Babiss and
Ginsberg (1984) showed that both @ntact-proteins were
necessary foxr optimum viral replication but that they
were not ébsolutely required  for -prodgction of
- infectious vitus and Suggest that the "533¥ grétein may
also function to initiate the‘events -leading to - the

shet off of host cell gene expression. .

Following the original observation of Collett and

Erikson (1978) that the transforning gene product,
src

Ppél , of Rous sarcoma virus possess 2 protein kinase
activity, a search for similar activity in adenovirus
tumor antigens was carried out. A protein kinase
activity was detected in immundprecipitates from
adS-infected and rransformed cells containing the 358K
-antigen (Lassam et al., 1979a; éranton et al., 1979,
1981; Yee and Branton, 1983}. The adenovirus-specific
kinase phosphorylates SSK as w2ll as exogenous

", . .
substrates and phosphoserine and shosphothreonine

e

esidues {(but no phosphbt_rosine) are detected (Branton
et al., 1981). A similar protein kinase has also bean
found in immunoprecipitates containing Aadlz2 tumor

antigens (Raska et al., 1979; Branton et al,, 198l).
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However, it 1is still not clear whether the protein

kinase activity is intrinsic or due to the binding of a

ecellular enzyme Lo Ela;éBK;

Sarnow et al (L982) ‘'nave shown that the ElB—éBK

-

present in adenovirus-transformed mouse cells is

ssociated with. a wcellular 54K polypepticde. This

12

'J

. R €. . X ’ .
rotein is identical or CIOSiﬁX related 2o a cellular
srotein p53 that is also -complexeé with the SV4 lacge

-

T antigen (Lane and Crawford, 1979; Linzer and Levine,
1979). These results suggested that the adenovirus 538X
and SV40 large T antigen may share similar functions in

transformation. - ) :

1.3. Antisvnthetic peptide antibodies

antibodies have proven to be powerful tools in the
identification and chqracterizatioa of viral proteins.-
However, many of these proteins are present in_ very
small amounts and it 1is often difficult to obtain
enough viral polypepfides to raise antisera. A
different approach to ’‘circumvent the problem 1is to

identify an antigenic determinant of the protein and to

prepare & syathaetic antigen that can mimic the
conformation of the native protein. with the
introduction of a simple and efficient peptide

svnthesis methodology (Merrifiald 1964) it is now
- - r )
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feasible to svnthesize discrete segments of proteins.

These synthetic "antigens have been shown %o elicit
- . X : v

antibodies that can react against the native protein.

inderer (1963) prepared a carboxy-terminal hexapeptide

of the tobacco -'mosiac virus (TMV) coat protéin . by

trvptic cleavage aand demonstrated that such a peptide

coupléa'tq bovine serum albunmin (BSA) produces' an
antiserum which precipitates and néutralizes the virus.
Moreover, svnthetic fragments of the same'péptide,.when
coupled to BSX as a cargier;: aléo gave rise to
antibodies Ehat can inactivate the infectivity of the
vitus (Anderé: and Schlumbérgeff 1965; 1966). A major
antigenic determinantAof the ™V coat protein has. begn

localized in the internal region of the wpolypeptide

u(Stewatt et al., 1966; Ybung et al., 1967).

Subsequently, a ,decapeptide: correspondiﬁg to this
antigenic determinant was synthesized and antibodies
against the synthetic peptide also reacted with. the
native proﬁein (Eearney_et\\al., 1971). Using the same
approach Langbeheim and coworkers (1976) localized an
antigen{c detérminant_ on the coat protein of
bacteriophage MS=-2 and synthesized a peptide

corresponding to  this determinant that gave rise .o
8 g

neutralizing antibodies against the wvirus. These

results indicated that antibodies agaianst small peptide

~
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immunogens can also react with full-length proteins.

‘containing thakt peptide.
The antigenic sites or determinants of a protein

can be localized by fragmentation of the protein by
various enzymatic and chemical techniques and then

these fragments can be analyzed to determine which ones-

retain tha ability- to interact with the antibodies

(reviewed by Atassi, 1975; 1979; Crumpton, 1374). Once

the antigenic region ~is identified, chemical analysis

of the <£fragment can- be used to determine the exact

amino acid sequence involted in antibody binding.

However, 'with the recent advaaces in molecular <cloning
and DNA seguencing tachnigues, it is now possible to

obtain the nucleotide sequence of a viral gene and then

-

its amino ‘acid sequence can be easily deduced from the

.

A DNA sequencing data. It is then possible to synthesize

small peptides with sequences corresponding to various

portions of the protein. Since not all peptides elicit
protein-reactive antibodies, a set of guidelines has
been devised to select a region fron the protein that

is immunogenic when coupled to aigarrier and that will

give rise to antibodies that recognize the intact
native protefn in the absence of any experimental
'knoqledge of £ie antigegic or three-dimensional
strucﬁure of the protein (Shinnick et al., 1983; Walter

and Doolittle, 1284; Larner ot él., 1981; Sutcliffe et



al., 1982}. First, the peptide should contain

. safficient nambers of polar or charged amino acids,
i N

since these peptides tend to Dbe on the surface of the

native prokteian (Hopo and Wwood, 1881; KXyte and

- Doolittie, 1332). This is necessary for the region to

be a=cessible to antibodies when 4n the native,
full-length protein, Second, peptides should contain a
rinimum length of éivé amino acids since shért’peptides
tend not to be.immunogenic, and longer pe?tides appear

to have a high probability of é€liciting antibodies

:eéctive with thé native protein {Lerner et al., 1981).
.Third, peptides containing proline residues in addition
to polar or charged residues because of the presence of
~secondary structure rovtinely elicit antibodies thak

r3act with the conformationally native protein. Fourth,

peptides corresponding to the amino- or carboxy-termini
nave a petter probability to produce antibodies' active

against the native protein as the -termini are ften

exposad in many proteins. h

ar—

The antisynthetic peptide antibodies are directed

rmined sites on proteins and have proven

o

. against prede
al ool to identify and charactexrize

to ?i,féfpﬁﬁgr
~ = 2

viral polypeptides (reviewed by Walter -and Doolittle,

O\

__—  1984; sutclitfe et al., 1983; Shinnick et al., 1983;

. Green et al., 1983a; Lerner, 1982; Lerner et al.,

o
1981). Sin:g\_iigggxfzﬁgabodies are raised against

LN
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synthetic ‘peptides with amino acid secquences predicted

from nucleotide segquencing data, they are particularly

‘us2ful in-identifying the protein product of an- open

reading frame and have been used to identify the SV40

" large T antigen (Walter etal., 1980) and an envelope

polvpeptide in Moloney leukemia virus (Sutcliffe et

al.,, 1980). é large Dbedy of " information- about

*

antipeptide antibodies has now accumulated and -this

approach has been used to detect the putative products

.

of the transforming genes of the Moloney sarcoma
(Papkoff et al.,1982}), simian sarcoma virus {Robbins et

al., 1982), feline 'sarcoma virus_ (Sen et al., 1983},

~

. avian ongcHovicas MC29 (Patschninsky et al.,'l984i, RoOus

sarcoma virus (Tamura et al., 1983; Gentry et al.,
1683, ﬁigg, et al., 1952a; l982b; wong and Goldbefg,
1981), influenza virus hemégultia}n (Green et al.,
1952 Moller et al., 1982), hepatitis B  surface
antigens (Neurath et 2al., 1982; Prince et al.,‘ 1932;
Bhatnagar et al., 19é2; Dressman et al., 1982; Lerner
et al., 1981; Hopp, 1981), pnlyoma middle T antigen
(Schaffhausen 2t al., ll9é2; Walterx ét al., 1981);
poliovizus genome protein (Samler et'al.; 1982; Baron
and éaltimore, 1982a), VPl p;otein of foct and mouth
diseas; virus (Bittle et al., 1982), and herpes simplex
viras-type 1 immediaée early gene products 12 and 175

(palfreyman et al., 17745,
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The -anti-synthetic peptide antibodies are not only
vseful for identifying viral proteins. Because of their

pradeternined specificity "these reagents are also

IS

particularly useful in°cha:acterizing the processing of

viral proteins and Eheir biological fanctions.

- Antipeptide antibodies have .been used to study the
processing of polyprotein precursors ia cells infected

with poliovirus (Baron . and Baltimore, 1982b), Moloney
leukemia virus (Green et al., 1981), and to examine the

cellular location ¢f ppAd

-
-

< (Nigg et al., 1982a,b), as

X2

w2ll as the transforming proteins of adenoviruses “(Yee

Ld
et' al., 1983-this thesis; Feldman anéd Nevins, 1983;

-

Lucher et al., 1984). Peptide antisera are also
o)

powerful tools to study the correlation of tructure
with function. It has besn usad te  inhibit the
oncogene-coded tyvrosine kinase activities of Rous

sarcoma viras {Tamura et al., 1983; Gentry et al.,

1983), *faline sarcoma y{rus (Sen et al.,, 1983) and
polyoma middle T antigen (Schaffhausen et al., 13982).
Antipeptide sera can also provide a means for purifing
the corrésponding protein. Immunoaffinity  coluwns
prepared from antipeptide sera have Loza .anl o oarify
the midédle T antigen of polyoma virus and the protein
was eluted from the column bQ competition with ,exéésé

synthetic peptide (Walter &t al., 1982).

P
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1.4. Proposal for this thesis : : -

-

In view of the significance of the proteins coded
for by the adenovirus téansfdrming _genes the- presént
research project was initiated- to idéntify and
characterize these gene products and to study their

- _
siological functions, especiallyrthe E1B-33% assocliated
pfotein‘kinase:gctivity.‘

During the éarly phase of Ehe project, informatioﬁ
about_the gene productsﬂ derived €from AdS ELA was
limited and confusing. The then  novel -approach was
taken to identiﬁy thega Jene produéts using antibodies
against svnthetic peptides with seédences cg}reéponding
to the predicted amino- and carboxy-term}ni of'ElA. The
viral ~ polypgptides swere identified by

immunoprecipitation using these antibodies. The origin

of the

tr]

1A multiple gene products has also been mapped
asing various Z1A mutants. The anti-synthetic peptide
antibodies also provided potentially powerful tools to
parify these éene prcdﬁct and characterize their
biolegical functions. In addition, antibodies against
svnthetic peptides corresponding to both termini of
E1B-53K have also been raised. These antibodies ware
alsc used to identiéy this viral polypeptide from
wild-type virus and host-range group II mutants. An

attem was alse made ko nooify tha El proteins and  to

-

e
(13




53 ) S

‘ask 1if protein kinasa . activity was intrinsic to them.

213 58K was purified by several conventional methods
and the results suggested ' that such éctivity may be

intrinsic to  this viral polypeptide. a simple
BY
narificanian  procedure using anti-peptide sera and
syathetic peptides was developed and this purifiction
+ o

scheme was used to obtain nighly purified 58X and Ela

proteins,” The Bl proke:in-associated protein kinase

oy
()
(s
-

ivity was also examined using these higﬁly purified
oroducts, howeveY, the data obtained were incdnclﬁsiye
and it was not possible to'unequivoéélly determine 1if
protein kinase activity was intrinsic to them. Further
studles will Dba neceséary to establish 1if AdS E1

Proteins possesses intrinsic protein Xinase activity.



CHAPTER 2

Materials and Methods

—



2.1. Cells and Viruses

N

Human XB cells were propagated as monlayers on

150mm plastic Petri dJdishes (Nunec) 1in alpha minimum.
essenﬁial medium (KX-MEM) supplemented with 10% fetal
calf serum. The 293 cell .1ine was propagated as
mbnlayers using Joklik's modified medium supplemented
with 10% horse serum, as previously described. (Graham
et al., 1977); The AdS-transformed hamsgér_cell lines,
including 143 and 983-2, were maintained as monolafers
in &{-MEM supplemented with 108 calf serum.

The wt strain of Ad5 and the hosé—range mutanté hr

1, 2, 3, 4, 5, 6, 7, 50, and 51 have been described "by—
Harrison et al. (1977) and Graham et al. (1978). The
host-range mutants fall into two complementation
groups: hr 1, 2, 3, 4, and 5 are in group I and possess
defects in E1A; hré, 7, 50, and 51 are in group II and
possess defects in EL1B. Other . AdS mutants, including

pm875 (Montell et al., ;1982), dl313 (Colby and Shenk,

1981) ,- and 11504 {0sborne et al., 1982) were =also

ermploved in the present study. The wt, pm875, and
211504/ viruses were grown on either XB or 293 cells and

other Ad5 mutants were propagated on 293 cells,
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2.2. Infection and Radiocactive Labelling of Cells

Virus stqcks were diluted-in 2 ml of either PBS or

culture medium and confluent monolayers of XB cells in
- -

130mm dishes were infected at 35 plaque-forming units

per cell. After. 45 to §0 min of absorption 20 ml of
medium were_added back to the cgll cultures. Virus- or
mock-infect;é cells were normally labeled from 7 to 11
n post-infection. The cell cultures were rinsed twice

with warm PBS ané each 150mm dish of cells was labeled

35

with 100 - uCi of [““S]lmethionine in 4 ml of medium

. £
lacklngjmethionine. For 32P-—labeled cells, cultures .

were washed twice with phosphate-free medium and each

dish of cells slabeled with 2 mCi of carrier-free

32?-orthophosphaie in & ml of medium lacking phosphate.

-

“

2.3. Preparation of Anti-peotide Sera

2.3.1. Conjuagation of veptide to Bovine Serum Albumin

*

Svnthetic peptides were purchased from Bachem
(Torrance, California). Pfoduction was by sequential
solid-phase synthesis (Stewart and Young,1%69), and
purity was greater thén‘ 90%. The synthetic peptides
which contained a terminal tyrosine were conjugatéd to

383 with Dbis-diazotized benzidine as described by

‘Bassiri ;§\pl (1979) . Briefly, 50 mg of bovine serum
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albumin (BSa)- were dissolved at 0°C, along with a 40

molar excess of the peptide, in 10 ml of buffer

cbntainiﬁg 0.13M NéCl and 0.16M borate, pH9.0. The
coupling was started by the addition of a 2 ml portion
ot bis~diazotized benzidine in 0.2M HC1 and tﬁe

PH was adjusted to 7.0 with 0.5M NaOH. The reaction. was
alioﬁed to contihue for 2 hours at 4°¢C with constant
stirring. The conjugate was then dialyzed against 0.15M
Naci overnight and stored at -20%¢ until use. Peptides.
which did not contain a terminal tyrosine were coupled

onto BSA using carbodiimide. Briefly, 25mg of BSA and a

25 times molar excess of peptide were dissolved in 10

ml of. 0.15M NaCl and the pH was adjuéted to 5.0. The
coupling reaction was started by the addition of 225mg
of l-ethyl-3-(3-dimethylaminopropyl) carbodiimide HC1
(ECDI) in 0.5 ml of H,0 and the reaction was carried
out at room temperature for 30 min with constant
mixing. The ;eaction mixture should have had a pH of
6.8 to 7.0 at the completion of the conjugation. The
conjugate was then dialyzed ‘against 0.15M MaCl for 24
hours, aliquoted and stored at -20°C until use.

2.3.2. Immunization of Rabbits and Preparation of

Antisera

Antisera were prepared in 5 month~old male New

Zealand white «rabbits using 1 mg of the peptide-BSA



< : .
conjugate which had been emulsified in 1lml of complete

Freund's adjuvant. The rabbits were injected at’ 10

different locations including intradermal,

intramuscular, foot pads and subcutaneous sites. The.

rabbits were boosted 4 weeks later with 1 mg of
conjugate emulsified in 1 ml of incomplete Freund's
adjuvant. Blood was collécfed 7 %o 10 davs -after each
) )
boost. Blood samples were allowed to clot at 37°%C for 1
nour, and then they were incubated at 490 overnight
after which time the serum was collected by
centrifugation and‘ c0mbined wit? PMSF at a f£inal
concentration of SﬁM.

The antipeptide sera were further aprified to
remove impurities and most of the anti-BSA activity
before use. BSa was added to a final concentration of
0.1 mg/¢1 and allowed to incubate at 4°c for 24 hours.
The antibody-BSA agﬁzegate was removed by
centrifugaticn at l0,00d?g for 10 min. A Sml portion of
the supernatant serum was then combined with 1 ml of
P3S containing Ssclo7 unlabeled ¥XB cells which had been
disrupted by sonication. After 24 h at 4°¢"  the
insoluble particulate material was removed by
centrifugation and the serum was stored at -20°C until

use.

RUET Y
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2.4. Preparation of cell extracts and

immunoprecipitation

Cells were washed with PBS and removed by
scraping with a rubber'policeman.into 10 ml1 of PBR. The
cells wére washed two times by resuspension in PBS and
pelleted by centrifugation. The washed cell pellets
were resuspended 1in RIPA . buffer, which consisted of
S0mM Tris(pH 7.2), 150mM NaCl, 0.1% (w/v) SDS, 1% (w/v)
sodium deoxylcholate, 1% (v/v) Triton X-100 and 100 XIU

of aprotinin : pe

H

ml, at a concentration ~of
: 7 '
approximately 2x10 cells per ml. The 1lvsate was

vortexed vigorously anq:_incubated on ice for 20 wmin.
The insoiuble material was\Qemoved by centrifugation at
12,500 x g for 10 min at 4°C. To each 1ml of cell
extract was added an approprizte volume of antiserum
and 250 ul of protein A-sepharose beads (Pharmacia Fine
Chemicals) suspended (1:10,v/v) in RIPA buffer. The
mixture was incubated at 4°C with constant mixing for 2
to 3 hours and then the sepha:ose.beads with bound
antibody were collected by centrifugation at 30 x g for
1 min and washed three times with 1 ml of RIPA buffer
ané twice with % ml of 100mM Tris (pH7.0) containing

200mM LiCl ané 0.1% (v/v) Z=-mercaptoethanol.
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2.5. Protein kinase assav

Immunoprecipitates bound.to sepharose beads were
assaved for protein kinase activity in‘ 50ul (final
voluméj " of a solution contéining 40mM
2-(N—morpholineethanesulfonicAacid " {MES) ?H?.O, 40mM
MgCl, ancd 75 ug of.arginine-:ich histone which had been
boiled for 10 min'jus: before used. The reaction 'wés
started by the addition of [Y-3%PJaTP fo a final
concentration o¢f 7.5uM (specific activity, 250Ci/mmol)
and the samples were incubated as 37°C for 2 min. The
reaction was terminated by the addition of an equal
volume of. 2x  sample buffer - contéining 0.2M Tris
(pH6.8), 4% sDs, 2% 2-mercaptoethanol and 20% glyecerol.
The samples were . boiled for 2 min and the sepharose:

beads were removed oy low speed centrifugation. The

Sapernatants were then analvsed by SDS-PAGE.

2.6. One-dimensional Polvacrvlamide Gel Electrophoresis

Radioactively la?eled samples were analyzed by
discontinous S$DS-PAGE modified from Laemmli (1970),
consisting of a 5% polvacrylamide stacking gel and a
125 polvacrylamicde separating gel (unle$s oatherwise
mentioned) . The ratio of | acrylamicde to
N-N'-bis-methylene acrvlamide was 30:0.8. Iin additién,

the separating gel contained 0.375u Tris/HCl (pH8.8),

e
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1% glycerol, 0.1% SDS. The stacking éel con%isted of 5%
o acrylamide.containing ' 0.125M .?gis/Hél- (PH6.8), 0.5%
glvcerol -and d.l% SDS. The gels Qe:e polymerized. -
chemically by the addition -of ammoniué ?egsulfate and
TEMED to a final concéntr;tion of 0.05% :(w/v) and
0.025% (v/v); respectively; The -electrode buffer
coﬁtained 0.025M Tris/HCl (pHE8.3) and 0.192 glycine
ané 0.1% sps. Electrophoresis was  carried out at a
contant voltage of 75 volts untii the b;bmcphenol blue

marker reached the bottom of the gel (about 18 hours). -

')

ollowing electrophoresis gels were ‘either dng ed

\

immecdiate

=
s

Or were first stainegd with Coomassie Blue
and . then destained with' geveral changes of -

lsopropanol-acetic acid. Somg gels were treated bv the
- . -~ ~
fluo:ographic‘technique of - Bonper and Laskey (1974). —

[vH

Prior to dryving to enhanée the sensitigity of
‘auto:adidgraphy. Briefly, gels were -dehvdrated by
immersing them in about 20 volumes of DMSO for 30 min
followed by 2 second 30 min immersion in fresh DMSO. .
+  The dehydrated gel Qas then scaked 1in 2 volumes of
22,55 (w/v) 2,5-diphenyloxazole (2P0} in
éimethylsulfoxide (DMSO) €or 3 hours ang the gel was
then immersed in water for at least one hour with
several changes of fregh water prior drying to
Precipitate the ppO. Autoradiography was carried out

L]

using Xodak RP Roval X-Omat film : @



2.7. Two-dimensional Gel Elechjophoresis - . g

Tor, two—dimeﬁsional gel ' electrophoresis,
isoelectric focusing was performed és described Dby
O'?arrell‘(l975). Briefly, immunoprecipitates bound to
sepharose beads were resuspended in 1lysis butfer
'bontai%igg 9.5M urea; 2% NP-40, 2% ampholines (l1.6% PpH
range 4 +to 6 and 0.4% pH range 3 to 10) and 5%
Z-meréaptoethanolf ;mmunoprecipitates were incubated
for at least 30 min at room teﬁperéture before loading.
The gels were prefun without sample accoréing toi the
\following schedule: 200V for 13 wmin; followedé by 300V
for 30 mfn, and'théﬁ 400V for another 30 min in ordex

e :
ro form a linear pH gradient between pHE.5 and 4.1. The

immunoorecipitates from approximately 107

=

cells were
. loaded onto thquylindricél gels and the " gels were
subjected to 400V for 16 hou%s and then 800V for 1
hour. The tube gels were then impregnated with sample
buffer contain?ng 0.625M‘_Fris; pH6.8, 2% SDS, 13
2-mercaptoethanol and 10% glycerol " for 30 min at room
temperature..Tube gels Were either stored at -70% or
the second dimension was rumn immediétely. The second
éimension of electrophoresis was carried out using
discontinuous SDS-PAGE as described above by placing

the entire iscelectric focusing tube gel on the top of

the stacking gel.

&



2.8. Cleveland Mapping

-

-Pr5te§ns were amalysed by partial hydrolysis Qith
V-8 ?rdtease according to the methda of-Clevelgnd.et al
(l%??j; Bands containing the appropriate -§oly§;ptidé
were cut .éut of dried polyvacrylamide gels using an

autoradiogram as a template. The gel slices were cut

into pieces, and the pieces were rehydrated with sample

buffer containing 50mM Tris-HCl (pH6.8),. 1% SDS, 10%

glycerol’ 1§ 2-mercaptoethanol and 0.001% bromophenol

\

~

blue. The gel pieces were applied to.a second 15%
' . . .

golvacrvlamide gel with a 5% "~ stacking gel 1in the
vacry g ,

- \ . "
. presence of 50 ul of sample buffer containing 0, 1, 20,

or 400 ug of Staphylococccal V-8 protease. The samples

were electrophoresed at a constant voltage of 70 volts

-until thewdve front reached the stacking gel-separating

gel interface, at _which “ime electrophoresis . was
. x ‘
stopped for 2 hours. Electrophoresis was then continued

>

as uwsual and the gels were dJried and processed for

autoradicgraphy as described above.
-

2.9. Immunoflugrescence
\uf”Jﬂr -

HeLa cells were grown on glass cover slips to
. ~ .

gbout 75% confluence and then infected with ads. at 12

ho%;s postinfection Ad5- and mock-infected cells were
- -
washed three: times with ice-cold PBS™ and were fixed
- . PR .
) 3 * r N

.



with methanol:acetone {l:1, v/v) at -20° far 15
minutes. The cells were then again washed three " times
with ice-cold pPBS. The cover slips were either air
dried and - stored at -20°C or used directly for
immuéofluorescence. For air dried cover slips, cells
were rehyé:éted with PBS for at least 30 min at 37°C.
Cover slips vere incubated with either antipeptide
serum or preimmune rabbit serum for 45 min at 37°%C.
' Afte: another three washes with PBS the cells were
incubated with fluorescein isothiocvanate coqjugated

-

(FITC) goat anti-rabbit immunoglobulin G diluted 1:20

in PBS immecdiately before use. The fluorescent staining

was visualized using "an ulira-violet _ fluorescence
microscope -and fluorescence was recorded on Kodak

Tktachrome. 400 slide film.

-

h 4

2.10. Association of Ad Ela Polvpentides with Cellular

Proteins .

Cells were harvested by scraping with a2 rubber

policeman into PBS. The cells were washed twice with

PBS and then resuspended in lysis buffer containing 100
™M Tris-ECl (pH 7.0), 137 mM NacCl, 1 mM CaCly, 0.4 mM

MgCl,, 1% (vol/vol)?! Nonidet bP-40 and 100 KIU of

e

. . 7
aprotinin per ml at a concentration of 2 x 10 cells
per ml. The cell lysate were briefly vortexed and then

clarified by centrifugation at 12,000 x g for 10 min at

b



4%, Thé supernatants were: immunopr cipitated with 25
ul oé serum and prétein A-sepharose beads as described
in Sectiqn 2.4. In some cases synthetic Peptide was
added to the Supernatants and then mixed briefly before
immunopfecipitation were carried ouf. The precipitates
were washed three times- with 1lysis buffer and then
twice with 100 mm Tris-HCl (py 7.0) containing 200 mM

LiCl, 1 mM dithiothreitol and 100 KIU of aprotinin -per

ol

2.11., Glveero:l Gracdient Centrifugation

.

Approximately 2xlb7 983-2 cells were labeled with

[35

Simethionine for 12 hours ang extracts were Prepared

'g

-in RIPA buffer a8s described before. The extract was
iaye;ed on tep of a 12m1 lineai éradient of 10 gp 30%
glyéerol {v/v) ‘in RIPA Dbuffer ang the gradienE: was
centrifuged a- 27,000 rpm in 3 Beckﬁan SW40.1 rotor at

4PC for 16 hours. a mixture of proteins in Rrpx buffer
containing 50 ug each of ovalbumin-(mr=43,000), bovine
serum albumin (Mr=67,000), aldolase (Mr=158,000),
catalase (HerBZ,OOQJ, -and ferritinp (Mr=440,000} was
analyse@ i5 @ parallel gradient to provige molécu}ar
weight markers, fractions of épPproximately 0.5m1 were
collected from the bortom. of the tube ang small

aliquots were taken out from each fraction to quantify

radioactivity directly using TCA Precipitation. The
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"

est of the fraction was immunoprecipitated with 14B
anti-tumour serum and analysed using SDS-PAGE. A
parallel gradient containing extract from inlabeled

ag3-2 cells was also prepared and fractions were

(S0

immunoprecipitated with 143  anti-tumor serum and
analysed for orotein kirase .act‘vity' as described
above. The amounts of 58K and protein kinase activity
were determineé by cérrying out microdensitometer scans
of autoradiograms of the 58X band and the histone H3

-3
band, respectively.

2.12. Purification 6f viral polvpeptide by ammonium

sulfate precipitation

Ad5-+ransformed 983-2 hamster cells were labeled
with‘>[3SS]methioﬁine for 12 hours and cells were
harvested into PBS. The cells were wa@hed "and cell
extracts were prepared at a2 concentration of about

23{107 cells per ml im RIPA buffer as discribed before.

Suffictent amounts of 100% ammonium sulfate was added

slowly with constant mixing to 2ml of cell extract to

achieve. the appropriate final concentration (w/v). The

precipitation was allowed to carry on for 45min at 4°C

after which precipita

r

es were collected by
centrifugatien at 12,500 x g for 10 min and the pellets
were resolubilized in RIPA buffer and dialyzed against

RIPA buffer overnight. The supernatant was also
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collected and an appropriate amount of ammonium sulfate
solution were added to ‘achieve - the next cut off
.concenE:atiog. " The precipitatés “were processed as
described above and the final supe:natént was also

dialvzed against RIPA buffer. 35

S-labeled samples were
immunoprecipitated using 148 serum and the
immunoprecipitates were analysed by SDS-PAGE. The
unlabeled samples were also immunoprecipitated with 14B

serunm and protein kinase activity was examined as

~”
oreviously described.

2.13. purification of 58K bv DEAE-sephacel

chromatography

Extracts from 43:107 982-2 cells labeleé with

[35

Simethionine were precipitated with ammonium sulfate
as descf&bed above. The precipitates that were
collected between 30 to 50% ammonium .éulfate were
solubilized in 10 mM -Tris-HCl (pHB8.0) cont&ining 1 mM
EDTA, 1mM 2-mercaptoethanol and 0.05%- (v/v) Nonidet P40
(buffer A} and dialysed against buffer A. This material
was loaded onto a DEAE-sephacel column (1.5 x 10.0 cm)
equilibrated with buffer A. The column was then washed
with 2 bed volumes of buffei\a. Elution was carried out
using an 80 ml gradient of 0 to -600 mM NaCl in buffer A

and 1 ml fractions were collected. A small aliguot of

each fraction was analysed directly for acid insoluble
’ -

-



.' e
radiocactivity. Aliquots of Eagme fractions were' also
immunoprecipitated using 14B s;ruﬁ and, were either
apalysed'diiectly by SDS-PAGE or were assayeé‘for thé

presence of protein kinase activity,

2.14, Immunoaffinity Purification using Anti<svnthetic

Peptide antibodies -

Cell ‘extracts were prepared and
immunoprecipitations were | carried out using
anti-synthetic peptide antibodies as described above.
- The sepharose beads were sedimented by centrifugationj
at 2,500xg fﬁr 1 min at 4?C and washed five times with

N
1 ml of RIPA buffer. 50L1 of RIPA buffer containing”
25ug of the corresponding peptide were added to the
sepharcse with coastant shaking at 4°C for 3 *hr to
release the viral oproteins. At the e;é of  the
incubation the sepharose was pelleted by
centrifugation. The supernatant was collected and
filtered thréugh glasswoFl to remove any remaining
sepha:gse beads. The supernatant containing the
released material was either re-immunoprecipitated’
using another antiserum against a different epitSPe of
the viral protein or it was mixed with an equal volume
of deuble-strength sample buffer and analysed using

SDS~-PAGE. Residual‘%ound material was also analvsed by

SDS-PAGE or assayed for protein kinase activity. For
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controls, the pro;edure described above was carried out

except that no s nthetic peptide was added to release

~-.p'-"

the v1ra1 orote1ns. ) L -

2.15. Measurement of Incorporation of Radiocactivity by

TCA Precipitation -

-

From each sample tw; small aliquots of reaction
mixture were taken and combineé with 200 ul of 0.1% Bs
solution. Five ml of ice-cold 10% TCA were added and
the mﬁ;ture was allowed to incubate at 4°c for at least
1 hour. The precipitates were collected by
centrifugatiqp for 10 min at 1000xg at 4°c and pellets
were redissolved in 0.2 ml of 1.0 M NaOH. The samples
were reprecipitated by the addition of 5 ml of ice-cold
TCA anéd the “final precipitates were collected by
filtration through glass fibre filters. The filtexs
were washéd three times with 10 ml of TCA and twice
with 10 ml ice-cold 95% ethanol. ThHe filters were then
~allowed to air-dry and the amount of radioactivity
present was determined by liquid scintillation

counting,

2.16. Estimates of protein abundance

AdS-infected cells were labeled . with

[35

Slmethionine at 7 to 11 n post-infection. Cell

extracts equivalent to - 1x106 cells were

&



.immunoprecipitated using EILA-Cl, 14B, and non-immune

serum. ETxcess serum (approximately 100ul) was used in

-order to precipitate all of the El proteins. To ensure'_

the complete removal of EIl protei;s residual cell
extracts after the first immunoprecipitation were

subjected to at least two more rounds of precipitation

using the same serum. The precipitates were analysed by . .:

SDS-PAGE. Autoradiography showed that no E1 proteins

were detected after the fi

L8}
r

st precipitation (data not

shown) . Bands containing E1A proteins and E1B 58K were

excised ﬁrom the drieéd gel and solubilized in Imi of
nes at 60°C for 1 hr. The raéioactivity present in
these proteins was determiﬁed by I?Qde scintillation
ceunting. The radiocactivity éresent _in the
:corresponding regions of gels éontaining samples
prepared with non-immune serum were also deteérmined to
provide the backgrouné activity. The amounts of EI1A
proteins and E1B 58X were expresséd as a percentage of
the total‘radioactivity' present in .the cell extracts
used for immunopégcipitation. The calculation assumed

that the rates of synthesis and degradation of the El

proteins were similar to those of total cell protein.

—
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3.1 analysis of E1 Polvpeptides Using BAntisera %o

Synthetic Peptides Corresponding to the Carboxy Termini

3.1.1. Preparation of Antisera Spvecific for the

Carboxy Termini of Ad5 El Proteins

The nucleotide sequence of AdS region El1 has been
analysed using both viral DNA and cDNA clones derived
from E1l mRNAS (Bos et al., 1981; Maat et al.; 1990;
Maat and van Qrmondt, 1979; Perricaudet et 2l., 1979:
v;n Ormondt et al., 1980) and thus the .aminoe acld
sequeﬁce of El gene products can be deduced from these
data. Using these predicteé sequences it should be
possible to produce svnthetic peptides which correspond

\
to various portions of E1 proteihé and then use them to
generate antisera wwith activity. against these viral
products. Synthetic peptides were therefore prepared
which corresponded to the qarboxy. termini of. the
E1§-58K protein and of the Ela 1.1.and 9.9 kb mRNA gene

products. Fig. 3 shows the predicted carboxy-terminal

residues of TI1B-58K and

]

1A proteins and the. synthetic

e 38K protein,* the peptide was

peptide sequences: For t

o

designated as 58-C and consisted of the six ca;bo;f
terminal amino acids of 58K, with a tvrosine residue
added at the amino end to serve as a means of coupling
the peptide to the BSA carrier using bis-diazotized:

benzidine. For the ElA proteins, the peptide was
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\ Tigure 3

The -predicated carboxy-terminal seguences and

syptheﬁic peptides of AdS - 58¥ and ElA proteins. The

carboxy-termini of the ad5 EIB 58K species and of the

AG5 E1A gene products were deduced from viral DNA and

mRNA sequencing data (Bos et al,, 1981; Perricaudet et

al., 1979; van ormond: et al., 1980). The synthetic

peptides corresponding to the carboxy termini . were

synthesized Dby a sequential solidé-phase. system (Stewart

and Youﬁg, 1969) .



CarBOXY TERMINAL SEQUENCES AND SYNTHETIC PEPTIDES

E1B-58K NH2.....:GLY-SER*SER-ASP—GLU-ASP-THR-ASPCDDH

-

58-C | NHZTYR—SER-ASPwGLu—AsP—THR—ASPCOOH

PEPTIDE )

F1A " NHy . .04 -LEU-SER-CYS-LYS-ARG-PRO-ARG-PROCCOH
LY

E1A-C NHZTYR-GLY-LYS-ARG-PRO-ARG-PROCOOH

PEPTIDE | '

v

[N



designated -as E1A-C and consisted of the five carbaxy
ter%inal amino acids of the gfbducts of Lthe 1.1 'and
.0.9%b mRNAS. The sixth residue of the prétein Sequencé,
a cysteine, was repiéced with a glyecine bothito serve
as a spacer 'énd to prevent the forma%ion of
intermolécular disulfide bridges and rthps the
generation of pepticde dimers. Againran amino texrminal
tyrosine‘residue was added €for coupling purposes. These
peptides were then coupled to BSA and the ' peptide-BSA
conjugates were useé to immunize rabbifs as described

in Materials ané Methods.

3.1.2. Immunoprecipitation of A&5 Polvpeptides with-

Antisera Raised Against ‘the Svnthetic Peptides

Corresponding to the Carboxv Termini of El Proteins

Sera obtained from rabbits immunized with the
synthetic peptideé were tested for their ability to
immunoprgcipitate AdS polypeptides. Extracts from AdS5S-
and mock-infected’ cells labeleé with™ [BSS]methionine
from 7 to 11 'h postinfection were precipitated eilther
with combined Thamster antitumour serum (c¢f. Rowe et
al., 1983b) or with antisera raised against " the

-

eptides E1A-C and 58-C (sera designated ‘Ela~Cl  and

o

58-Cl, respectively). The antitumor serum precipitated

o]

olype_tidesl from AdS-infected c¢ells with apparent
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 molecular weights of 358X, 29K, and 19K and a collection

of proteins at about 40% +o SOK_‘ffig. 4, - lane D).

¢ Previous studies (Lassam e£ al., 1979a,b, Rowe et‘ alj,
1984) wusing various_ host range mutants and celis
itransfo;med by specifie fragments:of Ad5 DNA, have
sugcested that the 358K apd 19K §of;p;ptides are coded
for by the =iB zegioﬁ\ and that the . 40K to 50K

‘polypeptides are coded for by El1A. The 6rigin of the

2

e

K polypeptide is not knoyn for certain but it

o

rebably represents the AdS B4 25K protein which thas
been reported to be associated with 58K under certain
conditions (Sarnow et al., 1984) and which has heen

identified in immunoprecipitates prepared using certain

XE5 anti-tumour sera (Downey et al., 1983). None of
these polypeptides was precipitated-from mock-infected
cells (fig. 4, lane E) or from AdS5-infected cells using
hamster nonimmune serum (data not shown). The rabbit
58-Cl antiveptide serum precipitated almost exc}usive%y

T ——58X--polypeptide (fig. 4, lane B). Littie material was
precipitated by normal rabbit Preimmune serum (fig. 4,T
lane A). It is unclear why 58-~Cl (and the. 58K-specific

| amino terminal anti-peptﬁde serum, 58-N1, discussed
beldw) failed to co-precipitate the g4 25K protein;
However, the conditions of immunoprecipitation used in
the present stuéy were somewhaé different than those

employved by Sarnow ek al-. (1984) .ané in addiéibn, this



Immunoprecipitation of aAdS

1)

1 polypéptides by

antitumour ané C-terminal antipepti

h

e sera. Ad5- andé
. . . 35
mock-infected cells were incubated with [T"S]methionine

from 7 to 1lh postinfection, and whole cell extracts

e
tr

™)

were immunoprecipitated with normal rabbii preinmune

serum, . combined hamstex antitumour serum, or
ant;peptide serum 58-Cl or Ela-Cl. Lahes: A, preimmune
rabbit serum with AdS-infected cells; B fand C, 58-Cl
serum with . AdS-infected andg control cellg,
respectivelys D and £, combined antitumour serum with
ad S5-infected and cantrol cells, respectively; F ané G,

Zla-Cl serum with AdS-infected and control cells,
. - .

respectively,
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species has not always evident with all sera that
recognize 58K }Sarnow et al,, 1982; Aanderson et al.,
1984; Green e+ al., 1983; 1984; Lucher et al., 1984).
The rabbit E1A-Cl antipeptide serum (fig.4, lane F)
Drecipitated a collection of polypeptides from
Ad5-infected cells with apparent molecular weights
rangiag from about 35X to 50K which had migration
properties similar to those of the ElA 40K to SOK. gene
procducts seen with antitumof serum. The ElA-Cl serum
precipitated little from mock-infected cells (fig. 4,
-

To study the specificityv of the antipeptide sera
further, the same sera were used to immuncprecipitate
extracts from p-labeled cells as it was already known

that the 58X and ELlA gene products were phosphoproteins

{(Ross et al., 1978; Malette et al,, 1983; Gavnor et

- ~

al., 1982). The antitumor serum (fig. 5, lane D} and
the 58-Cl antipeptide serum (fig. 5, lane B) Dboth
precipiltateé a 3 P-labeled 58K species from infected

cells. No such phosphoprotein was detected using

preimmune serum {fig. 5, iane A) or by
immunopracipitation of extracts f{rom mock-infected
cells with antitumour or antipeptide sera (fig. 5, lane

8
v
o
(1
v

). The antitumor serum also precipitated two
other phosphoproteins from infected cells of about 40K

to 50X. The TlA-Cl serum also precipitated a group of
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Tigure 3
St s 325, o
Immunoprecipitation of p=lazbeled a5 =l

tolvpeptides by antitumeour ané C-terminal antipep

"
b

.

de
sera. AGS- and mock-infected cells were incubated with

. from 7 %o 11h postinfection, and whole cell

(97

extracts were immuncprecipitate with normal rabbit

mmune serum, combined hamsiter antitumour serum, oOr

[N

pre

antipeptide serum 58-Cl or ElA-Cl. Lanes: 3, preimmune
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d5-infected cells; B3 and C, 58-Cl

serum witt Aé3-infected - and control cells,

respectively; D ané T, combined antitumour serum with _,

2& S5-infected and control cells, respeciively; F and G,

£13-Cl serum with AdS-infected and control cells,
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phosphoproteins {rom infected cells ranging from @about
20% +o 3QX (fig. 5, lane TF}. NO labeled polypeptides
were detected by immunoprecipitation of exﬁracts from-
uninfected cells with £1A-C1l serum {fig. 5, lane G). TO

obtain better resolution of these polypeptide species

. . . 2 :
in a one-dimensional gel, 3 p-labeled polypeptides

b=

precipitated by antitumor serum and by Ela-Cl serum
were again separated on a 12% ge% under slightly
difféerent conditions. Zlectrophoresis was carzied out
as desp:ibed in -Materials and ﬂethods but continued for
a furtﬁzr 60 min after the bromophenol blue dye . marker
had rTun out:of the gel. As shown in fig. 6, the £la-Cl
serum clearly precipgtated four major phosphoproteins
of 52X, 50K, 48.5K, ané 453K and two‘mino: species of
37.5% and 35X (lane Cl). The hamster antitumor seruﬁ

recognized only the 52K, 248.5¥, and 37.35K species, as

well as the 1B 58K proteinl(lane.PS). The 32?—1abeleé
immunoprecipitate obtained using ElifCl serum was
further analysed by two—diménsional gel
_electrophoresis. As shown in fig. 7 the viral

polypeptides precipitated by £1A-Cl. serum were resolved
inte a cluster of four major and two minor

phosphoproteins with pIs ranging between about 5.0 o

4.3, It should be noted that on some gels, each of

i
‘*hese species could bde partially resolved inteo a family
R

~ el
of subspecies. These results demonstrated that sexa
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~ Figure 6

Comparsion of phosphoproteins precipitated by

P - L4 - Y
combined hamster antitumour andé Ela-Cl sera.

32P-labeied AdS5-infected cells were immunqgfecipitasgd

with combined antitumour serum (PS) or ETfa-Cl serum
" A

(Cl). The samples were analysed on a . . 12%
SDS-polyacrylamide gel as described in Materials and

Methods. The gel was electroohoresed for 60 min further

after the dye front had reacheé the bottom of the gel.
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Figure 7

m

Two-dimensional gel elegtrophoresis of.Ad5 EIA

o

roteins precipitated by ElA-Cl serum. adS5-infected
' : . 3 . .

- cells were labeled with [ 5S]meth:onlne from 7 to 11 h

postinfedtion anc immunoprecipitated 'with ELA-Cl serum.

~
- - C . -
Immunoprecipitated protelns were separated 1in an

isoelectric focusing gel (pH 4-6) and then in a 12%
SpS-polvacrylamide gel as described in Materials and
Methods. The arrows indicate the pH of the isocelectric

focusing gel, as measured as described in Materials and

Methods.
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raiseé against synthetic peptides with sequences
corresponéing to ~carboxy termini of E1 proteins are
active against these wviral proteins and there are
apparently four major and two minor polypeptide species
derived-from z1A of Ads5, eac% of which may consist of a

family of subspecies. ' ’

e

3.1.3. Specificity of antipeptide sera

another way of demonstrating that these viral
proteins were : specifically immunopre?ipitated hy
antipeptide sera was to precipitate»extiacts in the
presence of various concentrations of %he corresponding
syathetic peptides. The synthetic peptides and wviral
proteins should compete for the antipeptide antibodies
amd thus with increasing amounkts of synthetic péptide
the precipitation of proteins with antigenic .éites
specified by these sera should bde increasingly blocked.
is shown in fig. 8, neither the 38C (lane A-D) norx
£13-C (lane I-L) peptides had any significant effect on
the p:ecipitatién 0f the 58K and the 40X to 50K
polvpepticdes by the hamster. antitumor serum. These data
suggest that antibodies against the epitopes defined by
these peptides are present on1§ in low amounis in the
antitumour sera. 1In additien the S8C peptide hacd no
eftfect on precipitation of the 35K to 52K Zla complé;

precipitated by E1a-Cl antipeptide serum (fig. 9, lane

O]

T
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Tigure 8
T Effect of synthetic peptides on precipitaticen of
viral proteins by antitumour and C-terminal antipeptide
35 32¢ T as e tmen
sera,. S- or P-labeled 2AdS-infected cells were

precipitated with elither antitumour or C-terminal

antipepticde serum in the presence of various amounts of

svathetic pepntides, as follows: 33S-labeled cells with
e

antitumour serum and 0 ug {(lane A), 0.1 ug (lane B),

1.0 vg {lane C), and 10 ug (laneﬁhD)zof 58-C peptide;
35S—labeled cells with 58-Cl serum aﬁd 0 uwg {(lane E),
0.1 ug (iane Fl, 1.0 ug (lane G), and 10 ug (lane H) of
58-C peptide; and 32P—labeled cells with antitumour
serum (lane I-L) or Ela-Cl serum flane M=-P} and the

same respective. amounts of ElA-C peptide as described

for 58-C. .
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Tigure 9

Effect of heterol%gops peptide on precipitation of

viral ©proteins by C-terminal antipeptide sera.
35 . R -
S-labeled AdS-infected cell extracts were

immunoprecipitated with either 58-Cl or Z1lA-Cl sera in

the presence or absence of heterologeus synthetic

pepticde, as follow: 355—1abe1ed cells with 58-C1 serum

and 0 ug (lane A) ané 25 ug {lane B) of £1A-C peptide;

35

and S-labeled cells with ElA-Cl serum and 0 ug (lane

C) and 25 ug (lane D) of 58-C peptide.
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D), nor &ié the ElA-é peptide affect 58K precipitation
by 58-Cl antipeptide serum fig. 9, lazne B). However,
increasing concentqations‘of the 58-C peptide blocked
the precipitation of the 58K protein. by 58-Cl serum
(fig. B, lane ©-H), and the ElA-C peptide blocked the
precipitation of the 35X to .52K complex by ElAa-Cl serum
(fig. 8, lane M-P). In addition? to these ﬁajor viral
species, several other polypeptides were detecteé in

the immunoprecipitates, often at low levels. The

oresence of most of these was unaffected by the

.

addition of peptides ané thus they probably represenkted
non-specific contaminants of éhe precipitation.
However, the level of some of the 'ﬁinor species™ was
reduced by the presence of the peptides. Thus: these
proteins could either contain the antigenic site
specified'by the peptide or be specifically bound to
the AGS ﬁroteins conta;ning - these sites (see below,

Chapter 4).

3.1.4. Comparison of viral proteins precivitated bv
- <

antitumoxr and - antipeptide sera bv Clevelané pentide

maooing
To further prove that the proteins precipitated by
the antipeptide sera were - in fact the same

virus-specific polypeptides recognized by antitumor

32 . . .
serum, the P-labeled viral proteins were analvsed by



Figure 10

Partial hvdérolysis of the 58X polypeptide

orecipitated by antitumour or 538-Cl serum with
32 -
Staphvloccal V-8 protease. P-labeled adS-infected

cells were immuncoprecipitated with antitumour serum or

58-C1 serum, ané the 1labeled 58K protein precipitated

N -

by each was removed from an sps-polvacrylamide ggl- and
rerun in the presence of 0, 1, 20, or 400 ug of

taphvleccal V-8 protease per ml as described in
Materials and Methods. T3S, Combined hamster antitumour

serum (tumour bearing serum). - =
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Cleveland parktial peptice mapping (cf. Cleveland et

al., 1977). The 38X polypeptide species precipitated by

-

woth the antitumor and Y58-Cl sera were hydrolysed with
- -

increasing concentrations  ofs taphylococcal V-8

proéease. as shown in fig. 10, the 58K protein’

precipitated by both sera produced identical peptide
patterns characterized by a single major
ohosphopeptide. Similarly, nvdrolysis of the 52K

e

protein pr

1]

cipitated by the antitumpor and the E1a-Ci.
sera produced identical patterns  of multiple
phosphopeptides (£ig. 11}. Thus, the antipeptide sera
p:ecipitateé the same vi:us-specific polypeptides
recognized by the hamster antitumor serum. All four
major phosphoproteins precipitated by T1A-Cl serum were
zelated as revealed by their similar tryptic
phosphopépt"ée maps {(Yee et al., 1983; Tremblay and
Branton, personal communication). This was expected if

al? were E1A products.

3.1.5. Lqecalization of Ad5 proteins bv

immunofluorescence -

The antipeptide sera were used to localize the

viral proteins in adS-infecteé cells by indirect

-

n

f1uorescent antibody staining. AdS- and mock-infected
cells growing on coverslips were fixed at 10 h

postinfection and then incubated with either 58-Cl or-

-

v



] S
partial hydrolysis of the 352X polypeptide

precipitated by antitumour or - ELa-Cl serum  with
Staphvlocecal V-8 protease. szaélabeleé AdS5-infected

n

cells were immuncprecipitated with antitumolr serum or

zlA-Cl serum, and the labeled Ela 52K protein
precipitated by each was remaved from _an

"§DS-polvacrylamide gel and rerum in the presence of Q,

1, 20, or 400 ug of Staphvloccal V-8 protease per ml as

described in Materials anéd Methods. TBS, Combined

-

hamster antitumour serum (tumour bearing serum).

O
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£13-C1 sera. The rabbit antibodies were stained Dy
fluoresq’in isothiocynante conjugated goat anti-rabbit

immunecglobulin antibody and visualized - using: an

e

ultraviolet €fluorescence microscope. Neither of these

sera stained mock-infected KB cells to any significant

degree (fig. 12, A, and C}. The 58-Cl serum stained

~

AdS-infected cells in both the nucleus and cytoplasm

{

ny

ig. 12, B). The cytoplasmic fluorescence  was

concentrated in the perinuclear region,” and the

_remaining cvtoplasm was only weakly stained. These data

suggested that at early times after infection the major

17

portion of E1B5-38K protein is located in or surrounding
the nucleus. The ElA-Cl serum also stained both the

nuleus and the cytoplasm (fig. 12, D). The nuclear

f/,ﬁtaining was largely in concentrated speckled areas,

whereas the cytoplasmic staining was weaker and

1A

&3]

diffuse. These data suggest that the majority of

rd

proteins are located and may function within the

nucleus.

e f

l'l



Figure 12
Fiuorescent-antibody staininé with C-terminal
antipeptide sera. AdS-infected {3 and D) and
m&ck—infed&ed (A ané C) cells were fixed and stained at
12 h postinfection, using the indirect

fluorescent-antibody staining

antipeptide sexra 58-Cl (A and B) and E1A-Cl (C ané D).

technique with the®
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3.2. Analvsis of E1 polvpeptdie Using Antisera 1O

svnthetic Peptides Corresponding to the amino Termini

3.2.1. preparation of Antisera against the

amino-termini of E1 polvpeptides

.

-~

antisera against . synthetic peptides - could

ecross—-react with cellular proteins that = harbodr

regions with identical or similar amino acid seguences.

7a addition, such sera may not récognize mutant viral
proteins in which the mutation has altered or abolished
the predetermined antigenic site. To avoid these
problems a seconc set of antipeptide sera against thé
amino termini of EL proteins-was raised. Fig. 13 shows

the amino-terminal residues and synthetic pep

rr

icde
sequences} The synthetic peptide corresponding to the
amino terminus of the ELR 58K proteiﬂ was designated as
58-N and consisted of' the six amino terminal amino
acids with a.tyrosine residue added at the carboxy end
o serve as a linker for coupling the peptide to BSA.
For the :ElA gene products, the peptide (designateé
£1A-N) consisted of seven amino acids corresponding to
the amino terminus of EI1A polypeptides with the fi€th
residue, a cysteine, heling subst%tuted for by
alpha-amino butyric acid. It has been shown that,

antigenically, alpha-amine butyric acid. is a good

replacement for ‘cysteine - (Hopp, 1983) and this

s



100

igure 13

.

451

The predicted amino-terminal sequences and

synthetic peptides of 58X and EIA proteins. The

(e}

rh
rr
jo 2
m

k7]
[¢1]
wn
v

1B 58X species and of the AdS

£13a gene products were deduced {rom virdl DMA and mRHA

sequencing dat

a {Bos et al., 1981l; Perricaudet et al.,

1979; wvan Ormondt et al., 1980}). The symbol ABA stands

for alpha-amino butvric acid which was substituted for

cys . in the

a sequential

1969) .

-

£1A-N1 peptide. The afnthetic peptides

to the amino termini were synthesized by
*
solid-phase syvstem (Stewart and Young,



Avino TerMinal SEQUENCES AND SYNTHETIC PEPTIDES

NHZNET-GLU*A?G-AQG-ASN—PRO-SER-GLY .......... . COCH

NHJZY"&ET—GLU-ARG-ARG—ASN—PRo-TYRCOO{‘i

i'JHZMET-ARG:HIS-ILE-I LE-Cys-, lls-GLY-GL\? coee e o COOH

HH2MET-ARG—H 15-[LE~TLE-RABA-H1s-GLyCO0H

In



substitution was carried out to prevent the formation

of interpeptide disulfide bridges. " The peptides- were

coupled to B5A, ElA-M by treatment with carbodiimide to

r

crosslink the carboxy. terminus directly, and 58-N by
bis-diazotized benzidine to couple via the * tyrosine
reéi@ue as’befére. The peptide-BSA conjugates were then
used ko immunize rabbits as described in Materials and
Methods.

+* .

3.2.2. Immunoprecipitation of AdS .polvpeptides with

antiserum raised against the amino termini svnthetic

pentide

The antisera raised against the synthetic peptides
58-N and  ElA-N, designated  58-N1 and  Ela-N1,

respectively, were tested for their ability to

“précipitate viral polypeptides from adS-infected cells.

The carboxy terminal specific rabbit antipeptide sera,

5§-Cl and E1lA-Cl, which were described previously, were

used as a positive control in these studies. Extracts

from A&S- and mock-infected cells 1labeled with
35 P . .-

["“s]methionine from 7 o 11 Thour postinfection were
-

precipitated with either 58-N1 or 58-Cl sera. As shown
in fig. 1l4a, lane A,., 538=C1 precipitated a 58K

polvpepticde ang

wn
b

bt

8-M1 also precipitated a polypeptice

o)

which co-migrated with the EI1R 58X protein (fig. 14A,

lane D). Little material was precipitated by 58-N1 from
N

AR
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Figuré 14

Immunoprecipitation of 58K and effect of synthetic
pegtiée on precipitation by 58qN1 serum. 35S-label’eo‘
mock- or AdS-infected cells were immunoprecipitated
with preimmune rabbit serum, Or antipeptide serum 58-Nl
or 58-Cl. rig. 134: ads-infected cell extracts
precipitated with 58-C1 serum (lane A), mock-iﬁfected
cell extracts precipitated with 58-M1 serum (1ané B) ,
aéS-infected cell extracts precipitated with preimmune
rabhit serum (lane C) and 58-N1 serum (lane D}; Fig.
143: adS-infected cell extracts precipitated with 58-&1
serum in the presence of 0 (lane A), 0.1 (lane B), 1

(lane C), and 10 ug (lane D) of 58-N peptide.






chkhinfécteé cells (fig. 14A, lane B).  2addition of
increasing amounts of'mSB-N - peptide blocked the
prec;pitatidn 0f the 58K.phosphoprotein £ig.. 14B).
These results suggested that G58-N1 serum was also
active against EIB'SBK_proteins.

To examine the specificity of éhe E1A-N1 " serum,

AdS5-infected or mock-infected cells were labeled with
S 32

either ~““p-orthophosphate or EBSSJﬁethionine from 7 .to
1lh postinfection and cell extracts were
‘immunoprecipitated with giéher‘,ElA-Nl_or E1A-Cl sera.
Fig 15 -shows the results obtained when 3Ss—labeled
samples were anél?sed on a one-dimensional gel. The
antiserum Ela-N1l precipitated a total of six
éolypéptides . from  aAdS-infected cells, 'fhese
polypeptides consist of the four major species with
apparent molecular weighis of SZK,.EOK: 48.5K, géK.and,

two minor species of 37.5K“and 35K (lane B) whiech had

migration properties identical o those of the =rla

el

o
g

peptides precipitated by E1A-Cl serum (lane A).
None of these polypeptide species were detected usihg

nonimmune rabbit serum (lane () or extracts from

mock-infected cells treated with E1A-N1l serum (lane D).
Addition of increasing amounts of ElA-N peptide blocked
the precipitation of the =1aA species (see below, fig.

19). These . data suggested that the FlAa-N1 serum was

active against the gene products derived from the ads



Figure 18
Analysis on one- and Ewo-dimensioh gels of Ela

proteinsl'immunoprecipitated DYy * ELlA-N1 ang Ela-Cl

35 -

antipeptide sera. S-labeled mock-  or AdS~infected

cells were inmunoprecipitated with preimmune rabbit

serum, or antipeptide serum Ela-N1 or’ Ela-Cl.
Precipitafes-were analysed bf one-cimensional -SDS-PAGE
dsing 125 polyacrylamide gel or two-dimeﬁsiohal . gels,
as described in Materialswwand Meéhods. Fig. 15a:
ss-labeled samples' analysed by one-dimensional
SDS-PAGE. Ad5-infected cells precipitated Qith Ela-C1
serum (lane.a), or E1Aa-N1 serumu(lane B), Or pre-immune
rabﬁit serum (lane (). Mock~infected cells precipitéted
with Ela-N1 serum (lane D) and 14C-labeled molecglar
. . 3

weight markers (lanme E). Figure 15m: 2P-Iabeled

" samples from AdS5-infected cells precipitated with
ElA-N1 or ElA-Cl1 serum and analysed by two—dimens;;;él
gel eleétrophoresis. Numbers. along thet top of the
au;oradiograﬁs fhdicatéd approximate pH of iscelectrie

tocusing gel.
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21A 1.1 and 0.9%9kb mRNAS. Analysis of equal amounts of

imnunoprecipitates prepared using the same volumes ‘of

-

E1A-N1 serum was abput one-half that qgf EL1A-C1l (data

not shown). This difference persisted even when’}abbits
7 - '
were boosted furthexr with peptide (data not shown) .

. " . o . Y .
To further characterize these ElA products,

‘32P~labeled infected.'.cgll -extracts - were . also

immunoprecipitated with ElA-Nl1 serum and then analysed

by two-dimensibnal gel electrophoresis. Fig. 15B shows

that the immunoprecipitate obtained using E1A-N1 serum

preci?itéted the same set of polypeptides as E1A-C1

serum, i.e. four major (52, 50, 48.5, and 45K%) and  two .

\-

minor (37.5 and 35K) acidie phosphoproteins. These data

indicated that the multiple products of the E1a 1.1 and

0.9kb MRNA, including the minor species, are not

generated by proteolytic.cleavage at either terminus

and suggested that all are full length proteins that

are phosphorylated.

3.3.1. Analvsis of Ela polvpeptides svnthesized by aAds

Muetanis mapping in Ela

as deécribed in the Introduction, two mRNAs of 1.1

and 0.9 kb are transcribed from El1a; early durihg the

lytic infection. Both - Ela-N1 and ElA-Cl sera

pracipitated an identical family of polypeptides

consisting of of four major and two minor species

~ . -

e
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éerived ‘IOm. these two mMRNAS. -dccording to ‘¢DNA
seguencing daha, nroducts‘defived both of these mRNAS
encode comnletelv overlanplng polypeptldes. To confirm
rhe origin of ElA polyvpeptide soec1es, the nlA products
sfﬁthesized by two EIA wutants, QEﬁTS ‘and hrl, were

analysed.

~ : . . T
The point mutant, pm275, contains a transversion

of a T to G that eliminates the 5°' splice site of .the
£1a 0.9kb mRNA, while leaving the reading frame of the

1.1xb mRNA unaffected. As a result of the mutation only
the 1.1kb mRMA is produced (Montell et al., 1982). .The
Ad5 host range mutant hrl (Harrison et al., i977)
contains. a single Dbases deletion -atm position 1005
causiﬁg a frame sﬁift that produces a nonsense triplet
(TGa) 11l codons downstream (Riéciardi et al., 188l).
Thus thls mutatlon should generate a truncated
polypeptide from the 1.1kDb mﬁNa_but should not affect
the product of.the 0.9%b mRNA. The pogitions of these
two mutations relative +to the EIA mwRNAS have - been
indicated in Fig. 16. Cells infected with either 'gg§75
or hrl were labeled with [ P]orthophosphate from 7 to.
11 h vost- infection and cell extracts wexre prec1p1ha;ed
with E1A-N1 serum and analysed by two-dimensional g%l
elect‘ophoresis. Pig.l7 shows that with pm875, which
synthesizes only the éroducts of théil.l kb mRNA, the

major phosphoproteins, 52X, 48.5K migrating at a pI of
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Figure 16 _ ~
Map locations of AdS ElA mutants. The spliced mRNA

species derived from the r-strand of E1A are shown and

“the relative locations of mutations present in various

ad5 £lA mutants have been noted in the figure (see

rh

Chapter 3 for details).
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about 4.9, and the minor 37.5K séecies were detected.
Conversely, with hrl, only the 50K and .4SK major
products migrating at a pI of about 4.7 and the minor
35K species originating from the 0.9 kb niRNa were
‘observed. These results wére identical to  those
- ~—
" obtained prgvipusly in a collaborative study ‘not
presented in this thesis using E1A-Cl serum (Rowe et
al., 1983). In both these and other expériments
employing E1a-N1 serum  and _qells 1abeled_ with
[3SS]mEthionine (data not:éhown), the truncated 1.1 kb
mRNA product predicted for hrl (Riccigrdi et al., 1981)
was not.éetec:ed. This preoduct must either.be extremely
~sﬁort—lived'or poésess an alfered configuration méking
the N-terminzl antigenic site unavailéble for reaction

with the antibody. These results clea;ly' deﬁonstrated
that the fZwo major 52K and 48.5K spéciés ané the minor
37.5K species are derived from the-l.l kb mRNA, and the
50K and 45K major species and the minor 35K spéEEes are
produced by‘the 0.9 kb mR¥A.

It is now clear that more thaﬁ one pdlypeptide
ééecies is produced by each of the Ela mRNAs and it is
"still not known what is the source of these multi?le
species. Since both E1A-N1 and E1A-Cl sera precipitate
identical multiple polypeptide species, the multiple
products of the Ela 0.9 z2nd 1.1 kb mRNa™are probébly

not ‘generated by proteclytic cleavage at ~ either
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termines. To further characterize these species, the
abberant E1A proteins encoded by ad5. deletion mutants
mapping in EI1A were__examined. The mutant dl1504
{0Osborne et al., 1982) 'contains a deletion nea£ the
S'-cap site M ©1A mRNAa, including the AU of the first -~
in-phase AUG initiation cédon (see €ig. 16). The Ela
pfoteins are initiated at the next AUG-site which is 42
nucleotides downstrean in‘the E£1a protein’ coding region
(Downey et al.,-l984). Another mutant dl313 carries a .
deletion a2t the 37 ena of ElAl(nucLéqtides 1334 to
'36393 that fuses its coding seqﬁenéé  with thaf of
proteinﬂlﬁ at the right end ofrregion £iB (see €fig.l16).
This deleﬁion elimi;ates 70 amino écids from’ thg\\
carboxy termini ‘of EiA proteins~ and results in the
addition of 15 amino acids encoded by én unused reading
frame within  khe protein —IX- coding sequence,
terminating in an in-phase stop codon (Colby and Shenk,
1951). Cells infected with either §l1504 or d1313 were
labeled with [3??]orthophosphaté and.bell extracfs were

srecipitated with  ELA-N1 'serum . and analysed by

" two-dimensional gel elect;ophorésis. Fig. 17 shows that
with 411504 no ElA products were éetegted with Ela-Nl
serum as expected-;iéce the delet{on removed 15 anino
écids from the amino terminus of the FT1A. proteins.

Previous collaborative stidies (Rowe et al., 1983)

Semonstrated Yhat four major ElA proteins were detected
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igure 17

Two-Cimensional gel electrophoresis of EIlA

T o

proteins synthesized in mutant-infected cells and
immunoprecipitated by ElA-N1 serum. Cells were infected
ith wvarious E1a mutants and were Tabeled with

2 . .
“p-orthophosphate from 7 to 11 h postinfection. Cell

W £

extracts were immunoprecipitated with ElA-N1 serum and
. - N .

analvsed by -two-dimensional gel. electrophoresis.
Numbers along the tops of the panels represent the pH
at +he positions indicafed. Arrows . in the figure

indicate the positions.of the 52 and 48.5K products of
Fl -

the 1.1 kb mRNA (~») and the 50 ané 45X produckts of the

0.9 kb mMRNA (=),
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using ElAa-Cl serum ané they migrated'on SDS-PAGE faster

than the-Ela proteins derived-from wt-infected cells.

with 41313, a cluster of four polypeptides with }‘
.= i -
apparent molecular weights of about 35K to 45K were
_ . s X L
observed. These proteins had a slightly lower pI and a

faster migration rate in SDS-PAGE than the E1A ptdteins

o

erived from wt-infected cells. As expected, ‘previous

collaborative studies indicated’ that R1a-Cl serum did

not recognize the E1lA proteins encoded by

¢l3i3-infected clells since:the mutation eliminates the

. - ) - T
carboxy terminal antigenic site recognized by this

'ahtipeptide serum (Rowe et 2al., 1983). fThese data
suggested that post;translatidnal modifications in the -
C-}erminus are not responsible for the g%ﬁefétionf of -
the Ela | multiple speciéséﬁ\\Previous results had.
sucgested that this regiop. might be ~involved in
generating the multiple species (Esche et al., 1980).
These data alsolconfirmed that multiple protein species
‘derived from the El1A 1.1 and 0.9 kb maVas -did not
result frém proteolvytic deéradation from either termini
of thé z1Aa proteins,-and furthermore, suggested that

the amine terminal 15 and carboxy terminal 70 amino

acids were not involvdd. In summary, as tabulated in

-

Table 1, the patterns of immunoprecipitation of Ela
proteins by Ela-N1 and ElA-Cl :sera were enktirely

.

‘x
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~

compatible with those predicted from the proposed
structures of wt and mutant ElA products.

Host range mutations .in region ElA generated by

-

chemical mupagenesis have _produced mutants' that are.
phenotypically déficient in the formation of viral DNA
and late .§rotein synthesis (Uéssam.‘et al., .195%).
Réceﬁtly,'tpe mutations in 253; 4, and 5 have‘ been
"localized and identified by DNa sequencing {(Glenn and

Ricciardi, 1985). 1In nr3 and 4, singie base pair

substitutions affecting only the 1.1 kb mRNA products

- R Y
were cdetected. Methionine at position 176 was replaced

o

vy lvsine, and leucine at position 173 was replaced by

phenylalanine in hr3 and 4, respeétively. Iﬁgézs, ‘due
£o the sglicing patterns of the two mRNAs, a single
base pair alteration produced missense mutations
affecting both the l,l‘aﬁd 0.9 kb mMRNA products..Serine

-2t position 185 of the 1.1 k5 mRNA produckts was

(4]

eplaced by asparagine, while aspartic acid replaced

lvcine at pbsition 139 in the 0.9 kb mRNA products.

o

(S0 N

Analysis of the ElA proteins produced in cells infected

with these'mutants, including hr2, 3, 4, and 5, might

provicde clues concerning the.generation of the =ETla

ultiple species. Thus cells infected with these
" [ 3

. ., ' . <
mutants were labeled with [BSS]methionine.from 7 to 11

h postinfection and extracts were immunoprecipitaped

with EIA-N1 serum. As shown in fig. 18, ELA~N1
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Figure 18

analysis on two-dimensional gels of Ela proteins

from host-range group I mutants . immunoprecipitated by

-

ost-range group I mutants and were labeled
s .

o 3

3 oLt . . . :
["Slmethionine from 7 to 11 h postinfection. Cell

extracts were immunoprecipitated with ElA-N1 serum and
- .

-

analysed by = two-dimensional . gel .electrophoresis.

E1A-N1 serum. ' Cells were infected with various ®

/

Numbers along the tops of the panels represent the .pH .

at the positions . indicated. .

-
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- precipitated a éluster of four major polypeptides frﬁm
cells infected with hr3, 4, and 5, with migration
préperties‘ identic;1 ﬁq those precipitated Erom.
‘wt-infected céils (see fig. iS).‘A different pattern of

_ Ela proteins wasrde;éc;ed from hr2-infected .cells. Only
two_majﬁr polypeptide species were precipiﬁated using
£1A-N1 serum, with migration propé}ties‘identical_—tq
those "seen with EE}-infeCtéé cells (sée fig. 17).
_Tdentical rtesults fwere_'alsd observed ‘in previous

‘ -cOllaborative.studiés not included in this‘thesis‘u§ing

"E1A-C1l serum (Rowe et al.; 1983). Thus,. these results

deﬁogétrated that 'E1A proteins synthesized gy hr3, 4, -

and 5 were indiétiégusihable from those synthesized by
wild-tyée virus. The identical phenotypes of hrl andl.é
suggested that the defééts‘of EE? most likely ihvélvéd

a érgmature‘termination'qf the 1.1 kb mRNA:similar to

“hri. ﬁﬁ;lé hrl ang 2 are‘défé;tive fqr the synthesis of,

the 1.1 kb gene products, all of these mutanté are

~

capable of svnthesizing multiple polypeptide species -

Gerdwed from the individval ElA early messages.’

3.3.2. Failure to detect products from the 0.6kb TEIA

mRNA using Ela-N1 serum

As mentioned above in the Introductien (Chapter
1), a third mRNA of 0.6%kb is also transcribed from Ela,

predominantly late after the onset of wviral DNA



replication (Spector et al., 1978; Green et al., 1981;

Lewis and Mathews, 1981). DNA sequencing data have

‘predicted that this mRNA codes for z polvoeptide with

an amino termidus identical to the palvbeptides derived

from 1.1 and 0.9%b mRNAS, but with a,aifjérent carboxy

terminus as a result of the use of a different reading

frame after the 3' RNA splice acceptorlsite;/(virtanen
. - s
and- Pettersson, 1983). Thus the -antipeptide serum

ElA-N1, which was raised agairnst the amino terminus of

1A, should recognize the pfoaﬁct derived from this

3

mRNA. The antipeptide serum Ela-Cl, which recognizes

' the carboxy .teipini of the products of the 1.1 and

0.9kb mR¥As should not <xreact against the 0.6kb MRNA
protein préduct. In order to detecﬁ this product Ad5-
and  mock-infected  cells  were  labeled  with
[3SS]mgthionine from 20 to 24 h postin?ection and cell
exth&ts' were prepared and immunoprecipitated with
Ela-N1 and ElA-Cl sera. To ensure that any species
obsefved was. truly regognize@ by thé ElAle_ serum,

e

increasing amounts of' the synthetic peptide Ela-N were

- 2dded to the cell -extracts. The results, shown in fig.

19, indicated tﬁat the products from the 1.1 and 0.9%b
MRNAS were still synthesized at high levels even at
these late times aftgr infection. The late structural
hexon polypeptide; which 1is synthesized in large

quantities at &this time during the infection



Figuré 19

_Analysis of ElA proteins synthesized Tate during

infection. AdS3- zné mocX-infected cells were labeled

with [3ss]méthionine from 20 to 24 h postinfection and

cell extracts were immunoprecipitated -with either .

E1A-N1 or E1A-Cl serum, in some cases imnthe ' presence
§f inc:eéging amountg- of ElA-N peptide, and then
;nalysed 6n a 15% poiyacrylémide gel. Molecular weight
markers’ are shown on tbe‘right. A: mock-infected cells
and ElA-N1. serum. B: AdS5-infected cells and EiAfC1
serum, C-F: adS-infected cells and -E1A-N1 serum in the
vresence of 0 {CS;_ 0.1 (D),.1.0 (E) and 10 (F) ug of

El1A-N peptide, - A '

/3



Ny . . | .
O <t . T . . Y
Y v Y . _—
. , " SIRETOR ik

e AT I
. gy

L
. & 4
(o))

products

Il and O
. MBRNA



+ 125

(Philipsen, '1983), waé . also non;specifically
precipitated with  all 'Tof ‘the  sera. Indreasiné
concentrations of ELA-N peptidé efficiently blocked the
precipitation by E1A-N1 serum of-products derived from
1.1 and 0.9 kb mRNAs. No ‘polypeptide(s):was detected
that was recognized by E1A-N1 serum but not by Ela-Cl
serum. This was éarticularlf true in ‘the range of 6K to
28X which should contain ppiypeptides_ of a size
comparable to that predicted for the 6. 6xb | MRNA
(Virtanen and Pettersson; 1983) or to those suggested
by prévious in vitro and inr§iv6 experiments (Spector
et al., lSSba,b; Esche et al., 1980;-van der Eb et al.,
i980; Winberg and Shénk; 1984). Thus no in vivo product
of the 0.6 %b mRNA was detected using ElA-NIL seer.
Reasons €for the failufe to detect a2 product for -the 0.6

kb mRNA are discussed in Chapter IV.

3.3.3. Immunoprecipitation of EIB 58K Svnthesized in

Cells Infected with Wilé=tvype or Group II Host-range

‘Mutants of AdS E

Ad5 group II hr mutants are defective in early
region 1 and have. been mappéd to the sequences of the

EIB 225 message which codes for 58K (Galos et al.,

1980). The hr mutations were generated by chemical -

mutagenesis angd probably represent single base changes

(Farrison et al., 1978). Thus the “mutant protein



126

products could contain eighér single amino-acid changes
or,sin ‘the case of the formati;n of an aberrant sﬁop
codon, a truncated version of the 58K polypeﬁtide. The
anti-synﬁhétic peptide sera 58-N1 and 58-Cl;.and the
nhamster anii;umor _ serﬁm .;45; were =~ used to
immunoprecipitate E1B 58K (or - S8 K-related . viral
pol;;;ptideS} synthesized by the hos range t_';:.:cn':[p"T Iz
‘mutants. ‘Cells were infected with wild;type or mutant

viruses, including hxé, . 7, S0, 51, .theyvy were labeled

-

with‘[3ss]methionine at 12 to 16 h postipfectién -and
cell extracts . were immunop:ecipitated_ with 58-N1,
58-Cl, or 143 sera and the precipitatés-were -examiped'
by SDS-PAGE. As shown in fig. 20, the ‘anti-syntﬁetic
peptide serum . SS-NI. éreéipitated the E1B 58K from

ngiﬁfected cells (laﬁe M). No .ElB 58K or other viral
‘polypept{ées were detected ffgm cells infected with
hré, 7, and 50 {lanes 0 to Q). Howevér, a viral
polypeptide which éo—migrated with 58K was.precipitated'
from EESI—infecféd cells (lane R).‘Similér rﬁsuits"wére
also observed using another anﬁi—synthetic peptide

serum,'SS—Cl (fig. 20, 1lanes H to L) and 14B hamster

antitumor serum ' (fig. 20, lanes B to F). The viral

o]
‘g

olypeptide detected  in hrSi-infected cells was

1]

recognized by all three sera and, although it appeared

-~

to be'produced at somewhat reduced levels relative to

wt, it co-migrated with 58X from- wt-infected cells,
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Figure 20
Ajalysis of 58K4:elated_'vifal proteins from
host-rangel group  II mutants by antitumour ' and
antipeptide sera. ~Mock-infected cells and cells
infected with_ggf or hr group II mutants were_‘labeled .
BSS

with [ Imethionine from 12 to 16 E postinfection and-

cell extracts were immunoprecipitatea with eitﬂeg 148,
58—¢;, or 58-N1 sera and then analysed on éither“a 15%°
(lane A to L) or 12% (lane M toc R) polvacrylamide gel.
Lane A to F: 148 serum with mock=, wt, giﬁ, 7, 50, and
51, respectively; lane G to L: 58-Cl serum with mock~,

wt, hxé, 7, 53¢, and 51, resvectively; -and lane M to R:

58-¥1 serum with mock-,~ wt, hré, -7, 50, and 51,






suggesting it was related to 58K. Similar results were

also obtained in previous studies wusing 14B serum

(Laésam et al., 19792, b). These results suggested that

-

all hr group

II mutants except hr51 are defective in

the synthesis of E1B 58K. : -

[
The studies described in

that antipeptide sera could be

and C termini

were highly specific

of E1a proteins

this Chaptei indicated
produced to both the N
and 58K

and that they

for these viral products. These

sera therefore represent powerful tools for the further

. characterization of
_properties of AdS

transformed cells.

E1 proteinse in

+the structural and functional

infected and
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Chapter 4

Association - of AdS E1A Polvpeptides with
Cellular Proteins in AdS5-infected cells
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4. 3Association of “Ad5 ElA Polvpentides with Cellular

Protéins in AdS-infected Cells -

It is now known that E1A polypeptides play an

important role in gene expression as well as in

oncogenic transformation. However, 1little is. known

about the mechanisms involved in either. 2as one

approach to learning more about the mechanism of action

of these viral products, the zantipeptide sera were used

to attemp

43
it
o,

icentify celliular and viral proteins that

interact wit E1A products. It has been shown tha=x
‘other wviral mpolypeptides appear to be present in

functional cémplexes with cellular proteins including,

4]
=

both AES B 58K protein and SV 40 large T antigen with

cellular p53 . (Sarnow et al., 1982, Lane and Harlow,

SIC

(érugge et al., 1981},  and polvoma middie T_. antigen
with the celltlar c-src protein (Courtneige and Smith,
1883). Thus it 1is possible that ELlA proteins also do
not act alone but they too form functional. complexes

with cellular proteins. To demonskrate such . an

'association,f‘immunoprecipitations were carried out

using E1A-Cl and ElA-N1 sera and precipitates were

arnalysed for the nresence of polypeptides other than

-
L

he EL1A species. In order to identify cellular proteins

that were specifically associated with ElA products

with 50K and ‘90K cellular proteins
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immunopreci itations were carr:ed out in the presence
of ncreas*ng amounts of the’corressonding synthetic
veptides. As d*scussed .above, the presence of synthetlc-

De 1des sHouWG reduce ‘the amount of Ela Ipolypeﬁtidee

’

precipitated and, in addition,— should proportionally
decrease quantities of eny cellular pxoteins.present in
-precipitates because .of their association “hith Ela
polyp =3 des xwhiie.'some ' ceilﬁiar protelns could

possiblvicross ~react wl“H an eo1rope def1ned by one of
‘“He HlA-s:ec1f1c svntheclc veptides, 1t was considered
've;y unlr(ely_ that the same cellular proteins could
pcseess'antigen sites recognléed by both LIA N1l rand
Ela-Cl sera. -Tﬁue proteins which were present -in
émmunoprécipitatee'prépered from iefected cells using
both Ela entipeptide sera and absent in ‘precipiretes
rrOm‘ mcck—infected ‘cells were deemed to be  good
candidates. A lvsing buffer conralnlng a- physiological
sals concentration,  Ca and Mg iong: aed only a
non-ionic detergent was used to Prepare cell extracts.
These milder conditions were. designed so as o better
oreserve ;ébrotein complexes as’ protein-protein
interactions might be easily distrupteg %y the EAAiG
detergents presen*t in RIPA buffer. -

In order to examine +these condxtlons'méf
immunoprecipitation AdS5- and mock-~ 1ﬂfected ceMs -yere

labeleﬁ with [3 s]methionine 7 to 11 h' postinfection



and’cell ‘extracts were prepared and precipitated with-

“E1A-Cl serum containimg‘ ihcreaeihg amount of Ela-C

ptide. as shown in flg 21, ElA polyoept1des were

r
g
m

i ' Co Precipitated by Ela-cl -serum as a serles ;of _major
R species of 40550K- (lane B) and addition of syntnetlc

Peptide EI1A-C eff iciently blocked the prec1plratlon of

these“ElA.species' (lane B—E). The Jimmunoprecipitation

was rélerively free of contam:natlng protein soecies.

Several polfpeo tides were also derecred but addztzon of

pectide did not reduce thelr levels and therefore they

were ordoablv present nonsoec1f1cellv (see below and

fig.® 22). Foweveﬁ, the orec1oltarlon of some addltlonal

,ororelns aooeared to be redueed by the presence ‘of‘

ElA-C‘peprlde,'including species of about 18.5x, 22K,

24K, 28X, 65K, 68K, 105K, and one in excess of 250K

-

t>250K)'which, under the " the present gel cooditione
barely entered the separating gel. The >250K species
will be discussed rurther below (see fig, 26),  Small
amounte of.ls.§,l24 and 28X species were also present

in precipitates from mock-infected .cells (lane A7)~

-

These species hecane more evident upon longer exposures

of this gel (data not shown}. Thus these Drotein

- - . -

species may ‘have represented host cell pPolypeptides

-

that contained antigenic sites recognized by the Ela-Cl

serum. A oprotein of approximately 110X was also

detected in both ags- and mock-infected cells angd it
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Figure 21

SDS-PAGE apalysis of polypeptides coprecipitated

with ElA proteins using E1A-Cl ~ serume AG5- and

mock-infected cells were . labeled with-‘EBSS]methionine
e """--../:. . R
txom 7 to 11 h postinfection and extracts were prepared

and immunoprecipitated with ELA-Cl serum, in some cases

“.in the ©presence of increasing amounts of C-terminal

peptide, _as ‘described in Materials and Methods.
-:ﬂ : R
Precipitdtes were then analysed on a 9% gel. mw:

[

A
“+

C-labeled molecular weight markers. A: mock-infected
cells. B-E: Ad5-infected cells precipitated in the
presence of 0 (B), 0.1 (¢), 1.0 (D), or 10 (E} ug of

C-terminal synthetic peptide. -
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was not affected by the addition of ELA-C peptide. This

.

sgeéies,clgsfiy migrated s}ighﬁly‘slowef'tban the 105K

polypeptide seen in extracts from infected cells. To

-demonstrafe that the amournts of the lJSK; 68K and 65K

specieslpreseﬁt wefe-proportional to‘the amount oﬁ. ElA.
prbﬁein§ precipitated, the qﬁantities of these proteins
species .and the 48.5K and 45X EiA products were
estimated 5y - microdensitometer écans: of the
autoradiocgram. The amounté of four other contaminating
‘proteins were also-measured. The quantities of all of
these.p:otgins were plotted against- thér amouhts_ of

—

1A-C peptide present in the immunoprecipitation

&)

mixture., As shown in fig. 22, the 1levels of the four
con;;minating species ;emained more or less .constant in
the presence of variou§ amounts of ElA-C.peptiég. The
aﬁounté of .105K, 68K and .SSK décréased reésonabiy
proportionately with the reduction of the 45K EIA
species. These results_sugéestéd that the 105K, 6BX' and
65X spécies (and possibly 22K) either cross-reacted
with the C-terminus of EiA proteins or were -aséociated'
‘with these viral proteins.

To furgher distinguish between these two
possibilities, a similar competition experiment was
carried dut using both E1A-Cl and ElA-Nl sera. As shown
in Fig; 23, in addition to ElA proteins a set of

polyvpeptides including 24K, 28K, 65K, 68K and 105K was

-
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" Figure 22

Aﬁa;ysisr of"thé levels __of polypeptides
coprecipitated with ElA prqteins using E1A-Cl serum.
Fig. éZA: ads-infected cells wé:e " labeled with
[>S]methionine “from 7 to 11 h ‘postinfection and
'ext;acis were immunoprecipitated wi#ﬁ’%la;cizgérum in
theApresence of various .amounts of E1A-C peptide. The
number ébove.each léne indicates the amount of peptide
in ﬁg added+to the cell extracts. Fig. 22B: The levels
of AG5 ElA '45K, the coprecipitated 105K, 68K, 65K
éroteins, and four arbitrary éelldlar bands (A, B, C,’
anéd D és indicatéd'in fig. 22&) were quantitated by
scanning the autdradioggém in €fig. 222  using a
-ﬁicrqdensitometer, With 105K a contaminating band .was
present which mig?ated only slightly slower then this
protein and it was not possible to separate  these
species in the- microdeﬁsitometex scans. Thus in this
case‘the amount of 105K was estimated by subtracting
.the valué obtained. for the sample'from mock-infected
cells. The leve1§ of proteins detected are ploéted
against the amount of El1A-C peptide present in the cell

extracis.
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Figure 23

SDS-PAGE analysis of polypeptides coprecipitated
with Ela proteins using E1A-Cl and ELA-N1 sera. ‘Ads-
and nock-infected cells were _1a5e1ed with
EBSS]methionine from 7 %o ;i h ‘postinfection and
e#tracts were prepared and immunoprecipitated with
B1Aa-Cl or ElA=-N1 sera, in, some cases iﬁ the presence of
increasing amounts of homologous synthetié peptide, .as
described in Materials and Meﬁhods. Precipitates were
then analysed on. a 95 gel. mw: ;4C—1abe1ed moiecular
weight markers. A: mock-infected cells preciﬁitated

with ElA-N%:SEEum. B-E: Ad5-infected cells precipitated

with E1A-N1 serum in the presence of 0 (8), 0.1 (Q),
—_

'

—_—
1.0 (DMN~—oT 10 (E) ug of N-terminal synthetic peptide.
F-I: AdS-infected cells precipitated with ElA-Cl serum
in the presence of 0 (F), 0.1 (G), 1.0 (F) or 10 (I) ug.

of C-terminal peptide,
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detected using ElA—CIISerum and again the precipitation
of these proteins was reduced by the addiﬁion of Ela-C
peétide. In ‘fhis'expefiment no’18.55 or 22X épeciés
were-obse:véd but a ﬁeﬁ pfotein of 'égéut 18K . was;
detected. The _amino términai—spécific El1a~-N1 serum
grecipitéted'the multiple Ela #pecies and several other
proteins -including the 18.5%, 24;{,'2-85{, 65K, 68K, and
105K species. The levels of both.Elﬁ p£odﬁ&ts‘an6 these
protein spexgies were,réduged by the’ adéi;ion-of thg
. N—ﬁermiﬁal peptide (lane'g-E}. Howeﬁer; as. with E1A-C1
ﬁerum, 18.5,724; and ZéK were also seen in ‘egtracts
from 'mpdk#inﬁeéted .cells (lane A) and thus were
probably-present‘nonsﬁecifioally. Labeled material at

=38 .
the top'. of fhe gel consistent - with the presence of

. ‘ - ,
>250K was observed in this éxperiment, but .in -Eﬁrther
studies in thgh cgnéitians were such that this protein
wgs'clearly resolved (see below, fig. 25), ElA=-N1 serum
was _not found--to consistentl; preciéitaté this
polypeptide. It is not certain, at this point, if >250K
is an associated p:otéin. Ihe 18K species was also
éreseﬁt with BlA;Nl serum and was competed out by . the
addition of peptide. Since the detection of both 18K
and 18.5X was intonsistent over the course of several
experiments, these pgoteins will be disregarded fof the
present and nof mentioned further 1in the present

studies. It is possible that one of these two species

o

/
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could corresoond to the -19 and. 1l8. SK protelns coded for

. by EI1B bf ads (Rowe et al., 1983b). However, these

. L -] N
species do- not precisely cpmigrate with the E1B
- J -
orotelns and, in addltlon, antl-oeptlde sera spec{fic
for the N- and c-termlnl of these viral products do not

co—g;ec1pltate ElA proteins (McGlade: and Branton,

unpublished results). Table 2 summarizes all of the-

Gata obtained to this point'ahd suggests that the 65K,

'Gék, 105K, and pe:haﬁs the . >250K proteins are

associated w1~h El1A proteins.
Recently, "2 series of mouse monoclonal antibodies
directed against ELA proteins has been developed by E.

sarlow at the Colé Spring Harbor Laboratory (Harlow- et

al., 1985). One of these antibodies, M73, is specific

for an epitope present somewhere in the carboxy-half of

o]

antibody does nof react with -either the N or C-terminti
\

as the addition of 25 ug of eifhe; synthetic peptide to

an .immunopracipitation™~mixture failed to reduce the

amount of ElA proteims p:ecipitated. This antibeody was
also- used to study the association of cellular proteins
with ElA speciés. Ad5- and mock-infected cells were
labeled with  [*’Slmethionine from: 7 to 11 h
?ostinfecfion and cell extracts were prepared and

precipitated with either E1A-Cl serum OT M73 monoclonal

antiboedy. Fig. 24 shows that again, the EIA multiple

-

14 proteins (Hdarliow, personal communication). This-
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.Table 2: Analysisg of Proteins Associated with'AdS ElA .

-

) . Products* - . .
Present with ‘b;tected in -
Ela-Cl  Ela-N1 moék-iﬁéected
protein  serun serum : cells ’ Comments
>230K . .+ ’ +/? ',_- i - ElA-associated?
1058 (doublet) + + ) - Ela-associated
68K .+ + 7' - _ . Ela-associated
65X o + + . - Ela-asseciated
28K . + + o . + non-specific
. 24X C + 5 + | + non—specifié
o . '
22% +/= - L inconsistént
18.5K + + . |+ non-specific

18X Fy + . ' - , inconsistent

The data summarized in this table were derived from experiments
presentéd in Fig. 2}523 and from other similar studies (data not

shown). °
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Figure 24 - A

SDS-PAGE analysis of polypeptides coprecipitated
. -

-

with E1A-Cl serum and mouse monoclonal antibody M73.

Agé5- ang mock-infected cells were labeled wit
35
[

Simethionine from 7 %o 11 h vostinfection and

extiracts were prepared and immunoprecipitated with

ElAa-Cl serum or monoclonal antibody M73, in some cases

in the presence of increasing amounts of C-terminal

g
e

eptide, as described in Materials and Methods,

-Precipitates were then analvsed on a 9% gel. mw:

1

N5

C-labeled molecular weight markers. A: mock-infected
cells precipitated with E1A-Cl serum. B-C: AdS-—infected

cells precipitated with Ela-Cl serum in the presence of
™

-

0 _(8) or.10 (C) ug of C-terminal peptide. D:
AdS-infected cells precipitated with M73. E:

mock-infected cells precipitated with M73.

~

<

i

-

L)
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_E1A-C1° M73 .




species and 65, 68, and 105K were clearly present in

O

v

13-Cl precipitate from infected cells (lane B) and

o

heir presence was reduced by the addition of 1l0ug of"

la-

14

O

peptide _%iane_ C). M73 .also precipitated EILA

proteins and 65, 68, and 105K species from 'fnfectgd
. e . .

cells (lane D) and none of these proteins were detected -
in mock~infected cells (lane F). The >250X species was -

-also detected using M73 monoclonal antibody under  gel

condéitions +hat clearly resolved this species (data not

shownj .. These results ' indicated that M73, which

pessesses a different specificity for ElA proteins than

- .

E1A-Cl ané E1a-N1 sera, also precipitéted‘the same 65,

68, 105, and >250K
o o

thus <further substantiating the fact that these

species along ™ with E1lA prod&cts,‘
proteins may be asséciated with E1A proteins.

| It should be pointed out that the particular
.conditions . bf immunop:ecipitation | and gel
electroéhoresié‘used were essential for the consistent
deteltion of ~ these species, Failure ” to allow
electrophoresis to proceed according to the vprescribed’
protocol often fesulted in the failufe to separate 65
ané 68K and in rthe'incomplete separation of these
species, and 105%, from ceilular polypeptidesn detected
in .extracts from mock-infécted cells. More importantly,
the presence of Ca’ ' and Mg++ atfected the ability of

-

anti-E1A sera to precipitate three of the proteins.

A



Cell extracts were prepared and immunoprecipitated in—

. . . . ++ ++
lysis buffer either containing or lacking Ca and Mg

and the precipitates were 2nalyzed on a gel that was-

~ - -

"electrophoresed longer to allow the rgsolution of the
>250% species. Fig. 25a shows that this protein was
detected in extracts 'from infected éeilg prepared in
1§si§ buffer 1lacking, divalent cations using EI1A-Cl

serum (lane C), it was reduced in guantity upon

.addition of Ela-C peptide (lanes D-F), and it was .not

detected i

I
e

precip ;

tates from mock-infected cells (lane

B).;Iéenfical results were also obtained using M73
monoclonal aﬁtibody (data not shown). As discussed
-above, Ela-N1 faited to precipitate >2§05 under these
cqnéitibns flane A).'Howéyér, in experiﬁents-ﬁcarried
out'using lysis buffer cgntaining divalent cations,
little >250K was evidept‘ﬁith extracts from either

mock- or AdS3-infected cells (lanes H-XK). Furthermore,

upon the addéi

r

ion -of EDTA to 'lysis buffer containing

these divalent catiens, >250X was again detectable

(compare lanes P andéd M). Conversely, cdetection of 68K

and 65X was inconsistent with either anti-peptide serum
++ T

unless Ca and Mg were present (lane H and C; and

- - * - . ) l/ N

other data not shown). The 105K species waﬁ\found under
] ~

all conditions employed in these experiments, but as is

evident in Fig. 25 (lane C and PL{/ 105% actually is

[ .
comprised of two polypeptides tham are separable if
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- Analysié "of the association of the >250K protein

with ElA polypeptides. Fig. 25a Effect of divalernt
. - ‘ . " . -
cations. ad5- or mock-infected cells were labeled with
35 T

[™slmethionine from 7 to 11 h postinfecticdn and cell

- .

extracts prepared in lysis buffer either containing ox

LT+ L B . .
lacking Ca anéd Mg were- -immunoprecipitated with
antipeptide serum and analysed on & 9%. polvacrylamide
gel. The samples wexe run for at-least an adéitional 90

min after. the dve front had reached the boitom of the

gel. Lénes A to F: 1lysis buffer lacking divalent
catipns. Lane AaA: infected éélls precipitated with
Ela-N1 seruﬁ. Lgne B: mock-infected ceils withA ElA-C1
serum, Lanes C-F: infected cells with ElA—Cl.serum. in
' the presence of 0 (C), 0;1 (D), 1.0 (E) or 10 (™ ug of
C-terminal peptide. Lane G-K: lysis buffer containing
divalent cations; Lane G: ﬁack-infectéd cells
precipitated with EiA-Cl serum, Lane H-K!@ 1infected
éells precipitatéd with EIA-Cl serum in the presence of
0 (%), 0.1 (1), 1.0 (J) or 10 (X) wug of C-terminal
peptide. mw: molecular weight markers. Lane L *o Q:
lysis buffer and EDTA. Lysis buffer alone with Ela-Cl

serum and mock-infected <cells (LY and AdS-infected

cells in the presence of 0 (M) or 10 (M) ug of
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.C-terminal peptide. Lysis bﬁffer plus 2.5 mM EDTA with

ElA-Cl serum and mock-infected cells’ -(0)7 and -

~ Ad5-infected cells in the presence of 0 (P) or 10 (Q)

ug of C-terminal peptide; Fig. 25B In vitro association

. of 250X with ElA broteins. '365- and mock-infected
cells were 1labeled, lprecipitated with ElA-Cl serum
ﬁsing‘ lysis Dbuffer- la;king divalent caéions, and
ahalysed'on gels as described 1in Fig. 25A. These

»~

profiles were compared to similar precipitates prepared

by mixing extracts from. mock-infected cells which had
been régeled'_for 4 h with wunlabeled extracts from
either infected or uninfected " cells as described in
Fig. 26.“ mw: molecular weight .markers.‘ A. labeled
mo;k*infECted cells., B-E: labeled infected cells
precipitated in the presence of 0 (B), 0.1 (C), 1.0 (D)
or lp (E) ug éf C-terminal peptiae. Lanes F o G

-~
labeled mock-infected cells mixed with either unlabeled

infected cell extract. (™) or - with unlabeled
. LS . .
mock-infected cell extract (G). rig. 25C

Phosphoryvlation of »>250K. Ad5- and mock-infected cells

were labeled either- [35

32

Simethionine ~ or
P-orthophosphate as described in Fig. 27 and cell
extracts were prepared in lysis buffer lacking divalent

cations, precipitated in with Ela-Cl serum and analysed

B



(.

on gels as in Fig. 25A. mw: molecular weight markers.
Lanes A-C: 35s—labeled samples. A: mock-infected cells.
B=C: infectgd cells precipitateé in the presence of 0
(B) or 10 (C) ug of C-terminal peptide; - Lanes. D-H:
32.-labe1ed samples. D: mocEFinfectedr cells. E-H;
AdS-infected cells precipitated in the Dresence of 0
(2}, 0.1 (F), 1.0 (G) or 10 (m) ug of C-terminal

peptide, 2
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electrophoresis 1is carried oﬁt for a 1long enough
period. Similar results were alﬁgr;9béained using the
monoclonal antibody M73 -(data not shoﬁnj. These data
sugéesteé that 65K, 68X and >250K may be more tenuously
assoc;ated with E1a pfoteins, and that divalentfcations
may,be.involved in the formatiom of éﬁch a'compiex.

Tﬁe data presented so far %0 not eliminate the
possibility that these proteins represen£ high
molecular weight aggregates of ElA polypeptides which .
persisted during SDS-PAGE. In order to = determine
wﬁethe: or not 65, 68, _100 and >250K are cellular
proteins, and furthermore, to estabiish if association
with ElA polypeptideS‘céuld .be demenstrated in vitro,
the following experiment was performéﬁ. Cell extracts
prepared from mock-infected cells which were labeled
for four hours with [BSS]methionine were incubated with
cell extfa;ts from unlabeled mock- or AdS-infected
cells, 1Infecteéd cells labeled from 7  to 11 b

post-infection were aiso.included as a postive confrol}
The mixtures weré then imﬁunoprecipitated with. ElA-C1l
serum and analysed by SDS-PAGE. As shown in fig. 26,
the 105K, 68k, and 65K pratein species were again
identified by a peptide competition experiment (lane B
to C}. These prpteins were not detected when labeled

mock-infected cell extracts were incubated with those

from unlabeled mock-infected cells (lane F). However,

r
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Figure 26
Complexing of cellular proteins with EIA

polypeptides in vitro. Mock- and AdS-infected cells

35

were labeled with [“7S}methionine from 7 to 11 h

postinfection and extracts were immunoprecipitated with

Ela-Cl serum, in one case in the presence of C-terminal

peptide. In addition, mock-infected cells were labeled

35

with [
in lysis Dbuffer were mixed with equal amounts of
similar. extracts from'unlabeleé infected or uninfected
cultures, in oné case in the presence of C-terminal
peptide; After 5 min at 0°C these mixtures weie then
-dmmgnoprecipitated with Ela-Cl serﬁm for 2 h as
described in Materials and Methods. The .pattern of
labeled 'proteips was/ﬂggglysed oﬁ a 9% gel. mw:
S

molecular weight markers. A: 35

35

S-labeled mock-infected
. cells. B-C: S-labeled AdS—infectéd'cells precipitated
in the presence of Q0 (B) or 10 (C) ug of C-terminal
peptide. D~F: extracts from 33
cells incubated in vitro with those from unlabeled
AdS-infected cells in the presence of either 0 (D). or

10 (E) ug of C-terminal peptide or with those from

uninfected cells (7).

Slmethionine for 4 h and then extracts prepared

S-labeled mock-infected






when these labeled mock-infected cell extracts were
incubated with extracts from unlabeled ads-infected
cellé (which contained unlabeled ElA proteins) the

precipitate clearly coﬁtained the 105K, 68K ‘and 65K

U

olypeptides séecies lane D). In a similar éxperimgnt
in which %he immunqpreéipitation was carried out using
ELl3-Cl serum in_ the presénce bf 10 ug of Ela-C
svnthetic peptide, none of these polypeptides species
was-pfesent (lane E}. These daﬁé indicated that the
55K, 6BK and 100K polypeptides are celyular 'éroteins

anéd ‘that  they - coulé form a  complex with Ela

In order to assess the association of >250K with

ElA proteins, a2 mixing experiment was carried out géing
cell extrécts prepared in lysis buffef lacking divaient
" cations and immunoprecipitatés were aﬁalysed on a gef
that was electrophoresed longer in order to resalve
this high meolecular weight species. Tig. 25B shows that
néﬁ > 250K species was detected from labeled

mock-infected cells (lane 3A). It was present in the

precipitate from labeled infected cells (lane B) and

w
[#N
o
'
ct
b
o]
3
Q
r
&3]
—

A-C peptide efficiently Dblocked the
precipitation of this species (lanes C-E). Furthermore,

was precipitated upon mixing extracts

rt

o }

-

n -
0

0

I

[¢7

14}

lypept:
from labeled mock-infegcteéd cells, with those from

unlabeled infected cells {mane ) but not with
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un‘abeled ﬂOCk-lnfngEd cells (lane G). Similar results
were also obtained using the monoclonal antxbodv M73
(data not shown). Thus even .though this species did not

consistently co-precipitate with ElaA proteins using

tit

13-N1 serum,- nevertheless it appeared: that it was
' L

capable of associating with>these viral polypeptides.

7o further characterize these cellulgr proteins,

adS-infected cells were labeled with 32?-6ithophosphate

or [3551methionine ‘and cell " exhracts were

immunoprecipitated with “lA Cl serum in the presence of

increasing amounts of ElA—C peptlde¥ As shown in Fig.

27

t

1A po lyp tldes were precipitated.-using E1A-Cl and

325

a -la be‘ed spec1es which appeared to comigrate with

G

SS*

=

abeled lOSK ~spec1es was present, -'in ‘these

U

rec

[

pitates., The p:ecipitati&n of the E1A polypeptides

and the 32p-labeled 100K species was Dblocked by the
- h§

addition of El1A-C peptide. In other studies 1in which

rhe two 105K closely-migrating species were separated,

woth wersa shown- to be labeled with 32p  (data not

=
~

shown). XNO 32p_1abeled species were found | that
correspondeé to 68X or 65K. Similar .experiments wére
carried out in which lysing baffer lacking' divalent
cations was used and in which gel conéitions allowed
rhe >250K species to be resolved. cleé:l§fthis proéein

wee also labeled with 322 (fig, 25C). Thus the 105K and

. 258K polypeptides appeared to be phosphoproteins.
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b ] . "FPigure 27

Phosphorvlation of Elh-associated proteins. AdS-
s 1 at s ieh aiimep. 321
and mock-infected cells were labeled with elther  ".7P,

or [°°Simethionine frem 7 &to 11 h postinfection and

cell- extracts were Iimmunoprecipitated with Ela-Cl

serum, in some cases in the presence . of increasing

amounts &f C-termigal eptide. mw: molecular weight

markers. A-C: 32P-labeled mock—- (A) or AdS-infected

cells in the presence of 0 (B) or 10 (C) wuwg of
C-terminal veptide. D-E: 35S-labele.d AdS-infected cells
precipitated in the presence of 0 (D) or 10 (E) ug of

C-terminal peptide.
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The E1A-Cl and E1A-N1 sera recognize both the .l.l
and 0.9%kb El1A mRNA products, and thas it was important
to detgtmine if these wvarious éellular proteins are
associated with proteins coded for by both mRNAs. In
order to examine this question, cells were infected
xith-23975 or hrl which, as described‘above in Chapter

%
3, produce only the 1.1 or 0.9%kb mRNAs, respectively.

‘In adcdition, wt AdS5- and mock-infected cells were also

?

"

epared - and  all cultures were labeled with
3

—

>Slmethionine and cell extracts were precipitated
with El1A-Cl serum in the presence of increasing amounts

of

]

i

1A-C peptide. Fig. 28 shows that the 105K species
was present at high levels in precipitates from cells

infected with both pm975 (lanes D-G) anéd hrl (lanes
H-K). Separate analysis indicated that both species

.present in the 105K Jdoublet were found using either

ﬁutant‘(data not shown). In a . similar expeximent run
.

under the appropriate conditidns, »>250K was also £ound

using either mutant (data nct shown). However} the 68X

and 65K species were present in precipitates from cells

infected with pm975 (lanes ©D-G), but were barel?

cetactadble with QE}?(l§n¢s H-igy. These cdata indicatged

thet 105X and >250K appeared to be associated with the

procducts of both of the ElA early mRNAs, whereas 68K

and 65X appearad to be more prominantly associated with

those of the 1l.1lkb mRNA.
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Figure 28
Analysis of immunoprecipitates {rom pm975- and

rl-infected <cells. Mock-infected cells and cells

S

infected with wt om875 or hrl Ad5 were labeled with

Whr
5

[T e

[““Slmethionine from 7 to 11 h postinfecton and
extracts were precipitated with Ela-Cl s;rum, in some
cases in the présence 0f C-terminal peptide., mw:
molecplar.weight markers. A: mock~infected@ cells. B-C:
Egrinfgcted.cells precipitated in ‘the presence of 0 (3B)
or 40 (C) ug of C-terminal peptide. DHG: pmI75~infected
cells with ¢ (DY, 0.1 (E), 1.0 (F). %or 10 (G) ug of

C-terminal pepfide; H-K: hr-infected cells with 0 (H),

™~ -
c.1_(I), 1.0 {(J) or 10 (X) U5 og C-~terminal peptide.
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Little is known about the identity or function of
these Ela-associated cellular proteins. However, the
data presented 1in this Chapter demonstrating their

existence may lead to a more detailed understanding of

how ElA products interact with the cellular machinery,

and thus to insights into the mechanism of EIA action

in infected and transformed cells,

—
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Chapter 5
Analysis

of 58K 2nd its Associated Protein Kinase
Activity Using Conventional Methods of Protein Purification

e TV _g)
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It has been shown that profein kinase activity is
present in immunopfecipitates from AdS;infected cells
containing either “the ElA gene products (Branton eti'
al.; 1984} Rowe and Branton, unpgblished results) or -
E1R 58K (Lassam ?t al,, 1979; Brantpn et al., 1980;
1281). 1t, was still not clear’ whether or not the§e
activities arise from cellular‘kinases bound to the E1
vroteins or if they were, due to act;vities that are
intrinsic -fo the viral gene products, To further
investigate these possibilities attempts were made to
‘separate Ad5 58X and its associated kinaséﬁictivity by

both conventional methods.

[y
F

5.1. ammonium Sulfate Fractionation of ad5 EI1B 58K

v

#AGS E1B-58K was partially purified from an
Ad5-transformed cell line, 983-2. This cell line was
isolateé from cultures of baby hamster kidneyv cells
which had been‘tréafed with the Xhol C fragment (0 to
16%) of AdS5 DNA (Rowe and Graham, 1983; Rowe et al.,
1984). This cell line was chosen for the present study
because it can be grown easily in culture in large
guantities and it synthesizes 58X constitutively and
without the need of viral igfection.

| Extracts were prepared from

[3SS]methionihe-labeled.or unlabeled 983-2 cklls using

?
RIPA buffer, and proteins were precipitated by ammonium
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sulfate using 30%, 40%, 50%, and 60% cuts, as described

in Materials and Methods. The precipitates were

resolubilized,~dialyzed, @and -then immupoprecipitated'

wlth; 148 hemster aptitumour serum. The labeled
immunoprecipitates were examlned directly by SDS-PAGE

for the presence of 58K. Protein kinase activity was

.

detected by incubating the unlabeled }mmunopreciéitates

with [f 329]AT° and exogenous histone substrate, as

descvlbed in Materials and Methods. The results shown

in fig. 29 indicated that AdS ELB-58K wps primarily

preci

‘o

itated by 40% and 50% ammonium sulfate and that
little (less than 5%) was present in the 30% and 60%
orec1o:.ates or in the éesidual supernatent. The totai
cellular protein recovered from the pooled 40% and 50%

ammonium sulfate fractions represented 50% of the

starting material, as estimated by the incorporation of
[3§Slmethionine.‘Thus close to a two fold purificatﬁon
of - 5BK was eEhieved using ammonium sulfate
precipitation. fhe' pattern of the protein  kinase
activity, shown in fig. 29, indicated that activity was
" detected mainly in-tee 40% and 50% ammonium sulfate
precitates, and in general levels paralleled the amount
of 58K present. Thus using ' this approaeh, 58K and its

associated kinase activity co-purified. !

% .
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“Figure 29

Purification of 58K by ammonium sulphate -

- precipitation. AdS-transformed 983-2 hamster cells were

labeled for £ h Qith IBSS]methionine and cell- extracts

were combined with sufficient 100% (w/v) ammonium

“sulfate to give the require concentrations. The

precipitates were collected and resolubilized and

dialysed against RIPA buffer. The 328-1abeled samples

were immunoprecipitated with '14B antitumour serum and

-

précipitates were analysed by SDS-PAGE. The unlabeled
éamples were immunoprecipitated with 14B serum and the
precipiféges were assayeé for kinase activitf as
described in Materials and Methods. The patter; of
phosphory}ation' was determined by SDS-PAGE. The
percentége (w/v) ammonium sulfate including residual

material remaining (R) has been noted, as have the

positioﬁs in the gel.of 58K and histone H3.
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S.2. Fractionation of AdS E1B 58K using Ion-exchange

Chromatography

In a further effort Eb; fractioﬁate 58K and its
associated kinase activity, the material precipitéted-

N - 4
by 40% and 50% ammonium sulfate was pooled together and

was further . fractionated by DEAF-sephacel
chromatography. In order to determine the proper—pH tor
the buffer used in the DEAE chiomatogréphy the pI of
58K was determined by’ .two—dimens&onal gel -
electrOphéresis. An immunoprecipitate obtained from
AdS5-infected cells ising 14B antiserum was analyzed
and, as shown iﬁ fig. 30, 58K separated as a2 somewhat
heterogeneous species with a pI of about 7.5. ‘This
heterogeneity could have been caused by variations in
the degree” of phosphorylation of 58K. A tri§ buffer of
pH 8.0 was used for tﬂe anion exchange"chromatégraphy.
Elution of 58K was carried out.using a gradient of 0 to
600 mM NaCl. portions of each fraction were analysed
directly for acid-insoluble .radioactivity. Aliquots of
some fractions were immunoprecipitated;using 148 serum
and analysed by SDS-PAGE to determine the presence of
58K and the amount of 58K was estimated by
“microdensitometer scans of avtoradiograms. Other
*“ractions were also immunoprecipitated by 14B serum and

“incubated with [ﬁ'-3?P]ATP and histone and protein

-

=S
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Figure 30 .

Two-éimensional  gel electrophoresis ;of

immunoprecipi;ates containing 38XK. AdS-infeCfed

Eells were labeled with [3ss]methionine from 12 to 16 h
Ed

postinfect{on and cell extracts were immunoprecipitated

with 148 antiserum. The precipitates were analyséd by

' .
two-dimensional gel electrophoresis.
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xinase activity was estimated by incorporation of

_acid-insoluble radioactivity. Fig. 31 shows that total

cellular proteins eluted as a broad peak. The 58K
eluted in a slightly narxower peak and the majority of

58X eluted“between 175 to 200 mM NaCl (fractions 20 to

27). The amount of 58K represented about 0.014% of the

starting. material after ammonium suifate precipitation
andrabout 0.083% of the peak fractions_(fracﬁion 20 to
27). Thus DERE—sephacel ch;omatography yielded_abouf a
§-fold purification and the}éombinea ammonium sclfate
precipitation.and DEAE-sephacel purification wés% 12
fold. No attempt was made in~these studies to measure
the absolute recovery of 58K from the chroﬁatdgrap@y
procedure. Assays for protein kinase activity also

-~

indicated a peak in the same fractions (20-27) that

contained S58K. The ratio of kinase activity to the
. 2 '. B

W

amount of 58K in these fractions as measured by

microdensitometer scans of autoradiograms was (.B844

which was almost identical to the ratio of 0.859
measured in the starting matedial following ammonium
sulfate precipitation. These data showed therefore that

even after a further 6-fold purification of 58K, little

change in the . specific activity of the .associated

k>
kinase was observed.
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Tigure 31

u}

1B 58X ancé protein kinase

-

t1

Analysis of Ads-(

» —_ . -
activity by DEAE-sephacel chromatography. Extracts from

[3SS]methionine labelec 983-2 cells were precipitated

with ammonium sulfate and the proteins precipitated b

e

between 20% and 505 were solubilized’ and then

chromatographed on a DEAE sephacel column as described

4]
[N

in Materials and Methods. Fractions were then assayed

r total radiocactivity (e

rh
O

®), for Ssiwarecipitated
by l4B serum (-—-———;), ané for protein kinase activity
in precipitate§ obtained using 143 serum {Am—m——m a). The
total radicactivity 1s given és 355 counts per min. The
amount of 58K and protein kinase activity is given in
arbitrary units obtained from microdensitometer scans

of autoradiograms.

-~
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5.3. Glvcerol Gradient Centrifugation

Another means o analyze ElB-58K and 1its
associated protein kinase' éctivity is via size
fractionation. Extracts from {3551methionine-labeled
$83-2 c¢ells were separated on glycercl. gradients.
Fractions were analyzed for total :édioactiviﬁy and
they were also immunoprecipitated with 14B  serum in
order =0 detec: 58K and to measure protein kinase

activity. The results shown in fig. 32 indicated that
™~

-

the majority of the celluiar protein remained at the
top of the gradient as low molecular weight components.
£1B-58K sepazated into two peaks, a narrow one in the
positicn of monomeric 58K, as judged by sedimentation
of molecular weight markers in a parallel gradient, and
a seéond'large peék in the position of high molecular
welcht complexes. Protein kinase activity co-sedimented
with both 58X peaks. The monomeric 58K contained about
305 of the total kinése activity but only about 8% of
the 58K, whereas the complex contained about 63% of the
kinase activity and 90% of the 58K. Glycerol gradient
sedimentation resdlted in about a threefold .
purification of monomeric 58K and a 15- to'.20—fold
purification of the 58K complex. These data again

-

showed that protein kinase activity co-purified with

58X and that the specific activity was highest in a
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Tigure 32

analysis of AG5 ELB 58X and protein kinase

acktivity by glycerol gradient centrifugation. Zxtracts®
35 .. :
from [“~g]lmethionine labeled 983-2 cells were analvsed

on glvcerol gradients and fracticns were assayed for

58X ané protein kinase activity as described in
Materials and Methods. ( @=———- o) total 353 label.
(m————-m ) 58X precipitated by - 148 serum. (A=m=m——- A )

protein kinase activity present in immunoprecipitats

obtained using 148 serum. The direction of

sedimentation was from .right to lefr.

/"\ =

~
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species that sedimented in tﬁe position of monomeric
uncomplexed 58K.

Thus using these conventional methpds of protein
purification there was no indication that 58K was
separable from its assoclated pro;ein kinase activity,
that the activity yas-e;ther intrinsic to or tightly

associated with 58K.
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The methods of fractionation of S8K discussed in
Thapter 5 failed to vield highly-purified preparations
of éhis viral antigen. For this reason it was difficult
to make meaningful conclusions aSout +he association of
kinase activiéy with 58X. The need for such purified El

proteins <or this and potentially other purposes

pe
o

spired attempis to £ind other methods of purification

of ad5 £l antigens. The anti-peptide sera presented a

potentially powerful tool to purify these viral
antigens bééause of- their high degree of specificity
towards them. Conventional nethods of immunoaffinity
'ehromatography employ chaotropic agents or low pH to
gncouple antigen-antibody complexes. Howeverl, such
harsh conditions might be expeé?ed to inactivate the
bi;logicai activities of the purified proteins. The
anti-peptide antisera offer an alternative as addition
of synthetic peptide to antigen-anti-peptﬁde antibody
complexes might Dbe expectéd to uncouple the bound
_protein antigen. Thus with this procedure the proteins
would be subjected to mild ~ conditions, thus reducing
the possibilit? of denaturation (or inactivation). This
method alsc could provide a rapid and éfficient

purification process. It has been reported that a 2,500

£0ld purification in a single step was obtained with
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polyoma middle T antigen using this approach (Walter et

al.,‘1982).

6.1. Reieasing of El Proteins from Immunoprecipitates

using Corresponding Synthetic peptide ‘ -

LY

-

The anti-synthetic peptide antibodies described
above were used to purify +he .E1 proteins. The
pu:ification-protocol is outlined. }n fié. 33. The A&S
£l proteins were first collected by ;mmunoprecipitation
using the appropriate anti-peptide,sera and prbtein
A-sepharose. The bound El proteins.were then elutgd by
incubating the sepharose wi;h uffer containing an

excess (25ug) of the correspon?ﬁng svnthetic peptide.

Controls were carried out" by ircubating the sepharose

v d
with buffer only. ?

To invéstigate the rellease of, E1A proteins from
. . TN
immunopreclipitates, AdS-Infected cells were labeled

ith [3°2

%

Plorthophosphate from 7 to 11 hr post-infection

U]

and EL1A proteins were precipitated using E1A-Cl serum.

The immunoprecipitate was then igcubated for 1 h with
RIBA buffer either lacking or conFaining 25ug of Ela-C
peptide. The material eluted from the immunoprecip;téte
was analysed by SDS-PAGE. Fig. 34 shows thét ‘the
material released in the presence of pepfide (lane D)

consisted primarily of EI1A proteins, and mos: of the

other. proteins remained bound to the immunoprecipitate
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purification scheme of AdS E1¥proteins using

antipeptide sera.
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Figure 33
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. ‘Figure 34

Diéplacement of ElA proteins from Ela-C1l

32P41abeled

)

immunoprecipitates by 1A-C veptide.

Aé5~-infected -cell extracts were precipitated with

E1A-Cl andé the precipitates were then incubated in RIPA
buffer either lacking {-) or containing (+) 25ug of
ElA-C peptide for 1 or 3 h. The material eluted from
(2) and'femaiﬁing bound to (R) the immunoprecipitates

after the incubation were analysed on a 12%

U
o

lyacrylamide gel. 3 to D: 1 h incupation.' Material
remaining bound to (lane A) and eluted from (lane‘ B)
the precipitateg in buffer lacking E1A-C peptide and,
with buffer containing 25ug of Ela-C peptide, material
remaining bound (lane C) and eluted from {lane D) the
preci iéates; Z to H: & h incubation. Lanes as

described for A to D.
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Figure 35
Displacement of 58K from 58-Cl immunoprecipitates

32

by 38-C peptide. P-labeled AdS-infected cell extracts

were precipitated with 58-Cl and the preciplitates were
then incubated in RIPA b;%fer either lacking (=) rorx
containing (+) 25ug of 58-C peptide for 1 or 3 h. The
material eluteé from (E) and remainiég bound %o (R) the
immunoprecipitates after the incubation were aﬁalysed
on a 12%-polyacrylamide gel. & to D: 1 h incubation.
Material remaining bound to {lane A) and eluted from
{lane B) the precipitates in buffer lacking 58-C
peptide =nd, with buffer containing 25ug of 58-C

peptide, material remaining bound (lane C) and eluted

L - 1
.from (lane D) *the precipitates;

1

to H: 3 h incubation.

Lanes as described for A to D.
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{lane C)-. Although the amount of peptide present was
more thaﬁﬂ ;ufficient to bind all of the Ela=-Cl
antibodies, as shown by the competitiqn experiment in
fig. 8, only about 8% of the ElA protein was released.
In a separate preparation the ElA-C peptide was
incubated with‘a similar immunoprecipitate for 3 h and

1A protein was released (lane H).

W]

about £3% of the
However, incubation beyvond 3 h did not result in any

further release o0f ElA species (data not shown).

=

Clearly release of ElA proteins was due to the
presence of the synthetic peptide E1A-C as incubation
of the immunoprecipitates with RIPA buffer alone
indicatedé that most of the ElA protein remained bound
to the antibodv-antigen comﬁlexes (lanes A and )} and
nbne was detected in the supernatant even after a 3 h

.

incubation {(lane F).
LY

The release of El proteins from Zla-Nl, 58-Cl, and
58-N1 antibody-~antigen éomplexes by the cortesponding
reptides waé also examined in a similar series of
experiments. With EIB-58K and 58-Cl serum about 5% and

12% of the S8K° protein was released from the

[ H

precipitate after i and 3 h of incubation,

respectively, with S58-C

g

eptide (fig. 35, lane D and
H) . However, not all of the svhthetic peptides were as
effective. Fig 36 and 37 shows that neither ElA

proteins nor 58X were released from the El1A-N1 and
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Tigure 36
Displacement of ElA proteins from EIA-N1
32

immunoprecipitates by EL1A-N peptide. p-labeled

ad5-infected cell extracts weré precipitated with

(8]

1A-N1 anéd the precipitates were then incubated in RIPA
buffer either 1lacking (-) or containing (+) 25ug of
El1A-N peptide for 1 or 3 h. The material eluted £rom
(£) and remaining bound to (R) the }mmunoprecipitates'
after .the incubation were anélysed en “a+ 12%
polvacrvlamide gel. A to D: 1 h incubation. Material
remaining bound to (lanelA) and eluted from (lane B)
the precipitates in buffer lacking E1A-N peptidé and,
witﬁ buffer containing 25ug of Ela-N peptide, material

remaining bound {(lane C) ané eluted from (lane D) the

o]

recipitates; E to H: 3 h incubation. Lanes as

described for A to D.



3hr

1hr

i




" Figure 37
(‘.
Displacement of 58X from 58-N1 immunoprecipitates

32

by 538-Y peptide. P-labeled AdS-infected cell extracts

were precipitated with 58-N1 and the precipitates were
then incubated .in RIPA Dbuffer either lacking (-) or
contaiqing (+) 25ug of 58-N pepitide for 1 or 3 h. The
material eluted from (E) and remaining bound to '(R)} the
immunoprecipitates after the incubation were analvsed
on a 12% polyacrylamide gel. A to D: 1 h incubation.
Material remaining bound to (lane'ad) and eluted from_
(lane B) ;he precipitates in buffer 1lacking 58-N

peptide and, with buffer cohtaining 25ug of 58-N

peptide, material remaining bound (lane C) and eluted

rr

from (lane D) the precioi

'‘a

ates; E to H: 3 h incubation.

Lanes as described for 3 to D.
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58-N1 - immunoprecipitates by. incubating with - their

homologous peptides. These results indicated that under

L 4 .
the present conditions not all synthetic peptides were

capable of eluting a2ntigens €from their corresponding

.‘antibody-antigen complexes and that even with those

that did, the efficiencies varied considerably.

’

The reguirement of ionic detergents in the elution

of E1 proteins from immune complexes by synthetic

peptides was examined. AdS-infected cells were 1labeled
. 32 N : ..

with [""Plorthophosphate from 7 %o 11 h postinfection

ané cell extracts were immunoprecipitated using either

. - . .
ElA-Cl1 or 58-Cl .serum. The precipitate was then

o a _
incubated for 3 h with 25 ug of the corresponding

T

peptide in RIPA buffer™ which lacked both SDS and

deoxfcholate. The materiais remaining bound or eluting
from the preéipitates.were analysed using SDS-PAGE and
the autofadiograph was purposely over-exposed in order
to detect any minute amount of eluted materials. Fig.
38 shows that less than 3 of the ElA proteins were
released from the precipitate (lane D) ané very little,
if any, 5BK was eluted under these conditions {lane
H); Similar results were also obtained when the elution
was carried out in P3S (data not shown). These. results
suggested 'that ionic detergents such as SDS  and

deoxyvcholate aciéd are required to enhance peptide

release of El proteins.



190

Figure 38 | )
Effect of ionic detergents in the displacement of
1 proteins from imgnnoprecipitates. 32; 1abeled
ads-infected cell extracts were precipitated with
either .ElA-Cl. . serum or 58-Cl- serum. The

iﬁmunoprecipitates were then incubatedsefor 3 h with  or
without 25ug of the corresponding peptide in RIPA
buffer 1aéking both SDS and deoiycholate. The material
:em;ining bound or eluting from the precipitates were
analyéed using SDS-PAGE. A to D; E1A-C1 precipitates.
Materialrfemained bound (lane A) and eluted from (lane
B) the preg}pipates in the absence of ElA-C peptide;
with buffer containing Ela-C peptide material remained
bound ~ (lane <) égd eluted from (lane D) the

precipitates. E to

e}

58-C1 precipitats. With buffer
lacking 58-C peptide material bound (lane E} and eluted
from (lane F) the precipitates and in the presence of

58-C peptide material bound (lane G) and eluted from

(lane H) the precipitates.

*
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E1A-C
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, . . .
6.2. Purification of -~ AdS El Proteins using

Immunocaffinitv Chromatography .

AdS E1 proteins were purified by immuncaffinity

using the anti-peptide sera and estimates of the degree

of purity of each were made. AdS-infected cells were

labeled with {3ss]me;hionine from 7 to 11 h

post-infection and cell extracts were prepared using.

RIPA buffer as described before. El proteins were first
e

precipitated using-eithef anti-peptide serum, El1A-Cl or
58-C1, under conditions of \antigen excess where
approximately 25% of total ElAi proteins and 20% of
total 58X from infected cg}lg were bound to the
antibody. The <conditions were selected in these
preliminary studies in order to economize on the amount
of peptide . needed for the | next step ‘Bf the
purification. Viral proteins were then released ffom
the antibody-antigen complexes by incubating with
homologous peptide in RIPAR buffer for 3 hours at 4°g.
The material eluted from and also remaining bound éq

the immunoprecipitates was analysed by SDS-PAGE. As

shown in fig. 39, in the absence of homologous peptide,

(W]

1A proteins (fig. 39a, lane 3) or 58K (fig. 39B, lane

B) failed to be eluted and all of these El proteins and
\ : :

many other cellular proteins remained bound to the

sepharose (fig. 39%a, lane A and fig. 398, lane 1a).
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Figure 39 . : ' -

Purifigatioh of EIlA proteins and 58K using
35

»

cell extracts were precipitated with. either Fla-C1l |

serum or 58-Cl serum. The immunoprécipitates were then
incubated for 3 h with. or without 25ug of the
corresponding npeptide in RIPA buffer. Fig. 39a:

Purification of 1A proteins using Ela-Cl serum.

(]

Material remaining bound (lane A) and eluted from (lane

B) the precipitates 1in the absence of EIA-C peptide;

with buffer containing E1A=C peptide material remaining’

‘bound (lane C} and ' eluted from (lane D) the
precipitates. Fig. 39B: Purification of 58K using 58-C1
serum. With RIPA buffer lacking 58-C peptidé materiai
bound to (lane a) and eluted from (lane B) the

precipitates and in the presence of 58-C peptide

material bound to (lane C) and eluted from (lane D) the

precipitates.

v/

hl

C~terminal antipeptide sera, S-labeled AdS-infected

af

o
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However, as shown above, in the presence of homologous

eptide the eluted material consisted primarily of Ela

o)

oroteins (fig. 39a, lane D) and 58K (fig. 398, lane D).
About 9% of Z1A species and 56% of 58K protein was
released from the precipitates by incubating with
homologous peptide and most 65 the other proteins
xemained bound to the immunoprecipitate (fig. 39a, lane
C and fig. 39B, lane C). E1A species and 58K ' protein
represented 37.6% and 52.5%, respectively, of the tptal
proteins in the eluted material, asr estimated by the

3SS]methionine. The

levels of incorporation of (
fractions of .ElA protein and 58K in the starting
material were 0.005% and 0.016% of total infected cell
proteins. Thus a 7,500- and 3,300-fold purification of
ElA species and 58X, respectively, were achieved in a
single step. Since only 25% of total El1A protéins and
205 of total 58K were vprecipitated initially, the
recoverlies of E1A proteins and 58K in this experiment
were.9.4 and 10.5%, respectively.

Two species of about 25,000 and 24,500 daltons
were also present in the purified 58K preparation (fig.
398, lane D). This doublet was only released from the
precipitate in é%e presence of 58-C peptide and it was
not found in the control (fig. 39B, lane B). These
species were not been cbserved in previous

imnunoprecipitations using 58-Cl serum (fig. 4, lane B)
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and it 1Is possible that theé- represeﬁted - either
degradation products of 58K fofmed dgring‘ “the
purification process or ad5 %4 25K protein w;ich has
been found to co-precipitate with 58X undér certain
conditions (Sarnow et 21., 1984). *

Although ElA species and 58K protein were not
signifiéantly réleased from ;the E1A-N1 and 58-N1
precipitateé by incubation with homologOus-pEptides, it

was still possible to further purify the El1 proteins:

- -

using these sera. A ‘separate purification was carried:
'othusing;EiA-Cl and 58-Cl-sera as éescripis above and
the eluted EiA proteins and 58K protein were then
re-_kecipitated. using  Ela-N1 andl . 58-N1 sera,
. respectively. For gontrols, experiments wdre carried
‘outlin the same <{fashion except that nor peptide ‘was
added to theufirst immuncprecipitates.

. Fig. 403' shows that 1in the presence of Ela-C
peptide, EI1l3 proteins were eluted from Ela-Cl
‘immgnoprecipitateé angd that.Ela-Nl serum efficiently
immunoprecipitated them (lane C). The residual
supernatant after the precipitation using El1A~M1 serum
was alsc analysed by SDS-PAGE and no Ela species were
detected (data not shown). Approximately 27.9% of the
ELlA protein was recoverwsd by this two-step method, as

estimated . by the. 1level of incorporation = of

radiocactivity, Since approximately 25% of the total E1A

\
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Figure 40
Two~-step purification of EZla p:oteiné and 58K
i 35

using antipeptide sera. S-labeled AdS-infecteé cell

extracts were precipitated w;th either ELlA-Cl serum or
58—Cl serum. The immuﬂﬁprecipitates were then incubated
for 3 h "with or without -25ug of the corresponding
peptide in RIPA Dbuffer. The eluted material was then
re-precipitated with the corresponéiqg'amino terminal
serum. Fig. 403: Purification of ElA pgoteins. Material
remaining bouné to ElA-Cl precipitates after incubation
with RIPA buffer éontaining {lane A} or lacking ({lane
B) E1A-C peptide; re-precipitétion of material eluted
from RIPA buffer containing (lane C)  or lacking (lane
D) Ela-C peptide using ELA-N1 serum. Fig. 40B:
Purification - of 58K. Material rema2ining bound to 58-Cl
precipitates after incubation with RIPA buffer‘
containing (lane A) or 1lacking (lane B) 58-C vpeptide;
re-precipitation of material eluted ' from RIPA huffer,
containg (lane ) or 1lacking (lane D) ©58-C pepggg;j

using Ela-N1 serum.
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proteins were initially"”p;eciﬁitated by ElA-Cl - serum,
the recovery of ElA proteins represented 6.9% of the
starting material. The purifiéd ElA protein représented
76.3% of the total prote}n present in the E1A-N1
immunoprecipitate, as compared - to .0.005% in.- the
starting matérial. ] Thereféré a putification of
approximately 15,000-fold was -achieved in these two
;:eps._In control experiments, E1A-Cl precipitate was
fncubated with RIPA buffer only and ‘no EIA specieé were
de;gctéé in eiéhgr ;he ElA-Nl_immunoprecipitate _(lané
_Df or in  the residual supernatant after the
immunopreéipifation (data not  shown). The 'hatefial
which remained bound'to the E1A-Cl precipitates after
incuBation with or without B1a-C peptide was ’alsd
analysed. In the absence of Elﬁ—c peptide, a larée
amount.of the E1A protein remained bound to the ELA-Cl
precipitate (lane B) as compared to the sample that was
eluted with £1a-C peptide (lane A). .These results
confirmed that EL12 species was released from ElA-CLl
precipitate by-incubation with E1A-C peptide and all
- the eluted El1A species were re-precivitated by Ela-wl
serum. ;

Similar experiménts were also.carried out to
purify.SBK protein using both 58-Ci_and 58-N1 sexa. The
58-Cl immunoprecipitate was incubate? with 58-C peptide

and the eluted material was re-precipitated using 58-N1
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serum. Fig 40B shows that 58K protein was detected in

the eluted matexial uging 58-N1 - serum (lane C).
Approximately 15.3% of the tbound 58K protéin was eluted
from the 584C1'pxecipitate and re-precipitated ﬁsing_
58-N1 serum. Since 20% Gf the total S8K was inittally
precipitated by 58-Cl serum, thus only 3.1% of S8K in

the starting 'material wgré recovered. The residual
supernatant. after the precipitation using 58-N1 ' serum
was al;o analysed by éDS-PAGB. Only a small quantitiy
gf‘SBK was detected and less than 5% of the. eluted 58K
protein remained in this residual supernatant (datq not
‘shoﬁﬁ). Tt was possible 'that"this pértion_ of - 58K
protein was denatured duriﬁg the purification' process
and was not recognized by 58-N1 serum. However, a more
‘likely explanation was that ‘insufficieht. q;ant;ties
58-N1 éerum were added to precipitate all of the eluted
58K protein. The purified 358K represented'é9.7% of_ the
protéin present in the G58-N1 immunopfecipitate as

estimated by the incorporation of [°°

Slmethionine.
Since 58K made up 0.016% of' total protein in the
starting makterial, a 4,350-fold purification',_ﬁgs
obtained in the two-step fractionation. ‘In a control
éxperiment 58-Cl precipitate was incubated with RIPA
buffer only and no 58X protein was detected in the

eluted material using 58-N1 serum (lane D) or in the

residual supernatant after the immunoprecipitation



(data hot' shown). . The material ~ bouné to Sé-Cl
]

precipitates :Eter incubation with or without 58-C

peptide was so analysed. 1In the absence of 58-C

W

peptide a greater amount of 58K remained bound to 58-Cl

'

recipitate .(iane 8) than with samples that were
inc;bated with .58-C peptiée '(lane‘A). These results
‘;géin confirmed thét 58K proéein was released from the
58-Cl precipitate by incubation with 58-C pept;de and

58-M1 éeruﬁ was capablé of :e-précipitatiﬁg the eluted

58X protein, thus providing a highly purified sample in

two-steps. These E1 proteins can, be eluted off - the

precipitates using other conventional mefhods and

should ?rovidé highly purified material foi; raising

moneoclonal antibodies or for other biochemical studies.

One immediate use for ;he highly purified E£lA and

58X preparations would have been to determine if they

pessessed pretein kinase aétivity. Such attempts were

" made, however, as discussed below in Chaptexr 7, the
data suggested that the level of kinase activity did

not corrleate with the amount of viral protein present,

however, the results were sufficiently ambiguous that

no definite ;onclusion could be drawn. Thus more

detailed studies will be required to unequivocélly

answer this question,
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In the present study antise;a against synthetic
peptides homologous to the terﬁini of AdS ElA ;EESEEEgS“
were used to characterize these products. The two éeié,

\ElA;NII and EI2-Cl, were raised@ against pepgides
'corresponding to the first eight amino acidg at. #he
amino terminus and lagt five at tﬁe carboxy terminus of
the propoged sequences of ElA gene products., The
seqdeh;es_for the'synthetic pept{des‘were chosen ﬁased
on .guidelines described in thé Introduction. The
svnthetic peptides weré hydropniliec thus increésing the
probab;lity' that" they contained - antigenic s;tes
recbgnizabie oh the complete protein {Hopp and Wood,
1981). These sera precipitated idéntical patterns of
multiple polypeptide §pecies from'AdS—infequd cells as
determined by one- and twowdimensional gel
electrecphoresis. The latter alsoc revealed that'the E1A
gene products are acidic. proteins with pf‘s ranging

between 5.0 to 4.5. Four major species with apparent

molecular weight of 52K, 50K, 48.5K, and 45K, and two

e

"minor species of 37.5K and 35K were detected, although
the precise size varied somewhat depending on the exact
conditions of eleétrophoresis and the maximum apparent
molecular weighf observed have been adopted and usea
throughout. These data therefore confirmed the validity

of the proposed sequence and reading frame of the EI1A

region mRNA (Pericaudet et al.,, 1979; van Ormondt et
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al., 1980). However, ‘the hamster antitumor _serum

precipitated three of “the six EIA gene products

including the 52K, 48.5K,. and 37.5K species. Partial

hydrelysis of the 52$'speciés precipitated by ﬁlA-Cl

and the hamster antitumour serum using V-8 protease, _f{
: . . }

. o : /
demonstrated that’ both  recognized the same 52K viral

polype§tides. ' _ . . ('

]

The origin of these multiple E1A polypeptides was
studied using the mutants pm975, kich only synthesizes
polypeptiaes‘derived from the 0.9kb mRNA,' and hrl,

which synthesizes normal 0.9 kb mRNA gene products and

is predicted to produce a truncated polypeptide derived.

from the l.lkb EIlA mRNA. These mutants permitted the
identification of the 52K, 48.5K, and 37.5K species as
products of the 1l.lkb mRNA and 50K, 45K, and 35K

species as'products of the 0.9%b mRNA. These results,

anéd previous collaborative studies (Rowe et al.,

1982a), showeé that the hamster antitumor serum only
recognizes the products of the 1.1lkb mR¥A. It is not
clear why this 1is the case. One possibility is that
tumor serum is specific for the 46 amino écids that are
unique to the 1.1kxb mRNA products. It is alsg- possible
that the présence of this additional internal sequence
drastically alters the strocture of 'polypeptide§
encoded by the 1.1lkb mRNA,;-such that they become much

more antigenic. The nature of the ElA gene products

'yl

/

r



from difﬁgrent group I host-range,mutaﬁts -were also
_.examine@ uﬁipg ElA-Nl. The results showed that hrl and
hr2 were defective for the synthesis of the 1.1kb - mRNA
products‘whe;eaé_ the two~éimensi6nal eledtrﬁphqretid
profiles of hr3, 4, ané's‘heré inaiétinguishablé " from
that-of.wild—type . virus. EhusAnqne of the host-range
mutations appgars to affect the synthesis of multiple
species from each of the E%A hessages. | |
Several othexr groups have also made aﬁtempts td
-ddqﬁtify the Z1A gene products. These studies primarily

employed in vitro translation of selected ElA mRNA and

analysis of wviral proteins by two-dimensional gel

-~ .y,

b3 : .
electrophoresis. The  cells were pretreated with

cycloheximide to augment the amount of. ELA mRNA and
gene products. These studies identified a cluster of
. . -

about six acidic proteins derived from E1A (Harter and

o -
- = -

Lewis; 1978;‘Sma;t et al,, 1981). fThese species were
sthn to be related, as determined by tryptic peptide
mapping, and amino acid sequencing of the tryptic
peptides revealeé that they weré the products of the
1.1 and 0.9kb E1A mRNAs (Smart et al., 198l). Other
groups using both in vive and in vitro apprcacﬁes have
detected only four aéidic proteins (Green et al., 1979;
Brackmann et al., 1580}, or as few as two products
-

(Riccardl et al., 1981; Gaynor et al., 1982}. These

studies were potentially prone to artifacts due to the
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cell-free translation or, in some cases, the use of
drugs aé ﬁetabolic:;nhibitors; The present study- is éf
particular interest because the results.ﬁere obtained
by short-term laﬁeling §f-cells in vivo which should
aﬁoid‘such problemé;

- It is now clear that each ﬁlé-mRNA produces £wo
major and at least one minor speéies. Howevet:. what
causes ' the multiple polypeptide specie§ from the
individ;al E1A mRNA is still largely unknown. Using~ in
vitro translation of size~fractionated ELA mRNAs; Esche
et al. (1980) had ‘sugge$ted that modifications
résponsible for the generation of the multiple forms of
E1A protein; were located in the carboxy term{nal' 70
amind acids which are absent in the products produced
by di3l3. However, the résults in the present study
clearly demonstrafe& that this mutant dJdoes produce
multiple species which are s}ightly smaller and more
acidic than those made by wild-tvpe v}rus.(Fig. 17i.
Studies with.mutant 11504, which deletes the first_ 15
.amino acids at . the amino terminus, demonstrated .tﬂét
" this mutant also produces mul;iple species (Rowe et
al., 1983a; Downey et al., 1984). These resulis thuos
suggested that neither the amino terminal 15 amino -
ac}ds'o: the carboxy terminal 70 residues are directly

involved in the generation of maltiple species. The

fact that all the Ei1A multiple species were recognized



by both ElA—b;l ani;'i E1A-Cl also. indicated that these
§;odqcts represent fqll-length molecules an@ neither
proteolytic degradation, premature termination, nor use
of internal translation initiation sites are
reséonsible for producing the ELA multiple species.” It
seems ifﬁe;y that they are generated by some forms of
'éost-translational modification. ~—All of  the Ela
“multiple forms are phosphorylated and :preliminary
studies suggested that.there are differences 1in the
sites of phosghorylatioﬁ.among various spécies (Yee et
al.; 1983; Tremblay and Branton, personal
communication) . Thusrit is pdésibie_éhat diffeienﬁial
phosphdfylation could: generéte the multiple speciés.
while it~ might ébe expected that phosghoryla\iii
differences would primarily affect only the isoélectric

poinE of a protein, it has been reported that

pﬁbgphorylatign of canine phbspholambin induces a 2,000
dalton shift in mobility on SDS-PAGE (Wegner and Jones,
1984} ané <that of pl40§2§ an apparent 5,000 éalton
change (T. Pawson, personal communication}. |
According to necleotide sequencing data, the
N—terminus of the ELA 0.6kb late mRNA product should be
idenktical to'_pther £1A gene products (Virtanen and
Petterson, 1953). Thus E}A—Nl‘serum..should have ‘'be
capable of immunbprecipitating this viral polypeptide.

However, cespite of a variety of abproaches no
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potential'p:odgct was deteé%ed'using this serum. The
failure to detect this proﬁETn could bé éxplained in a
number of wa&s. (1) It is possible that thé'émino acid
sequence deduced from the 0.6kb mRNA is incorr;ct. (2).
The_product could be eittemely short-lived, although it
was still not . possible to detect sdch a protein even
Qsing short labeling periods of 15 min. (3) There may
be ﬁo protein produced in vivo from this late E1A mRNA.
{4} The product could be particularly insoluble in RIPA
buffer. (5) It is possible that the 0.6kb mRNA prodﬁct
constitutes only a small portion of the total ElA gene -
produc®s and thus may go undetected because of
competition for binding to the antiserum by the 1large
excess of 1.1 and 0.9 kb mRNA prodgcts. However,
fﬁmuﬁoprecipitations'have been carried out first using

BlAa-Cl to remove most, if not all, of the 1.lkb and

- —

0.9kb mRY¥A pioducts, and then followed by precipitatién
with Ela-N1 serum in an attempt to identify the 0.6kb
mMRNA product.lﬁowever, even under these conditions no
sugh  product was detected (data not 'shown)Q (6)
Finally, uynlike the other ElA p?oteins, the product of
the 0.6kb mRNA could be folded in such a way that the
amino .terminus is inaccessible to thé antibody. There
is precedent for this possibility as anti-peptide serum

specific for the common amino terminal peptide of SV40

large' T and small T antigens immunoprecipitates the .



208

large T antigens gut not the small SV40 antigen (Walter
et al., 198l). In addition to the failure to detect -the
products of the 0.6kb MRNA, the anti-synthetic peptide
serum ElA-N1 should also have been able to precipitate
a truncated form of the 1.1 kb mRNA procduct predicted
for hril. H0wever,.no-sﬁéh product was detected and some
of these explanations could épply in this case as well.

The antipeptide sera were also used to look for
proteins that may be physically associated with EI1A
preducts. Five celluiar prot%ips of 6&5%, 68K, 105K
(doublet) and >250K were‘likelg candidates. O0f the

five, four (65, 68 and the 105K ‘Goublet)

‘co-precipitated with  EBla proteins using M73, a

monoclonal antibody specific against the carboxy-half
of £1a proteins, as well as both antipeptide sera, " and

their precipitation was 'efficiently blocked by the

addition of homologous synthetic peptides. These

results suggested'that they were not present because of
non-specific precipitation or cross-reactivity with
epitopes present in  EIA proteins. The fifth cellular
protein, »250K, was consisten%ly detected with Ela-Cl
serum and M?? monoclonal antibody, but not with ElA-NI
serum. The possibility that this protein was associated
with Ela products was strengthened by results from in
vitro mixing experiments. It is possible therefore that

the failure to detect >250K with Ela-Nl serum could
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reflect an involvement (either directly or indirectly}

of the amino terminal region .o€7ElA..p;oteins in the

association with >250K, - S
' \ ) B .
The mixing experiment using unlabeled AdS-infected

cell exiracts and labeled mock-infected cell extracts’

also clearly. showed - that these. polypeptides are

cellular proteins. The fact that they are capable of

dssdciating with E1A proteins in vitre also suggested

that such an associatidon may take place in ' vive as

well, Howdver,, it is nevertheless possible that all of

L3
these observations could be explained by the formation
N -
of. protein complexes in the extracts after lysis® of

infected cells. This -argument could be  somewhah

clarified 1if it were possggie to obtain antiséra
against these cellular"proteins and démonstrate by
immunofldcrescence they _ are present in similar
intracellelar locations as the EI1A products.

Similar experiments were also carried out using
AdS-infected Hep 2 and Hela cells and adS-transformed
293 cells and reésults iqenticalito those preéent in
thislthesis,were obtaiqu‘(data not shown). an array of
Ela-associated proteins has alse been detected in
inféctedlcells using a series qf mouse monoclonal
antibodies Specifié for ads ElAiéélypeptiaes (Harlow

™

and Schley, unpublished results) and Tt is likely that
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_some or zall of these species are identical to thdse

describeé in this thesis.

-

Other wviral transforming proteins are also found

"
v

to .asociate with cellular proteins. The RSV
transforming protein ppéoiii is associated with two
cellular proteins of 90K and 50K (Brugge, et al.;
1981), polyoma middlé‘T 'anéigen with cellular g:égg
prdleiﬁ {Courtneige an& Smith, 1983, '¥983}, goth the
Ad5 E13-58% proéein and SV40 large T antigen with p53
(Sarnow, et al., 1982; Linzer and Levine, 1979; Lane

and Crawford, I979: .Chang et al., 1979; Kress et al.,

1979; Smith ‘et al., 1979}, and A4S E1B 58K with E4 25K

[N

n AdS-infected cells (Sarnow et al., 1984). However,

litﬁle’;sﬁkhown about the ° functional significance of

these complexes. It is known that ELA plays a role both

{n transformation and transcriptional activation, but

the mechanism of acticn is sﬁill unclear., It has been
proposed that EIA proteins may 1interact with the
transcription complex (Logan and Shenk, 1932) and thus
it would be important o deteémine if'thege celldlar
proteins are part of this complex. Of some interest in
this regard was the study using AdS E1a mutants which
demonstrated that the 105K doublet and >250K were
complexed with the producté of both 1.1 and 0.9kb Ela
mRNAsiﬁﬁ% that the 68K and 65K° species were léss

evidently associated with 0.9 kb mRNA products. It has



‘been found that ﬁranscfiptiohal enhancément'by ElA is
primarily induced by the i.lkb_mRNA products and these
iesults, taken together; may suggest that  these
cellular:proteigs-COuld‘be invnl?ed in gene activatioq
wﬁereas 105K and >250K could be associated wiFh another
function of the ElA proteins. It ‘is possible that such
protein-protein interactions could modffy, stablize or
regulate the biological activity of Ehe protein species
or of Zla §roduéts. It has been Suggested that normal
cells contain an Ela-like act;vity {Imperiale et 31,,
1984) and it i$ po;sible_tﬁat these cellular proteins
may play én'important r;le in normal cell acktivities as
well .’

Several questions about the sigﬁificancé .énd
relationships between the E1A products and the cellular
proteins remain'tﬁ be anéwered. In the present study it
was not possible to determine ff all of the ElA-
proteins are associated with cellular proteins. It was
also not- deteramined if\these cellular proteins are
aﬁsocigted with the Ela préteins as . ene complex.
Studies using sedimentation analys%s could potentially
answer these question;. Thg cellular location of the
complexes wéuld also be valuable in érder to .suggest

. .

- I3 ) L H - . '
possible functions for these structures. The identity

of these cellular proteins is not known and antisera



- this ﬁiral pblypeptide is identical to the E1B - 58K

- -

against them will be invaluable in their identification

and characterization. "

-

.The 58-Cl and SB;Nl sera which were raised against

peptides corresponding to the carboxy and amino termini

of the iarge 58K EI1B gene pfoduct,ArespeCtivel§; also

precipitated the 58K viral polypeptide. This
’ ! 5

polypeptide  was 'égecdfically recognized by  the
antipeptide sera as addition of homologous synthetic
peptides, significantly blocked its precipitétion.

Partial hydrolysis with v-8 protease also revealed that

-

species recognized by antitumour serum. It is now known

-

thgt the £1B 58K is écetylated at the amino terminus
(Anderson et al., 1984). AlthOugh the 58-N synthetic
Peptide was ‘nonacetvlated, antibddy .prebared against,
this peptide was 'still active against the 58K
polypeptide‘speéies, suggesting that the acetvlated
amino terminus of 58K does not significantly alter ité
antigenicity. Since the synthetic peptidg sequences
were obtained from an amino acid sequence deduced from

nucleotide sequencing Géta, the results in the present

study further confirmed the validity of the proposed

-

sequences of tﬁe E1B DNA and mRNAsS and the reading

frame of the mRANA (Bos et al., 1981; Maat et al., 1980;

Maat and van Ormondt, 1979).



'~ Another viral protein with an app2rent molecular
weight of 20K, which 1is related to E1B 58K, has been
identified in Ad2-infected and transformedhcells (Green
et al,, 1979, 1982; Matsuo et al., 1982). This protein
is also acetylated and its termini GSGSist of the amino
Eerm?nal 78 ané carboxy terminal 77 residues of the
EiB—SBK protein (Anderson et al., 1984}). These datah
sugges that - antisera prepared against . either the
amino=- or  carboxyl-terminus of E1B-58K should
precipitate the 20K viral protein. Antiserum raised
against an acetylated amino terminal nonapeptide
{Anderson et al., 1984} corresponding o the EIB-58K
protein was shown to be capable of precipitating both
the E1B-58X and 20K polyéeptides. Lucher and coworkers
(lgé4f also prepared two synthe;ic,peptides designated
as peptides 6 and 2. Peptide & copsists of 16 amino
acids corresponding to the amino terminus of E1B 58K
from amino acid 2 to 17, and peptide 2 contains the 8
amino acid sequence at the carboxy end of peptide 6
(i.e. amino acids 10 to 17). Antibody directed against
peptide 6. immunoprecipitated both EIB 58K ana 20K-
species, however, antiserum raised against peptide 2
was active only against the. E1B-58K ' protein. These
resuelts, taken together, sugggsted that the nine amino
terminal 'residues' of EIB 58K harbour a §pécific

antigenic site found in the E1B-20K polypeptide.
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However, the 58-Nl antipeptide serum used in the

6resent study failed to precipitate the EIB 20K
oolyseptzde. This Eallure can be explained in a number
of ways. The synthetic peptide 58 N is nonactylated as
well as much shorter than the other two peptides that

were successfully‘used‘in raising antisera against the

20K polypeptide. These differences may reduée the
avidity of this serum against-the E1B-20K species. It
has §¥so‘béen suggésied that this-viral polypeptide 1is
present in only small amounts in inféctéd cells and
that a high,multiplicity of infection and tréatmeﬁt
with_metaboiic'inhibitoré are required to augment its
éynthesis.‘ﬁowever, even under these conditioens, 58-N1

serum still failed to precipitate E1B=20K. according to

hd

the ?rédicted érotein sequences, antisera against ﬁhe
carboxy terminus"of E1B-58K should also precipitate
both the . T1B-58K and 20K proteins. Although  the
éntisera raised against synthetic' ‘péptiées.
corresponding to the carboxy terminus of ELB 58K
prepared by Green and COwWOIKers (1983) and 58-Cl used
in the present study were capab}e of precipitating the
£18 58K protein, none of . them ;ere active against the.
20K polypeptide. It is not known why this is so. One
possible explanation is that the propbsed amino acid
segquence of E1B-20K 1is incorrect at the carboxy

terminus. It 1is =2also possible that the protein
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conformations in the carboxy terminal half of the .58K
and 20K species afe different. _

The '58-Nl and 58-Cl antipeptide éa:a/ﬁéfg élso
used tg analyse the E1B-58K protein syﬁthesized %y
group II host-range mutants. These .mutants have been

~napped to seqﬁences of the E1B 2.2kb message (Galps/ et

P
al., 1980) and they are defective in the productidn - of

£1B 58K protein (Lassam et al., 19792, b). Although
fhese mutants fail- to 1induce tr;nsformation in most
rodent cells (Graham et al.-,'1978)', DNA extriacted from
muténts virions can ‘transform both rat and " hamster
cells in vitro (Rowé and Graham, 1983). These‘ results
suggested that the 58K ~ protein is required fér,
initiation but not fqr maintenance of trans%ormation.
The EE mutations were generated by chemical mufageneéis
(Harrison et al., 1978) and probably represent —single
base. changes which could result either in single émino.
acid differences or, in the case of the generation of
an abnormal t%fmination codon, in “truncated forms of -
-the‘protein.i?hus it remains possible that the amino-
terminal region of a 58X-related polypeptide could play
a role in transformation. The SBK*SPecific antipeptide
sera (in particular 58-N1) were used to ‘search fof
aberrént 58K-related'poly§eptides generated from group
IT motants. The results obtained using 58-N! and 58-C1

S

antipeptide sera and 143 antitumour serum indicated

P
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that no - E1B 58K protein or related products were
détected.in'ceils infected Qith hxé6, 7, and 50. In no

case was a truncated férm\ of 58K observed using 58-N1

. or the other two sera. A -viral polypeptide which
co-migrated with 58K was precipitated in hrS5l-infected

cells using all three serd, These data confirmed

' previous findings that except for hr51 all of these

-

mutants are defective_ in‘ the_synthésis of the 58K
protein (;assam et al.,, 19795: b). The éxact néture of
the mutations angd the‘reasons for the failure of hre,
7, and 50 to synthesize an? detectable S58K~related
protein reméin anclear. The pattern of early
cytoplasmic RNA derived from EIB of hr7 has been
studied by s1 nuclease-an;Iysis and it ;;; found to be
indistinguishable frgm that of wt virus (Be;k et al.,
1979). Thus it is still possible that aberrent forms of
‘the .58K protein.are synthesized in cells infected .with
the mutant viruses :Qﬁt * that they ére extremely
short-lived é;, foer reasons similar to those discussed
above for hrl, that .they are no: recognized by the

58-N1 serun.

Secause the antipeptide sera described in this

thesis are Bighly specific  for E1A or EIB 58K

“polypeptides, they have been -extremely useful in
: r

. o : . .
studying the cellular location of these viral proteins

by indirect immunofluorescence. The results showed

~
\|
~— . -

7



that at early times after lytic infection, the E1B~58K
protein, as detected by-gchl, was found predominantly
in tﬁe perinuclear region of the cytoplasm and to some
extent within the nucleus. The ElA proteins, as
detected b& E1A-Cl and EIA-N1 sera were found in
discrete patches within the naucleus and in diffuse
areas of the cytoplasm. Using mutants pm975 .and hrl it
has been found that the 1.1 kb mRNA products are
primarily located within .the nucleus, whereas the 0.9
kb MRNA products . are detected in diffuse area in the
cytoplasm (data qot shown; R. Ross and - Branton,
unpublished results). However, in the present study it
was not possible to determine the location of each of
the individual ElA. polypeptide species. With the
appropriate ﬁonoclonal antibodies which react with
individual E1A protein species it may at somg‘point in
the future be possible to do thegg types experimentg.
Results obtained from cell fractionation sgﬁdie§ (Rowe
et al., 1983b) were inrgenerél agreement with the
present immunofluorescence data. Further cell
fractionation studies uéing c£la-Cl serum showed that

nuclei contained predominantly only the 48.5 and 45K

tv

1A polypeptides, whereas all 'four‘major species were
detected in the cytoplasm (Branton et al., 1984). This
type of experiment is hard to interpret beTdause it is

difficult to role out the possibility that large



amounts of Ela proteins were lost from nuclei dﬁring
cell fractionation. Usiﬁg éntiserum against the E13a 1.1
kb mRNA pzﬁddcts; Feldman and Névins (1983a) also
demonstrated that these Ela préteins ate - located
_oredomiﬁaﬁtly in .the nacleus. Thus, both the 58k
proteln and the ElA proteins may functlon, at least %n
part, in or near the nucleus. whe;her the presence éf
protein in.the. cytoplasm represénés newly-synthesized
| Species in‘ transit' to  the 'nmuclevs, or whether it
indicates that the proteins may. bejpartially located
and functior inr the cytoplasm is not clear. However,
réqent resﬁl;s " showed that when puarified Ela
polypeptides produced in E, coli expressing a cloned
cDNA coov of the 1.1 kb mrRNa are microinjected into the
cytoplasm .of mammalian. cells, Ela protein is rapidly -
taken pp 2nd localized in the nucleus (Eerguson et al,
.1984; (#1ppl et al., 1984). The presence of Ela
proteins in the-nnc{sfs is coﬁsisteﬁg with the . fact
‘that’ these proteins apparently: play an important role
in the reg;lation of gene expression,
The antipepﬁide sera were also emploved to parify
El proteins using immunoatfinity chromatography. Since
the antisera were rdised against synthetic pevtides
they should pPosSsess a  higher affinity towards the
corresponding peptides than to tﬁe complete ELl

Proteins. Thus it was possible, at least. in some cases,
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Lx ' 4.
teo felute the antigens f;om .the antibody-antigen
complexes by incypbation with homoloqous peptide in
isotonic solution at neutral pH. This apéroach:presents
several advantages over more traditional purification

rggimes. Since no chaotropic agents or extreme pH are

inbolved, the protein recovered should generally retain

- ==

biological act1v1by. The release of antigens should be
Specific for the protein becaqse the sequence present-
in the synthetie peptide. Thus most of tﬁe-contaminants'
Present in the lmmenoprecipitates should reﬁain bound
to the column resulting in a’ substantial purification
over a short period of time in a single step. In the
present study over a 3,000-fol§ purification of 58K
Protein was obtaiaed in about 4 to S hours. fthis
technique can be usged sequentially. For example a
orételn purified through the use of one immunoaffinity
absorbant can be further purifiegd by a second
lmmunoafflnluv column using antlbodles dlrected agalns;
a dlfferent regzon of the same protelnz This aoproach
w111 eliminate cross*eactlﬁg proteins that are—present
aft er the first purification. Since this procedure is
fast and simple, it is useful for the purification of.
labile proteins, @specially in a situation where
multiple samples, such as wild type and matant
‘proteins, are being purified ang analysed at the same

time. Unlike conventional methods, this procedure



allows the purification of proteins in a small scale.

"In the present study as ‘little.as lD6 cells were used

for the purification of El proteins. For large amounts -

cf protein it should  be possible. to employ'

immunoatfinity colOmns of large capacity. It is

+

difficult generally to purify proteins that are present

at low concentrations using conventional nethods.

There are also several drawbacks of this
purification procedure. The recovery of El proteins was
relativély low. However, the‘present Stud§ was‘ carried
out to develép a ‘purification procedure for the wviral
proteins and e;peziments were carried out to economize

on peptide use. For more efficient Trecovery or large

scale cf purifications excess antibody should be used

to precipitate all of the viral proteins from infected

or transformed cells. Large amounts of svathetic

peptide would then be needed to release the wviral

proteins from the _ antibody, however, for routine use

the péptide could be recovered by a variety of methods

and then reused. Under these conditions the recovery of

viral proteins should be equal to the amount of viral
proteins released from the antigen-antibody complexes.

However, not all synthetic peptides were -capable -of

eluting the. E1 proteins freom .their corresponding

-

antibody-~antigen complexes. For example the synthetic

peptides ELA-N and  58-N corresponding to the



m1no—oerm1n1 of EIA ptoddcts and 58K failed to elute
_hne El orotelns. Nevertheless, the Ela-N ané 58-N1 sexa
were useful in a two-step purification in the present

study and over a 15,0@0- and 4,000-~fold purification of

Ela proteins and. 58K protein .were obtained,

respectively. These Ll orotelns could then potent{olly
 be éluted'.oﬁf ‘the antibodv—antlgen complexes using
" conventional meohods such- as chaotropic agents or‘ilow
oH fog'lurtne; study. Ioniec detergents were generally
required for the elution of antigen. It 1is possible

that the presence of these detergents could cause 2

2i1d denatdrating effect on the anEiboéy—antigen

-comolexes sach that the antlbodv blndlng 31oe is more:

acessibile oo the synthetic peptide. It has been
reported that sv ‘40 large T antigen bouné to Seéharose
by antibodies directed agailnst 2 ‘carboxy-terminal
peptide can be eluted 1in the obsence of détergents.
Thus tﬁese results suggested that ™ the conditions ~ for
release of an antigen bound to an antipeptidé antibody
vary with-the characteristics of both the antibody and
izs homologous peptide (Walter et al., 19?2),

xnot all of the El protein bound to the
aﬁombodu—aﬁtlgen comolexes was eluted -%y incubotion
with homologous peoomde and amounts varying betweén 10

ro 50% of the EL. DIOtélnS were released. The different

efficiencies in releasing the protexns could be due O

£



thé different affinities of antibodies from different
batches'of sera. To achieve a mére consistent and
efficient elﬁiion of the antigen, antipeptide. antibody
could be parified according to its affinity to the
synthetic peptide. This can be done by preparing a
synthetic peptide—Se?harose column and allowing the
corresgoqﬁing antipeptide antibédy to bind to the
column. The antibody can then be esluted stepwise from
the column by agents with increasing stringency such aé'
increasing Salt concentration or decréasfﬁgApH. Thus a’
pop&latibn_oi_ antibody molecules ;ith‘?é' homcgeneoqs
affinity against the peptide-cduld be isolated and

tested for its suitability in protein purification.

Theoretically one would want an antibody - with high

th

aftfinity to the peptide and a somewhat lower affinity

to the complete protein. ) >

- BN

It has been shown that protein kinase activity is
- present in immunOprecipitate§' from AdS5-infected cells
containing E1A proteins (Branton ét al., 1984; Rowe and
1Branton, personal —Eommunication) and ELB 538K protein
(Lassam % al., 1979; Branton et al., 1981). It is
still not clear whether the kinase activity is
intrinsic to the El proteins or to a”ceilular enzyme
bound to the immunoprecipitates. TheSE“issues could be
resolved through the production of .highly purified

preparations of El proteins, the use of El protein



~produced by in vitro translation of El-specific mRNA,

or the expression of El proteins "from ad5 El1 genes

~

cloned into bacteria. In the present study E1l proteins

were purified and the kinase activities were exanmined.

Various conventional methods have been emploved to

Ll

e

purify the 58X protein. While none of them  led to -a

high degree of purification, nevertheless in all cases

protein kinase activity remained associated with the
58X proteim. It is still not clear whéther the kinase
activity is intrinsic to 58X because of the low degree
of perity in theée preparations. An observation cof
cohsi?erable intefeqt is that when :ex:racts from
ad5-transformed 983-2 cell were analysed.on glycerol,
gradients, most of the SBR‘ pzqtein was present in a’
complex rather than as monomerig 58K molecules; at
preéen£ it is not gnown if this complex is comprised of
multimers of 58K prﬁfein, of 58K - molecules bound to-~

-

rofher proteins, or both. Sarnow and co-workers (1982)

reported that AdS E1IB 58K protein appears to be

associa

-

ted with the 953 cellular non-viral T antigen in

AéS-transformed mouée cells; but 1ftt1e else is known
concerning fheSe complexés.-Of considerable importaﬁce:
was the. observation that the majority . of tﬁe -ﬁinasg
activity from these glycerol- gradieﬁt fraétidﬁé
?recipitated by lés antitumour ‘serum was from the 58K
protein monomer region. These results suggest that the

' . | . \
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Xinase activity may be finprinsic to the monomeric - 358k

protein or some. other protein sedimenting in glycerol

gradients in the same position. _{n addition, the

activities present in the positions of 58K monomers and

“comolexes could 'be due to two clfferent proteln klnase§

wnich co-purify with 58K.

As deécribed in this thesis Ela pfoteins and
E13-58K were purified using the antipéptide sera in a
t#o—ste? éurification. Attempts were made to monitor

protein kinase activity throughout the entire process.

The viral polypept

}J

ides were eluted from C-terminal
antiﬁody brecipitates using appropriate | synthetic
peptides and then reprecipitated with  N-terminal
antisera. A state of 15,000 and’ 4,350-fold
purificatibn was' obtaﬁnéé for ' £1A proteins and 58k,
respectively. 1In control _experimentq, rurifications
were carried out without using any synthetic peptides
to elute the viral polypeétides. All the Ela proteins
and 58K remained bound to the precipitates prepared
using C-terminal antibody  and Pone of these 'wviral
polypeptides were detected by immunoprecipitaéing this
material with N-terminal antibody &fig. 39). A similar
low ievel of Xinase activity was detected both in the
purified ElA proteins and 58K samples as well as in the

corresponding controls (data not shown). This low level

probably represented background activity due to a

-
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contaminating kinase(s)” from the histone  substrate

(Branton et al., 1981). Thus it seems that little

kinase activity could, be specifically asé¢ribed to the -

ElA proteins or 58K. As described in Chapter 8, the‘

elution of viral proteins from immunoprecipitates using
synthetic peptides was rather inefficient and a large

~portion of viral,'ﬁroteins remained bound to - the-

N -

,immunopreci§itate5'ﬂ(fig, 3% . and 40). The : kinase
éctiﬁité.waé also mdnitored in these - samples. A high
T level of'kinase~'activity was detecﬁed_ as compared to
the purified'samﬁles. However, a similar high level of
kinase fwas aetgcted in . precipitates to which- no
. synthetic peptide had been added (data not shown) . ‘Thus -
it was not possible tb demonétrate~a directﬁcorrél&fion

between the level of kinase activity and the amount of
N . . . . . - .
£l proteins present. Furthermore, a number of ‘the

contaminating cellular proteins were also heavily,

phosphoryvlated in all of these sagples. Thus it 1is
still not c¢lear whether the kinase activity is

intrinsic to the viral polypeptides or if it resulted

from cellular enzymes trapped in the precipitates. It

is not certain if empldying the present approach alone

will be able to differentiate these possibiligies. As

E1A proteins appear to Dbind specifically to several

host cell proteins, it is extremely difficult to purify
' a . '
El products to homogenelity. Furthermore, the background

L



level . of kinase gct}éiﬁy: p:esénb in Ehé7:'hiSt$ne
substrate also intérfgres:with ‘the interprétaéion' of
the data. Finally;< it would" be iéeal td‘.assay the
.kisgse activity in El products ‘that are _freé of the

-antibody. an attempt has been made .to gssay the ﬁinase
activity froﬁ the ma£§rial eluted from'.the first

. precipitates ﬁsing synthetié peptides. However, no
kinase activity was détected (ddta not shown) and it is
possible that inaéti;ation by the lionic détergen£s=
present in the jsupeﬁpatant Qas, ﬁeséonsible. Other ™ -

methods such a;‘the expression of EL pfoteins from Bl

genes cloned” into bacteria might be more useful in

" resolving this question. Malette et al. (1983)

demonstrated. that the  patterns of 58Kk phosphopeptides

-~

obtained in vive and in vitro are different and -thus
suggested that the 58X-associated kinase detected 1in
vitro does not mimic the phosphorylation of . 58K in
vivo, Furthermore, bo;ﬁ ﬁlA proteins lané 58K protein
failed to bind ATP using a photoé?%inity probe (Branéon
et ‘al., .1984). These data éuggesteé that the E1
proteins are  not ATP-biﬁding . proteins. ”Tﬁus thesé
results, taken together, tend to argue that kiﬁfse
activity is not intrinsic to the E1 proteins.

In summnary, thé stuqies presented in this  thesis
were the first to employ antisera to synthetic peptides

in the analysis of adenovirus proteins, and were among

+



the earliest in generéi using this technique. They hawve
'provfded immunological tools +hat “have proved angd

should continue to prove extremely useful -in the study

~of the structure and functions of hqmanﬂadenovirus‘type

5.

o
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