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ABSTRACT

Human adenoviruses can induce tumors in rodents through the action of the products of
two viral gencs, termed EIA and EIB. EIA produces multiple transcripts as a result of
differential splicing, however, only the products of the 13S and 12S mRNAs appear to play 2 role
in oncogenicity and cell transformation. These mRNAs encode proteins of 289 and 243 residues
that are identical except for the presence of a unique 46-amino internal sequence. Each of these
species migrates in polyacrylamide gels as at least two electrophoretically separable forms which
differ in apparent molecular mass by about 4 kDa, Previous studies had indicated that differential
phosphorylation is largely responsible for this shift in gel migration. The objective of this thesis
was to identify the phosphorylation events responsible for this mobility shift, and to determine
the functional significance. These studies focussed on phosphorylation sites towards the amino
terminus of E1A proteins. Mutants were generated by site-directed mutagenesis in which known
phosphorylation sites at Ser89 and Ser96 were altered to alanine residues. Characterization of
these and other mutants suggested that phosphorylation at Ser89 was largely responsible for the
shift in gel migration of the E1A proteins, and may regulate phosphorylation at Ser96. Removal
of the phosphorylation site at Scr89 was found to have no significant effect on the ability of E1A
proteins cither 1o transactivate E3 expression or to repress SV-40 cnhancer activity, but it did
reproducibly reduce ElA-mediated transforming activity by about three fold. These results
suggested that phosphorylation at Ser89 may be of some regulatory significance. Ser89 as well
as Ser219 were shown to be phosphorylated in vitro by the cell cycle protein p34°*** which had

been purified by immunoprecipitation using specific antiserum. In addition, E1A proteins were
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found to be most highly phosphorylated during mitosis. the period in the cell eyele of maximal
p34°4H activity. These results suggested that p34°“™ or a related protein kinase phosphorylates

ElA proteins at these two sites in vivo.
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CHAPTER I: INTRODUCTION

Adcnoviruses were first discovered in 1953 as part of studies to identify viruses
which could be linked to human discase (Rowe er al. 1953; Hillman and Werner, 1954),
Continuing work has now lead to the identilication of more than 41 human serotypes
(Table 1.1) (Horwitz, 1985).

Not all scrotypes have been analyzed, however, the ones that have are comprised
of a linear double stranded genomc of approximately 36,000 bp.  Viral genes are
transcribed from both DNA strands (Fig. 1.1). On the basis of DNA sequence homology,
adenoviruses have been classified into five groups: A through E (Green ef al., 1979).
They have also been grouped into three major classes based on their oncogenic potential
in rodents: highly oncogenic, weakly oncogenic and non-oncogenic (Hucbner, 1967; Bos
and van der Eb, 1985) (Table 1.1), and this classification agrees well with that based on
DNA homology. In fact, all adenovirus serotypes can transform rodent cells in tissue
culture, however, only adenoviruses from the highly oncogenic group A and weakly

oncogenic group B viruses can cause tumors in rodents,



Tuble 1.1 Classification of Adenoviruses.

Sub-  Specles ONA Apparent molecutar Henwtut'lgation oncogenicity
gerus velght of the mjor pattern in newborn
Komo- GHC  F internal polypeptices hamsters
loq % of Seal
(¢4} fragments® ¥ vi Vit
A 12,1831 4&3-&9 48" 45 51- 25.5- 186 v High (tumours
(3-20) 51,5k 28K {n most
45,5 saimsls in
48.5¢6% % months
g8 I,7,11,14, 89-% 51 810 S3.5- 2K 18 1 Weak (tumours
16,21,34, (9-20) 4.5k {n few animals
35 in &-8 wonths
c 1,256 99-100 S8 10-12 48.5K 24K 18.5% 8§ nil
{10-1&)
05 8,9,10,13, $4-99 56 1416 50- 28 8.« " nit
15,17,19, (4=17) 50.5k8
20,22,23,
24,285,258,
27,28,29,
30,32,73,
34,37,38,39
E & (4-23) S8 16-19 48K 24.5K 18K 1 nil
F 40 nd. nd. 9 7.4 5.5K 17.2K 1w nil
(A nd. n.d.  11e12 485K 5K 1. v nil

not classified: Ad 42

1 Per cent homology within the group and fn brackets: hosology with members of other grops

2 DHA fragaents were snalysized on 0.8-12X agarose gels. ONA frapment cmailer than 400bp nat resolved

3 1, caaplete sgglutination of mnliey erythrocytes ; 11 cooplete agglutination of monkey erythrocytes;
111, partial sgglutination of rat erythrocytes (fewer receptors); 1V agglutination of rat
erythrocytes only after addition of heterotyplc antisera.

4 Polypeptide ¥ of Ad 31 vas & tingle band of 42K

5 only O#A restriction and polypeptide enalyzis have been performed on Ad 32 - Ad 39

& Polypeptides V snd VI of AdS showed spparent rolecular welights of 45K and 22¢ respectively. Polypeptide
¥ of AQI0 showed an apparent molecular weight of 48.5K.

Taken from Brown (1990),



Chapter I Introduction 3

L. ADENOVIRUS REPLICATION.
Ia. VIRION STRUCTURE AND ADSORPTION.

Human adenoviruses are non-¢nveloped, double stranded DNA containing viruses
with an icosohedral structure. The virions, which consist of an outer capsid, and an inner
core structure of DNA and protein, arec composed of twelve major virus encoded proteins
designated VPII, VPIII, VPIIIa, VPIV-VPXII, and several minor polypeptides (Fig, 1.1)
(Maizel er al., 1968; Everitt et al., 1973; Nermut, 1984).

The capsid is composed of two main structural units, hexons and pentons, which
make up 252 subunits called capsomeres (Ginsberg, 1966). Fexons, ol which there are
240 within the virion, arc composed of three VPII (M,=120 kDa) polypeptides which form
a hexagonal structural bounded by hydrophobic and hydrophilic surlaces (Griitter and
Franklin, 1974). The capsomeres at each end of the 12 vertices of the icosohedron are
termed pentons because each is surrounded by five peripentonal hexons (Ginsberg, 1966).
The penton is composed of a trimmer of VPII (M,=85 kDa) and a fibre composed of
either two or three VPIV (M=62 kDa) polypeptides (Devaux er al., 1982; Nermut, 1984).
Other capsid proteins include the surface protein VPIX which is associated with the
groups of 9 hexon structures (Everilt er al., 1975; Boulanger et al., 1979} and two major
positively charged viral proteins V and VII, the are found associated with the DNA within
the capsid (Everill et al., 1973; Nermut, 1984).

The initial stages of infection require the attachment of the adenovirion 1o the cell
via the fibre of the virus capsid and a plasma membrane receplor (Londberg-Holm, 1969,

Philipson, 1968; Svensson, 1981). The virus is internalized within 5 to 10 minutes afier



Chapter 1 Introduction 4
attachment by 2 mechanism that is not yet completely understood. Once inlernalized, the
virion migrates to the nucleus and becomes associaled with nuclear pores, During this
process, at 10 to 45 minutes post absorption, the viral DNA becomes susceptible to
DNAsc as a consequence of destabilization of the virion which involves the loss of
pentons (Sussenbach, 1967). Core proteing are then lost and viral DNA which is
covalently linked to terminal proteins (see below) enters the nucleus (Younghusband and

Madrel, 1982).

Ih. GENE TRANSCRIPTION EARLY DURING INFECTION.

Upon infection of cells by Adenovirus type 5 (AdS) transcription is [irst detected
from five regions, referred to as carly (E) regions 1A, 1B, 2A, 3, and 4 (Berk and Sharp,
1977; see Fig. 1.1). Some what later transcripts are produced from the major late
promoter (MLP) (Lewis and Mathews, 1980; Miller er al., 198(); Shaw and Zifl, 1980).
Each carly region gene possesses its own promoler and is expressed either from the upper
strand (r-strand) (E1A. EIB, E3) or the lower strand (I-strand) (E2 and E4). Just hetore
the onset of DNA replication four intermediate RNAs (pIX, Iva2, VAL and VAII) are
transeribed rom their own promoters (Lewis er al., 1977: Stderlund er al., 1976;
Alestrom er al.. 1980).  Unlike all other adenovirus transcripts these VA RNAs are
transcribed by RNA polymerase I (Weinman er al., 1976). These low molecular weight
transeripts do not encode any protein products. but are required for efficient viral

transtation late during infection (Thimmappaya er al.. 1982). The onset of DNA



Figure 1.1. Transcription map of adenovirus genome. The lincar genome ol adenovirus
type 5 is shown. Families of overlapping transcripts from each of the carly regions, ELA,
E1B, E2A/2B, E3, and E4, are depicted. The promoters are indicated by brackets at the
5’ end of each set of mRNAs. The live blocks of late transcripts are shown (L1, L2, L3,
L4, and L5) along with the tripartite leader (1,2,3) and the i leader sequences and the VA
RNAS. The predicted translation products arc depicted above the transcription map.



Figure 1,1 Adenovirus type$ Transcription'Map.
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replication defines the switch from carly to late gene expression which is accompanicd
by a 1000-fold increase in transcription {rom the major late promoter {(Shaw and ZifTl,
1980) and changes in RNA splicing (Frascr et al.. 1979; Chow er al., 1979; Lewis amd
Mathews, 1980). Upon the onsct of DNA replication, live late regions are transcribed
from a common nuclear precursor RNA which i$ initiated from the major late promoter
(MLP) at 16.5 map units (Zif{ and Evans, 1978; Ziff and Fraser, 1978). Processing of
the late mRNAs occurs through the use of one of five poly(A) addition sites and by
differential splicing (Ziff and Fraser, 1978; Zifl and Evans, 1978; McGorgan and Raskas,

1978; Nevins and Darnell, 1978).

Ic. DNA REPLICATION.

Adenovirus DNA replication starts 8 to 10 br postinfection and is maximal at 19
hr (Kelly, 1984). Replication of the lincar viral genome is complicated by the need 1o
ensure the integrity of the DNA termini (Graham et al., 1989). Thus in order to preserve
DNA ends, adenoviruses have developed several unique features of DNA replication,
Replication proceeds by protein priming (Kelly, 1984) which is achieved by the linking
of a dCMP nucleotide to the preterminal protein encoded within E2B. In fact the E2B
region encodes two products used for Ad5 replication (see Fig. 1.1), the 140 kDa viral
DNA polymerase and the 80 kDa preterminal protin (pTP). pTP becomes covalently
linked to dCMP which can then serve as a primer for DNA synthesis (Lichy e al. 1981,
Pincus er al., 1981; Challberg er al., 1982; Tamanoi and Stillman, 1982). Replication of

viral DNA utilizcs a viral DNA polymerase and proceeds by strand displacement of the
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parental strand (Ellens er al, 1974; Schilling et al., 1975; Lechner and Kelly, 1977).
Viral DNA synthesis requires several accessory proleins provided by the host, and a DNA
binding protein (72K or DBP) encoded by the virus (Challberg and Kelly, 1979; Rekosh
et al., 1977; Challberg et al., 1980; Nagata et al., 1983; Rosenfeld et al., 1987; Wides er
al., 1987; Horwitz, 1978). The pTP is enzymatically cleaved by a virally encoded
prolease o yield a smaller form known as the terminal protein which is found at the 5°
end of the mature viral genome (Challberg and Kelly, 1981; Stillman et al., 1981). The
displaced parental strand theoretically can be replicated via the formation of a panhandle
structure formed by the anncaling of the perfect inverted terminal repeats found at cach
end of the genome (Streenbergh er al., 1977; Shinagawa and Padmanabhan, 1980). This
replication intermediate has not been identified in infected cells, however, this structure
is formed in vitro (Garon er al., 1972). Initiation of DNA synthesis can then occur in the
same fashion as described above.

Circularization of the displaced strand and a hypothesized “slippage mechanism”
of the DNA polymerase at the ends of a circular genome provides a third mode of
ensuring the integrity of the ends.  Although this form of end repair has yel to be
demonstrated directly, it has been proposed in order to explain how an adenovirus DNA

with two delective ends can produce progeny with normal termini (Graham er al., 1989).

II. TRANSFORMATION BY ADENOVIRUSES.

The discovery of the oncogenic potential of adenoviruses by Trentin ez al. in 1962
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led investigators to focus on adenoviruses as model systems o study oncogenesis.
Although adenoviruses of the highly oncogenic group A might appear to be the best
model, the fact that they replicate relatively poorly in tissue culture has generally
inhibited their extensive study. The non-tumorigenic group C adenoviruses grow well in
vitro and their ability to transform rodent cells in tissue culture is 10 to 50 times greater
than group A viruses (Bos and van der Eb, 1985). These two important properties have
moved these viruses, Ad2 and Ad5 in particular to the forcfront of adenovirus rescarch,

The discovery by Doerfler in 1968 that adenovirus-transformed cells contain
integrated viral sequences provided the impetus to search for the viral genes responsible
for the induction of the transformed phenotype. Gallimore er al, (1974) analyzed
adenovirus type 2 (Ad2)-transformed cell lines for viral DNA content and found
sequences located at the left-most 14% of the viral genome were the only ones
consistently integrated. This was one ol the first reports suggesting that only a portion
of the virus genome was required for maintenance of transformation,

Graham et al., (1975) demonstrated using the newly developed calcium phosphate
method (Graham and van der Eb, 1973) that the adenovirus type 5 (AdS) Hind 111-G
fragment, which encompasses the left-most 8% of the viral genome, was sutficient 1o
transform primary rodent cells. These data agreed with those from earlicr studies using
exonucleases which suggesied that the transforming region was located at the left ends
of the viral genome (Graham er al., 1974). These results indicated that the wransforming

genes mapped to the El transcription unit.
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Ila. ROLE OF EIA.

Early work by Houweling et al., (1980) using the Apa I-E fragment of Ad 35,
which includes the left-most 4.5% of the viral genome, demonstrated that this viral DNA
did not encode sufficient information Lo allow complete transformation of cells, but could
immortalize cells in tissue cullure. This was the first observation that transformation by
adenovirus required the function of more than one genc product and that the
immortalizing function mapped to the E1A region at the left most part of the viral
genome. The E1A gene produces five mRNAs as a consequence of differential splicing
(Fig. 1.2). The two largest messages, which have sedimentation coefficients of 12§ and
138, are the major products and are produced immediately upon infection (Nevins et al.,
1979; Lewis and Mathews, 1980). The other messages, 95, 108, and 118 (Fig. 1.2), are
produced later in infection and are therefore referred to as delayed early messages. The
products of these minor messages are dispensable for transformation (Stephens and
Harlow 1987; Ultendahl er al., 1987).

The 138 message encodes a product of 289 residues (289R) which differs from
the 243 residue product of the 128 message (243R) by an internal 46 amino acid region
encoded by RNA that is spliced out of the latier (Fig. 1.2). The products of cach major
EIA message (128-243R and 13S-289R) migrate in SDS-polyacrylamide gels as two
torms 50 and 45 kDa. and 52 and 48.5 kDa, respectively. These differences in migration
have been shown to be the result of differential phosphorylation (this thesis; and Richter
et al., 1988; Dumont et al., 1989; Smith er al.. 1989). In fact, these species share a

precursor-product relationship in that the {aster migrating E1A proieins are converted (0
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the slower migrating forms (Branton and Rowe, 1985).  Studies using purilicd E1A
protein produced in E. coli and microinjected into frog Socytes (Richter ef al., 1985) or
introduced into mammalian cells by protoplast fusion (Ferguson er al., 1985) have
suggesied that the slower migrating form (and as will be discussed later the
hyperphosphorylated form) is the functionally more active ETA Torm.

Experiments utilizing two dimensional thin layer chromatography (Tsukamoto ef
al., 1986), or reverse phase high pressure liquid chromatography (Tremblay er al., 1988:
S. Whalen and P.E. Branton personal communication) of [¥PJ labelled ELA polypeptides
purificd from infected cells have shown that EIA proteins are phosphorylated al a
minimum of five sites. High resolution two dimensional clectrophoresis of cach ol the
major EIA forms has shown that cach can be resolved into multiple species (Harlow er
al.. 1985). suggesting that the E1A polypeptides are highly phosphorylated. Three of
these sites are found in exon one at serines 89, 96, (Tremblay ef al., 1988) and 132 (8.
Whalen and P.E. Branton personal communication) and the other sites in exon (wu. il
serine 219 and on one or more serines between residues 227 and 237 (sukamoto ef al.,

1986: Tremblay er af., 1988).

I1b. ROLE OF EIB.

In addition w EIA, complete transformation of rodent cells reguires the products
of the EIB gene and that also produces multiple messages, including two major mRNAs
of 228 and 13S (Fig. 1.2). The 228 message encodes products of 176 residues (176R)

and 496 residues (496R) which are translated from different reading frames. The 135



Figure 1.2. Strucwure of the El region of AdS. The E1A and E1B RNAs are depicted
together with a schematic of the proteins they encode. The C-terminal half of the 9S E1A
product derives from a reading frame distinct from that of the 13S-10S RNAs. The 176R
and 496R products from the EIB 228 RNA are derived from distinct reading frames.
Except for the [S6R product, all the C-terminal halves of the 176R- (131R) or 496R-
related (84R, 93R, and 168R) products are derived from distinct reading frames.



Figure 12 E1 Transcription Unit
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message codes for 176R as well as a smaller 84R product which is related to the 496R
specics (Bos et al., 1981; Perricaudet et al.,, 1979; Virtanen et al., 1985; Lewis and
Anderson, 1987). Al least two other EIB mRNAs are produced which yield 176R and
other 496R-related products {(Fig. 1.2). The functions of the latter, especially with regard
to transformation, remain unclear {Lewis and Anderson, 1987). Both of the major E1B
products (176R or 496R)} are individually able to cooperate with E1A to transform cells,
however, the synthesis of both products results in increased numbers of transformed foci
(White and Cipriani, 1990; McLoric et al., 1991; Zhang er al, 1992), suggesting that this
function of 176R and 496R transformation are additive,

The E1A polypeptides can also cooperate with either the product of an activated
H-ras gene (Land et al., 1983; Ruley, 1983), or polyoma middle T-antigen (Zerler et al.,
1986) o transtorm cclls, suggesting that E1A supplies the immortalization function while
these other oncogenes supply a second function necessary to produce the complete
transformed state. The second function supplied by E1B is not equivalent to that supplied
by H-ras, as transformants differ in colony morphology and other properties. For
example, cells transformed by EL1A plus EIB are epithelioid and will grow in medium
which is low in calcium, whercas those transtormed by E1A plus H-ras are fibroblastic
and cannot be grown in medium low in calcium. Morcover, overexpression of H-ras
alone produces foci at a low frequency while overexpression of E1B alone does not (E.
White personal communication). These results suggest there are muitiple ways to

transtorm cells and that ETA supplies only the crucial immortalization step.
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III. BIOCHEMICAL FUNCTIONS OF E1A PROTEINS.

IHa. TRANSCRIPTIONAL TRANSACTIVATION.

Both major products {rom the E1A region are required for efficient growth ol AdS
in quicscent cells (Spindier er al., 1985), however, the absolute requirement for the 128
243R product can be bypassed in rapidly growing ceils such as HeLa or KB cells
(Montell er af., 1982). It is thought that 243R plays a crucial role in activating entry of
cells into S-phase. (Howe et af., 1990) which in turn would ensure the presence of ample
cellular products to aid in replicating the viral genome.

The 289R 138 product is essential for viral growth as it is responsible [or
activaling in trans the transactivation of the other carly viral genes. Mutational analysis
has shown that the major transactivaling activity maps 1o the 46 amino acid region unigue
1o 289R (Berk er al., 1979: Jones and Shenk, 1979: Jelsmia er af. 1Y88! Fabnestock and
Lewis, 1989) (Fig. 1.2). In addition, 243R has been reported (o lransactivate some
cellular genes such as proliferating nuclear antigen (PCNAY), -tubulin, heat shock protein,
and brain creatine kinase (CKB) (Jelsma er af. 1989 Zerler ef al. 1987; Kaddurak-Daouk
et al. 1990 Kao and Nevins, 1983; Nevins, 1982 Stein and Ziff, 1984).

The mechanism of EJA-mediated transactivating activity is still largely unknown.
It is unlikely that E1A proteins function direclly as transcription fuctors as, with one
exception these polypeptides have not been shown 1o bind efficiently to DNA (Ferguson
et al., 1985). Chatterjee er al., (1988) reporied that EIA proteins were retained on a

DNA column, however, binding occurred only after preincubation with cell extract,
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suggesting that E1A proteins were retained on the column only after association with
DNA-binding protcins. Evidence that E1A proteins function via protein/protein
interactions is provided by two different kinds of expeiiments. A synthetic peptide
corresponding to the unique region of E1A, (which did not bind to DNA) was capable of
transactivating carly Ad5 gene cxpression (Green et al., 1988), thus indicating that
sequences within the unique region were sufficient to activate E1A responsive genes in
the absence of DNA-binding activity. A very different type of experiment utilizing
E1A/Gal4 protein fusions and heterologous promoters containing Gald responsive
clements demonstrated that the unique region of E1A could allow transactivation of the
Gald4 reporter construct.  These results suggested that the unique region of EIA
transaclivales promolers by recruiting transcription factors (Lillie and Green, 1989). In
support of such a mechanism is the apparent lack of conserved upstream regulatory
sequences in genes transactivated by E1A (Kingston et al., 1984; Leff er al., 1985). Such
constructs from promoters recognized by other known transcription factors that have
defined binding sites. Recruitment of multiple transcription factors may account for the
ability of E1A proteins to transactivate multiple promoters because transactivation by E1A
polypeptides would not be dependent on DNA sequence specificity, but rather on
protein/protein interactions which would allow interaction with multiple factors and hence
activation of genes from multiple promoters.

E1A protwins have also been shown to activate transcription from the E2 promoter
as a result of E1A-dependent release of a transcription factor, termed E2F, from a high

molecular weight inactive complex, a process dependent upon conserved regions 1 and
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2 (see below) (Kovedsi et al., 1986; Bagchi er al., 1989; 1990 Yee er al., 1989;

Raychaudhuri er al., 1990).

Ib. E1A MEDIATED ENHANCER REPRESSION.

The E1A gene products have also been shown 1o repress transcription mediated
by the simian virus 40 (SV-40), polyoma virus, immunoglobulin heavy chain, insulin and
E1A enhancers (Borrelli er al,, 1984; Velcich and Ziff, 1985; Hen et al,, 1985; Stein and
Ziff, 1987) and the principle product responsible for this effect seems o be 243R. Unlike
transactivation by the unique region of 289R, no single region has been found to be
responsible for repression (Velcich and Zill, 1988; Jelsma et al, 1989). How EIA
represses enhancers still remains unclear, although, repression is belicved to oceur through

the recruitment of cellular enhancer binding proteins.

IV. FUNCTIONAL REGIONS WITHIN E1A PROTEINS

Comparison of EIA amino acid sequences from different adenoviruses has
identified three highly conserved regions referred to as conserved regions 1, 2 and 3 (Fig.

1.3; van Ormondt, 1980, Kimelman er af., 1985; Moran and Mathews, 1Y88).

IVa. CONSERVED REGION 3.

Conserved region 3 (CR3) is comprised primarily of the 46-amino acid unique
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region of 289R located from residue 141 to 187. Amino acids 154 to 174 conlain a zinc
binding finger and E1A from Ad5 has been shown to bind zinc which is believed to be
important for E1A induced transcriptional activation (Culp et al., 1988). As E1A proteins
do not bind to DNA directly it is postulated cither that the zinc finger stabilizes an
interaction with a transcription factor or thal once a complex is formed, the zinc finger
is used by the complex to bind DNA (Culp et al., 1988). The phenotype of the host-
range mulant irS (Harrison et al., 1977), which has a mutation immediately after the zinc
binding domain (Glenn and Ricciardi, 1985), supports the notion that E1A interacts
dircctly with a factor required for the initiation of transcription. This mutant is defective
for transactivation, but unlike other host-range mutants when coinfected with wr AdS5 it
interferes with wr viral growth, a phenomenon known as transdominance or squelching
(Glenn and Ricciardi, 1987). The Ar5 E1A transdominant effect is thought 10 occur
through sequestering of limiting transcription factor(s) by binding them either irreversibly
or with greater affinity than wild type E1A proteins (Glenn and Ricciardi, 1987).
Mutations elsewhere in CR3 also greatly affect transactivation (Jelsma er al., 1988; Jones
and Shenk, 1979; Fahnestock and Lewis, 1989), suggesting that sequences [lanking the

zin¢ binding domain are also important.

IVh. CONSERVED REGION 2.
CR2 is located in exon [ between residues 108 to 136 (Fig. 1.3). Mutations in
CR2 affect the ability of ELA to induce mitosis in quiescent rodent cells, to immortalize

cells, to induce DNA synthesis, to induce PCNA, and to induce CKB (Murray et al.,
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1982; Nevins, 1982; Kao and Nevins, 1983; Stein and Zifl, 1984; Zerler er al., 1987;
Jelsma er al, 1988, 1989; Fahnestock and Lewis, 1989; Howe er al., 1990; Kaddurih-
Daouk er al., 1990). Mutations in CR2 also decrcase the ability of ELA to repress
transcription mediated by some enhancers and to transform primary rodent cells (Borrelli
et al., 1984; Hen et al., 1984; Stein and Zitl. 1987; Velcich and ZifT, 1985; Velcich er
al., 1986). These results suggest that CR2 is involved in at least two E1A functions,
enhancer repression and transformation. It seems apparent that these two biological
effects could be induced through a common biochemical mechanism mediated by CR2,
For some time it was belicved that such was not the case as a mutant exists which is able
to transform cells in cooperation with ras, but which [ails to repress the transcriptional
effects of a test enhancer (Velcich and Ziff, 1988). Now that it is apparent that dilferent

enhancers have different requirements for E1A regions CRI and CR2, this question needs

to be reexamined.

Ve. CONSERVED REGION 1.

The induction of DNA synthesis by E1A in quiescent rodent cells also involves
CR1 which is located between residues 40 to 80 (Fig. 1.3) (Howe er al., 1990). In
addition, mulaﬁons in this region adversely affect the ability of the E1A polypeptides to
induce PCNA (Jelsma el al., 1989) and CKB (Kaddurah-Daouk et al., 1990). The
induction of PCNA is Lhought to be intimately linked with the induction of DNA
synthesis (Bravo et al., 1987; Prelich et al., 1987). Increased amounts of CKB have been

detected in numerous tumor cells (Gazdar ef al., 1981; Feld and White, 1977; Rubery et
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Figure 1.3, Alignment of E1A proteins from various species. Amino acid sequences were
aligned by cye and gaps, depicted by periods, were introduced for maximum alignment.
Regions of high sequence identity are boxed and where an amino acid is conserved in
greater than 40% of the proteins it is depicled in the consensus sequence. Non conserved
amino acids are depicted by dashes in the consensus sequence.
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al., 1982; Thompson et al., 1980). CKB is involved in producing ATP in metabolically
active cells (reviewed by Bessman, 1985) and thus its induction may be a requirement {or
elficient viral growth in quicscent cells. Mutations in CR1 also affect the ability of E1A
proteins to repress enhancer driven transcription, to induce transformation, and to
immortalize cells (Stein and Ziff, 1987; Velcich and Ziff, 1985; Velcich er al., 1986;
Jelsma er al, 1988). Other studics have implicated sequences within and upstream to CR1

in efficient retention of E1A proteins in the nucleus (Richter et al., 1985).

IVd. OTHER REGIONS.

The conserved stretch of basic amino acids at the carboxyl terminus of E1A
proteins is required for rapid nuclear localization (Richarson et al., 1986). A very similar
type of sequence has been identified in other nuclear proteins (Kalderon er al., 1984a,b;
Kalderon and Smith, 1984), and introduction of this region into other polypeptides results
in targeting to the nucleus (Kalderon er al., 1984b; Colledge et al., 1986).

A short region in the amino terminus is conserved between many human
adenoviruses (Fig. 1.3) and mutations within this sequence greatly reduce transformation
and enhancer repression and adversely affect the ability of the ETA polypeptides to induce
the production of an epithelial like growth factor in primary rat cells (Subramanian et al.,
1988: Quinlan et al., 1988; Quinlan and Grodzicker, 1987). The induction of this growth
lactor is also affected by mutations in the less conserved region immediately to the right
of CR3 (Quinlan er al., 1988) (Fig. 1.3). Morcover, a mutation in this region has been

described which resulis in enhanced transforming activity (Subramanian er al., 1989).
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Y. CELLULAR EIA BINDING-PROTEINS.

Using mild immunoprecipitation conditions, Yee er af. (19Y85) demonstrated that
at least five cellular proteins specitically associate with EIA polypeptides, This result
was corroborated by Harlow er al. (1986) who also identified several other EFA binding
species.  The most prominent of these proteins have apparent molecular weights of
approximately 105 kDa, 107 kDa. and 300 Kda whereas the less prominent proleins
migrate at 130kDa, 60kDa and 33kDa. Studies on the hinding sites ol the most prominem
proteins on the E1A polypeptides using various EJA deletion mutants have shown thal
the 105 kDa and 107 kDa proteins bind primarily 10 overlapping regions within CR2. In
addition, E1A sequences within CRI contribute to the efficiency of binding to these
proteins. The 300 kDa protein requires two discontinuous regions on the E1A proteins
lor binding, amino acids 4 to 25 and residucs 48 (o 60 within CR1 (Egan e af., 1Y88.
Whyte er al., 1989). The binding of both the 300 kDa and the 107/105 kDa species by
E1A products correlates with transformation (Egan er al., 1988, Whyte e1 al., 198Y;
Jelsma er al,, 1989), suggesting that the association with these proteins plays an important
role in this function.

The cellular E1A binding proweins have also been found to interact with the
oncogene products of other DNA wmor viruses. Simian virus-40 large wmor antigen
(LT) has been shown 1o bind to both the 105 kDa (DeCaprio er af., 1988) and the 107

kDa (Dyson et al., 1989} proteins. and mutations in 4 region of L'T which has homology
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to CR2 of E1A abolishes both LT transforming activity and binding of these two proteins
(Ewen et al., 1989). Furthermore, this LT binding domain when substituted for CR2
within E1A can functionally replace EIA CR2, allowing this chimeric molecule Lo
transform cells (Moran, 1988). Thus these tumor antigens may transform cells via similar
mechanisms.  In addition to SV40, the large T-antigens {from BK virus-, SA12 virus-,
polyoma virus and hamster lymphotropic virus (Dyson er al., 1989) as well as the E7
gene product l'rofn the human papilloma viruses (HPV) -16 and -17 {Phelps er al., 1988;
Dyson et al., 1989} all bind o the 105 kDa protein. These results suggest that these
different DNA tumor viruses may transtorm by a common mechanism. Another common
[eature of transformation by DNA tumor viruses may involve interactions with a second
cellular protein, p53. SV40 LT, HPV-16 and -17 E6 and the adenovirus type 5 E1B 496R
proteins all bind to p53 (Lane and Crawford, 1979 Linzer and Levine, 1979 Sarnow er
al., 1982: Werness ef al., 1990),  p53 usually is expressed at low levels in normal
proliterating cells (Dippold er al., 1981: Benchimol er al., 1982: Thomas er al., 1983:
Rogel et af.. 1985), hut in tumor cells it is often detected at much higher _lc\fcls duu: cither
to increased mRNA stability, to increased cxpression levels. or both (Crawford et al.,
[981; Dippold et al.. 1981: Benchimol er af., 1982; Rotter. 1983: Thomas et al., 1983;
Koefler er al., 1986). Originally it was thought that p53 was encoded by a dominant
cellular oncogene. however, it is now believed that p53 is a tumor suppressor and that
P33 mutants can act in a dominant negative fashion and thus interfere with wild type p33
(Finlay et al., 1988: Eliyahu er al.. 1988: Hinds er al., 1989). SV40 LT. E6 and the 496R

proteins may theretfore mimic mutated forms of p53 and disrupt the cell cycle by binding
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to and inactivating p53 (Finlay er al, 1989: Werness er al., 1990).

Identification of E1A associated proteins has been achieved cither by cloning or
by immunological approaches. pi05 was shown to be the product of the Rb-1 umour
suppressor gene (Whyte er al., 1988: Egan et al.. 1989). Deletion or other mutations
affecting both alleles of Rb-1 are believed (o induce retinoblastoma (reviewed by Hansen
and Cavence. 1988) and pl105*" is thought to controf entry of cells into S-phase. The
p107 protein has been cloned and shows limited homology to p 1G5* (Ewen er al., 1991).
The 33kDa protein has been cloned and identiticd as cdk2 a member of the ede2 family
of kinases (Tsai er al., 1991). p60 was shown 10 be cyclin A, a regulalory protein
afTecting cde2 kinases (Giordano er al.. 1989: Pincs and Hunter, 1990).

Recent studies bave suggested a biochemical basis for cell cycle regulition by
plOSE®, plOske interacts with the cellular transeription factor E2F (Chellappan ef al. 1991;
Mudryi er al. 1991; Bandara and LaThangue, 1991: Chittenden er al., 1991: Bundara et al.,
1991) and a similar or related protein DRTFI (Bandara and LaThangue, 1991). 1221 i
important for the lrunscriplin_n of cell eycle-regulated genes such as c-mye, and
dihydrofolate reductase (DHFR) (Bluke and Azizkhan. 1989). The interaction between
E2F and p105** and the related pl07 protein appears o control the transcriptional activity
of E2F (Hicbert er al..1992).

E2F was first described as a transcription factor required for ETA reguladion of the
adenovirus E2 promoter.  Morcover, the heterodimeric complex ol E2F with the YK
product from the E4 gene forms a very stable complex which Turther stimulaies

transcription from the E2 promoter (Hardy and Shenk. 1989: Hardy ef al., 1989; Huang
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and Hearing, 1989; Neill et al., 1990; Raychaudhuri er al., 1990; Marton et al., 1990).
E2F is normally found in the cell in large inactive heleromeric complexes which prevent

it from hinding to the 19K E4 product (Bagcehi er al., 1990), E1A protein was shown Lo
dissociate these complexes, thus making E2F available for heterodimeric association with
the 19K E4 protein and increasing transcription {rom the E2 promoter (Bagehi er al.,
1990). Dissociation of E2F complexes by E1A products mapped to regions previously
known to be imp.urlam for oncogenesis {(Mudryi ez al., 1991; Bandara er al.,1991; Deveto
er al.. 1991: Cao er al., 1992: Shirodkar er al., 1992).

The regions of E1A polypeptides required for E2F dissociation were mapped to
rcgions within CRI and CR2 that arc involved in binding of plOs*® and plo7
(Raychaudhuri er al.. 1991). Both of these cellular proteins have been shown to be present
in E2F complexes, and ELA products are believed to activate transcription by binding to
pLO5* and pl07. thus releasing and activating E2F (Raychaudhuri er al.. 1991).

E1A proteins may activaie the cell cycle as a consequence of these interactions.
225 fl‘()l?:l synchronized NIH-3T3 cells is present in at least two types of complexes
(Mudryi er al.. 1991), One accumulates during the G1 phase of the cell cycle and then
disappears at the end of GI. A second distinct complex appears at the beginning of S-
phase. accumulates during S-phase. and then disappears in G2 or mitosis. E2F is {found
associated with p107 as well as p33“** kinase (Deveto er al.. 1991; Cao er al.. 1992
Shirodkar ef al., 1992). In addition p107 is complexed o p6O*™* (Ewen er al.. 1992
Faha er al.. 1992), Morcover the regulation of E2F activity may be more complicated

because E2F has also been shown to be in a complex in Gl which contains pl107 together
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with cyclin E protein and p33°%2 (Lees et al., 1992). How these interactions regulate the
cell cycle is not immediately clear, however, transient expression assays with an E2F
responsive reporter construct demonstrated that either plOS™ or pl07 could block
transcription from this promoler (Nevins, 1992)

It is belicved that plOS*® is normally regulated by phosphorylation in a cell cycle
dependent fashion. Whether this phosphorylation controls complex formation is no
totally clear, however, only the hypophosphorylated p105** is found in the E2F complex
(Chellappan et al., 1991). High levels of phosphorylation are thought w inactivate plos*®
(Chen et al., 1989; DeCaprio er al., 1989 Buchkovich er al., 1989) which may release
E2F. thus permitting progression through the cell cycle. A popular hypothesis is that
association of pl05*® with oncogene products of DNA tumor viruses cither sequesters
and/or inactivates the function p105*®, and thus mimics its normal down-regulation by
phosphorylation (DeCaprio er al., 1989; Buchkovich er al, 19891 Chen er al., 1989;
Furukawa er al., 1990). Such interactions would release E2F and allow progression inlo

S-phase.
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VL. THE CELL CYCLE.

Cellular transformation can be viewed as the consequence of numerous insults to
the cell that result in the dercgulation of the cell cycle and unrestricted cellular
proliferation. ElA proteins have been shown to induce quiescent cells to enter the cell
cycle (Shimojo and Yamashita, 1968; Strohl, 1969; Younghusband, et al., 1979; Howe
et al., 1990)).

The cell cycle can be divided into five distinct phases: Gy, G, S, G,, and M (Fig.
1.4). Non-cycling cells in which very little macromolecular synthesis occurs are thought
to be in an extended G,-phase which is also referred o as G,. G, is the preparatory phase
before the onset of DNA synthesis (reviewed by Pardec, 1989) and it is believed that
carly during this phase the cellular decision of whether or not to enter S-phase is made
(reviewed by Murray and Kirschner, 1989). This point has been defined in yeast as
START and in mammalian cells as the R or restriction point (Nurse and Bissett, 1981;
reviewed by Pardee, 1989). Once the cell enters S-phase it is commilted to a new round
of cellular division (reviewed by Laskey er al, 1989). During this phase the
chromosomes arc replicated from multiple replication origins and although the time
required for DNA synthesis varics among different cell types, it is generally constant for
cach cell type. suggesting that a well programmed sct of events are involved in this
process.

Alter the chromosomes have been replicated the cell enters G, during which time

the cell prepares for mitosis (reviewed by Nurse, 1990). The exact biochemical events
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occurring during this phase are not well understood. Mitosis can be divided into lour
discrete events: (i) prophasc- condensation of chromosomes; (ii} prometaphase-
positioning of the condensed chromosomes to form the "metaphase plate”; (iii) anaphasc-
separation of the chromosomes into equal parts and movement to opposite poles; and {iv)
telophase- reformation of the nuclei and eniry into interphasc (reviewed by Mclntosh and
Koonce, 1989),

Much information about the cell cycle has come {rom the study of cell division
cycle (cdc) mutants of yeast. Many cde mutants have been isolated from both
Saccharomyces cerevisiae and Schizosaccharomyces pombe which have quite differentcell
cycles. S. cerevisiae divides by budding and its cell cycle has no true G, phase: S-phase
and mitosis seem to be [used, and perhaps as a resull of this the chromosomes do not
condense and the nuclear membrane does not break down (reviewed by Nurse, 1985).
In contrast, the cell cycle of S. pombe is comparable to that of mammalian cells and thus
information gained with this organism may be relevant to the mammalian system
(reviewed by Lee and Nurse, 1988). Analysis of cdc mutants has demonstriied that there
are two critical control points in the cell cycle, START and the G/M transition point,

Both of these points are controlled by the cdec2 gene product .

Via. GENETICS OF THE CELL CYCLE,
When temperature sensilive mutants (t5) of the cde2 gene (cde2ts) of S. pombe are
shifted to the non-permissive temperature they arrest at either of two points in the cell

cycle, START or the G/M transition point, depending where within the cell cycle the
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yeast cell was at the time of the temperature shift (Fig. 1.4) (Simanis and Nurse, 1986).
Litte is known about the genes regulating cdc2 activity at START, however, considerable
information about genes regulating the onset of mitosis has been compiled.

cdc25ts mulants arrest in G, demonstrating that the product of this gene is clearly
required for the onset of mitosis (Fantes, 1979; Russel and Nurse, 1986). Moreover,
over-cxpression of the cde25 gene results in premature initiation of mitosis, thus
suggesting that it is a rate-limiting inducer of mitosis (Russel and Nurse, 1986a). Many
genes which are intimately involved in regulating mitosis have been identified as
suppressors of cde mutations. Suppressors of cdec25ts mutants map to two different genes,
weel and cdc2. The weel mutation causes cells to enter the cell cycle prematurely (i.e.
al & reduced cell size). The suppressors which map to the cdc2 gene also produce the
"wee" phenotype (Thuriaux er al., 1978). On the basis of these and other experiments,
Russel and Nurse (1989) have proposed that the cde25 and wee! gene products both play
an important role in controlling mitosis by regulating the activity of the cdc2 gene product
in antagonistic fashions (Fig. 1.4).

Yeast genclicists routinely use complementation experiments to clone genes and
in such an experiment the nim/ gene was identified and cloned serendipitously during an
attempt to clone the ¢de25 gene. The predicted product from this gene is thought to be
a serine/threonine kinase and when over-cxpressed can suppress cde25 mutations. This
suppression is thought to be modulated through the post-translational down-regulation of
weel activity (Fig. 1.4) (Russel and Nurse, 1986b). In a scarch for genes that were able

to suppress a cold sensitive cde? mutant which was defective only in its G, function a
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Figure 1.4. Schematic diagram of the cell cycle depicting the five phases ol the cycle.
Genes that alter this cycle in yeast are also depicled and their location in this diagram
reflects the time point in the cell cycle that their gene products are thought to act.
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genc was cloned that mapped to a previously identified cde gene, cdel3.  ‘This
suppression was allele specific, suggesting, and later confirmed by  aflinity
chromatography, that the effect was due to a direct protein/protein interaction (Booher and
Beach, 1987, Booher et al., 1989).

sucl is another gene isolated by complementation ol a ede2 mutant. Only specific
mutants of the suc/ gene can suppress some cde2 mutants and this allele specific
suppression suggested a direct interaction between these gene products (Hayles er af.,
1986a,b). Subscquently, using an immunoaltinity column directed against the sucf
product, p13*', the cdc2 product p34°*? was shown 1o be retained, confirming the direct
protein/protein interaction between these species (Brizuela ef af., 1987). Null mutants of
sucl arrest cells late in mitosis (Moreno et al., 1989) while over-expression of sucl has
an cffect similar to cdc2 mutants in that the onset of mitosis is delayed (Hindley ef al.,
1987; Hayles er al., 1986b). Thus the role of suc/ in the cell cycle is unclear.

A gene alfecting the completion of milosis was isolated by two separate
investigators using completely different criteria.  Ohkura et al.(1989) isolated a cold
sensitive mutant (dis2) which is defective in sister chromaud disjoining. The same gene
was cloned by Booher and Beach (1989) in an auempt to clone wee! by complementation

(Fig. 1.4).

VIb. BIOCHEMISTRY OF THE CELL CYCLE.
The cloning of many of the aforementioned cdc genes has facilitated the analysis

of the biochemistry of the cell cycle. The predicted amino acid sequence of cde2 reveals
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it has strong homology to serine/threonine kinascs (Beach et al., 1982). Supporting this
prediction were results obtained vsing antipeptide serum directed against the carboxyl
terminus of the cde2 product which specilically immunoprecipitates Kinase activity
(Simanis and Nurse, 1986). This serum aiso immunoprecipitates a protein of M, =34
kDa, termed p34°*? which has been shown to phosphorylate numerous substrates in vitro,
such as histone H1 (Labbe er al., 1988; Langan, 1978; Langan, 1989), cascin (Simanis
and Nurse, 1986), p6(F™ (Shcnoy er al., 1989; Morgan et al., 1989), RNA polymerase
I1 (Cisck and Corden, 1989), SV40 LT (McVey et al., 1989), clongation [actor (Belle et
al., 1989), cyclin (Booher er af., 1989; Lohka et al., 1988), laminin A, B and C (Heald
and McKeon, 1990; Peter et al., 1990; Ward and Kirschner, 1990), p53 (Bischoff ez al.,
1990) and c-abl (Kipreos and Wang, 1990). Whether these are true in vivo substrates of
p34°<* is nol clear in all cases (reviewed by Moreno and Nurse, 1990).

The onset of mitosis is regulated by p34°? kinase activity which in tum is
regulated by phosphorylation on tyrosine residue 15 (Y15). Y15 is located within the
putative ATP binding site and it is believed that dephosphorylation of Y15 activates
p34°? kinase activity, p34°*?is also phosphorylated on serine and threonine residues and
such phosphorylation also decreases as the cell enters mitosis, suggesting a regulatory role
for these sites (Gould and Nurse, 1989).

The ¢dc25 gene encodes a protein with a predicted M, of 67 kDa, (Russe! and
Nurse, 19864a) and {rom sequence comparison may be the yeast homolog to the predicted
product of the string gene in Drosophila (Edgar and O’Farrel et al.. 1989). Anti-serum

raised against cde25 produced in E. coli immunoprecipitated a phosphoprotein with a M,
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of 80 kDa. This apparent larger size is probably duc to postiranslational moditications
such as phosphorylation. As one would predict lor a rale limiting mitotic factor, the
levels p80*** oscillate during the cell cycle, peaking at the Go/M transition point (Moreno
et al., 1990). Expression of the Drosophila string gene also oscillates in the same fashion
(Edgar and O’Farrel et al, 1989), suggesting that the products of ¢de25 and string
perform the same functions in their respective organisms. It is now apparent thet pROS*®
represents a novel phosphatase with activity against both phosphotyrosyl and phosphoseryl
residues (Kumagai and Dunphy, 1991; Dunphy and Kumagai, 1992; Gawticr ef al., 1992;
revieweu in Millard and Russel, 1992),

The predicted product of the wee! gene has sequence homology to serine/threonine
kinascs. However, using anti-scrum dirccted against the weed product produced in
bacteria it was determined using an in vitro kinasc assay that weel was able 10
phosphorylate scrine and tyrosine residues (Featherstone and Russel, 1991, Parker er al.,
1991; Lundgren et al., 1991; Russel and Nurse, 1991). This result may provide a possible
mechanism for weel to conwol ede? function. In addition, over-expression of weel
results in entry of cells into the cell cycle at a later time (ie. larger sive), therehy
suggesting that wee! codes for a dose-dependent negative regulator of the cell cycle
{Russel and Nurse, 1987).

Yet another gene whose predicted product has homology o serine/threonine
kinases is the nim! gene whose product has a predicted M, of 50 kDa. The true
biochemical activily of this protein remains unknown (Russel and Nurse, 1986b).

Two other gene products that are required for mitosis and are known Lo interact
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directly with p34°*? are the products from the cdel3 and sucl genes. The predicted
product of cdel3 has homology lo B-cy(_:lins {Solomon et al., 1988; Goebl and Byers,
1988; Moreno et al,, 1989; Hagan er al.,, 1988; Booher and Beach, 1988) and two groups
using antipeptide sera have identified proteins of M, =56Kd (Moreno et al., 1989) or
63Kd (Booher er al., 1989) which are probably identical. The levels of p56°*'® oscillate
during the cell cycle in the same fashion as cyclins (Evans er al., 1983; Standart er al.,
1987), suggesting that p56™*'® is a cyclin. The importance of phosphorylation in
regulating the cell cycle is also reflected in the fact that cyclins are usually
phosphorylated just before they are degraded, suggesting phosphorylation may act as a
signal which would initiate this process (Murray et al., 1989; reviewed by Pines and
Hunter, 1990). Very litle is known about the biochemistry of the suc! product, apart
from the fact p13*! is found associated with p34°*2,

Dephosphorylation by protein phosphatases also plays a critical role in regulation
ol the cell cycle. As was alluded to carlier, p34°™** is activated by dephosphorylation of
Y15. a step required [or the initiation of mitosis. Thus it was intriguing to find that the
dis2/bws! gene which is required to exil mitosis encodes a product with homology to
scrine/threonine phosphatases and not tyrosyl phosphatases. These results suggest that
dephosphorylation of serine/threonine residucs is important for the completion of mitosis
(Ohkura er al., 1989; Booher and Beach, 1989). The substrate(s) for this phosphatase

remains unknown.
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Yic. MAMMALIAN HOMOLOGS.

Mammalian homologs have been found for all of the aforementioned genes with
the exception of weel, dis2/bws!, and niml. A homolog 0 dis2/bws! in Aspergilluy
nidulans (bimG) has been reported (JDoonan and Morris, 1989). Using an immunoaflinity
column made with antibody directed against the p13™* polypeptide from S. pombe, a
human homolog was identified (Draetta er al., 1987). This column also retained a number
of other proteins, one of which was identified as the human p34°** (Dractta er al., 1987).
The presence of a cde2 homolog in human cells was also corroborated by other
investigators (Lee and Nurse, 1987, reviewed by Norbury and Nurse, 1989).

The prescnce of homologs in such diverse species suggests a universality in the
mechanism(s) of cell cycle control. In lact, corresponding proteins from S, cerevisiae
(CDC28) and human (Hscdc2) are functionaily interchangeable with the cde2 kinase of
S. pombe (Lee and Nurse, 1987). Clearly protein phosphorylation plays a key role in

controlling the cell cycle.

VII. PROTEIN PHOSPHORYLATION.

Many complex biological reactions within the cell are known to be regulated by
phosphorylation includine glycolysis and gluconcogenesis (reviewe< - Pickett-Geis and
Walsh, 1986), lipolysis (reviewed by Siess, 1989), contraction of vertebrate smooth
muscle (reviewed by Cross, 1989), activation ol receptors (reviewed by Ullrich and

Schlessinger, 1990), activation of transcription factors (Moniminy and Bilenzikjian, 1987,



Chapter 1 Introduction 36
Prywes et al., 1988; Sorger er al., 1987; Sorger and Pelham, 1988, Hoefler er al., 1988),
and progression of the cell eycle (reviewed by Nurse, 1990). Many of the protein kinases
which catalyze these reactions are also regulated by phosphorylation. As summarized in
Figure 1.5 it seems clear that many important biological signals are transmitied to the cell
nucleus by a cascade o phosphorylation and dephosphorylation events (reviewed by

Hunier, 1Y8Y).

Viia. PROTEIN KINASES.

Protein kinases are classilied according to whether they phosphorylate serine and
threonine, or tyrosine residues. Serine/threonine kinases have been found throughout the
cell, while with one exception, tyrosine kinases have not, been found in the nucleus. The
product of the ¢-abl proto-oncogene (p1505*™) has been reported 1o be located in the
nucleus as well as the cytoplasm (Wang and Baltimore, 1983). Many cell surface
receptors Tor growth factors and other external stimuli are protein Kinases, the vast
majorily belonging to the tyrosine Kinase family (reviewed by Sibley er al. 1990). To date
more than 30 tyrosine kinases and more than 50 serine/threonine Kinases have been
identilicd (Hunter. 1989) and with the advent of PCR technology this list continues o
arow.  Phosphotyrosine accounts for only (L1% of the total acid stable phosphorylated
residues in the cell, whereas phosphoserine and phosphothreonine account for almost 90%:

and Y%, respectively (Hunter and Selton. 1980).
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Figure 1.5, Schematic of signal transduction pathway. The various pathways by which
extraccllular signals are transduced o the nucleus are depicted.
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VIlai. Receptor Kinases.

Receptor kinases are composed of three major domains: (i)- an extracellular ligand
binding domain; (ii)- a hydrophobic transmembrane domain; (iii)- and a cytoplasmic
protein kinase domain (reviewed by Ullrich and Schlessinger, 1990). In order to be
activated, receptors must oligomerize, a process which is stimulated cither by ligand
binding by a single receptor, which induces conformational changes resulting in
oligomerization, or by binding of two receptors to a bivalent ligand {Greenlicld er al.,
1989; Seifert er al., 1989; Helden er af,, 1989; Hammacher er al., 1989).  This
oligomerization results in autophosphorylation or transphosphorylation on tyrosine
residucs and enhances phosphorylation of serine/threonine residues by associated
regulatory molecules. These events are important for activation of receptor kinase activity
which in turn is required for both the mitogen response, in the case of growth factors, and
proper receptor recycling (Felder er al., 1990).

The receptors for PDGF and EGF have been found in large complexes that are
comprised of regulatory factors and substrates ermed "Signal Transfer Particles” (STP)
(Margolis et al., 1989; 1990; Williams et al., 1990). This observation suggests that at
least the initial components of the signal transduction pathway are physically assoctated
with the primary transducing molecule, thus ensuring a rapid and specific response 1o the

exlernal signal.

VIllai. Cytoplasmic Kinases.

The majority of cytoplasmic kinases identificd to date are of the serine/threonine
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kinase class. The exceptions are the p150F™, and the pp60°™ family of tyrosine kinascs
(reviewed by Hunter, 1989). pp60©*™ is found in the cytoplasm but due to N-terminal
myristoylation, it associates with membranes (Buss and Sefton, 1985; Schultz and
Oroszlan, 1984; Schultz er al., 1984). This membrane association is critical for
ransformation because mutants of the viral pp60°*™ which lack the myristoylation site are
ransformation defective (Kamps et al., 1985; Buss er al., 198G). The kinasc activity of
pp60°™ is regulated by phosphorylation.  Kinase activity is down-regulated by
phosphorylation on tyrosine 527 and activated by phosphorylation on yrosine 416
(reviewed by Coaper et al., 1989). Tyrosine residue 416 is a site of autophosphorylation,
while tyrosine 527 is phosphorylated by a novel class of tyrosine kinase (Nada er al.,
1992). In addition, pp60*™ is phosphorylated on serine and threonine residues, however,
mulations in the major phosphorylation site (serine 17), which is phosphorylated by
cyclic-AMP dependent protein kinase A, and another site (scrine 12) phosphorylated by
calcium-phospholipid-dependent protein kinase C have thus far been found to have no
apparent biological elfect (Hirota er al., 1988; Yaciuk er al., 1989). However, mutations
in serine 17 cavse an increase in the phosphate incorporated in serine 12, suggesting that
phosphorylation at serine 17 down-regulates the phosphorylation at serine 12 (Yaciuk er
al.. 1989). pp6O°™ is also phosphorylated on serine residues 34, 72 and on threonine 46
during mitosis (Shenoy er al., 1989) and during this portion of the cell cycle pp60~™ has
increased kinase activity (Shenoy er al., 1989: Morgan er al.. 1989).

The cell cyele dependent phosphorylation of another tyrosine Kinase, pl5(e!
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which is found predominately in the nucleus (Kipreos and Wang, 1990), further supports
the notion that tyrosine phosphorylation plays an integral part in regulating the cell cycle,
The product of the activated viral c-abl counterpart, p160¥#*™ is no longer found in the
nucleus, but is found predominantly in the cyloplasm due to deletion of the normal
amino terminus and fusion to viral myristoylated gag sequences. The amino terminus of
p150°** contains sequences needed for nuclear targeting, and thus transformation by v-ab!
may be due to a change in the cellular localization ol its product.  As previously
mentioned, phosphorylation of Y15 of p34°** regulates cntry into mitosis. It has been
proposed that p34°<* may be a substrate of p150°™ and that reduced p34°%? tyrosine
phosphorylation as consequence of decreased nuclear p150°*™ may result in a more active
p34°*?%, thus enhancing cellular proliferation (Van Elten et al., 1989). However, the
tyrosine Kinase activity of p150°* is required for transformation (reviewed by Rosenburg
and Witte, 1988), suggesting that like pp60°™, both cellular localization and kinase
activity are requircments.

A possible link between receptor kinases and cytoplasmic kinases was suggested
by reports that the activity of the serine/threonine kinases encoded by the proto-oncogene
c-raf and the microtubule-associated protein kinase (MAP-kinase) are regulated hy
tyrosine phosphorylation (Morrison ¢ al., 1989; Rossomando er al., 1989). The c-raf
protein kinase is believed to be phosphorylated by the PDGF receptor (Morrison er al.,
1989), while MAP-kinase is phosphorylated upon mitogen stimulation (Rossomando e
al., 1989). The c-raf subsirales are unknown, however, MAP-kinase has been shown in

vitro to phosphorylate microtubule-associated protein 2 as well as ribosomal protein §6
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kinase II (Swurgill er al., 1988). These observations support the concept of a kinase/kinase
cascade involved in signal transduction,

The degradation of membrane lipids offers another mechanism through which the
cell transmits external stimuli (reviewed by Rozengurt, 1986). In fact, some growth
lactors and tumor promoters arc capable of activating this turnover. A key player in this
turnover is the 3° phosphatidylinositol (PI-3) kinase (Fig. 1.5) which is phosphorylated
on tyrosine residues upon stimulation with PGDF (Kaplan ¢t al., 1990). The membrane
degradation products diacylglycerol (DAG), arachidonic acid (ArA), and inositol 1,4,5-
triphosphate (IP3) (Fig. 1.5), are responsible for activating protein kinase C, producing
type E prostaglandins which stimulate adenylate cyclase activity, and mobilizing calcium
(reviewed by Rozengurt, 1986). All of these end products produce agents known to
stimulate protein kinases, thus further supporting the role of protein phosphorylation and
kinase/kKinase cascades in signal transduction.

Another protein kinase activity known to increase as a resull of mitogen treatment
is cascin kinase IT (CKI) (Sommercorn et al., 1987; Klarlund and Czech, 1988;
Ackerman and Osheroff, 1989; Carroll and Marshak, 1989) which is present in all cell
compartments (Hathaway and Traugh, 1982), and acts at serine/threonine residucs

followed by a stretch of acidic residucs.

VIiIb. PHOSPHORYLATION WITHIN THE NUCLEUS.

CKII has been shown .o phosphorylate some nuclear oncoproteins which include

the E7 protein {rom scveral serotypes of HPV (Barbosa et al., 1990),
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pe4=™ (Luscher er al., 1989) and p75™* (Liischer er al. 1990). The role of these
phosphorylation events remain unclear, however, the phosphorylation of the HPV E7
proteins is thought to be an important step in oncogenesis (Barbosa er al., 1990). In
addition, the phosphorylation of p64"™* is thought to be important for its localization 1o
the nucleus (Lischer er af., 1989). The role of p75™** phosphorylation has one importam
ramification as the CKII sites are found on a region which is deleted in the activated v-
myb, and phosphorylation of this region in vitrro inhibits DNA binding (Lilscher ef al.,
1990). Experiments using myb antisense oligonucleotides demonstrated an inhibition ol
mitogen stimulation, suggesting that p75™* plays an important role in cellular
proliferation (Gewirlz et al., 1989). Taken together these results suggest thal a protein
kinase cascade involving p755™" as the final substrate may be involved in mediating
cellular responses 10 some mitogens.

The ¢-fos and ¢-jun proto-oncogene products comprise the transcription factor AP-
| which is involved in the immediate response 1o mitogens (reviewed by Eisenman,
1989). These proteins associate as homo- and heterodimers (reviewed by ZiIT, 1990} and
both are extensively phosphorylated (Barber and Verma, 1987 Coben and Curran, 198K,
Nakabeppu er af., 1988). The role phosphorylation plays in regulating transcriplion
activation or dimer association is unclear, however, studies with the CREB/ATI
transcription factor may provide some clues. Phosphorylation ol CREB by protein Kinase
C induces it 10 dimerize and w0 bind o DNA, resulting in an increased rae of
transcription (Yamamoto et al., 1988). Other transcription factors that are phosphorylated

upon activation include the yeast heat shock factor (HSTF) (Sorger and Pelham, 198%),
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E2F and E4F (Raychaudhuri ez @/, 1990). Thus phosphorylation may represent a general
post-transcriptional mechanism by which transcription factors are regulated in very rapid
response 1o external stimuli.

As previously described, pl0S®™ and p53 polypeptides are both nuclear
phosphoproteins which are thought to down-regulate cellular proliferation. As discussed
above, phosphorylation is believed to regulate p105® activity and thus the cell cycle.
pl0O5* is believed to be capable of binding DNA (Lee et al., 1989) although it has no
clear sequence specificity. It now appears that pl05"® regulates transcription by
complexing and inactivating the transcription factor E2F (Bagchi et al, 1990}
Phosphorylation probably affects this process. The role phosphorylation plays in
controlling p53 lunction is not clear, however, it has been shown that both the cyclin
AIp34°*? and cyclin B/p34°*? kinase complexes phosphorylate p53 on serine 315

(BischolT er al., 1990).
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VIII. CONCLUDING REMARKS.

It is clear that both phosphorylation and the tormation ol protein complexes play
key roles in regulating cellular proliferation. Thus {urther information about these events

will undoubtedly lead to a better undersianding of the mechanism ol oncogenesis.

IX. OBJECTIVES OF THIS STUDY

The present studies were initiated to determine the role that phosphorylation plays
in regulating adenovirus EIA function. As described above, EIA proteins are
phosphorylated at multiple sites, however, the biclogical functions of these modifications
remain unclear. In the present studies, site-directed mutagenesis was used o convert the
previously mapped serine phosphorylation sites in the first exon to alunine residues.
These studies demonstrated that the large decrease in gel mobility in SDS-PAGE was due
to phosphorylation at scrinc 89. This mutation also resulied in a decreased efficiency in
the ability of E1A products to cooperate with either EIB or ras 1o transform  primiry
rodent cells. Subsequent in vitro and in vive experiments also demonstraled that the eell

cycle protein kinase p34°*** phosphorylates E1A at serine residues 89 and 219,
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I. BACTERIA AND BACTERIOPHAGE CULTURE.

Ia. E. coli GROWTH.

Culwres of E. coli were grown at 37°C under standard conditions in LB broth plus
the appropriate antibiotic for plasmid selcction, if required.
Ib. GROWTH AND ISOLATION OF M13,

Bacteriophage M13 was propagated on exponentially growing E. coli cells under

standard conditions (Zoller and Smith, 1984).

Table 2-1. Bacteria and Bacteriophage Strains.

Name Genotype

MVIIYD Olac-pro AB), i, supE,O(sri-recA)306:Tnl0 [F":
trad36, proAB lacl'ZOM 1517

CJ226 dut, ung, thi, rel A; pCI105

XL1Blue endAl, hsdR17(r'my), supEdd, thi-1, lambda -, recAl,
eyravo6, reldl, O(luc),  {F.proABlac'ZOMI5, Tnl0]

LIE3v2 FhsdR17(rymy), supEdd, supFS8, lacYY or OlaclZY)6
2alK2 metB] 1rpR55 lamba,

M13mpl1AdS Containing Ad 5 sequences from Nucleotide 22-1340.

(Jelsma ef af., 1988. McKinnon ef af., 1982.)

46
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II. CELL AND VIRUS CULTURE.
ITa. TISSUE CULTURE.

Human KB and HeLa cells were cultured on 100mm plastic dishes in
o-MEM supplemented with 10% FCS. Human Hep2 cells were culivred in Dulbecco’s
complete medium supplemented with 10% NBCS. The AdS transformed 293 cells
(Graham, et al. 1977) were cultured in F11 medium supplemented with 104% NBCS.  All
of these cells were cultured under standard conditions.

Baby ral kidney cells were prepared from fresh kidneys sbuained from 4-6 day old
Wistar rats. The connective tissuc was removed and the kidneys diced with scissors o
a homogencous soup. This soup was trypsinized twice with 20ml of 2X trypsin for 20
min at room temperature (RT) in a 100m! Gibco bottle with spinning. Then the cells
were decanted away from the undigested material into 20ml of ice cold FCS,  Aler
trypsinization of the tissue the cell preparations were combined and resuspended in
100ml of a-MEM+10% FCS and placed at 37°C for 30 min. The coagulate which
formed during this incubation was filtered through sterile cheese cloth and the eell
suspension brought to the appropriate volume with
o-MEM+10% FCS. Normaily about ten 60 mm dishes of cells could be obtained from
cach pair of kidncys. The medium was changed after a day and the cells were used in

transformation assays (scc below).
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lib. VIRUS GROWTH.

Wildtype AdS used was the strain described by Harrison er al., (1977). It was
grown on monalayers of cither 293 or Hep?2 cells plated in plastic 150mm dishes under

standard condilions,

lic. VIRUS TITER.
All viruses were litered on monolayers of 293 cells plated on 60mm dishes using

well established protocols,

lid. METABOLIC LABELING.
[1di 1**S] Methionine.

[nfected or mock infected cells were labeled for 2 hr with 100uCi of
|¥*Simethionine  (Amersham  Corp.; 1300 Cifmmol, or Trans *S-label; ICN
Radiochemicals; 1,159 Cifmmol) in 2ml of 199 medium lacking methionine.

Iidii. [“*P|Phosphate.
Cells were labeled for 4 hr with 2.5 mCi of [*Plorthophosphate (NEN; 3000

Cifmmol) in phosphate free 199 medium supplemented with only 1% L-glutamine.

Ile. PREPARATION OF CELL EXTRACTS.
After the labeling period cells were washed twice in ice cold PBS* and removed
from the dish by scrapping with a rubber-policeman. The cells were pelleted by

centrifugation in a chilled (4°C) table-top centrifuge at 2000 rpm for 10 min and then
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lysed in Iml of RIPAY™™ ( 50mM Tris (Ph 7.2), 150mM NaCl, 1% Triton X100, 1% Na

deoxycholate, 0.1 SDS, 100 K1U/ml of aprotinin, 500uM NavQ,, 50mM NaF, linM
EDTA, and 1mM B-glycerophosphate) per plate of cells for all purposes except the study
of El1A-associated proteins. For this latter purpose RIPA™ (S0mM Tris (Ph 7.2), 150mM
NaCL, 1% Triton X100, 100 KIU/ml aprotinin) was used to lysc the cells. The cell pellet
was solubilized by pipeting up and down once or twice after which the cell exiract was
chilled on ice for 10 min. Cell debris and nuclei were removed by centrifugation at 4°C
using a Sorval $534 rotor spun at 18000 rpm for | hr at 4°C, The supernatant was used

immediately or occasionally frozen at -20°C,

IIf. ANTISERA AND IMMUNOPRECIPITATION.

Antibodics to the E1A, E1B, and E2A gene products were used in these studies,
Three types of antibodies were used to immunoprecipitate the EIA polypeptides: (1) a
rabbit anti-peptide serum (E1A-Cl) raised against a peptide containing the predicted
amino acid sequence of the carboxyl terminus (Yee et al., 1983); (i) a rat monoclonal
(R28) antibody raised against the 135S E1A protein made in and purificd from £ coli
(Tsukamoto ef al., 1986); and (iii) a mouse monocicnal antibody (M73) that recognizes
an cpitope mapping to the second exon of E1A polypeptides (Harlow er al 1985). The
R28 antibody was obtained from culture supernatant or from the generation of ascites
fluid in nude mice. The M73 antibody was purchased from Oncogene Science.

Antibodies which reacted with the products from the EIB region were generated

using synthetic peptides deduced from the putative amino acid sequence obtained from
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their mRNAS (McGlade er af., 1987: D. Takayesu and P.E. Branton unpublished results).
The EIB 19K serum was directed against the predicted carboxyl lerminus of the protein
(McGlade ef al., 1987). The EIB 58K antiserum was made 1o the predicled amino
terminus of S8K and thus it immunoprecipitated all of the S8K-related products (D.
Takayesy and P.E. Branton unpublished results) The 72KD protein encoded by the E2A
gene was immunoprecipitated using H2-67 mouse monoclonal antibody (Branton et al..
1985).

EIA proteins were immunoprecipitated according o a standard  protocol.
Immunoprecipitation reactions which required preincubation wi'h peplide against which
the antibody was raised were incubated with the antibody for [ hr with mixing prior o
the addition ol cell extract,  Onee the precipitates were washed they were resuspended
into 40ul of IX sumple buffer (0.125M Tris base. Ph 6.8.. containing 2% 2-

mercaptocthanol, 2% SDS, and 20% (vol/vol) glycerol).

1ig. GENERATION OF ASCITES IN NUDE MICE.

Nude mice were used Lo generale asciles tumors with R28 hybridoma cells because
no suitable rat host was available. Nude mice obtained from the mouse colony at Guelph
University were injected intraperitoneally with (0.5ml of pristane (Sigmi) loHlowed a week
later by injection with 1x107 hybridoma cells.  Ascites fuid was apparent 2 to 3 weeks
alter injection after which time it was tapped (usually twice) and clarilicd by

centrilugation prior to storage at -20°C in 20ut aliquotes.
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ITh. INDIRECT IMMUNOFLUORESCENCE.

HeLa cells plated onto coverslips at a density of 6 X 10" cells/well in a 24 well
tissue culture dish (Nunc) a day before use were infected at different moi's. Cells were
washed twice with PBS™ and then fixed with 5% formalin in PBS® at RT for 20 min
after which they were washed twice for 5 min with PBS* and three times with
immunofluorescence dilution bufler (3% BSA, 0.05% (volfvol) Tween-20 (Sigma), and
0.02% (wt/vol) NaAzide (BDH)). The fixed cells were permeabilized by immersing them
in a 1% (vol/vol) solution of NP-40) (Sigma) in PBS® Tor 20 min at RT. The cells were
washed twice after this step in dilution buller. A few drops of M73 antibody at 20ug/ml
in dilution buffer was added to the coverslips which were then placed at 37°C for 60 min,
The coverslips were washed 5 limes with dilution buffer for § min and after the linal
wash a few drops of biotinalated goat anti-mouse antibody (BRL) at 6pg/ml in dilution
buffer were added and incubated at 37°C for 45 min. This second antibody was removed
and the coverslips washed 5 times for § min with dilution buffer.  To identily the
immunocomplexes, a streptavidin-fluorescein isothiocyanate conjugate (SA-FITC) diluted
1:12000 in dilution buffer was added to the coverslips and incubated at 37°C for 30 min
in the dark. The coverslips were washed 3 times with PBS™ and once with ddI1L,0. The
coverslips were mounted with Aquaniount. The immunocomplexes were examined using
an immunofluorescence microscope set to the standard FITC filter set (blue excitation)

and photographed with Kodak 400ASA film.
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III. ELECTROPHORESIS AND CHROMATOGRAPHY.

I11a. SDS-PAGE AND PROTEIN MANIPULATIONS.

The discontinuous gel system described by Rowe et al., (1983) was used to resolve
proteins.,

ITai. Fluorography.

To decrease the exposure time with [**S]-methionine-labeled proteins the gels were
treated twice with DMSO for | hr and then immersed in a 10% PPO/DMSQO solution for
at least 3 hr following which they were rehydrated with water and washed several times
before drying under varuum,

[Taii. Protein calraction.

Preparatory gels containing [*2P]-labeled E1A proteins were cither dried without
fixing or cxposed as wet gels to Kodak XAR-5 film for 3-20 hr, as warranted. The protein
bands of interest were excised and the gel slices were rehydrated with ddH,O and the
paper backings removed. The gel pieces were crushed with a teflon plunger and 10ml
of clution buffer (50 mM Ammonium bicarbonate, pH8, containing 0.1% (wt/vol) SDS,
and (.5% (vol/vol} 2-mercaptocthanol) was added. The slurry was placed in a boiling
waler bath for 10 min after which it was mixed end-over-end at 37°C overnight. Gel
picces were sedimented by centrifugation at 5000 rpm for 10 min in a table top clinical
centrifuge and the supernatant was combined with an additional Sml of clution buffer.
These tubes were again boiled for 10 min, and elution was carried out for 2 to 3 hr after
which the acrylamide was removed as described above. The supematants were pooled

and filtered through siliconized glass wool to remove residual acrylamide. The filtrate
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was placed on ice and 200pg of human globin (Sigma)} was added as carrier and the
solutions werc made o 20% TCA and left on ice for 3 o 4 hr. The precipitate was
collected by ce rifuging the samples at 10000 rpm in a Sorval 8834 rotor for | hr at
4°C,

The protein pellet was washed with either 95% ELOH or acetone chilled to
-20°C, it was air dried, and then combined with 200pl of fresh performic acid (Yml of
98% formic acid and 1ml of hydrogen peroxide), as described by Hirs (1967) . This
mixture was mixed well and allowed to sit at RT for | hr before use.  The protein
solution was frozen in liquid N, and the frozen solution was overlayed with ddh,() 1o act
as plug to limit the loss of proteins during lyophilization. The dried protein pellets were
resuspended twice in 100pl ddH,O and dricd in a speedvac. The extricted protein was
now ready for further manipulations.

Mlaiii. Trypsin digests.

Oxidized gel-purificd prowing were resuspended into 200u! of 50 mM ammaonium
bicarbonate, (pH8), containing 50ug of TPCK-trypsin (Worthington) and the tubes were
incubated at 37°C for 4 hr after which time another 50pg of trypsin was added for an
additional 4 hr incubation. The digested protein was lyophilized ON and used for further
analyses.

IHlaiv. In situ trypsin digests.

Tryptic peplides were also generated by cxcising EIA protcins from gels and

washing the gel picce twice in gel fix lacking glycerol (20% methanol and 10% acetic

acid (vol/vol)) and twice with ddH,O. The gel picces were mashed with a teflon plunger
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and resuspended in 300ul of 50 mM ammonivm bicarbonate (pH8) containing 100ug of
"TPCK-treated trypsin (Worthington) and the tubes mixed end-over-cnd at 37°C ON. The
acrylamide was sedimented by cenurifugalion and the supernatant removed, To further
extract the peplides an additional 300ul of ddH,0 was added to the acrylamide, it was
vorlexed and again centrifuged. The two supernatants were pooled and, depending on the
siz¢ of the firal volume dricd cither by speedvac (small volumes) or lyophilizer. The

dried protein pellet was oxidized and lyophilized as described above.

illb. TWO DIMENSIONAL THIN LAYER CHROMATOGRAPHY.

All peptide analysis by TLC was carried out at Ph 8.9. For [*P]-labeled proteins
2000-4000 cpm were spolied onto the celiulose plate (Polygram CEL 300) and the spot
was overlayed with 0.5pl of tracking dye (0.1% Orange G, and 0.1% Xylene Cyanol in
water). Using a refrigerated TLC apparatus, electrophoresis was carried out at 1400V
until the orange dye reached the edge of the wick (approximately 45 min). The dried
TLC was then subjected to ascending chromatography using N-butanol-pyridine-formic
acid-water (75-50-15-60; vol/vol/vol/vol). The TLC was removed dried in a fume hood
and exposed to film. [*S) labeled proteins were treated exactly in the same fashion
except that 4000 o 6000 cpm were spotied when possible and after the chromatographic

step plates were treated with the fluorographic agent Enhance (NEN) and exposed to film.
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IIc. PHOSPHOAMINO ACID ANALYSIS.

Gel purified protein was hydrolysed with 6N Hcl at 110°C for 1 hr,  The
hydrolysate was (rozen in liquid N, and overlayed with ddh,O and frozen again after
which the sample was lyophilized. The dried hydrolysate was twice resuspended in 5Opi
of ddH,O and dried in a speedvac and then resuspended into 20l of ddH,O. A portion
of this material containing about 2000 cpm was mixed with Spg of cold phosphoserine,
phosphothreonine, and phosphotyrosine markers (Sigma) and spotted onto i celtulose thin
layer plate (TLP) (Polygram CEL300). This spot was overlayed with 0.5p0 of TLC
tracking dye and the phosphoamino acid analysis was performed in two fashions: (i) Two
dimensional- The TLP was clectrophoresed in the first dimension at pH1.9 (2.6% formic
acid, and 8.2% acetic acid (vol/vol) in ddH,0), at 1000V, until the orange dye reached
the wick. It was then dried, rotated 90° and electrophoresed in the second dimension at
1000V using pH3.5 buffer { 0.5% pyridine, 5% acetic acid,(vol/vol) and imM EDTA in
ddH,0) (ii) One dimensional-The procedure was similar to that described above except
that only the pH3.5 dimension was used. In both procedures the positions o the cold
phosphoamino acids were detected by staining with ninhydrin and those of labeled

material by autoradiography.

IIId. HPLC.
Tryptic peptides were separated by HPLC using procedures adapted from
Trembiay er al.(1989). Peptides were dissolved into 500p] of 20% formic acid in ddH,0

and the mixture was filtered through a 0.22um filler. Separation was achicved at RT on
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a Waters dual pump HPLC system with a 600E controller using 2 4.6 X 250 mm
Ultrasphere QDS (C18) reverse phasc column which had been preequilibrated with buffer
A (5% lormic acid in ddH,0). Peplides were cluted from the column by a lincar 1 to
63% gradient of buffer B (5% formic acid in ethanol) for 95 min at a flow rate of
Iml/min. Detection of radio-peptides was achicved with an on-line isctope detecter

{(Berthoid, LB5(Y7A).

Ille. PAGE.
Itlei. Gel preparation.

DNA fragments were resolved in cither 4% or 5% acrylamide gels
clectrophoresed in TBE (89mM Tris, (pH8.3), containing 89mM boric acid, and 25mM
EDTA) according to standard protocols.

[Meii. DNA extraction.

DNA [ragments ranging from 3000bp to 100bp were scparated by PAGE. After
staining the gel with EiBr in complete darkness, the DNA fragment of interest was
detected using a UV lamp and excised. The gel piece was mashed with a teflon plunger
and the DNA was cluted by shaking ON at 37°C with 0.5 to 1.0ml of DNA clution buffer
(500mM ammonivm acetate, 10 mM Mg acetate, ImM EDTA, and 1% SDS) the
following day the acrylamide was removed by centrifugation and it was extracted using
an additional (.5ml of clution buffer. The supernatants were pooled and filtered through
siliconized glass wool.  The DNA was precipitated with one-tenth volume of 2.5M

ammonium acetate, pHS8, and 2.5 volumes of EtOH precooled to -20°C. The DNA was
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pelleted by centrifugation at 12000rpm in a microcentrifuge at 4°C and the DNA pelict
was washed at RT with 70% EtOH, 95% EtOH, and then dried under vacuum in a

speedvac.,

IIIf. AGAROSE GELS.

Agarose gels were cast according to well established protocols and ran submerged

using TBE buifer.

IITg. DNA SEQUENCING.
IIigi. Gel preparation.

Sequencing acrylamide (40%, 19:1) was deionized by adding 1g of AG 501-X8
[on Exchange Resin (BioRad) /100 ml and stirred at room temperature (RT) for 1 hour.
The resin was removed by liltration.  Sequencing gels were cast and celectrophoresed
according to standard lab protocols.

ITIgii. Sequencing reactions.

All sequencing reactions utilizing ssDNA as a template were carried out according
to the protocol supplied with the T7-DNA polymerase sequencing kit purchased from
Pharmacia. Sequencing of dsDNA involved additional standard sieps (o denature the
template. Unless stated otherwise all reactions were done with [o-"SJATP (Amersham;

1000-1500 Ci/mmol) as the isolope.
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IV. RECOMBINANT DNA.
I'Va. PLASMID ISOLATION,
IVai. Small Scale Isolation of Episomal DNA.

Small scale isolation of plasmid DNA was done by alkali lysis following well
established lab protocols (Manialis et al., 1989).
IVaii. Large Scale Preparation of Episomal DNA,

Large scale plasmid and M13 RF isolation was donc accordirg to established lab
protocols (Maniaws er afl., 1989).  Further purification was accomplished by
ultracentrifugation through a CsCl densily gradient according to established protocols

{Maniatus er al., 1989),

Tuble 2.2 Plasmids used in these studies.

Plasmid Special Charueteristics Source

PLI2 Genomic E1A gene Dr. S. Bayley
pXC38 Adenovirus N22 10 5788 Dr. F. Graham
pIMI7 Complete vird genome+pBX|) Dr. F. Graham
MR 128 ¢DNA of E1A Dr. N. Jones
plidruy activated H-ras gene Dr. S. Bayley
pRCAT23 L3 promoter driving CAT Dr. S. Bayley

IVb. TRANSFECTION OF MAMMALIAN CELLS.
IVbi. Transicnt Assay.
The day before the DNA transfection was to be done, HeLa cells were seeded at

a cell density of 1 X 10° cells/60mm dish. The medium was changed and cells were
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transfected 4 hr laler, During this time DNA cocktails were made as follows:

Volumes for onc 60mm dish.

Plasmid DNA volume for desired concentration,
carrier DNA volume 1o bring total DNA o0 15ug
2.5M CaCl, 25pl

sterile ddH,O to a final volume of 250l

This mixturc was mixed well and added drop-wise to 0.25ml of 2X HEPES
buffered saline (1.6g of NaCl, 0.074g KCI, 0.02 Na,HPQ,, and 1.0 g of HEPES made 10
100 ml witn uurt,0 and adjusted to pH 7.1) and mixed, The precipitate was allowed to
form for 1 hr after which the DNA cocktail was added drop wise to cells which were
incubated ON then given fresh medium,

IVbii. Rescue of Mutations into Virions.

The night before use, 293 cells were sceded at 1 x 10° cells/60mm dish and the
following morning the medium was changed and cells were transfected 4 to 5 hr later,
The procedure uscd was taken from McCrory er al., 1988, Brielly, Sug of El or EIA
plasmid DNA was cotransfected with 5pg of pJMI17 plasmid DNA (Tuble 2.2). The
following morming the medium was removed and 10ml of overlay mediom (F11 medium
supplemented with 5% HS, 1% L-glutamine, and [% penicillin/streptomycin (vol/vol)
containing 0.7% (wt/vol) agarose) was added. Plagues were visible 7 to 1) days post-
transfection. The plaques were picked and expanded on monolayers of 293 cells ptated
on 60mm dishes. Upon attaining 90-95% cytopathic effect (cpe), viral DNA was extracted
and analyzed by restriction digestion (see seclion IVe. Extraction of Viral DNA).
[Vbiii. Transformation Assays.

Primary baby rat kidney cells were used in all DNA-mediated transformation
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assays. The culture medium on cells prepared the day before was changed and they were
transfecled 4 10 5 hr laler. DNA cocklails were prepared as described for transient assays
except that thie DNA/CaCl, mixture was added drop-wise into 2X HEPES buffered saline
which had a stream of air bubbling through it to ensure efficient mixing. The precipitate
was allowed to form for I hr and it was added to the cells and left ON. The following
morning the medium was changed and cells were grown for 2 days after which medium
was replaced with selection medium. For E1A and E1B cooperation assays sclection was
carricd out in Joklik's medium supplemented with 5% HS, and for EIA and ras
cooperation assays selection was in o-MEM supplemented with 5% FCS. The medium
was changed every 3 days and foci were usually detected by the second to third week
post-transfection.  Foci were identified by removing the medium and fixing the cells in
cell fixative (10% acetic acid and 50% methanol in ddH,0) for 30 min and then the
dishes were washed once with water and allowed to completely dry. Foci were stained
with & 2% Geimsa (Fisher) stain for 30 min after which the cells were washed with water,
dried and the foci counted.

IVbiv. CAT ASSAYS.

CAT assays were done as described by Nordeen er al. (1987). Briefly, HeLa cells
were cotransfected with the reporter construct and cither a wr E1A expressing plasmid or
ETA mutants (Table 2.2). Cells were harvested 40 1o 48 hr post-transfection in ice-cold
wash bulfer (40mM Tris-HCl (pH 7.4), containing 150mM NaCl, and ImM EDTA) and
sedimented for 3 seconds in a microcentrituge at 4°C. The cell pellet was resuspended

in freeze thaw buffer (250mM Tris-HCI (pH 7.8), containing 0.005% (wt/vol) PMSF), and
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disrupted by 3 consccutive [reczings in liquid N, and thawings at 37°C, The cell debris
was removed by centrifugation and the cell extract was placed at 60°C for 10 min as
described by Crabb and Dixon, (1987). The precipitated protein was removed by
centrifugation and the cxtract was ciiher frozen at -70°C or used immediately.
Preliminary experiments demonstrated that the protein content present in equal volumes

of cell extract from separate plates of ceils did not vary sigmdicantly and thus proicin

determinations were not done for cvery assay.

IVe. EXTRACTION OF VIRAL DNA.

Monolayers ol 293 cells plated on 60mm dishes were infected with individual
plaque isolates and upon attaining 95% cpe the cells were removed by gentle pipeting and
then collected by centrifugation at 1000 rpm for S min at RT in a hench-lop clinical
centrifuge. The cell pellets were resuspended into 500ul of vral extraction butfer (
10mM Tris (pH 7.8), containing SmM EDTA, and 0.5% (wi/vol) SDS) containing,
50ug/ml of protcinase K (BRL). The mixtures were incubated at 37°C Tor 30 min and
phenol extracted once. The DNA was cthanol precipitated and scdimented by
centrifugation at 4°C in a microcentrifuge. The DNA pellet was washed onee with 70%

and 95% EtOH, then dried in a speedvac and resuspended into S0pl of TE, (pHR).

IVd. SOUTHERN ANALYSIS OF VIRAL DNA.

IVdi. Transfer.

Viral DNA was prepared as described above and digested with the appropriate
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restriction enzymes, The digests were clectrophoresized ON in a 2% agarose gel and
DNA fragments visualized by E(Br staining. The gel was soaked in denaturation solution
(0.5M NaQH, and 1.5M NaCL) for 1 hr at RT and then neutralized for 1 hrin 1M Tris
(pH7.5) containing 1.5M NaCl. The transfer was done with 20X SSC by capillary action
as described in Maninlis ez al., (1989).

IVdii. Hybridization.

Prehybridized of the nitrocellulose lilters was in freshly prepared 6X SSPE (20X =
ZimM Nal,PO,, (nH 7.7) containing 3M NaCL and 20mM EDTA) containing 0.5%
(wifvol) SDS, and 5X Denhardt’s (50X= 1% Ficoll, 1% polyvinylpyrrolidone, 1% BSA
wt/vol} which was done at the T, of the oligonucleotides. The T,, for an oligomer of 14
to 20 nucleotides in length was detined as [2° for cach A or T plus 4° for each G or C] -

5°C.

1Ve. SITE DIRECTED MUTAGENESIS.

Table 2.3. Oligonucleotides Used in These Studies.

Oligonucleatide Sequence Use

AR TITCGCAGATCTITCCCGACT Silent Bgl 1l site
AR2l6 GGCGCCCGGTGCTCCGGAGCC Ser89 10 Ala
AR217 GCCTCACCTTGCGCGGCAGCCCG Ser%6 10 Ala
A3 GGUGCCCGOTTCTGCGGAGCCGC Pro90 1o Ala
A3 GGOGCCCGGTGACCCGGAGCCGC Ser89 1o Asp
ALLIRS GTGGCAGATAATATGTCTCATTTT EIA primer

ARSO0 ACAGGCCAGTAACGCCAGACTTCTC  8-globin primer
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IVei. Phosphorylation of Oligonucleotide.

All oligonucleotides used for mutagenesis (described in Table 2.3) were
phosphorylated as described in Zoller and Smith, (1984).
IVeii. Mutagenesis.

Mutagenesis was done using the in vitro mutagenesis Kit purchased from BioRad,
This kit is based on the procedure described by Zoller and Smith (1984), as moditied by
Kunkel (1985). The procedure is outlined in Figure 3.1 and was carricd out in the
following manner: (i)- M13mpl1AdS was propagated on CJ236 cells (dfur ung’) using o
very low moi so as to minimize the contribution of non-passaged phage to the population;
(ii)- To test for the presence ol sufficiently methylated DNA the progeny virus was titered
on both wr [MV 1190 or XL1-Blue (durfung®)| and CI236 (dreung’) bacleria. 1 the titer
difference on wr and CJ236 was not greater than | X 10° pfu the M13 was not used; (ii)-
M13 from a 15ml culture was precipitated with 2ml of 20% PEG 8000 containing 2.5M
NaCL for 30 min at RT. The phage was sedimented by centrifugation at 3000 rpm for
15 min in a microcentrifuge at RT, The phage pellet was phenol extracted three limes
and ethanol precipitated and sedimented by centrifugation using standard lab protocols.
The DNA peliet was washed once cach with 709% and 95% EtOH and dried in 2
speedvac. The DNA was resuspended in TE (pH8); (iv)- The phosphorylated
oligonucleotides were annealed to the M13 DNA as described in the BioRad manual; (v)-
synthesis of the complementary strand using T4 DNA polymerase was done according 1o
the provided protocol. The success of this procedure was monitored by running the

products on an 1% agarose gel; {vi)- The synthesis mixture was diluted and used to
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transform wt E. coli. Plaques were then picked and expanded as 1.5ml preps and
screened directly by sequencing (see Figure 3.1).

Large scale RF preparations were done on doublely plaque purified clones as
described in section [Vai. Which were subsequently subcloned into plasmid using BstX
I or with Sst 1l plus Xba 1. The presence of these mulations were verified in all

subsequent cloning steps by digestion with diagnostic restriction enzymes.

V. PRIMER EXTENSION ANALYSIS.

Va. INFECTION OF HEP2 CELLS.

Hep2 cells were used in these experiments because it has been reported by Lillie
and Green (1986) that they allow for a more E1A-independent expression of the B-globin
gene on the in 340-2/B-globin ™ virus.

The 12S E1A cxpressing viruses used in these studies were titered a minimum of
3 times. Hep2 cells secded at 1 X 10%60mm dish the night before were coinfected with
E1A expressing viruses at an moi of 10, while a moi of 100 was used for the B-globin
expressing virus. Virus was allowed to absorb for 1 hr after which it was removed and
{resh medivm containing 40pg/ml of AraC was added. The cells were refed the following

day with medium containing AraC and harvested 48 hr post-infection.

Vbh. ISOLATION OF TOTAL RNA.
The isolation of RNA was accomplished using RNAzol (CINNA/BIOTECX Lab.

Int.) according 0 the protocol provided by the manufacturer with some added
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modifications. Cells were washed twice with PBS? and were scraped from the dishes
with a rubber policeman.  These cells were sedimented by a briel spin in
microcentrifuge at 4°C and the cell pellet was solubilized in 5001 of RNAzol by pipeting
and combined with 50p! of chloroform and left on ice for 15 min. The suspension was
centrifuged for 15 min at 4°C after which the upper aqueous phase was removed and
extracted two more times with phenol/chloroform/isoamyl alcohol (25:24:1; vol/vol/vol).
The RNA was precipitated with an cqual volume of isopropanol and sedimenied by
centrifugation in a microcentrifuge at 4°C. The pellet was resuspended in 0.3M DEPC-
trcated Na acetate (pH 5.2) and reprecipitated with 2.5X volume of 95% LEIOH,
sedimented by centrifugation in a microcentrifuge at 4°C, and then washed once each with
70% and 95% E\OH. The RNA peliet was resuspended in DEPC-treated 0.3M Naacetate
(pH 5.2). To help dissolve the pellet the tube was heated to 60°C for 10 min. The

conceniration ¢f RNA was determined by its absorption at OD,,,.

Ve, END-LABELING OLIGONUCLEOTIDES.

The procedure for end labeling oligonucleotides with [T”P|ATP was identical to
that described in the mutagenesis section except that the cold ATP was replaced with 50
pCi (3000 Cifmmol, NEN) of radioactive ATP. The unincorporated |T7°PJATP was
removed by size exclusion chromatography using inini-columns containing Sephadex G-350

cquilibrated with TE (pHS).
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Vd. PRIMER EXTENSION.

Primer extension reactions were done following the procedure described by Jones
et al., (1985). Bricfly: (i)- 20ug of RNA was E1OH precipitated, washed with 70% and
95% ELOH and then dried in a speedvac with no hzat for 1 hr; (ii)- The RNA pellet was
resuspended in TE (pH 7.9) containing 200,000 cpm (Cerenkov units) labeled
oligonucleotide.; (iii)- To this 2ul of TE (pH 7.9) containing 1.25M KCI was added the
RNA and DNA were allowed to hybridize at 60°C (temperature used for both E1A and
B-globin oligonucleotides, wble 2.3) for | hr, and allowed to cool slowly to RT; (iv)- 25pl
of reverse transeription buffer (20mM Tris-HCL (pHB8.7), 10mM MgCl,, 5SmM DTT,
0.33mM ol cach INTP, and 10ug/ml of aclinomycin D) containing 10 units of AMV
reverse transcriptase (Life Sciences) was added and the reaction mixtures were incubated
at 37°C for 1 hr; (v)- 300 ul of 95% E1OH were added and the precipitated extension
products were sediment by entrifugation in a microcentrifuge al 4°C. The peliet was
washed with 70% and 95% EWOH and dried in a speedvac.; (vi)- the extension products
were resuspended in dpl of ddH,O and 4ul of sequencing STO. butfer (deionized
formamide solution containing 10mM EDTA, 0.3% (w/v) xylene cyanol and 0.3% (w/v)

bromophenol blue): (vii)- 4ul of this solution was loaded onto a 8% sequencing gel,

V1. CELL CYCLE EXPERIMENTS.
Via. CELL CYCLE BLOCK.
HeLa cells growing on 100mm plastic dishes were subcultured the day before use

such that they were 75 to 85% confluent for the next day. Cells were either infected with
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Ad5 or they were mock infected and after 1 hr either o-MEM medium alone (untreated),
or ¢-MEM containing 10mM hydroxyurca (G,/S block), or o-MEM comtaining 40ng/mi
of nocodazole (Mitotic block) were added.

Metabolic labeling of cells was as previously described.  The untreated and
hydroxyurea-blocked cells were harvested at 48 hr post-infection, as described previousty.
The cells blocked in mitosis were harvested by mitotic shake-ofl. This was done by
cither gently tapping the side of the dish or by a gentie wash with medium, and the cells
that floated off were collected.

The mitotic index was determined by swelling a small sample of cells in 0.5mi of
1% Na citrate for 10 min at RT and then 0.5ml of Carnoy (Methanol-acetic acid, 3:1;
vol/vol) was added to fix the cells, after which Iml of 1% Na citrate was added, The
cells were sedimented by centrifugation at 1000rpm for 10min in a table top clinical
centrifuge at RT and the supernatant was removed and the cells resuspended in o lew
drops of 1% Na citrate. A drop of this suspension was added to a slide, allowed to dry
completely and the chromosomes were stained using 2% Orcein in 50% acetic acid. The
mitotic indices were 30-40%, 1%, and 85-95%, [or untreated, hydroxyurea, and

rocodazole treated cells, respectively.

Vib. In vitro KINASE ASSAY.
289R-E1A produced in £. coli was purified as previously described (Ferguson ef
al., 1984). Histone H1 was purchased {rom Sigma and both proteins were used at a

concentration of S me/mb. p34°%2" was purificd from cells by immunoprecipitation with
P p y precip
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an anti-peptide serum raised against the predicted carboxyl terminus (Simanis, and Nurse,
1986). Cells were lysed in cdc2 lysis buffer (20mM Tris (pH 7.4), containing SmM
EDTA, 100mM NaCl, 1% (vol/vol) Triton X-100, ImM PMSF, 5SmM NaPyrophosphate,
ImM NaOrthovanadate, 1mM NaF, ImM EGTA, 1mM B8-glycerophosphate, and Spg/ml
of Leupeplin, and Pepstatin) and the lysates were cleared by centrifugation at 18000 rpm
in a Sorval $S34 rotor for | hr at 4°C. Immunoprecipitates were prepared as previously
described and then washed  sequentially with lysis buffer, lysis buffer containing 2M
NaCl, lysis buffer and finally with HB buffer (25mM MOPS (pH 7.2), containing 15 mM
EGTA, 15 mM p-nitrophenyl phosphate, 60mM 8-glycerophosphate, 15mM MgCl,, 1mM
DTT, 0.1mM Na Orthovanadate, 1% (vol/vol) Triton X-100, 5pg/ml of Leupeptin and
Pepstatin). The Sepharose beads containing the immunoprecipitates were resuspended in
10ul of HB buffer and combined with Sug of either histone H1 or E1A along with lmM
ATP containing 50 uCi of [t**P|ATP. Reaction mixtures were incubated at 37°C for 10
min and stopped by addition of an equal volume of double strength SDS-PAGE sample
baffer. Equal aliquots were analyzed by SDS-PAGE using gels containing 9%

polyacrylamide.



Chapter III EIA Phosphorylation
CHAPTER III: ANALYSIS OF THE ROLE OF

PHOSPHORYLATION SITES IN THE AMINO TFRMINAL

PORTION OF AdS E1A PROTEINS.

Previous studies had indicated that serine residues 89 and 96 of AdS E1A proleins
are sites of phosphorylation. In an attempt to study the role of these sites a series of
mutants was constructed by oligonucleotide-directed mutagenesis in which serine residues

89 and 96 were converted to alanines,

I. PREPARATION OF MUTANTS WITH DEFECTS AFFECTING
PHOSPHORYLATION AT Ser89 AND 96.

Ia. OLIGONUCLEOTIDE MUTAGENESIS.

To facilitate the identification of mutagenized DNA in all subsequent cloning steps
throughout these experiments bacteriophage MI13AdS (Table 2-2) which contains
adenovirus type 5 nucleotide sequences 22 Lo 1339 was subjected 10 oligonucleotide-
direcied mutagenesis using oligunucleotide AB147 (Tuble 2-3). ‘This oligonucleotide
introduced a diagnostic Bgl 11 restriction site while preserving the wr coding sequences.
This mutant (mp11-BX-754) was used as a template for all subscquent mutagenesis.

A schematic representation of the sieps used to generate and identify all of

69
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Figure 3-1. Schematic diagram of steps involved in generating and identifying mulants.
(A) EtBr stained 1% agarose gel from synthesis reactions of mutageneses primed with
AB216 (lanc C), AB217 (lanc D), and AD215+AB217 (lane E). The single stranded (lane
B) and double stranded (lanc A) forms of mpll-BX-754 were run as markers. (B)
Sequence of the region mutated by AB147 (pm754), AB216 (Ser89 to Ala, N824 a T to
G) and AB217 (Ser96 o Ala, N845 a T and N847 a C hoth changed to G)
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Figure 3-2. Schematic diagram illustrating the procedure ol rescuing mutations into the
various E1A and El vectors.
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the mutants produced by this type of mutagenesis is presented in Figure 3-1. To
determine the success of elongation of the complementary strand in vitro, a small portion
of the synthesis reactions were electrophoresed in 1% agarose gels and visvalized with
UV after EtBr staining (Fig. 3-1A). Lanes C-E show the products of the mulagenesis
reactions using oligonucleotides AB216 (Scr89-Ala), AB217 (Ser96-Ala), and
AB216+AB217 (Tuble 2-3), respeclively. The shift from the ssDNA form (as in Fig. 3-
1A, lane B) to the circular RF form (Fig. 3-1A, lanc A) was verified with all mutagenesis
reactions and the success of the mutagenesis was dependent on this conversion. In [act
synthesis reactions that did not result in such a conversion produced high backgrounds
of non-mulated wr plagues.

The DNA products ol successiul synthesis reactions were transformed into a
duttung® E. coli (MV 1190 or XL-1 Blue) and resulting plaques were picked the following
day and screened directly by DNA sequencing. Figure 3-1B displays the DNA sequence
of an M13 clone isolated from the AB216+AB217 (Ser89 and 96 to Ala) mutagenesis,
demonstrating the T to C transition (pm754) and the nucleotide changes in the codons for
Ser8Y (T to G at N824) and Ser96 (T at 845 and C at N847 both changed to G) which
both result in conversions 10 Ala codons. In most instances the mutagenesis [requency
was over 80%. Mutants were plaque purified twice and all nucleic sequences destined
to be rescued into plasmids for further study were sequenced.

In order to transfer the mutations into plasmids, large scale preparations of RF

DNA were cleaved with Sst 11 (N354) and Xba 1 (N1339) (Fig 3-2), after which



75

Figure 3-3, Schematic diagram of method ol rescuing mutations in the various vectors
and their identification. After sequencing the DNA destined (o be rescued into plasmid
the M 13 RF DNAs containing the different mutations were digested with Ss¢ TIN354) and
Xba T (N1339) and fragments were gel purified and cloned into a similarly digested
plasmid vector as described in Figure 3-2. The presence of the mutations were identificd
with diagnostic cnzymes.

(A) ElA plasmids PNBI (lancs A and A’), pNB89A (lancs B and B'), pNBY6A (lanes
C and C’), pNB89A96A (lancs D and D), and pLE2 (lancs E and E’) were digested with
cither Bsp286 1 (lanes A-E, respectively), or Tha I (lanes A’ to E' respectively).

(B) 12S E1A plasmids pUM1 (lanes A and A’), pUMBYA (lancs B and B') , pUMYGA
(lanes C and C'), pUM89A96A (lancs D and D'), pJF12 (lanes E and E%), and pLE2Z
(genomic El1A) (lanes F and F') were digested with cither Tha 1 (lanes A 1o F,
respectively) or Bsp/286 I (lanes A’ to F', respectively). Further to this plasmids pUM!
(lane G), pUMBYA (lanc H), and pJFI2 (lanc [) were digested with HgiAd 1

(C) EI expression vectors were also analyzed by digestion with diagnostic enzymes.
pADB9AO6A (lancs A and A’), pADYOAYGA (lancs B and B’), pADEIDUOA (lane C),
pXC38 (lancs D and D), pAD! (lanes E and E') were digested with cither Bspl286 1
(lanes A, B, D, and E, respectively), or BstU 1 (isoschizomer=Tha D)(lanes A’ B, C D,
and E’, respectively). The single mutants pAD89A (lane F) and pADY6A (lane G) were
also digested with Bsp/286 1 and BstU 1, respectively.  All digests were resols ad in 5%
polyacrylamide gels and DNA was visualized by UV after staining with EiBr.
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the fragment containing the mutated codon was gel purified and ligated into the
appropriately digested EIA (pLE2), or EI (pXC38) vectors. Subsequent to this the 128
EI1A vectors were constructed from BseX T (N60Y, N931) digests of E1A plasmids and gel
purified fragments were ligated into BsrX T digested pJF12 (Fig. 3-2). To ascertain
whether the rescue of the mutated codon was successful the presence of the mutated DNA
was initially identificd by the presence of the new Bgl 11 restriction site (data not shown).
Moreover, the presence of mutations was determined more conclusively by digestion with
the appropriate diagnoslic reswiction enzymes for which sites had heen engineered into
the mutagenic oligonucleotides. Oligonucleotide AB216 which changed Ser8Y 1o Ala was
designed such that it introduced a Bsp/286 1 site. Similarly changing SerY6 1o Ala with
AB217 introduced a new Tha I (isuschizomer=BstU 1) site, and changing Ser8Y 10 Asp
with AB432 produced a new BstE 1l site. No diagnostic restriction site could be designed
when changing Pro90 10 Ala, thus AB431 was used o revert the Ala8Y mutation in the
Alag9AlaY6 double mutant to produce Ala90AlaY6 (Table 2-3) and initial identitication
of the Pro90 to Ala change was for the absence of the novel Bsp/286 1 site characteristic
of the presence of Ala89 mutation.

Figure 3-3A, shows a representative example typical of many digests done Lo
determine the presence of the mutations in the EIA plasinids resolved on a 5%
polyacrylamide gel. Although no molecular weight markers were electrophoresed in the
gel presented in panel A, size cestimates were calculated from similar gels (data not
shown). Lanes A through E (Fig. 3-3A) show the fragments which were resolved alter

plasmids were digesied with the enzyme Bsp /286 [, which were diagnostic lor the
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presence of an Ala codon at residuc 89. Lancs A (pNB1), C (pNBYGA), and E (pLE2)
did not contain this codon change and thus produce identical restriction {ragment profiles
characteristic of unaltered E1A sequences. On the other hand, lanes B (pNB8YA)Y and D
(pNB89AY6A) did contain the Ala89 codon resulting in the generation of the diagnostic
Bsp 1286 1 site, and in fact the presence of an additional vestriction sile was clearly
evident. The largest band detected in plasmids containing an unaltered Ser89 codon
migrating with an approximate size of 1.2 kb (lancs A, C, and E) was cleaved in AlagY
conlaining plasmids (lanc B and D) to produce a fasier migrating fragment of
approximately 1.0 kb and an additional fragment migrating at approximately (118 kb thus
demonstrating the presence of the Ser89 to Ala89 mutation. These results demonstrate
the successful transfer of the Ala89 mutation into these plasmids.

A similar analysis for the presence of the Ala96 codon was performed on these
plasmids and the presence of a novel Tha I restriction site which is diagnostic for the
Ser96 to Ala change was determined (Fig. 3-3A, lanes A'-E'). Plasmids pNBI (lane A'),
pNB89A (lanc B’), and pLE2 (lanc E') did not contain this alteration and thus produced
identical restriction fragment profiles. However, pNB96A (lane C') and pNBEYAYGA
(lane D’) had identical profiles which were different from the others. The largest DNA
fragment produced from plasmids containing the SerY6 codon (lanes A', B, and E)
migrated at approximately 1.4 kb, whereas with plasmids encoding Ala96 (lanes C* and
D’) this fragment was cleaved to produce a faster migrating fragment of approximately
1.0 kb and an additional smaller fragment of (.4 kb which was not resolved away from

other fragments in the gel. This fragment was evident when digests were resolved under
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different gel conditions (data not shown). These results demonstrated that the mutations
which converted Scr96 10 Ala had been successfully rescued into pNB96A and
pNB8YAYGA,

All the mutations were subcloned into the 125 EIA vector (pJFF12) by digestion
with BstX I (N609, N931) and ligation into pJF12 using the E1A veclors as a source of
DNA (Fig. 3-2). The presence of these mutations was verified in the same fashion as
described for Figure 3-3A. Figure 3-3B (lanes A to E) demonstrates the restriction
frapment profiles of the 12S E1A plasmids digested with Tha I when resolved in a 5%
polyacrylamide gel. Plasmids pUM1 (lanc A), pUM89A (lanc B}, and pJF12 (lane E) did
not contain the Ser96 to Ala codon change and thus produced identical restriction
patterns. However, plasmids pUM96A (lane C) and pUM89A96A (lane D) contained this
change which was clearly evident by the different restriction profiles. The largest
fragment produced from Tha 1 digests of the Ser96 containing plasmids (pUMI,
pUMRYA, and pJF12; lanes A, B, and E respectively) migrated at approximately 1.3 kb
and was cleaved in Ala96 containing plasmids (pUM96A and pUM89A96A; lanes C and
D respectively) to give rise to a faster migrating fragment of 0.87 kb and a new fragment
of approximately 0.47 kb.

The presence of the Ser89 1o Ala89 codon change was also determined in these
plasmids by digestion with Bsp 1286 1 (Figure 3-3B lanes A’ to E’). Plasmids pUMI
(lane A7), pUMY6A (lanc C’), and pJF12 (lanc E’) did not contain the codon change
which produces the Ser89 to Ala89 alteration and thus had identical restriction profiles.

Moreover, plasmids pUM89A and pUM89A96A produced identical patterns which were
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different from the former plasmids. The largest fragment produced from Ser89 contining
plasmids (pUM1, pUMY6A, and pJF12; lanes A’, C’, and E’ respectively) migrating at
approximately 1.3 kb was cleaved to produce a faster migrating form of approximately
1.2 kb and a novel [ragment of 0.18 kb which had been run off the bottom of this gel,
but was evident in gels run with higher acrylamide concentrations (data not shown), In
order to demonstrate more conclusively whether or not the Ala89 mutation was indeed
present in plasmids pUM1 (lanc G), pUMS89A (lanc H), and pJF12 (lane ), DNA [rom
these plasmids was digested with HgiA I whose recognition sequence overlapped that of
Bsp 1286 1, bul was less degenerate, thus producing a different restriction profile.
Plasmid pUM1 (lane G) and pJF12 (‘anc I) produced identical restriction profiles, while
pUMROA produced a profile which was characteristic of the presence of an additional
restriction site. The largest fragment of approximately 1.9 kb produced from pUMI and
pJF12 (lanes G and I; respectively) was cleaved in DNA from pUMB9A thus producing
a faster migrating band of approximately 1.2 kb and a novel [ragment of approximaltely
0.65 kb demonstrating conclusively the presence of the Ala89 mutation in the 128
plasmid. A similar analysis was performed on pUM8BYAY6A with identical results (data
not shown). Included in this gel was a digestion of pLE2 (genomic E1A) wilth Tha | and
Bsp 1286 1 (lanes F and F’, respectively) as a comparison,

Figure 3-3C represents a similar restriction analysis performed with the [l
plasmid constructs (pAD series). The Bsp/286 | restriction pattern of plasmids with a wr
Ser codon at position 89 arc represented by plasmids pADY0AIGA (lane B), pXC34

(lane D), and pADi (lanc E). Lanes A (DAD8YAY6A) and F (pADRYA) represented
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Figure 3-4. Delection of the mutation within pAD89A96A. Schematic of Ad5 wr (A)
E1A and 10S11S mutant (B) mRNA isoforms and their predicted translation products. (C)
dsDNA sequence of pADS89A96A (10S11S mutant) demonstrating the deletion of the T

nucleotide. (D) The predicied translation product from the 12 and 158 messages from the
10S11S virus,



10S11S

185 186

i 89 96 ; i | 289R
135 139 186

L. . I'8996 |7 i1 243R
128 26 99 185 186

270 | SR AR S 217R
s = b

2 99 139 .. 186 . _

i SN s ) R AL
10S o B

.26

[.___Th]‘ st T 20} 55R
9s T

i S RS 69R
13S B T o

=T OR
125 % . 99 185 . 186

i_'If;l E:f:_;__l R 217R
s p— e —

26 _ -

Cod

aoo

+T

or—0--

9% _ .

139 .. 186
S e I P41

e —————

wr

105115

...............

... @eE  55R

GIn lle  Phe Pro Asp Ser val®
CAG ATC TTT CCC GAC TCT GTA

g™ fe Phe Pro Thr Led End

CAG ATC TTC CCG ACT CTG TAA
T

Translation Product

Translation Product (different reading frame)
Processed mANA
Stop codon



Chapter 111 EJA Phosphorylation 83

two digests of plasmids which contain a Ser89 to Ala mutation that introduced a
diagnostic Bsp/286 | restriction site.  The slowest migrating restriction fragment
{(approximaltely 1.7 kb) found in plasmids encoding Ser89 (lanes B, D, and E) was cleaved
in those encoding Ala 89 containing plasmids to produce a faster migrating fragment of
1.5 kb and a novel fragment of approximately 0.18 kb. Due o its size, the presence of
the (.18 kb fragment could only be clearly detected upon overloading the gel with DNA,
as shown in lanc F (pAD89A).

The presence of the Ser96 to Ala codon change was also analyzed in an similar
fashion.  Plasmids encoding Ser96 would not contain the diagnostic BstU I site
(isoschizomer of Tha 1) and thus produced the characteristic restriction pattern seen for
plasmids pXC38 (lane D’), and pAD!1 (lane E’). Morcover, plasmids that encoding Ala96
would have an additional restriction site which was clearly evident in lanes A’
(PADRIAYGA), B’ (PADYOAIGA), C (pADBIDIGA), and G (pADIGA), where the slowest
migrating {ragment of approximately 1.7 kb found in plasmids encoding Ser96 (lanes D’
and E') was cleaved to produce a faster migrating 1.2 kb {ragment and a new smaller 0.5
kb fragment which under different gel conditions could be resolved away {rom the other
DNA fragments in the gel (data not shown). Taken together these results and others (data

not shown) demonstrated that the engineered codon changes had been rescued into the

various plasmids,

Ib. 10511S MUTANT.

During the generation of the pAD89A96A mutant, a deletion of a single T at
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Figure 3-5. (A) Schematic diagram depicting the construction of the deletion mutant,
pE1ASTOP.

(B) The predicted translational product from all mRNAs (13, 12, 11, 10, 98) produced
from the ELASTOP mutant.
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nucleotide 755 was detected by dsDNA sequencing (Fig. 3-4C). This deletion produced
a frame-shift resulting in the addition of two non-related amino acids and premature
termination of translation after amino acid 69 (Fig. 3-4B, and D). Since this mutation
was within the intron of the E1A 108 and 11S messages (Fig. 3-4A and B), the products
of these mRNAs should not be atfected, whereas the 243R and 289R products would be
truncated at amino acid residue number 69 (Fig. 3-4B and D). This mutation was also
cloned into all vectors described previously and utilized to analyze the biological role of

these smaller E1A products.

Ic. EIASTOP MUTANT.

In order to generate a plasmid and a virus that would produce mRNA transcripts
but no significant translational products, a deletion mutant was constructed that introaduced
a frameshift within the E1A coding secquences resulting in premature ermination of
translation (Fig. 3-5). It was hoped that this mutant could act as a control for citects that
could be attributed both to E1A protein {unction and to effects of EIA mRNAs which
could sequester cssential postranscriptional or translation factors in EIA cnhancer
repression assays.

This mutant, was constructed by self ligation of BseX 1 digested pSF12 DNA after
the removal of the 3" protruding ends by digestion with T4 DNA polymerase (Fig. 3-5A).
This construction resulted in the generation of a small deletion (N613-938) which also
caused a frameshift resulting in premature termination of translation after Serl8 (Fig. 3-

5B). The presence of this deletion was distinguished by restriction digests and sequencing
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(data not shown), this mutant was designated pSTOP and the virus derived from this

plasmid was called EIASTOP.

Id. RESCUE INTO VIRIONS.

Rescue of mutations into virions was accomplished according to the method of
McCrory et al. (1988) which is based on the lact that intact circular 1orms ol AdS are
produced during infection of rodent cells and, if a plasmid origin of replication is
provided, these complete AdS genomes can be rescued from infected cells and propagated
as plasmids in E. coli. pIM17 is an Ad5 reccombinant that contains a pBR322 (pBX)
plasmid derivative cloned into the Xba [ site in the E1A gene (Fig. 3-6) that is too large
to allow packaging of the virus. Cotranslection of cells with DNA from pJM17 and El
plasmids will therefore only yield viable viruses which have been produced by
homaologous recombination, There are two principal modes by which plaques can arise
using this approach, cither by deletion of pJM17 sequences or by homoiogous
recombination with the co-introduced Eb plasmids. Both of these products are casily
determined by restriction analysis of the resulting plaques.  Plaques from cotransfections
of pIMI7 and the different E1 vectors were picked and expanded on monolayers ol 293
cells,  Recombinant viruses were [irst identified by the detection of a novel Bgl 11 site
(data not shown). These viruses were then plague purified twice on 293 cells and DNA
prepared and digested with additional enzymes to ensurce that the virus contained no gross
abnormalitics. Figure 3-7 is an example of many digests done with all the recombinants

and in this ligure the 128 virus UMSYA (lanes A, A°, and A’"), the genomic double



88

Figure 3-6. Schematic of the method used to rescue mutations into virions hy co-
transfection of pJML7 with the differcnt E1 plasmids.
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mutant ADS0AQ6A (lanes B, B”, and B'"), and d1309 (lanes C, C' and C*") which is the

virus (rom which pJM 17 was constructed, were digested with several enzymes, Digestion
of Ad5 DNA with Bg/ Il produced 13 (ragments which have been desipgnated A through
M according to their size, A being the largest and M the smallest. The Bgl 11 D-lragment
found at the left most end of the genome (Fig. 3-TA) contained the E1A pene and
migrated with an apparcnt size of 3.5 kb (Fig. 3-7B, lane C). This {ragment was cleaved
in DNA prepared from all recombinant viruses made for these studics.  An example of
this effect has been illustrated with DNA made from cells infected with ADYOAYGA (lane
B) and UMB9A (lanc A). In the case of ADYNDAYGA, the Bgl I D-fragment was cleaved
to produce a faster migrating band with an approximate size of 2.8 kb, while the new
fragment from UMB8YA (lanc A) migrated at approximately 2.3 kb, The smaller fragment
was due to the deletion of intron sequences in the 128 ¢DNA virus.  In addition, the
appearance of a novel 0.75 kb fragment could be detected in these digests, however, this
fragment was not always apparent due Lo its size and the presence of cellular RNA (Fig.
3-78, lanc B, and data not shown}.

Digestion of these DNAs with Hind 111 produced 9 fragments of which the Hind
11 G-fragment (Fig. 3-7A), migrating at approximately 3 kb, contained the EIA gene.
The restriction patterns for al) recombinant viruses were identical to d1309 (lanes B', C
and data not shown), except for the 12S ¢DNA viruses which produced a smaller Hind
Il G-fragment migrating at approximately 2.5 kb (lane A’) due to the deletion of the
intron to generate the 12S ¢cDNA. Similarly, digestion of all recombinant viruses with

Sma 1 produced restriction fragment profiles identical o those produced from DNA
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obtained {rom di3(9 infected cells, except for the 128 recombinant viruses. The intron
deleted in these viruses as a consequence of RNA processing also deleted a Sma 1 site,
hence the Sma I K and F fragments (Fig. 3-7A) which migrate at approximately 3.3 and
(0.9 kb, respeclively (Fig. 3-7B, lanes B*” and C*) were fused (lane A’") and produced
a [tagment of approximately 3.7 kb. A fragment smaller than the sums of the K and L
fragments was produced due to the deletion of the intron in the 128 ¢cDNA virus. To
lurther ensure that the mutations had been rescued into virus, viral DNA was digested
with restriction enzymes that were diagnostic for the presence of the altered codons and
the restriction fragments were resolved in a 2% agarose gel.  Viral DNAS were either
visualized dircctly by EtBr staining or by Southern analysis with a [*P]-labelled
oligonucleotide (AB147). Viral DNAs extracted from cells infected with AD89A96A and
dI3W (Fig. 3-8, lancs A and C, respectively) and their corresponding E1 plasmids
pADS9AYGA and pXC38 (Fig. 3-8, lancs B and D, respectively) were digested with BstU
I (isoschizomer of Tha 1} which was the restriction enzyme site cngineered to be
diagnostic of the Ser96 to Ala codon change. The fragments were resolved in a 2%
agarose gel and visualized by E(Br staining and UV illumination. Digestion of d1309
(lanc C) and pXC38 (lanc D} DNA with BstU 1 produced numerous small fragments,
however, one of the larger BstU 1 fragments of 1561 bp (N414 to N1975) which co-
migrated with other viral DNA fragments (lanes A and C) contained the Ser96 codon.
This fragment was cleaved in DNA prepared rom AD89A96A infected cells to produce
a faster migrating fragment of approximately 1100 bp which was also present in similarly

digested pADSYAYGA (Fig. 3-8, lancs A and B (arrow)). AD89A96A was initially
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Figure 3-7. Restriction digests of extracted viral DNAs. (A) The AdS restriction map
for the different restriction enzymes used. (B) Total DNA from UM8YA (lanes A, A',
and A'"), ADY0A96A (lancs B, B’, and B’’), and /309 (lanes C, C’, and C'') infected
cells were digested with Bgl 11 (lanes A,B,and C), Hind 111 (lanes A’,B’, and C*), and
with Sma 1 (Janes A’", B”", and C"").
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identificd by the presence of the diagnostic Bgl 11 sile, thus the presence of a diagnostic
Bsp1286 1 site (Ala89 mutation) was nol verificd because the Bgl 1T site was only a short
distance upstream of the Ala96 codon change and it was thought that the likelihood of
a double recombination ¢vent occurring between these mutations resulting in the loss of
the Ala89 mutation would be extremely low.

The presence of the Ser96 and Ser89 codon changes to Ala in the single mutants
was tested by digestion with BstU I and Bspl286 1 (Fig. 3-10, lanes A 10 C, and A’ to
C’, respectively).  Viral DNA digested with BsrlU 1, the restriction enzyme which was
diagnostic for the presence of the Ser96 to Ala codon change, produced numerous small
fragments. Using a radiolabelled oligonucleotide (ABI47) to probe a membrane (o
which these digestion fragments had been transferred, revealed a single band that migrated
as a 1561 bp fragment in DNA obtained from AD8YA and dI309 infected cells (lanes B
and C, respectively), whereas a fragment ol 340 bp was detected in DNA obtained from
AD96A (lane A) infected cells, These digests proceeded to completion as verified by
EtBr staining and UV illumination (data not shown). Thus the data were consistent with
the presence of a new restriction site and demonstrated that the Serd6 to AlaY6 codon
change was present in this virus. Digestion of these viruses with Bsp/286 1, the
restriction enzyme diagnostic for the Ser89 to Ala8Y codon change, produced a single
band, as detected by radiolabelled AB147 in DNA purified from ADY6A and d1309
infected cells (lanes A’ and C’, respectively), which migrated at 1001 bp, whercas the
fragment detected from DNA extracted from AD8YA infected cells migrated at 754 hp

(lane B’). These results were consisient with the presence of a new restriction site
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Figure 3-8. Resolution of viral DNA in 2% agarose gel. AD89A96A and 4i309 DNA
was extracted from infected cells and digested with Bs:U I (lanes A and C, respectively).
Plasmid DNAs were also digested and run along side the viral DNA (lanes B and D
respectively). Digestion of these DNA's with BstU I demonstrated that only AD8SA96A
and pAD8YAYG6A produced faster migrating fragments (arrow).
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Figure 3-9. Southern analysis of DNA extracted from infected cells. DNA from AD96A,
ADBRYA, and di309 infected cells was digested with either BstU I (lanes A,B, C,
respectively) or Bspl286 1 (lanes A’,B’, and C’ respectively) resolved on a 2 % agarose
gel, transferred Lo nitrocellulose and probed with [*P-labclled AB147.
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diagnoslic for the presence of the Ala89 codon. Such analyses were performed for all
viruses used in the following studies in order to confirm the presence of all desired

mutations.

I1. ANALYSES OF EIA PROTEINS FROM MUTANT AND WT
VIRUSES.

To determine the effects of mutations at the Ser89 and 96 sites on the overall
pattern of E1A protein phosphorylation, a number of biochemical studies were carried out

using both mutant and wt AdS viruses.

1a. PHOSPHOAMINO ACID ANALYSIS OF E1A PROTEINS LABELLED IN
VIVO.

To identily the amino acid(s) which are phosphorylated in the EIA polypeptides
ELA proteins labelled in vivo with [*P]-orthophosphate were immunoprecipitated and
puriticd by SDS-PAGE and then subjected to acid hydrolysis. Phosphoamino acid content
was determined by 2-dimensional thin layer electrophoresis (TLE). Figure 3-1(
confirmed previous obscrvations (Tsukamoto er al., 1986, Richter et al., 1988) that E1A
proteins contain phosphoserine and possibly a very small amount of phosphothreonine.
In contrast, Tremblay er al. (1988) found exclusively phosphoserine. The method of
isolation and processing of E1A polypeptides in both this study and in the Tremblay et
al. (1988) study were very similar, however, the polyacrylamide concentrations of the

preparative gels used to isolate the E1A products were different. Tremblay ez al. (1988)
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utilized 12% polyacrylamide gels and this study used 10% gels. The discrepancy in
phosphothreonine content could have resulted from the inclusion of contaminating cellular
phosphoproteins which co-migrated with the E1A proteins and which may have been
excluded by the use of a higher gel concentration. These studies also utilized multiple
phosphatase inhibitors which had nol been previously used, thus il the phosphorylated

threonine residue(s) was very sensitive to dephosphorylation these inhibitors may have

prevented the action of phosphatases.

IIc. ANALYSIS OF TRYPTIC PEPTIDES BY REVERSE PHASE HPLC.

E1A tryptic peptides were analyzed by reverse phase HPLC (RP-HPLC) under
conditions similar to those described previously (Tremblay er af., 1988), and for E1A
proteins produced by wr AdS (Fig. 3-11A), very similar results were obtained. However,
recent work (S. Whalen, unpublished data) utilizing different deletion mutants has shown
that the identitics of some of the peptides were incorrecl.  The peptide previously
identified as P3 was believed to be composed of amino acids 224 to 258 (Table 3-1,
peptide T12) exclusively, and thought tu clute from RP-HPLC as a heterogencous peak
from 58 to 94 minutes. It is now apparent that P3 actually consists of multiple peplides
(S. Whalen, unpublished results), including a portion of the large T2 peptide (Table 3-1,
amino acids 3 to 97) which was originally thought to be totally retained on the column
(Tremblay, et al.,1988).

[**P]-labelled E1A proteins produced from wr, ADBYA, ADYGA, ADSYAIGA,

ADB9D96A, and AD90AY6A iniccled cells were purificd from SDS-PAGE and separated
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Figure 3-10, Phosphoamino acid analysis of [**P] labelled E1A proteins. The positions of
the non-radivactive phosphoamino acid markers identified by ninhydrin staining have been
indicated.
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Table 3-1. Summary of Tryptic Peptides from E1A Proteins

Peptide Amino Acid
Number Residues

Tl 1-2

T2 3-97

T3 98-105
T4A* 106-155
T4B' 106-139/186-205
T5* 156-161

T6* 162

T7* 163-177

T8§* 178-205

TY 206-208
T10 209-215

Tl 216-223
TI2 224-258
TI3 259-262
Ti4 263

Ti5 264-285
TI6 286-289

'Uniquc to the 125 product and*unique to the 138 product due o splicing,
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Figure 3-11, RP-HPLC profiles of E1A proteins purified from ADI (A), ADBYA (B),
AD96A (C), ADBYAYGA (D), ADSIDYGA (E) , and ADYOAYOA (F) infected KB cells
labelled with [**P]-orthophosphate, gel purified and digested with trypsin,
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by RP-HPLC. The resulting phosphopeptides from ail samples cluted in patterns similar
10 that obtained for wr AdS (Fig. 3-11B-F) except that the material cluting at 82 10 Y4
min was either reduced or absent.  The elution profiles for the single mutants (89A ind
96A) and double mutants were very similar, The identical patierns found lor both single
and double mutanis suggested that perhaps only one site was phosphorylated, however
this interpretation could not explain the identical profiles obtained with the individual
single mutants (AD8YA and ADYGA). The results could be explained il T2 eluted from
the column only when it is phosphorylated at both siles. however as will be seen Later,
this explanation can not be reconciled with the in vitro phosphorylation experiments.
Thus, the basis of this result remains unclear, but may be due 1o other posttranslational

modifications of the EIA proteing that are yet to be discovered.

11d. ANALYSIS OF MUTANTS BY TLC.

The analysis of tryptic peptides by RP-HPLC is a powerful technigue, however, it
suffers from the fact that peptides may bind irreversibly (o the column matrix. ‘The
analysis of peptides by TLC allows detection of all the peplides produced from
particular digest. Thus the combined use of RP-HPLC and TLC should provide a more
complete picture.

To identify the peptide(s) containing phosphorylation sites involved in production
of the slower migrating specics, peptide maps produced from the slower migrating 50 kDa

and Taster migrating E1A species were compared 1o the 45 kDa faster migrating specics.
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(Fig. 3-12A, B). All of the specics within a cluster of spots found directly above the
origin appeared to originate from T2, for the reasons described below. The two species
which contained the most label within this cluster from the wr E1A proteins (Fig. 3-12A.
arrows) were absent (rom proteing isolated from the faster migrating 45 KDa proteins (Fig.
3-12B), suggesting that phosphorylation on this residuc(s) produced the decrease in gel
mohility. On the whole there was a reasonable amount of reproducibility in the E1A
phosphopeptide patterns from experiment to experiment.  Some minor variations were
noted, for example in peptide T11 which had previously shown to contain the major
phosphorylation site at Ser219 (Tsukamolo er al., 1988). With the E1A sample (Fig. 3-
12A), this species migrated further to the right of the origin than with the 45K sample.
This difference probably arose because of two factors: differences in the removal of SDS
from the protein samples may have affected the clectrophoretic mobility of the peptides;
and secondly, overloading this protein sample may have caused a trailing effect due to
precipitation during both the electrophoretic and chromatographic phases.

To determine whether the cluster of species above the origin did in fact originate
from T2, tryptic phosphopeptides of E1A proteins from various mutants and [rom the
products of the 118 and 10S mRNAs were resolved on TLC. The 37.5 and 35 kDa
speeies encoded by the 118 and 10S EIA mRNAs lack much of T2 (residues 26 10 99)
as a resudt of splicing, Figure 3-12C shows that analysis of phosphopeptides produced
[rom a mixture of these proteins yielded primarily only peptide T11 and that all of the
species within the cluster of peptides above the origin were absent. In addition. Figure 3-

12, D-F shows that peptides {from various deletion mutants within the T2 coding sequence
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Figure 3-12. Analysis ol tryptic phosphopeptides by 2D TLC. [*Pl-orthophosphate
labelled E1A proteins from A- wr 52 kDA, B- wr 45 kDa, C- wr 37.5+35 kDa, D-dil 104
(amino acids 48-60 deleted), E- 1105 (amino acids 70-81 deleted), and F- 11143
(amino acids 30-60 deleted) were gel purified, digested with trypsin and resolved by ‘TLC.
Position of known tryptic peptides (Tuble 3-1) are indicated on the TLC made Ifrom EIA
proteins isolated from wr AdS infected cells (A). The phosphopeptides absent in the 45K
species are identificd on the TLC made from the 50 kDa profein by arrows.
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affected the migration of the entire cluster of species. These included 1104 (Fig, 3-
12D, amino acids 48-60 deleted), <1105 (Fig. 3-12E, amino acids 70-81 deleted), and
di1143 (Fig. 3-12F, amino acids 30-60 deleted). These data again suggested that the
entire cluster of spots directly above the origin must have orginated from T2, As
discussed below, these multiple species could result from the existence ol additional
phosphorylation sites within T2, from the presence of phospho-isomers, or from the
formation of partial trypsin digestion products.

To study the phosphorylation of Ser89 and Ser%6 more carefully, phosphopeptides
produced from wr Ad5 and (rom mutants affecting these residucs were examined. E1A
phosphopeptides from mutant AD89A (Fig. 3-13B) produced a pautern on TLC that was
very similar to that of wt Ad5 (Fig. 3-13A) except that the entire T2 cluster was missing.
Peptides T11 and T4a and b were present, but all species migrating above the origin were
absent. This result was very surprising as our group had previously obtained evidence
to suggest that Ser96 was phosphorylated (Tremblay ef al., 1989). The data could be
explained by any of four possibilities: (i)- Ser96 is not phosphorylated (ii)-
phosphorylation of Ser89 is required for phosphorylation of SerY6; (iii)- the mutation
affecting Ser89 altered the mobility of these peptides, or (iv)- the mutation altered protein
conformation such that phosphorylation at other site(s) was inhibited.

The TLC pattern obtained from the ADY6A mutant (Fig. 3-13C) tended o argue
against the first and third possibilitics because the number of spots found in the T2 cluster
above the origin with this mutant was reduced, as would be expected from the climination

of the Ser96 site, but no apparent altered mobility was observed. Thus the data suggested
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Figure 3-13. Analysis of tryptic phosphopeptides of A- ADI1, B- ADS9A, C- AD96A, D-
ADBYAYGA, E- ADSYDY6A, and F- ADY0AI6A by 2D-TLC.



Chr.
i
pH 8.0
.
[ ]
Chr.
pH 8.0

pH 8.0

She,



Chapter 111 ElA Phosphorylation 113
that Ser96 is indeed phosphorylated, although at a low level and may depend on
phosphorylation of Ser8Y,

The tryptic phosphopeptide patterns from E1A proteins containing double mutations
affecting Ser89, Ser96 or Pro90) were also examined. The profile obtained with
ADSYAYGA (Fig. 3-13D) was poor, bul nevertheless indicated the absence of the entire
T2 cluster. ADRIDYGA (Fig. 3-13E), in which Ser89 had been altered o an acidic Asp
residue, also showed an absence of the T2 cluster. Finally, removal of Pro90 also led o
the climination of all T2 spots (ADYOAYGA- sce Fig. 3-13F), suggesting that this residuc
is necessary for the phosphorylation of Ser89. The reason for this effect will be discussed

helow.

11l. CHARACTERIZATION OF MUTANTS.

ITIa. TRANSFORMATION,

The E1A mutants described above were used 1o determine the role of ETA protein
phosphorylation in the transformation ol primary baby rat kidney (BRK) cells in
cooperation with cither E1B or H-ras. BRK cells were cither ransfected with DNA [rom
plasmids which encoded the entire E1 (E1A + EIB) region (pAD series) or they were
cotransfected with DNA [rom plasmids expressing ETA (pNB series) and H-ras (pEJras),
and the numbers of transformed foci were determined.

Table 3-2A shows a summary of results obtained from five separate experiments

and Table 3-2B shows the statistical analysis of these data involving a Student’s t-test of
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differences in transforming efficicncy (vs wr) at the 5% confidence limit.  The absolue
number of foci varied somewhat from experiment to experiment, but some clear trends
were apparent.  Mutation of Ser96 to Ala alone (pADY6A) had no significant cftect on
transformation in 4 of 5 experiments, suggesting that phosphorylation at this site is of
little importance in this function. In all experiments using both EIA+E1B and ElA+ras
the change from Ser89 to Ala (pAD89A) significantly reduced translormation efficiency.
These data suggested that phosphorylation at Ser89 had some role in the regulation ol
ElA transforming aclivity. This idea was strengthened by additional data obtained with
the double mutant pAD89A96A which in all cases except experiment 1 yiclded
transformants at efficiencies significantly less than wr (about 2-10-8 fold)., In all cases

tested, mutant pAD90A96A, which was shown above to prevent phosphorylation at SergY,
also transformed at a significantly reduced rate. Two possibilitics existed to explain these
results.  First, they may have suggested that phosphorylation at Ser89 is lfunctionally
important for E1A-mediated transformation. It was also possible that the effect was
caused by changes in protein conformation induced by alteration at amino acids 89 amd
90 and that phosphorylation at these residucs was of little importance. These possibilitics
could only be distinguished through the introduction of other mutations near to Ser9, hut
that do not alter its phosphorylation. Nevertheless, the simplest explanation remains that
phosphorylation at Ser89 plays some functional role. The data obtained with o mutant
containing Asp89 (pD89D96A) were also of interest. In some experiments (number | and
the ras study) this mutant transformed at efficiencics not significantly different from wy,

whereas in others (numbers 2-4) the efficicncy was diminished. Thus it was not clear if
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Table 3-2A. Cooperation of EIA products with E1B and H-ras, BRK cells were
transfected with cither E1 encoding plasmids or co-transfected with E1A and H-ras
encoding plasmids, The results are expressed as averages with the standard deviation (see
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Table 3-1B f[or statistical analyscs).

Cooperation with E1B

Experiment

l 2 3 4
PLASMID
pADI 524 (x02.2) 9.5 (=3) 39 (=7) 7.8 (213)
PADEYA 94 (x1.1) 0.5 (z0.8) 18.8 (£2) L7 (x2.7)
PADYOA 44 (x6.2) 4.2 (+3.3) 31.8 (x7.4) 2.7 (£5.5)
PADRIAYGA Jog (x11) 34 (£3.3) 8 (x1.4) 1.2 (£2.6)
PADBIDYOA 75.2 (x16) 4.3 (£2.5) 14.8 (24.1) 2.5 (+4.7)
PADYOAYGA 15 (5.1} 4.5 (x2.4) 5.7 (£1.5) -
10SHS 0 (z0) 0 (£0) 0 (z0) .

Cooperation with H-ras

PLASMID
pNBI 0.67 (0.6}
plidras 0.5 (x1)
PNB Laplidras 4.7 (z1.4)
pNB89A+plidras 2.8 (z0.4)
pNBY6A+pLETras 4.5 (2.7
PNBEIDYOA+pEIras 3391

pNREIAYCA+pEIras

2.3 (0.7
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Table 3-2B. Slatistical analyses of transformation assays testing the ability of ELA
proteins to cooperate with E1B or H-ras.  Statistical analysis were using a two-sided
student t-test to test the hypothesis p,=p,. Onec assumption made is that variances are
unknown but arc equal and the degrees of [reedom = nj+n,-2.

1=_ Xi1-X2
Sp¥ ln+i/n,
_ Hypothesis*
PLASMID N E(x)’ EX, X Sp t (=)
Experiment |
pADt 5 14326 262 524 - -
pADS9A 5 447 47 94 8.67 7.83 R
pADIGA 5 0870 220 a4 992 1.34 A
pADBIAJEA 5 7240 184 36.8 11.54 214 A
pADSIDIGA 5 29330 376 752 1437 215 A
pADBIDIGAY 5 5446 162 324 996 317 A
pADYOAYGA 5 1231 75 15 138 6.31 R
Experiment 2
pAD1 5 595 57 9.5
pADSIA 5 5 3 0.5 2.30 6.53 R
pADYGA 5 157 25 4,117 326 2.43 A
pADBIAIGA 5 24 10 2.0 2.53 4.4 R
PADBIAIGAY 4 10 4 1.0 272 312 R
pADBIDY6A 5 110 20 4.0 3.05 4.6 R
pADI0AD6 6 151 27 4.5 2.8% 3.01 R
Experiment 3
pAD1 4 6248 156 39
pADS9A 4 1419 75 1875 542 5.27 R
pADYGA 4 4195 127 3175 7.38 1,39 A
pADBIAYOA 4 202 32 8.0 532 8.24 R
pADBSDISA 4 921 59 1475 598 5.73 R’
pADIOAOOA 3 321 27 9.0 6.96 5.05 R
Experiment 4
pADI1 ] 433 47 78
pADBYA O 30 10 1.7 2.8 3.78 R
pADIGA 6 70 16 2.7 3.03 29 R
pADBIAOGA 6 21 7 1.17 2,79 4,12 R
pADBSDY6A 6 6l 15 2.5 2.97 3.00 I
ras xperiment
pNBI 6 140 28 4.7
pNB8IA 5 40 14 2.8 1.06 2.90 R
pNBYGA 6 159 27 4.5 2.16 0.16 A
PNBB9AIGA 6 36 14 2.3 1,13 3.0 R
pNB89IDIGA 4] 216 32 53 2.34 0.45 A

(¥ Different DNA preparations; * A=accept, R=reject)
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replacement of Ser89 phosphorylation sile with a negatively charged amino acid was able
to restore we transforming aclivity.

The 108 and 118 EIA products were also tested and found to be completely
defective in transforming activity (Tuble 3-2A). These results were not surprising because
the novel intron in these mRNAs contains the coding sequence for CR1 which is known
to be required for translormation.

One concern in this type of assay was that the expression of E1B is known to be
dependent on the E1A transactivation function. Thus, mutants that failed to transactivate
the EIB gene 1o sulficient levels could appear transformation negative. The data obtained
using E1A plasmids cotranslected with a H-ras encoding plasmid circumvented this
problem as the latler is expressed in an E1A-independent fashion.  As described above,
the results obtained in these experiments, (Table 3-1A and B), followed the same gencral

trend as the E1A + EIB assays

I1Ih. TRANSACTIVATION.

The abilitics of the different mutant E1A products to transactivate carly viral
promoters were tested in two different fashions: (i)- transactivation of an E3CAT reporter
construct in transicnt assays: (il)- production of carly viral products in vivo following
inlection of KB cells.

All muiants tested were capable of transactivating the E3 promoter, although the
transient assay employed produced absolute values that varied so'newhat from experiment
to experiment, the relative differences in transactivation for various mutants were

consistent.  Figure 3-14 illustrates the results from three separate experimenis. In
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Figure 3-14. Transicnt assay to test the ability of different E1A products o transactivale
the E3 promoter. HeLa cells were cotransfected with pKCAT23 alone or with pNB Y,
pNB89A, pNBI6A, and pNB10S11S and CAT levels were determined 48 hr later. “The
figure shows a graphic representation of three separate experiments (indicated by open,
cross-hatched and stipled bars). The basal level of CAT activity from cells transiected
with pKCAT23 alone was taken as equaling 1.
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all cases CAT aclivity was stimulated about the same amount by wr EIA (pNB1) and
pNBYGA which contained Ala%6. pl0ST1S which encodes only the products of the 108
and 118 E1A mRNAs had litle or no transactivating activity with the E3 promoter. The
reason for this observation was unclear as the 118 product should contain the CR3 region
known 1o lunction in gene aclivation. It is possible that these products were highly
unstable and thus unable to function in transactivation.  OF some inlerest was the
obscrvation that in all three experiments with pNB8YA, in which Ser89 had been altered
10 Ala, transactivation was enhanced by about 2-fold relative to wr. While the inherent
variability of this type of assay and the low number ol experiments performed made it
difTicult to draw firm conclusions, these data suggested that phosphorylation at Ser8) may
negatively affect the ability of E1A products to activate E3 transeription,

To test further the ability of these EYA polypeptides Lo transactivale carly AdS
genes, the levels ol the EIB-176R, -496R and -84R proteins and the E2a-72K DNA
binding protein were determined in extracts from infected cells fabelled with | P
orthophosphate or [*S]methionine by immunoprecipitation using specific antisera. All
mutants produced high levels ol the E2a-72K DNA hinding protein (Fig. 3-15, and 3-
16C). They also produced high levels of E1B proteins (Fig. 3-16B, and data nol shown).
Although this type of analysis did not allow lor accurate quantitative comparisons, it did
illustrate that the levels of EIB and E2a protein produced upon infection at an equal
multiplicity of infection (35 plufcell) with the various mutant viruses was nol drastically
different. The levels of these proteins produced by AD1GSTES will be described in @ fater
section. Thus in total these results suggested that phosphorylation at residuces 89 and 96

did not seem to have a major effect on the ability of E1A 1o transactivate the EIB, E24,
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Figure 3-15. Immunoprecipitation of the E2A-72K DNA binding protein from ADI (lane
A), ADBYA (lanc B), ADY6A (lanc C), ADS8YA9I6A (lane D), ADEIDIGA (lanc E), and
ADY0AY6A (lanc F) infected cells labelled with [**Pl-orthophosphate.
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Figure 3-16. Immunoprecipitation of E1A proteins, E1B products, and the E2A-72K DNA
binding protein [rom cell extracts made from [*S]methionine labelled cells infected with
wt or mutant viruses. (A) E1A proteins from wt AdS (lane B), AD89A (lane C), ADI
(lane D), and 1520 {lanc E) were immunoprecipitated with antipeptide serum E1A-C1,
in some cases with 10ug of peptide (lanes C, and E). (B) These extracts were then
reimmunoprecipitaled with 58-N2 rabbit antipeptide serum, and then again with H2-67
mouse monoclonal antibody against the AdS E2A-72K DNA-binding protein (lanes L (o
o).
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and E3 promoler.

Iiic. ENHANCER REPRESSION.

In order to test the ability of the mutant E1A polypeptides to repress enhancer
medialed transcription, the mutations were rescued into 12S ¢cDNA vectors (UM series)
which were then used to produce mutant virions. The 128 viruses were coinfected with
the in 340-2/B-globin *™* virus (Lillic and Green, 1986) in which a portion of the E1A
gene had been deleted and replaced by the human §-globin gene driven by the SV40
cnhancer (Fig. 3-17A and B). This virus had been used previously to detect the cffects
of E1A products on SV40 enhancer activity (Lillie and Green, 19%6).

In order to detect the levels of B-globin transcripts, an oligonucleotide was
synthesized that was complementary to the sequences [rom +61 to +86 upstream of the
CAP site of D-globin mRNA (Table 2-3, AB560). Primer extensions with this
oligonucleotide should produce an extension product of 86 nucleotides (Fig. 3-17B).

Hep-2 cells were coinfected with the mutants and the 8-globin virus and total
RNA was analyzed for both the levels of B-globin and E1A mRNAs. Figure 3-17C
shows results from a representative experiment using this type of analysis. Primer
extensions performed on RNA extracted {rom cells infected with only the 3-globin virus
produced a single extension product of 86 nucleotides (Fig. 3-17C, lane H). In cells
coinfecicd with this virus and wr 128 virus, the 8-globin signal was not detected (Fig. 3-
17C, lane 1), thus demonstrating repression of the SV40 enhancer. All the amino acid

substitution mutants (Ala89, Ala96, Ala89Ala96, Asp89Alad6, Ala90Ala96) tested were
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Figure 3-17. Repression of the SV40 enhancer by EIA proteins, (A) Diagram ol B-globin
reporter virus. Thick solid lines represent AdS scquences, thin lines are B-globin intron
sequences while open boxes are exon sequences, and the crosshatched box represents the
SV40 cnhancer sequences, (B) Schematic representation ol a portion of the B-globin
mRNA produced; the position to which the oligonucleotide hybridizes, and the length of
the predicted extension product. (C) Representative experiment of a coinfection of Hep-2
cells with the B-globin virus and UM10S (lane A), UMS89A (lane B), UMY6A (lane C),
UMBS89A96A (lane D), UMBIDIGA (lanc E), 90A96A (lanc F), EIASTOP (lane G}, #-
globin only (lunc H), and UM (lane I). (D) Graphic representation of [our diflerent
cxperiments levels are given as a percent of wr aclivity.
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capable of effectively repressing the SV40 enhancer, with three exceptions. UMY0AY6A,
in which both Pro90 and Ser96 were converled to Ala residues, was not quite as efficient
as the others (Fig. 3-17C, lane F). Also the STOP mutant, which produces truncated EIA
products due to an in frame STOP codon after amino acid residue 18 (see Fig. 3-5), as
anticipated, was complelely defective tor repression (Fig. 3-17C, lane G), as was the 108
virus which yields only the 10S E1A mRNA products (Fig. 3-17C. lane A), Similar
results were found consistently in four different experiments which have been summarized
in Figure 3-17D. Dilferences in E1IA mRNA levels with the different mutants was never
more than 2 fold (data not shown). Thus phosphorylation at Ser89 and 96 did not appear

to affect E1A mediated enhancer repression.

[11d. GEL MIGRATION OF EiIA PRODUCTS.

In order to determine the effect of phosphorylation of Ser9 on the mobility of
E1A products in SDS-PAGE, KB cells were infected with ADSYA, ETA proteins were
labelled with [**S]methionine and immunoprecipitated with the antipeptide serum ELA-CI,
and analyzed by SDS-PAGE. Figure 3-16A shows that both wr viruses (Janes B & I)
produced the 52, 50, 48.5, and 45 kDa lorms of E1A products, whereas d1520, a deletion
mutant that removes the 13S splice donor site, produced only the 128 mRNA products
(50 and 45 kDa proteins; lane G). ElA protcins from AD8YA infected cells migrated
predominantly as the faster migrating forms, 48.5 and 45 kDa (lane D), however, some
material was detected which migrated slightly slower than the 48.5 kDa species.

Precipitation of these products was blocked by the addition of EIA-C peptide (Janes C



129

Figure 3-18. Migration of E1A polypeptides from the different mutants through 9% SDS-
PAGE. KB cells were cither mock infected (lane A) or infected with AD1I (lane B),
ADBYA (lane C), ADY6A (lanc D), AD89AY96A (lanc E), 89D96A (lane F), and
ADYOAYGA (lane G) at an moi of 35 labelled with [*Pl-orthophosphate and
immunoprecipitaled with M73 antibody.
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Figure 3-19. Migration of EIA polypeptides from the different mutants through 9% SDS-
PAGE. A- KB cells were cither mock infected or infected with B- ADI1, C- AD89YA, D-
ADBYADGA, or E- 89DY6A at an moi of 35 labelled with [*S]methionine and
immunoprecipitated with M73 antibody. Position of 138 {52 and 48.5 kDa) and 128 (50
and 45 kDa) E1A products are shown by arrows on the left, and the position of the 138
(51 kDa) and 128 (49 kDa) AD8ID96A E1A products by arrows on the right.
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and E), thus demonstrating the specificity of the antiserum, These data suggested that
phosphorylation at Ser8Y is largely responsible for the shilt in gel migration. The small
amount of slower migrating species may have been due to phosphorylation at another
site(s) at serine residues 227, 228, 231, 234, and 237 which occurs at very low levels in
infected KB cells (S. Whalen, unpublished resuits).

A similar study was caried out to examine the E1A proleins produced by other
mutants affecting phosphorylation at Ser89 and Ser96. The parental wr AD, and ADY6A.,
produced all four 52, 50, 48.5 and 45 kDa forms (Fig. 3-18, lancs B & D). Thus
conversion of Serv6 o Ala had no effect on gel maobility. Replacement of both Ser89 and
Serv6 with Al (ADBYAYGA; Fig. 3-18, lane E) resulted in ETA proteins that migrated
in a fashion similar to ADSYA for which only the 48.5 and 45 kDa lorms were apparent
(Fig. 3-18. lane C). Mutant ADY0AY6A, which was shown previously 1o block
phosphorylation at Ser89 and other sites in peptide T2, yielded E1A products like those
from ADSYA infected cells, that is, only the 48,5 and 45 kDa products. Phosphaorylation
al Ser8Y would add two additional negative charges to the molecule at physiological pH.
To determine whether a negative charge at this residue was sufficient to induce a
conformational change and result in an increased gel mobility. the ADSYDY6A mutant
wits tested. Figure 3-18 (lane F) demonstrates that these ETA proteins migrated slower
than those of ADSYAYEA, however, the decrease in mobility was not as great as seen
with the wr 52 and 50 kDa products. Thus the negative charge introduced by an Asp
residue only partially compensated Tor the lack of phosphorylation at Ser89.  Another

interesting observation was that unlike the ETA polypeptides produced by wr AdS. which
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contain both slower and [aster migrating forms which reflect the presence of a phosphate
at serine 89, all EIA proteing from 89DY6A should have o uniform negative chacge al
residue 89 and thus all should have the same gel mobility, This cflect was observed in
Figure 3-18 (lane F) and 3-19 (fane B). The 138 and 128 E1A products produced [rom
cells inlected with ADSYDYGA migrated predominantly as single forms with M, of 51 and
49 kDa, respectively, while those from wr migrated with relative molecular masses ol 52
and 48.5 kDa for the 138 products and 50 and 45 kDa for the 128 products. Thus, in
total, these data indicated that phosphorylation at Ser8Y is largely responsible for the
decrease in gel mobility of the ETA 138 and 128 products, and that introduction of an

acidic amino acid (Asp) at this position can partially induce the chinge in gel migration,

1lle. INTRACELLULAR LOCALIZATION OF EIA PROTEINS.

In order 1o determine whether mutations in phosphorylation sites of ETA products
affected intracellular localization, infected cells grown on coverslips were lixed and ETA
products were examined by indirect immunofluorescence. ‘The multiplicity of infection
used in these studies was chosen such that not all cells would he infected. thus providing
an internal control for the specificily of the antibody. The EIA proteins produced by
ADI1, ADSYA, ADY6A, and ADBYAY6A (Fig. 3-20 A, B.Cand D, respectively) were all
found to be located within the nucteus with a similar staining pattern. Thus. conversion

of Ser 89 and 96 o Ala did not aftect nuclear localization,
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Figure 3-20. Intraccllular localization of E1A proteins. Hela cells were infected with
ADI (pancl A), AD8BYA (pancl B), AD96A (pancl C), and ADS89A96A (panel D), and the
localization of ElA polypeptides within the cell was determined by indirect
immunofluorescence using M73 as the primary antibody.
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IIHf. CHARACTERIZATION OF 10S11S VIRUS.

At the time that this work was initiated there were few studies that had been done
1o characterize the propertics of the 108 and 118 E1A products.  Although the 108118
virus produced EIA proteins that lacked both Ser89 and Ser96, it was thought that
perbaps studies on this virus may provide some insight into the roles of these E1A
proteins which lack the functionally important CRI region.  Studics that first identified
the 108 and 118 E1A transcripts (Ulfendahl er al.. 1987, Stephens er al., 1987) and work
from our group (M.L. Tremblay, unpublished data) demonstrated that the 108 and T1S
mRNAs produced EIA polypeptides which migrated in SDS-PAGE with a M, of 35 kDa
and 37.5 kDa, respectively. In order to determine whether the 10S11S virus produced
these products, E1A proteins were immunoprecipitated with E1IA specific M73 serum
from ceil extracts from infected KB cells labelled with [¥PJ-orthophosphate. Figure 3-21
(lanc B) shows that only the 37.5 and 35 kDa forms of ETA proteins were observed with
ADIOST1S, thus confirming the absence of the sfower migrating species encoded by the
138 and 128 mRNAs.

To determine whether these E1A products could transactivate E1IB and E2A
ranscription, extracts from KB cells infected with the 10ST1S virus and labelled with
[ *S|methionine were immunoprecipitated with antibody directed against the 496R (58K)
E1B and the 72K E2A gene products. The 108118 virus was able w synthesize both
products at reasonably high levels (Fig. 3-22. lanes A and B). To compare the levels of
synthesis of these products relative to wr AdS. a parallel experiment with AdS wr was
carried out using an cqual multiplicity of infection (35 ptufcell} and an equal amount of

cell extract was immunoprecipitated in the presence of excess antibody in an attempt to
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detect all the proteins of interest in the extract, Although the autoradiography in Figure
3-22 was overexposed, it was clear that the 108118 virus produced somewhat lower
amounts of these products than wr (lanes C and D). As previously described in Figure 3-
14, this mutant was very deficient in transactivation of the E3 promoter, and the present
data suggested that cven though the 11S product contains CR3 which is largely
responsible for transactivation, it appeared to produce somewhat fower amounts of E1B
and E2a products than wt. The plaquing ctficiency of this virus on HeLa cells relative
to 293 cells was more than 4X10*-fold lower (data not shown), again suggesting a delect
for transactivation of carly viral genes. In fact, viruses containing no ElA coding
sequences have been found to plaque at etficiencices close o this level, Similar results
have been described for a 10ST1S virus produced by site directed mutagenesis (Ullendahl
et al., 1987). To delermine if this defect was due o reduced levels of ETA transceripts,
KB cells were infected with either we or 10S11S virus and total cytoplasmic RNA wis
harvested at either 6 hr or 12 hr postinfection and subjected o primer extension analysis
using a primer specilic for E1A transcripts (Table 2-3, and Fig. 3-23A). EIA mRNA
levels produced by AD10S11S at 6 hr postinfection were considerably fower than those
of wt Ad5 and ADI (Fig. 3-23B, lancs A, B, and C respectively). However, the levels
at 12 hr postinfection were about equal (Fig. 3-23B, luncs A’,B’,and C’, respectively),
suggesting that the defect was not due 1o a low level of EIA transcription, but 1o an

inherent decreased ability of the 10S and 11S products to compensate for 128 and 138

producls.
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Figure 3-21. Immunoprecipitation of the E1A proteins produced from wt (lane A) and
AD10S11S (lanc B) infected KB cells labelled with [*2P]-orthophosphate.
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Figure 3-22. Immunoprecipilation of E2A-72K DNA-binding protein and E1B-58K from
10S118 and wr infected KB cells. Lanes A and B are immunoprecipitales prepared [rom
10S11S inlected cells immunoprecipitated with the 58K antipeptide serum (lane A) and
the 72K monoclonal (lane B). Lanes C and D are similar immunoprecipitations prepared
from wt Ad5 infected cells (lanes C and D, 58K and 72K immunoprecipitations,
respectively).  Infected cells were metabolically labelled with [**S)methionine.
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Figure 3-23. E1A mRNA levels [rom we, 10S11S, and AD1 infected KB cells.

(A) Schematic ol E1A mRNAs produced and the expected extension product size. (B)
E1A mRNA levels measured at 6 and 12 hr post-inlection from wt (lanes A,A)°, 10S11S
(lanes B,B’), and AD1(w!} (lanes C,C’} infected cells.
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CHAPTER 1V: IDENTIFICATION OF A PROTEIN KINASE
INVOLVED IN THE PHOSPHORYLATION OF AD5 ElA

PROTEINS.

Increasing information has now begun to link specific families of protein kinases
with regulatory roles in cell growth and progression through the cell cycle. The
identification of polential consensus sequences at Ser89 and Ser219 in E1A proteins
which were characteristic of the sites phosphorylated by the p34°* family of protein
kinases, lead o a series of studies to determine if in fact this enzyme was responsible for

E1A protein phosphorylation at these sites.

Ia. IN VITRO PHOSPHORYLATION OF E1A BY p34°<,

Figure 4-1A shows that the amino acid sequences surrounding serine residucs 89
and 219 resemble the consensus sequence for sites phosphorylated by the p34°*? family
of protein kinases (Cisck and Corden, 1989; Heald and McKeon, 1990; Hill et al., 1990;
Kipreos and Wang, 1990; McVey et al., 1989; Morgan et al., 1989; Peter et al., 1990,
Shenoy et al., 1989; Ward and Kirschner, 1990; reviewed in Moreno and Nurse, 1990).
To determine if these or other siles are phosphorylated by p34°*?, E1A-289R protein
synthesized in and purified from E. coli (Ferguson et al., 1984) or purified histone H1
(Sigma) were incubated with p34°“* which had been purified by immunoprecipitation
using a p34°“*-specific anti-peptide serum (Simanis and Nurse, 1986). Cell extracts were

prepared from either unsynchronized HeLa cells or those blocked either in mitosis or

144
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G1/S using nocodazole (Zieve er al,, 1980) or hydroxyurea (Bacchewi and
Whitmore, 1969), respectively.  As shown in Figures 4-1B and C (lanes A-C), and as
found previously (Moreno and Nurse, 1990), p34*? kinase activity measured using
histone H1 as substrate was seen to be high during mitosis and considerably lower in cells
in G1/S. Figures 4-1B and C (lanes D-F) show that while E1A-289R was phosphorylated
in all cases, the specific activity was considerably higher using p34°? purificd from
mitolic cells. Incorporation of P was largely inhibited when the immunoprecipitate was
prepared in the presence of the peplide to which the serum was raised (Fig. 4-1B and C,
lane G). These dalz indicated that phosphorylation was carried by the kinase to which
the antibodies had been raised, Although this competition strongly suggested that the
kinase activity observed was duc to p34°<", the possibility existed that other closely
related kinases could also have been recognized by the p34™? specific anti-serum.
Phosphoamino acid analysis of labelled histone and E1A-289R indicated that whereas
p34°? phosphorylated the former on serine and threonine residues at approximately equal
levels, phosphorylation of E1A proteing was almost exclusively (over 95%) on serine
residues (Fig. 4-1D). The much higher specific activity detecied for histone relative o
EIA may have rellected either a greater affinity of the enzyme for histone over E1A, or
Jjust the fact that histone HI contains numerous cde? sites whercas E1A contains just two
such sites.

Of some inlerest was the generation of a slower-migrating E1A species following

incubation with p34°*? purified from mitotic (Fig. 4-1B, lane F) and unsynchronized
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Figure 4-1, In vitro phosphorylation of E1A by p34°*2 (A) Table of proteins and the sites
known to he phosphorylated by p34°*?, (B) Comassie stained gel of in virro Kinase assay.
(C) Autoradiogram of the gel presented in panel B, [n vitre Kinase assays were done with
p34°? purified from cell extracts from either vntreated cells (11T, tanes A and D, or cells
treated with hydroxyurca (HU), lanes B and E. or  nocodazole (N). lanes C and F.
Immunoprecipitation of cell extracted made from nocodazole treated cell with 25ul of
anti-peptide serum preincubated with 10pg of peptide to which the serum was raised
apainst (lane G). (D) Gel purified kinase products were subjected to acid hydrolyse and
analyzed for phospho-amino acid content.  The position of cold markers detected by
nishydrin staining are indicated.
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(lane D) cells, but not hydroxyurca-ireated cultures ‘lane E). The E1A-289R protein
purified from E. celi migrated on SDS-PAGE as a single species at a nominal molecular
mass of 48,500 (sce Fig. 4-1A lanes D-G and Chen et al., 1989). The data presented
carlier in this thesis and other studies indicated that the slower migrating 52 kDa E1A
species is produced through phosphorylation (Richter et al., 1988; Tremblay et al., 1988;
Dumont et al., 1989; Smith et al., 1989), and that phosphoryiation at serinc-89 is largely
responsible (this thesis; Dumont er al., 1989; Smith ez al., 1989). Thesc data suggested
that 347 phosphorylates serine residues in ELA-289R in vitro and that one of these
sitcs is probably seriie-89.

A band migrating at approximately 35K was also apparent in assays using cither
E1A or hisione as subtrates «see Fig. 4-1C). This species may have resulted from the
autophosphorylation of p34°%,

To identify the sites on E1A-289R phosphorylated by p34°“?, both the (aster- and
slower-migrating E1A proteins labelled with p34°? purified from mitotic cells were
digested with trypsin and analyzed by RP-HPLC and 2D-TLC. While E1A products are
phosphorylated in vive at several sites, the [aster-migrating E1A protein labelled in vitro
contained only one “P-labelled phosphopeptide (Fig. 4-2A%). This species was peptide
T11 comprised of residues 216-223 (Table 3 1) and containing the major phosphorylation
site at serine-219 (Tremblay et al., 1989; Tsukamoto er al., 1986). The slower-migrating
ELA protein yicelded at least three labelled species (Fig. 4-2B), one of which was again
peptide T11. The other two species were apparent in digests of EIA products labelled

in vivo (Fig. 4-4A; 3-12 and 3-13) and cluted as a hetcrogenous peak from 85 to 90 min
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Figure 4-2. Tryplic digests of EIA 48.5K (A and A’) and ElA 52K (B and BY)
phosphorylated in vitro and resolved either by HPLC or 2D-TLC.
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(S. Whalen, unpublished data). For rcasons described previously, both major species
appearcd to correspond to peptide T2 (Table 3-1). The fact that two species were present
may have resulted from incomplete trypsin digestion.  Tryptic peptide T2 should be
produced by cleavage at Arg 97, however, the existence ol proline just two residucs
downstream may reduce the efficiency of this cleavage. Thus these specics may
correspond to a T2-T3 partial product and the T2 peptide alone. These results indicated
that incubation in vitre of purificd EIA protein with p34°* resulied in phosphorylation

of serine residues 219 and 89.

1Vb. IN VIVO PHOSPHORYLATION OF E1A BY p34*?,

To determine the patiern of phosphorylation of ELA proteins in vive at different
5. ~=< of the cell cycle, AdS-infected cells which had been blocked cither in GI/S or
mitosis or left unsynchronized were labelled with either [¥Pl-orthophosphate or
[*S]methionine and E1A proteins were immunoprecipitated and analyzed by SDS-PAGE.
Figurc 4-3 shows that although approximately equal amounts of EIA products were
synthesized during the labelling period (Fig. 4-3, lanes A’-C’), phosphorylation of ETA
was considerably higher in mitotic cells which contain the highest levels of p34 kinase
activity (Fig. 4-3, lanes A-C). TLC analyses of ETA tryptic peptides from samples shown
in Figure 4-3 (lancs Band C) were performed. It should be noted that even though
peptides were generated from E1A proteins derived from equal amounts of cell extract,
and such samples were processed in parallel, it was difficult to produce such preparalions

in a strictly quantitative fashion. Thus a rigorous compirison of peptide patterns was not
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possible. However, Figure 4-4 indicated that peptide T11 containing Ser219, peptide T2
containing Ser8Y, and two other species which have been fousd Lo correspond to peptides
T4a and T4b containing Ser132 (Whalen er al., unpublished results), were all
phosphorylated at seemingly higher levels in mitotic cells (Fig. 4-4B) thun in G1/S (Fig.
4-4A) cells, although clearly some phosphorylation of most of these peptides was apparent
in the latter.  The potential significance of these data and the problems in their

interpretation will be discussed below.
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Figure 4-3. Cell cycle dependent phosphorylation of E1A in vive. HeLa cells were
infected with wr AdS were cither untreated ((UT)lanes A and A’) or treated with
hydroxyurea ((HU),lanes B and B") or nocodazole ((N), lanes C and C’) and labelled with
cither [*P]-orthophosphate (lanes A to C) or [**S)methionine (lanes A’ to C).
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Figure 4-4. 2D-TLC profiles of uryplic peptides produced from EIA proteins
phosphorylated at different points in the cell cycle, (A) G/S (hydroxyurea block) and (13)
Miltosis (nocodazole block).
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CHAPTER V: DISCUSSION

1. E1A PHOSPHORYLATION.

For many proteins, phosphorylation represents a critical mechanism for the
regulation of biological activity, EIA proteins appear to be multifunctional and
multiphosphorylated, and thus the possibility exists that phosphorylation at one or more
sites could play an important regulatory role. The objective of the present work was to
further localize the E1A phosphorylation sites and through the gencration ol mutants at
these sites to test the functional role of each.

Previous studies had indicated that Ad5 E1A proteins are phosphorylated at SerY%
and 219, and suggested that Ser96 as well as one or more Ser residues between amino
acids 227 io 237 (Tremblay et al., 1988; 1989). In addition studies carried out very
recently have shown that Ser132 is also phosphorylated (Whalen and Branton, in
preparation). When the present studies commenced, nothing was known about the protein
kinases involved in such phosphorylation nor the biological consequences of such events.

The present studies have indicated that phosphorylation at Ser89 is responsible for
the major shift in gel mobility of the E1A 289R and 243R products. Several caveats must
be considered in making this conclusion. First, it is possible that the substitution of Ala
for Ser89, regardless of its phosphorylation, could induce a conformational change in E1A
proteins leading to altered gel muobility. However, the increased gel mobility of EIA

proteins from the Ala90Ala96 mutant and the partial restoration of this shift by the
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Asp89Ala96 mutant argues that phosphorylation, i.e. the presence of a negative charge
at amino acid 89 does in fact induce this alteration in gel mobility. Second, the shift in
gel mobility might be the direct result of another unidentified posttranslational
modification which is dependent upon phosphorylation at Ser89. Nevertheless, the
elimination of the more slowly migrating forms of E1A proteins by phosphatase treatment
(Lyons et al., 1987, Richter er al., 1988; Tremblay ef al., 1989) strongly suggested that
phosphorylation at Ser89 is directly involved. Thirdly, tryptic peptide analysis of single
and double mutants suggested that phosphorylation of Ser89 seemed to be required for
the phosphorylation of Ser96 and perhaps additional sites on the T2 peptide. Thus the
increase in gel mobility of EIA proteins may be the due to phosphorylation at multiple
sites, and these phosphorylation events may all be dependent upon phosphorylation at
Ser89. Whether phosphorylation at Ser89 creates part of the recognition sequence for the
protein kinase that phosphorylates Ser96 or induces structural changes in the E1A proteins
such that Ser96, and perhaps other sites, become accessible to protein kinases is not clear,
The analysis of tryptic peptides on 2D-TLC is complicated by the fact that multiple
species for the T2 peptide were consistently detected. Multiple species representing a
single peptide have been described in the case of a tryptic peptide prepared from p130%%
M proteins (Weinmaster et al., 1984). The authors of this study proposed several
possibilitics to account for this phenomenon, and apart from partial proteclysis of the
protein they suggested that circularization of N-terminal glutamine resulted in the
production of the different isoforms of the peptide. The E1A T2 peptide, however, does

not contain N-terminal glutamine, and thus this possibility may be excluded. Multiple
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species can be attributed either to incomplete digestion by trypsin which would produce
a combination of T2, T1-T2, T2-T3, or T1-T2-T3 peptides which would all contain
phosphate. The short T1 peptide may not provide a good site for cleavage wt the N-
terminus as it represents only two amino acids at the N-terminus. In addition, a proline
residue is located just two amino acids from the T2-T3 cleavage site which may reduce
the efficiency of cleavage. In addition to such problems of trypsinization, it is also
possible that another type of post-translational modification of the T2 peptide exists which
could also alter the mobility of the T2 peptide. It is also possible that T2 is
phosphorylated at other sites that have thus far escaped detection. These sites would also
contribute to the pattern of multiple sr.cies. Phosphorylation of Ser89 could regulate
phosphorylation at other sites by causing a change in the subcellular localization of E1A
proteins, thus permitting exposure to a different array of kinases. In fact, it has been
shown in frog oocytes that the generation of the slower migrating ElA forms (i.c.
phosphorylation of Ser89) is required for the retention of EIA proteins in the nucleus
(Richter et al., 1985). These data may suggest that upon transport into the nucleus, E1A
proteins are phosphorylated at Ser89 by p34“*™, thus increasing nuclear retention and
susceptibility to phosphorylation by other nuclear protein kinases. However, this
hypothesis is hard to reconcile with the following: i) as determined by indirect
immunofluorence, E1A proteins from .+ and mutant Ad5 viruses were found in similar
distributions within the nucleus ; ii) only a fraction of EIA proteins are phosphorylated
on Ser89; iii) a precursor-product relationship exists between the faster and slower

migrating species which differ by phosphorylation at Ser89 (Branton and Rowe, 1985).
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In summary it appears that phosphorylation at Ser89 is independent of phosphorylation
at the carboxyl terminus and perhaps at the newly identified Ser132 site (S.Whalen,
unpublished data), but that it somehow regulates phosphorylation at Ser96 und other sites
in T2,

Another group using deletion mutants yielding E1A products lacking regions
containing the Scr89 and Ser96 sites and the site(s) between Ser227 and Ser237, reported
that phosphorylation in both regions could independently induce a mobility shift (Richter
et al., 1988). In these studies and others (S. Whalen, unpublished data), phosphorylation
toward the carboxyl terminus has been proposed to have some effect on gel mobility, but
not to be sufficient to induce the major shift in gel mobility. The experiments in the
present report differed from those of Richter er al. (1988) in that while the latter used
E!A proteins produced in vitro cither in a coupled transcription-translation system or after
microinjection of EIA mRNA into frog oocytes, the present studies used proteins
produced in vive in cells lytically infected with AdS. In addition, EIA products
containing deletions are known to have aberrant, and to some exteat unpredictable, gel
mobilitics (Egan er al., 1988), and it may therefore be inappropriate to compare the
“effects of phosphorylation of such molecules with those induced in full-length proteins.
" This discrepancy may also be explained by recent findings which indicated that in cells
containing high levels of cAMP, such as HeLa and KB cells, EIA proteins appear to be
hypo-phosphorylated in the carboxyl terminal sites. whereas in cells with low cAMP
levels (c.g. S49 cells) these sites are hyper-phosphorylated (Kleinberger ef al., 1990: S.

Whalen and P.E. Branton, unpublished results). Therefore cAMP appears to block
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phosphorylation of these carboxyl terminal sites, and/or to induce their dephosphorylation,
Thus decreased levels of cAMP in frog oocytes or in vitro translation mixtures could lead
to a hyper-phosphorylation of the carboxyl terminal region, producing what would scem
to be an alteration in gel mobility equivalent to the alteration in gel mobility seen from
infected HeLa or KB cells.

The present results could suggest that phosphorylation at Ser8Y induces
conformational changes in the ELA proteins such that electrophoretic mobility is altered.
There are many precedents for such an effect, including RNA polymerase I
(Bartholomew ef al., 1986; Cadena and Dahmuus, 1987), the anti-oncogene product from
the Rb-1 gene, pl05*®, (Buchkovich ¢f al., 1989; DeCuprio e al., 1989. Chen ¢t al.,
1989), p55"/* (Barber and Verma, 1987), nucleoplasmin (Cotien et al., 1986) and many
others. In some of these cases phosphorylation is thought to be cither o functionally
activating or inactivating event. The results presented in this report suggested that
phosphorylation of Ser89 may be an activating event.  Replacement of Ser89 with Asp
was found to partially mimic the presence of a phospho-serine residuce in that some shift
in gel mobility was observed. However, this substitution did not result in uny
phosphorylation of the T2 peptide, suggesting that phosphorylation of Ser89 and not
simply the presence of a negative charge is required for phosphorylation at Ser96 (or
other sites in T2). In addition, the presence of a Pro residue immediately following SergY
is required for its phosphorylation, suggesting that Ser-Pro is an important part of the
recognition sequence for the protein Kinase that acts on Seré9.

Previous studies had suggested that Ser96 is phosphorylated, but it was not
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possible 1o be certain from results obtained by phosphoamino acid sequencing (Tremblay
et al., 1988, 1989). Comparison of EIA phosphopeptide maps obtained using wr or the
Ala96 mutant revealed the absence of two T2 species, indicating clearly that Ser96 is
phosphorylated. Analysis of this mutant revealed that phosphorylation at Ser96 had little
effect on gel mobility and biological function of EJA products. Thus the role of this
phosphorylation event remains unknown,

EIA proteins produced from mutants containing AlaB9, Ala89Ala96, or
Ala90A1a96 were all less efficient at cooperating with cither EIB or Ha-ras in cell
ransformation, suggesting that the hyperphosphorylated form of E1/ proteins is the most
active in this type of assay. This phenotype could be partially rescued by replacing Alug9
with Asp. At physiological pH an Asp residue would supply a single negative charge
whereas 1wo would be produced by a phosphate group. Thus two ncgative charges may
be funcaonally more effective than one. The partial restoration of the shift in gel
mobility in this mutant also supports this idea.

In contrast to these studies Smith e al, (1989), have suggested that
phosphorylation at Ser89 affects the ability of the Ela polypeptides to repress the SV-40
enhancer. The discrepancy between this observation and the results presented here may
be due to the type of assay used. Whereas the present studies utilized infection of Hep-2
cells with recombinant viruses, which leads to a much greater efficiency of DNA uptake,
Smith ef al. (1989) wiilized a HeLa cell-based transient transfection assay.  All of their
mutants with the exception of one (Ser96 1o Gly). produced similar results suggesting thut

they were observing sccondary effects due to cither transfection differences, or squelching
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of enhancer-factors away from the SV-40 enhancer.  Another possible interpretation is
that HeLa cells provide a cellular environment which makes ELA proteins more sensitive
to perturbations in structure than do Hep-2 cells. The nature of these discrepancies cin
only be resolved after repeating the assays with cach mutant under identical conditions.

The Scr89 mutant produced wr levels of transcriptional activation from E1B, 132,
and E3 promoters. These data agreed in principle with those of Richter e al., (1988) and
Smith er al., (1989). However, considering recent results regarding the effects of ETA
on E2F activation and complex formation (Chellappan et al., 1991 Bagehi ef al., 1991,
Chittenden ef al., 1991) these assays should probably be carried out again using a system
that measures the activation and/or complex formation of the transcription factor EIF
more specifically.

The 10S and 11S EIA mRNAS are produced later during productive infections.
Their function during infection is not known, however, they are dispensable buoth for
growth in tissue culture and for cell transformation (Ulfendahl e al. 1987, Stephens and
Harlow, 1987). The studics in this report demonstrated that even though the 118 product
contains all of the putative transactivating domain it is only partially functional. In faet
it was unable to stimulate viral growth to any significant extent, These resulls were
surprising considering the levels of E1A, E1B, and E2a products detected after infection
with the 108118 virus. These data were in complete agreement with those of Ulfendahl
et al. (1987) and Stephens and Harlow (1987), suggesting that perhaps there is a threshold
of transcriptional activation that must be attained during infection and that the LIS

product can not attain this level carly cnough during infection. A more altractive
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hypothesis is that regions outside the transactivating domain are required to interact with
certain components of the transcriptional machinery and that these regions are deleted in
the 118 product. Thus this E1A product can only interact with a limited number of
cellular factors, resulting in poor growth of the virus. In fact, experiments which utilized
chimeric EIA molecules suggested that ElA activates transcription through the
association with cellular transcription factors (Lillie and Green, 1989; Martin et al., 1990).
It now seems clear that E1 A activates transcription through at leé.st two mechanisms, one
which involves the unique CR3 region (which is present in the 118 product), but also via
a sccond which involves E2F and the CR2 region of E1A proteins which is absent in the
I 1S product. The inability of the 10S11S virus to grow well on HeLa cells demonstrates
that there must be another region required for viral transactivation that is indispensable
for viral growth which is deleted in the 10S and 118 products,

It now seems apparent that substrates of p34°“?** include products of both viral
(McVey et al., 1989; Morgan et «l., 1989; Shenoy er al., 1989) and cellular (Hill er al.,
1990) oncogenes. Phosphorylation by p34°“* appears to significantly affect DNA
binding activity of the large T antigen of simian virus 40 (McVey et al., 1989) and to
have a small effect on protein tyrosine kinase activity of pp60™*™ (Morgan et al., 1989;
Shenoy ef al., 1989). With Ad5 E1A proteins, p34°“" appeared to phosphorylate two
sites which both resembled substrate consensus sequences (Fig. 3-24A). The functional
significance of phosphorylation at these sites is unknown. Although it is the major E1A
phosphorylation site, alteration of Ser219 has thus far not been found to affect any aspect

of viral replication or E1A-mediated transformation (Tsukamoto er al., 1988; Smith et al.,
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1989). As described above, however, phosphorylation of Ser89 by p34<“™ does seem
to have some regulatory role,

In conclusion, these studies demonstrated that phosphorylation of Ser8 induces
a major shift in mobility of EIA products on SDS-PAGE, due presumably 1o
conformational changes resulting from this event, This phosphorylation seems 1o increase
the ability of E1A products to cooperate with cither AdS EIB or activated c-Ha-ray in
transforming primary rat cells. Transforming activity was reduced two 1o three-fold in
mutants containing alanine residues in place of serine-89 and even though this reduction
in activity was modest, it was nonctheless entirely repreducible and statistically
significant.

It appears that all of the phosphorylation sites on E1A profeins have been
identified. It remains to be seen if modifications of multiple sites yield a more dramatic

phenotype than that observed for the Scr89 site.

1. SPECULATION ON THE ROLE OF E1A PHOSPHORYLATION.

At the conclusion of these studies the question still remains, "Why docs complex
differential phosphorylation of E1A proteins accur it plays no major role in reguliting
biological function?”. The answer may lie in the assays used 10 evaluate E1A Tunction
which at best, arc very crude. As we learn more about transcriptional activition the
assays used to evaluate EIA function and the role of phosphorylation will be further

refined.,
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E1A proteins are phosphorylated at residues found in regions which are thought
to be dispensable for transcriptional transactivation, cell transformation, and enhancer
repression (Tremblay er al., 1988, 1989). However, it now appears that other regions of
the molecule may be important for transactivation (reviewed in Braithwaite et al., 1991).
Also, in this study transactivation assays were performed in either KB or HeLa cells, the
same cells used to analyze E1A phosphoryiation. Thus the pattern of E1A phosphorylation
relative (o the biological assay system was known. In contrast, transformation assays
were done in rodent cells, thus begging the question, "Are E1A proteins phosphorylated
to the same exlent in rodent cells?”. The phosphorylation pattern of E1A polypeptides
can vary in different cell types (S. Whalen and P.E. Branton, unpublished results),
suggesting that the choice of cell for the assay could influence the outcome. Until a study
is compieted to determine the phosphorylation pattern in rodent cells, the role of
phosphorylation in E1A-mediated transformation will remain uncertain,

E1A transforming activity appears to result largely from the formation of
complexes with a number of cellular proteins, including p105/Rb-1, the product of the Rb-
{ wmor suppressor gene (Whyte er al., 1988; Egan er al., 1989). Previous studies
indicated that unphosphorylated E1A products synthesized in E. coli bind some of these
cellular proteins less efficiently than those made in vivo in infected cells (Egan er al.,
1987). Thus phosphorylation at Ser89 could affect transformation by altering binding
cfficiency. In addition, one of these cellular polypeptides is p60-cyclin A (Pines and
Hunter, 1990). Thus E1A proteins not only serve as substrates for p34°“*** but also

interact with one of its regulatory subunits. Furthermore, it has been proposed that
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p105/Rb-1 acts in the cell cycle to regulate entry into S-phase and that phosphorylation,
probably by a member of the p34°*? family may control this activity (Buchkovich ef al.,
1989; Chen et al., 1989; DeCaprio et al., 1989). By acting as substrates for p3d4edts,
EIA proteins could be involved in the creation of functional complexes which alter or
regulate p34*““** kinase activity, or in the enhancement of interactions between p342ie
and regulatory subunits or substrates. Preliminary studies with the Ala89 mutant indicated
a small decrease in the binding of pl05/Rb-1, pl07 or p300 (D. Barbeau, unpublished
results). However, more extensive quantitative studies will have to be carried out to

determine if phosphorylation at Ser89 does indeed have any affect on the formation of

these complexes.
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