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Summary.

The enteric adenoviruses show a restricted host range in tissue culture. Adenovirus
type 40 (Ad40) can not be péssaged in conventional human cell lines used for other
adenovirus serotypes, but will grow in cells constitutively expressing Ad2 or AdS E1B
55K function (KB16 & 293 cells respectively). Preliminary experiments showed that
Ad40 could also be propagated in INT407 cells which were not known to express El
proteins. The aim of the work described here was to characterise the growth of Ad40 in

INT407 cells by examining virus replication and gene expression compared to other

-permissive (KB16) and semi-permissive cell lines (HeLa & A549).

A timecourse of DNA replication confirmed that INT407 cells were permissive for
Ad40. The pattern of DNA replication was similar on KB16 and INT407 cells although
the yield from KB16 cells was slightly higher than INT407 cells; the lowest yield was
from HeLa. In addition INT407 cells could partially complement the growth of an Ad2/5
55K mutant virus. These results suggest that EIB 55K may be complemented or that the
requirement for SSK may vary in INT407 cells.

The kinetics of Ad40 growth were studied by fluorescent focus assay using a
monoclonal antibody against AdS hexon. Ad40 exhibited one hit kinetics on permissive
cells (INT407 & KB16) and two hit kinetics on semi-permissive cells (A549 & HeLa).
There was a marked difference in the number of productively infected cells between cell
types with fewer cells productively infected at 48h p.i. on semi-permissive cell lines.

The entry events of the Ad40 replicative cycle (i.e. attachment and internalisation)
were investigated to determine if any defects at this stage might contribute to the Ad40
growth phenotype on the different cell lines. A similar number of Ad40 particles attached
and were internalised on INT407 and HeLa cells. These results could not explain why

INT407 cells were more permissive for Ad40 growth than HeLa cells. In a parallel



experiment the attachment and internalisation of dl309 was found to be comparable to
Ad40 on these cell lines.

In order to explain the Ad40 growth phenotype in the different cell types E1B
gene expression was analysed by Northern blotting and S1 nuclease digestion on the
different cell lines. E1B 22S mRNA was observed at early times before the onset of DNA
replication in INT407 and KB16 cells, with the 14S mRNA predominantly late in
infection in these cell types. In HeLa cells E1IB mRNA was detected coincident with the
onset of DNA replication at much reduced levels. A similar pattern to HeL.a was seen on
A549 cells. The pattern of E1B transcription on INT407 cells was comparable to that
reported previously on KB16 cells which is similar to Ad12 with 14S, 22S and 9S
mRNA.

The lower levels of EIB mRNA and later detection in HeLa cells may indicate
that the transcription from the E1B promoter is inefficient or absent early in infection in
these cells. Even in permissive cells Ad40 E1B mRNA transcription is poor compared to
Ad5 which may indicate inefficient promoter usage. Therefore the Ad40 EI1B
transcriptional regulatory region in particular the Spl binding site was studied by gel
retardation assay. The ability of Ad40 and Ad2 GC box sequences (Spl binding sites) to
bind either partially purified Spl or proteins from INT407 and HeLa extracts were
compared. The Ad40 Spl binding site bound the Sp1 transcription factor but with lower
affinity than the Ad2.
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1. INTRODUCTION.

1.1. The Adenoviridae.
1.1.1. Classification.

The Adenoviridae family is divided into two genera, Mastadenovirus and
Aviadenovirus. The Mastadenovirus gehus includes: human, simian, bovine, equine,
porcine, ovine and canine viruses. Human adenoviruses were first discovered by Rowe et
al.,, (1953), in explants of adenoid tissue. There ane currently 47 serotypes of human

adenoviruses (Hierholzer et al., 1991) and possibly more, with-two candidate serotypes

| identified by Schnurr and Dondero et al., (1993). The human adenoviruses were

classiﬁcci into six subgenera (A-F) based on the following criteria: immunological
properties, oncogenicity in rodents, DNA homologies and morphological properties
(Table 1.1.1.). Human adenoviruses are associated with a number of infections including
respiratory, ocular, urinary and gastrointestinal, although symptoms are rarely fatal.
Adenoviruses are widely used as model systems in molecular biology, and their use as
important biological tools (reviewed in Horwitz, 1990) particularly as vectors in gene
therapy has been extensively reported (reviewed in Haddada er al., 1995). Much of our
current understanding of human adenoviruses comes from extensive studies with Ad2 and

the closely related AdS serotypes and this is reflected in the following sections.

1.1.2. Morphology.

Adenoviruses are nonenveloped, icosahedral particles, approximately 50-80nm in
diameter (Horne ef al., 1959). The virion has a dense central core comprising of a tightly
packed DNA-protein complex (Nermut, 1984) and an outer protein capsid (see Fig
1.1.1a.). The capsid is composed of 252 capsomers, consisting of 240 hexons (virion
protein II) on the facets and 12 penton bases (virion protein III) at the vertices (Ginsberg

et al., 1966). Fibre (virion protein IV) is noncovalently attached to each penton base.

1
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Figure 1.1.1a. A Schematic View of the Adenovirus Particle.

A schematic view of the adenovirus particle based on current understanding of its
polypeptide components and viral DNA. No real section of the icosahedral virion would

contain all these components. (Reproduced from Stewart and Burnett, 1995).

Figure 1.1.1b. A Diagram of the Icosahedral Adenovirus Capsid.

The 240 copies of the hexon trimer are organised so that 12 lie on each of the 20
facets. The penton complex formed from the penton base and fibre lies at each of the 12
vertices. The central 9 hexons in a facet are cemented together by 12 copies of polypeptide
IX. Dissociation of the virion releases the pentons, peripentonal hexons and the planar

groups-of-nine hexons. (Reproduced from Burnett et al., 1985 ).
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Hexon is the major structural component of the virus capsid,; it is a trimer of three
identical polypeptide chains (Grutter and Franklin, 1974; Akusjirvi et al., 1984) and its
structure has been solved to 2.9A resolution by X-ray crystallography (Athappilly et al.,
1994). The overall shape of the trimeric hexon molecule consists of a pseudo-hexagonal
base with a triangular top. With mild disruption of virions, hexons were subdivided
depending on their location in the capsid, into peripentonal hexons or groups of nine
hexons (GONSs) (see Fig 1.1.1b.). GONs make up the facets with peripentonal hexons the
link between the facets and pentons. The minor capsid protein, polypeptide IX was shown
to extend along hexon-hexon interfaces of GONSs and is involved in stabilising the capsid
(van Oostrum and Burnett, 1985; Furcinitti et al., 1989; Stewart et al., 1993). Hexon has
a complex array of antigenic determinants, including those with genus, type,
intersubgenus and intrasubgenus specificities (Norrby 1969a, b; Norrby and Wadell,
1969). Type-specific determinants of hexon have been demonstrated on the surface of the
virion (Willcox and Mautner 1976a, b; Toogood et al, 1992) and group-specific
determinants appear to be buried internally (Mautner and Willcox, 1974; Norrby, 1969a;
Willcox and Mautner, 1976a, b). |

| The complex of penton base and fibre polypeptide is called the penton capsomere.
The penton base is composed of five subunits (van Oostrum and Burnett, 1985; Furcinitti
et al., 1989; Stewart et al., 1993), and the fibre has been shown to comprise of three
subunits each of 62K (Devaux et al.,, 1990; Stouten et al,, 1992). The fibre consists of
three domains (Green et al., 1983), the amino terminal tail that interacts with the penton
base, an intervening shaft region and the carboxy terminus which contains type-specific
antigenic determinants and is responsible for binding to the cell surface receptor
(Pettersson et al., 1968; Hughes and Mautner, 1973; Devaux et al., 1990; Ruigrok et al.,
1990; Louis et al 1994). Most human adenoviruses have one fibre gene with the
exception of Ad40 and Ad41 which have two. These fibre genes encode proteins of
different shaft length and different knob sequence (Pieniazek et al, 1989; Kidd and
Erasmus, 1989; Kidd et al., 1990, 1993; Davison et al., 1993; Yeh et al., 1994).



The virion proteins IIla, VI, VIII and IX are also associated with the major capsid
proteins and are thought to act as "cement proteins"” interacting with each other, hexons,
pentons and possibly some of the core proteins (Stewart et al., 1993).

The core consists of genomic DNA tightly complexed with two highly Basic
proteins, virion proteins VII and V, also associated are the virion proteins VI and p
(Russell and Precious, 1982). Protein V also binds penton base and is associated with
protein IIa (Everitt ef al., 1975). The organisation of adenovirus DNA inside the capsid
is not well understood. It has been suggested that the DNA is organised into 12 globular
domains (Brown et dl., 1975; Newcombe et al., 1984), which would fit into the 12
vertices of the icosahedral capsid of the virus. A second model, involves the DNA wound
around protein VII in the form of nucleosomes (Corden et al., 1976; Chatterjee et al.,
1986). Wong and Hsu (1989) suggested the viral DNA is organised into eight supercoiled
loops, which are anchored to the centre of the virus core. This model was consistent with

the results of Brown et al., (1975) and Newcombe et al., (1984). .

1.1.3. Genome Structure.

The adénovirus genome consists of a linear double stranded DNA molecule. The
deoxycytidine at the 5' end of each strand is covalently linked to a 55K terminal protein
(TP), through a serine phosphoryl bond (Robinson et al,, 1973; Rekosh et al., 1977,
Desideiro and Kelly, 1981). This protein is generated late in infection by the action of a
virus protease (Webster et al., 1993), on an 80K precursor terminal protein (pTP). The
ends of the virus genome have an inverted terminal repetition (Garon et al., 1972;
Wolfson and Dressler, 1972). The inverted terminal repeats (ITRs) of human
adenoviruses vary in length from 102 to 165bp, depending on the serotype (Tamanoi and
Stillman, 1983; Shinagawa et al., 1987). Located within the first S1bp of the ITR is the
origin of DNA replication. The terminal 18bp represent a minimal origin of DNA
replication and contained within this is a 10bp region (nt 9 to 18), which is highly
conserved among different adenovirus serotypes (Stillman et al., 1982; Tamanoi and

Stillman, 1983; Wides et al., 1987; Harris and Hay, 1988). This minimal origin has been
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found to bind a heterodimer of the virion proteins, pTP and adenovirus DNA polymerase
(Miralles et al., 1989; Chen et al., 1990; Temperley and Hay, 1992). Separated from the
minimal origin by a defined spacer region (Wides et al., 1987), are binding sites for two
host cell proteins, these factors stimulate the initiation of replication by different
mechanisms (reviewed in Hay et al., 1995; van der Vliet, 1995), and will be discussed in
more detail in section 1.1.4.3.

The complete nucleotide sequences for four human adenoviruses are now
available: Ad2 (Roberts et al., 1986), Ad5 (Chroboczek et al., 1992), Ad40 (Davison et
al., 1993) and Ad12 (Sprengel et al, 1994). The organisation of the Ad2 genome
(35,937bp) is shown in Figure 1.1.2. By convention the genome is divided into 100 map
units (m.u.) and the two strands denoted r and 1 for ﬁghtward and leftward transcription;
genes are expressed from both strands. The viral genes are expressed in two broadly
defined phases which are termed early and late, separated by the onset of DNA
replication; a few genes are expressed at intermediate times (reviewed in Akusjirvi et al.,
1986). E1A genes are the first to be expressed during infection and are sometimes
referred to as "immediate early” genes (Berk, 1986). The late genes are transcribed from
the same promoter, the major late promoter (MLP). All the major late mRNAs have a
common 201nt long 5' leader sequence which consists of three short exons (Berget et al.,
1977; Akusjdrvi and Pettersson, 1979; Shaw and Ziff, 1989). The replication cycle can
therefore really be divided into four stages: Immediate Early, Early, Intermediate and

Late.

1.1.4. The Lytic Cycle.
1.1.4.1. Viral Entry into Cells.

This section outlines how adenoviruses enter cells, however a more detailed
description of attachment and internalisation can be found in section 1.2. Initial
attachment of adenoviruses is mediated by the fibre protein (Philipson et al., 1968; Henry
et al., 1994; Louis et al., 1994). Although the cell receptor is unknown, some candidate

cellular proteins have been shown to bind fibre (Hennache and Boulanger, 1977;
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Figure 1.1.2. Organisation of the Ad2 Genome.

The parallel lines indicate the linear duplex DNA genome, which is divided into 100
map units (m.u.). Rightward and leftward transcription is indicated by r and 1, respectively.
Vertical brackets indicate position of promoter sites and the arrow heads show the location
of 3' ends. The split arrows indicate the spliced structure of the mRNAs. Thick lines
represent mRNAs expressed early after infection and thin lines mRNAs expressed at
intermediate times. The open arrows show sequences present in mRNAs expressed late
after infection. Polypeptides assigned to different regions are also shown (Reproduced from

Akusjérvi and Wadell, 1993).
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Svensson et al., 1981; Belin and Boulanger, 1993). Adenoviruses from subgroups B and
C use different cell receptors for virus attachment (Defer et al, 1990; Di Guilmi et al.,
1995; Stevenson et al., 1995; Gall et al., 1996).

After attachment to the fibre receptor, virus particles are rapidly internalised into
clathrin-coated pits by receptor-mediated endocytosis (Chﬁdonnet and Dales, 1970;
Fitzgerald et al., 1983; Varga et al., 1991). The fibre protein dissociates from the virion
patticle early in the entry pathway (Greber et ‘al., 1993). In Ad2, internalisation is
mediated by the penton base protein binding to specific av integrins (Wickham et al.,
1993; Bai et al., 1993).

Viral particles penetrate into the cytoplasm from endosomes, this process requires
a low pH environment as agents which block this environment (in endosomes) also block
adenovirus release into the cytoplasm (Blumenthal et al., 1986; Greber et al., 1993).
Stepwise uncoating of the viral particle continues through the cytoplasm (Greber et al.,
1993). When virions reach the nucleus, the viral core (DNA and virion proteins: V, VII,
TP and p) enters via nuclear pores leaving many of the other virion proteins in the

cytoplasm (Morgan et al., 1969; Chardonnet and Dales, 1970; Greber et al., 1993).

1.1.4.2. Transcription.

The adenovirus genes are transcribed from nine initiation sites by cellular RNA
polymerase II (Price and Penman, 1972), except for VA (virus associated) RNAs which
are transcribed by RNA polymerase III. Transcription occurs in a temporally regulated
manner (Nevins et al., 1979; Glenn and Ricciardi, 1988) in the nucleus of the infected
cell. Early genes are grouped in six transcription units ( E1A, E1B, E2A, E3, E4 and L1
early). The first genes expressed are from the E1A region and are referred to as
‘immediate early'. The larger E1A gene product (289R) transactivates the other early
transcription units and prepares the cell for efficient viral DNA replication. At
intermediate times, close to the onset of DNA replication, intermediate genes are
transcribed (ppIX, IVa2, VAI RNA and VAII RNA). Following DNA replication the late

genes (L1-L5) are transcribed and these encode mainly viral structural proteins.



Early Transcription

E1A genes are expressed from the r-strand (see Figure 1-.1.2) and are situated
between 1.5-4.5 m.u. in Ad2 (Jones and Shenk, 1979b). There are five known E1A
mRNAs (Berk and Sharp 1978; Chow et al., 1979; Stephens and Harlow 1987; Ulfendahl
et al., 1987), named: 13S, 128, 118, 10S, and 9S based on their respective sedimentation
coefficients. They share 5' and 3' ends but are differentially spliced (see Fig 1.3.1.). The
two larger mRNAs, 13S and 128, are the predominant species early in infection, whilst
the 9S mRNA is the most abundant at late stages after infection (Spector et al., 1978;
Chow et al 1979). Proteins of 243 and 289 amino acids (243R & 289R) are transcribed
from 12S and 13S mRNAs, respectively. These proteins differ by an internal 46 amino
acids region, present only in the 289R protein (Perricaudet et al., 1979). The larger
protein is primarily responsible for transactivation and induces the transcription of other
early regions (Jones and Shenk 1979b; Ricciardi et al,, 1981; Montell et al.,, 1982;
reviewed in Berk 1986). The E1A region is described in more detail in section 1.3.

The E1B transcription unit lies downstream of the E1A region on the r-strand
between 4.6-11 m.u. (in Ad2). A more detailed description of structure and function from
this region can be found in section 1.4. The E1B region produces two major mRNAs 22S
and 13S, sharing common 5' and 3' ends (Berk and Sharp 1978); both these mRNAs are
derived from a common precursor mRNA by alternative splicing (Pettersson et al., 1983).
The 22S mRNA codes for a 19K protein using the first AUG and a 55K protein in a
different reading frame via the second AUG, in addition the 13S mRNA also encodes the
19K protein (Bos et al., 1981). In AdS, 22S mRNA is most abundant at early stages after
infection, whereas 13S levels increase at intermediate times (Glenn and Ricciardi, 1988).
Two minor mRNAs 14S and 14.5S have also been described, they are similar to 13S
mRNA but have an additional third exon (Virtanen and Pettersson, 1985). These mRNAs
encode the 19K protein and 55K related proteins (Anderson et al., 1984; Virtanen and
Pettersson, 1985).

Along with these mRNAs, a 9S species is transcribed from its own promoter

within the E1B region. It encodes the structural polypeptide IX which is associated with
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the capsid (Furcinitti ef al., 1989; Stewart ez al., 1993), and is expressed at intermediate
times after infection. |

The E2 region is transcribed from the 1-strand and lies between 75.4 and 11.3 m.u.
(Chow et al., 1979). It varies from other adenovirus transcription units by using two
alternative promoter sites, at different times in infection. Transcripts from the E2 region
use one of two polyadenylation sites (poly-A), generating two major classes of mRNAs:
E2A or E2B mRNAs. Early in infection E2A transcripts are expressed from a promoter at
75.4 m.u. and following the early to late phase transition ﬁlRNAs are transcribed from a
promoter at 72.2 m.u. (Nevins et al., 1979; Glenn and Ricciardi, 1988). The E2A mRNAs
terminate using the poly-A site at 62.4 m.u., whereas E2B mRNAs bypass this poly-A
site and terminate at 11.3 m.u. (Stiliman et al., 1981).

The E2A gene encodes a 72K single-stranded DNA binding protein (DBP) (Lewis
et al., 1976). DBP is essential for viral DNA replication (Rice and Klessig, 1985; Stuvier
and van der Vliet, 1990; Mul and van der Vliet, 1993) and is involved in the regulation of
viral gene expression (Klessig and Grodzicker, 1979; Babich and Nevins, 1981). DBP
also regulates its own synthesis and can enhance transcription from the E1A, E2 (early)
and major late promoters (Morin et al., 1989; Zijderveld et al., 1994).

Three mRNAs are transcribed from the E2B region (Stillman et al., 1981; Shu et
al., 1988). The proteins pTP and adenovirus DNA polymerase (Adpol) have been
assigned to two of these mRNAs, and they are both required for the initiation of
adenovirus DNA replication. The 80K protein pTP acts as a primer for DNA replication
(Smart and Stillman, 1982; Salas, 1991). This protein is cleaved by the 23K viral protease
late in infection, resulting in the 55K terminal protein (TP) (reviewed in Challberg and
Kelley, 1989; Hay et al., 1995). The 140K protein Adpol is required for initiation and
elongation in DNA replication (see Hay et al., 1995; van der Vliet, 1995 and references
therein ).

The E3 region is transcribed from the r-strand between 76.8 and 85.9 m.u. This
region is not essential for adenovirus replication in tissue culture cells, it is however
conserved among adenovirus serotypes (reviewed in Wold et al., 1995) indicating it has

an important role in vivo. There are approximately nine overlapping mRNAs which arise
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by alternative splicing of a common pre-mRNA precursor, and are polyadenylatcd at one
of two sites E3A or E3B. (Chow et al, 1979; see Wold et al., 1995 and references
therein). Subgroup C adenoviruses are predicted to encode nine proteins, seven of which
have been identified, but functions have been assigned to only five proteins so far
(reviewed in Wold et al., 1995; Tollefson et al., 1996).

E3 proteins are involved in modulating the host immune response to adenovirus
infection, by a number of different mechanisms. One of these involves the E3 19K
glycoprotein (gp19K) an abundant transmembrane protein which is retained in the
endoplasmic reticulum (ER) (Pdibo et al, 1987). In the ER gp19K binds to Class I
antigens of the major histocompatibility complex (MHC) and thus interferes with their
transport to the cell surface (Sester and Burget, 1994). Class I antigens complex with viral
peptides at the cell surface and act as a signal for virus- specific cytotoxic T lymphocytes
(CTL) to lyse the infected cell. The result of the retention of Class I antigens in the ER is
that cells are protected from lysis by adenovirus specific CTL (Burget et al., 1987; Cox et
al., 1991).

The second mechanism involves E3 proteins (14.7K, 14.5K and 10.4K), which
protect adenovirus infected cells from cytolysis by tumour necrosis factor (TNF). TNF is
a cytokine secreted by activated macrophages, which is involved in the inflammatory and
immune responses. Adenovirus infected cells are sensitised to TNF cytolysis by E1A
(Duerksen-Hughes et al., 1989). Two 'sets' of E3 proteins act independently to inhibit
cytolysis induced by TNF: 14.7K which has a more dominant role (Tollefson and Wold,
1988; Horton et al., 1991; Ranheim et al., 1993), and the 104K with 14.5K which
function as a heterodimer complex protecting some cell lines (in the absence of 14.7K)
(Tollefson et al., 1991). E1B 19K protein is another adenovirus protein that prevents TNF
cytolysis (Gooding et al., 1991). The 10.4K/14.5K protein complex also downregulates
the epidermal growth factor receptor (EGF-R) in adenovirus infected cells (Tollefson et
al., 1991), resulting in the internalisation of EGF-R via endosomes and its subsequent
degradation. The 10.4K protein alone is able to down regulate the insulin receptor and

insulin growth factor I receptor (Kuivinen et al., 1993). In addition, reports suggest that



the 10.4K and 14.5K proteins also downregulate E1A protein levels; this is thought to
occur via interference with the translation of ELA mRNA (Zhang et al., 1994).

The 11.6K protein is a glycoprotein which is located largely at the nuclear
membrane (Scaria et al., 1992). Recently the 11.6K protein has been shown to be
required for efficient cell death or lysis of infected cells and as such the 11.6K protein is
also known as the adenovirus death protein (ADP) (Tollefson et al., 1996). The functions
of the 6.7K and 12.5K proteins are not known (see Wold et al., 1995 and references’
therein).

The E4 transcription unit lies on the 1-strand between 91.3-99.1 m.u. (see Fig
1.1.1.). Through extensive alternative splicing from a primary transcript, up to 24
mRNAs can be produced, encoding at least ten proteins (Freyer et al., 1984; Tigges and
Raskas, 1984; Virtanen et al, 1984). Transcripts from this region are temporally
‘regulated in infection (Tigges and Raskas, 1984; Ross and Ziff, 1992; Dix and Leppard,
1993). The E4 promoter is activated by the E1A proteins and inhibited by the DBP
(Handa et al., 1983). The E4 region is predicted to encode seven different proteins; five
are produced from ORFs colinear with the viral DNA (ORF1, 2, 3, 4, 6 and 7) and two
are created by splicing of the primary transcript (ORF 3/4 and 6/7) (Freyer et al., 1984;
Virtanen et al., 1984). Five of these proteins (ORF 2 3, 4, 6 and 6/7) have been detected
in Ad5-infected cells, with the later four having functions assigned to them (Sarnow et
al., 1982a; Downey et al., 1983; Cutt et al., 1987; Bridge et al., 1993; Dix and Leppard,
1995).

The ORF 3 gene product (11K) is associated with the nuclear matrix (Sarnow et
al., 1982a; Downey et al., 1983). Mutations in ORF 3 affect viral DNA replication, late
gene expression and shut-off of host cell protein synthesis (Halbert er al.; 1985; Bridge
and Ketner, 1989; Huang and Hearing, 1989; Ketner et al., 1989).

OREF 6 encodes a 34K protein which can be found physically associated with the
E1B 55K protein or uncomplexed (Sarnow et al., 1984; Cutt et al., 1987). Disruption of
the E1B 55K/E4 34K complex, resulting in the absence of either or both of these proteins,
causes defects in late viral mRNA accumulation and transport, and delays in viral DNA

replication (Babiss et al, 1985; Halbert et al., 1985; Pilder et al., 1986; Bridge and
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Ketner, 1990). The complex is located in the nucleus of infected cells and is associated
with viral inclusions that are thought to be sites of DNA replication and transcription
(Omnelles and Shenk, 1991). Transcripts from this region (ORF 6) differ from other E4
mRNAs by the retention of an intron (Dix and Leppard, 1993). ORFs 3 and 6 are required
for efficient expression of mRNA from the major late transcription unit. The proteins
have redundant activities and expression of one is sufficient for major late mRNA
accumulation (Bridge and Ketner, 1989; Huang and Hearing, 1989). They regulate late
mRNA accumulation by stimulating constitutive splicing and the two proteins have been
shown to have opposite effects on the accumulation of alternatively spliced mRNAs
(Nordqvist et al., 1994). |

Muller et al., (1992) have shown that the ORF 4 gene product (14K) regulates the
phosphorylation of certain viral and cellular proteins. Bridge et al. (1993) found that the
proteins expressed from E4 ORF 3, 4 and 6 interact to affect viral DNA replication, with
ORF 4 having a negative effect on DNA synthesis.

The E4 ORF 6/7 is generated from the fusion of ORFs 6 and 7 by mRNA splicing
(Cutt et al., 1987). This mRNA encodes a 19.5K protein, which is found in the nucleus of
infected cells. The 19.5K protein was shown to physically interact with the transcription
factor E2F and facilitate the formation of a stable DNA-protein complex on the E2

promoter (reviewed in Nevins, 1995).

Intermediate and Late Transcription

The transcription unit encoding virion polypeptide IX (ppIX) lies within the E1B
region (Wilson et al., 1979). The mRNA is transcribed from its own promoter but is 3'
coterminal with EIB transcripts (Alestrom er al, 1980); it is the only unspliced
adenovirus mRNA. The ppIX gene is referred to as an intermediate gene as it is expressed
before other structural proteins are detected (Spector et al., 1978). However viral DNA
replication was shown to be required for maximal expression (Vales and Darnell, 1989
and references therein).

The IVa2 gene is located between 11.3 and 16 m.u. and is transcribed from the 1-

strand; the transcripts share a polyadenylation site with E2B mRNAs. IVa2 is located in
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the nucleus (Lutz et al., 1996). The DEF-B protein complex which binds the downstream
element (DE) of the MLP was found to comprise of a homodimer of the IVa2 gene
product (Tribouley et al, 1994; Lutz et al, 1996 and references’therein). The IVa2
protein was also shown to be a component of the DEF-A heteromeric complex which also
binds the MLP. The IVa2 protein is required but not sufficient for late phase specific
activation of the MLP (Tribouley et al., 1994). Winter and D'Halluin, (1991) have shown
that IVa2 is present in assembly intermediates. Recently the L1 52/55K protein has been
found in complex with IVa2 (Gustin et al., 1996) and was also found in ass;mbly
intermediates (Hasson et al., 1992), whether the interaction of these proteins is required
for a step in assembly has still to be determined.

The Ad2 genome encodes the virus-associated (VA)I RNA and VAII RNA each
about 160nt long (reviewed in Mathews and Shenk, 1991; Mathews, 1995). They are
located at approximately 30 m.u., are transcribed from the r-strand by RNA polymerase
III and accumulate to high levels in the cytoplasm of infected cells (Weinman et al.,
1976). Most human adenoviruses have two VA genes except for those of subgenera A, F
and some of B, which have only one (VAI RNA) (Ma and Mathews, 1993; Kidd and
Tiemessen, 1993; Ma and Mathews, 1996). VAI RNA is required for efficient late protein
synthesis in infected cells. VAI RNA binds to and inactivates the interferon-induced
dsRNA-activated protein kinase (DAI) (Kitajewski et al, 1986). This kinase
phosphorylates the protein synthesis initiation factor eIF-2a, which results in the
inhibition of protein synthesis. Therefore the inactivation of DAI by VAI RNA
counteracts this cellular defence mechanism and allows the synthesis of proteins to
proceed (reviewed in Mathews, 1995). VAI RNA is the predominate VA RNA, but VAII
RNA has also been shown to suppress DAI activation, albeit less effectively .

At late times after infection, most mRNAs are transcribed from the major late
promoter (MLP), which is located at 16.8 m.u. on the r-strand (Shaw and Ziff, 1980). The
major late transcription unit (MLTU) consists of a primary transcript alternatively spliced
to give 5 families (L1-L5), with each transcript within a family having 3' coterminal ends.
All mRNAs from the MLTU are transcribed from the MLP and have a common 201nt §'

leader sequence, the tripartite leader. Although the MLP is active during the early phase
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after infection, its activity is strongly increased after the onset of viral DNA replication
(Shaw and Ziff, 1980). L1 mRNA is made early in infection; after DNA replication
mRNA is expressed from all five families (Shaw and Ziff, 1980).

DBP increases transcripton from the MLP (Zijderveld et al., 1994), by enhancing
the binding of USF (cellular protein, upstream stimulating factor) to its recognition site
upstream of the MLP. This is thought to occur not by direct binding of USF to DNA, but
as a result of structural changes to the binding site induced by DBP.

Sequence elements located downstream of the MLP start site have been identified
and shown to be involved in activation of late transcription (Mansour et al., 1986; Leong
et al., 1990). Two main sequence elements have been identified (DE1 and DE2) together
with the transcription factors which interact with these sites. The heteromeric protein
DEF-A binds DE1 and the 3' portion of DE2 (Jansen-Durr et al., 1989; Mondesert et al.,
1992), while DEF-B (a homodimer of IVa2) interacts with the 5' part of DE2 (Mondesert
et al., 1992; Tribouley et al., 1994). Proteins which bind DE elements cooperate with
factors bound to upstream elements in order to achieve maximal MLP activity
(Mondesert et al., 1992).

Studies have shown that the polyadenylation (poly-A) sites L1 and L3 contain cis-
acting elements necessary to elicit a temporal switch in poly-A site use (Dezazzo et al.,
1991). The L1 poly-A site is weak in comparison to L3, differences in processing
efficiencies are thought to be one of the factors involved in the early to late MLTU poly-
A site processing switch mechanism. Prescott and Falck-Pedersen (1994) have identified
a sequence element (A-rich) involved in the different processing efficiencies between the
L1 and L3 poly-A sites.

The L1 region encodes three proteins; the 52, 55 kilodalton (52/55K) proteins and
the IITa protein. The 52/55K proteins are produced at early and late times in infection,
while IIla is expressed late (Akusjdrvi and Persson, 1981; Kreivi and Akusjérvi, 1994).
Protein IIla is a structural polypeptide (Boudin et al., 1980) associated with hexons. The
52/55K proteins are required for assembly of virions (Hasson e al., 1992). They are
present in empty capsids, assembly intermediates and young virions, but not in mature

virions. L1 early mRNA differs from other major late mRNAs by the presence of an
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additional leader (i) which is spliced between the second and third exons of the tripartite
leader (Akusjérvi and Persson, 1981). This i leader inclusion is facilitated by E4 ORF3
(Nordqvist et al., 1994).

L2 region encodes virion proteins pIIl, pVII, pV and protein X (precursor for the
u protein) (Anderson et al., 1989; Russell and Kemp, 1995).

The L3 region encodes protein pVI, hexon and the 23K protease. This protease
specifically cleaves six virion proteins: pIlla, pVI, pVIl, pVII, X and pTP (Webér,
1976). The 23K protease cleaves the structural precursors and renders mature virions
capable of initiating an infection. The protease is present at approx. 10 copies per virion
(Anderson, 1990). Activation of the protease requires interaction with a disulphide linked
peptide derived from the C-terminus of protein pVI (Webster et al., 1993; Mathews and
Russell, 1995). The mature VI protein has been shown to interact with hexon (Mathews
and Russell, 1994). The pVI protein is proteolytically cleaved to mature VI via an
intermediate stage iVI. The interaction of VI and hexon increased during each maturation
step indicating that each cleavage event was facilitating a stronger interacti_on.

The L4 region encodes three proteins, a structural protein VIII and two non-
structural proteins of 100K and 33K. The 100K protein is involved in the assembly of
hexon into trimers (Cepko and Sharp, 1983) and necessary for the efficient initiation of
translation of late mRNA (Hayes et al., 1990). Riley and Flint (1993), showed that this
process involves binding to RNA.

L5 region codes for the fibre protein. A substantial fraction (30%) of fibre
mRNAs, in addition to the tripartite leader, have various combinations of three ancillary

leader sequences (x, y and z) (Uhlen et al., 1982).

1.1.4.3. DNA Replication.

Three viral proteins are essential for adenovirus DNA replication: terminal protein
precursor (pTP), adenovirus DNA polymerase (Adpol) and DNA-binding protein DBP,
which are all encoded by the E2 transcriptional unit (reviewed in Hay et al., 1995; van
der Vliet, 1995). DNA replication initiates at either end of the molecule and proceeds

unidirectionally by a strand displacement mechanism. In this first stage, initiation and
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elongation 6ccur with one strand as template, while the nontemplate strand is displaced as
a single strand, this process is termed Type I replication. Subsequently the displaced
strand is replicated (Type II replication). The ITRs base pair to form a 'panhandle’'
structure which serves as an origin for replication for the second strand (reviewed in
Challberg and Kelley, 1989; Hay and Russell, 1989; Stillman, 1989). Initiation of
adenovirus DNA replication differs from other eukaryotic DNA viruses, but is similar to
Bacillus subtilis bacteriophage ¢$29; both use a protein as a primer for initiation (reviewed
in Salas, 1991). Initiation of replication at either terminus occurs via the formation of a
phosphodiester bond between pTP serine residue 580 and the first nucleotide dCMP
(Smart and Stillman, 1982). It is the 3' OH group of pTP-dCMP which functions as the
protein primer for elongation by Adpol (via strand displacement). Adpol and pTP form a
heterodimer (pTP-pol) which recognises the core origin in the ITR, this complex
catalyses the formation of pTP-dCMP.

Two cellular transcription factors also function to enhance the efficiency of the
initiation of DNA replication, the NFI or CAAT transcription factor and NFIII or octamer
binding protein (reviewed in Challberg and Kelley, 1989; Hay et al., 1995; van der Vliet,
1995). These proteins bind to two adjacent sites in the ITR near the core origin, called the
auxiliary region and their effect is dependant on the level of pTP-pol complex present
(Temperley and Hay, 1992). NFI binds as a .dimer to its recognition site (next to the core
region) and interacts with the pTP-pol heterodimer (Dekker et al., 1996). This interaction
acts to stabilise the initiation complex at the template and correctly positions pTP-pol at
the site of initiation (Chen et al., 1990; Mul and van der Vliet, 1992; Armentero et al.,
1994). NFIII is a member of the POU family of transcription factors, it stimulates
initiation of DNA replication at the octamer element (adjacent to the NFI site in the
auxiliary region) and this is thought to occur via a direct interaction between the pTP-pol
complex and the octamer element (Coenjaerts et al., 1994).

DBP has a stimulatory effect on initiation and that is to increase the binding of
NFI to its recognition site (Cleat and Hay, 1989; Stuvier and van der Vliet, 1990). DBP
also stimulates initiation by lowering the Km of the formatidn of the initiation complex

(Mul and van der Vliet, 1993). This protein is absolutely required for elongation, during
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which it increases the rate of synthesis and processivity of Adpol and covers the displaced
strands (Lindenbaum et al., 1986). It has been shown that DBP has helix destabilising
properties (Zijderveld and van der Vliet, 1994) which could assist in strand displacement
during replication. The crystal structure of the DNA-binding domain of DBP has been
determined (Tucker et al., 1994), and was found to have a 17 amino acid C-terminal
extension that hooks onto neighbouring molecules and thus forms a protein chain. Tucker
et al.,, (1994), proposed that single stranded DNA is wound around a protein core of

interacting DBP molecules.

1.1.4.4. Virion Assembly.

The first step in the assembly of adenovirus particles is the formation of
capsomers from single polypeptides of hexon, penton base and fibre in the cytoplasm.
The capsomers are transported to the nucleus where they assemble to form the capsid
structure (reviewed in D'Halluin, 1995), a process that involves structural and non
structural proteins (see Fig 1.1.3.). The assembly of the virus particle continues through
several ordered stages. (see Fig 1.1.3.). Subsequently, DNA enters the capsid, an event
which is mediated by a packaging sequence located at the left-hand end of the
chromosome (reviewed in Schmid and Hearing, 1995). The encapsidation of the genome
is polar and begins with the left end of the viral DNA. The L1 52/55K protein is present
in assembly intermediates and is thought to act as a scaffold protein in encapsidation
(Hasson et al., 1992). The next stage in assembly invol\}cs the entry of the core proteins
forming a young virus particle. The final step is the action of the L3 virus coded 23K
protease which cleaves six precursor viral proteins (Weber, 1976; Webster et al., 1993),

resulting in the formation of an infectious mature virus particle.
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Figure 1.1.3. Adenovirus Assembly Pathway.

The four stages of virus assembly; light intermediates, heavy intermediates, young
virions and mature virions are shown (top). The polypeptides only present in some

structures are also shown (below). (Modified from D'Halluin, 1995).



1.2. Attachment And Internalisation.
1.2.1. Attachment.

The initial contact between adenovirus and the host cell is mediatgd by the fibre
protein, which binds to cell surface receptors (Philipson et al., 1968). This was shown in
competition assays, where pretreatment of cells with purified fibre protein blocked the
subsequent attachment of virus (Philipson et al., 1968; Wickham et al., 1993). The cell
binding domain resides within the globular head of the fibre molecule at the C-terminus
(Philipson et al., 1968; Henry et al., 1994; Louis et al., 1994). The number of adenovirus
receptor sites on HeLa and KB cells has been estimated to be approximately 5,000 to
10,000 per cell, and the number of receptor sites for fibre protein are one order of
magnitude higher at 105 per cell (Philipson et al., 1968; Hughes and Mautner, 1973). This
suggested that the virus undergoes multivalent binding at the cell membrane.

The identity of the cellular receptor is unknown at present, although some cellular
proteins have been shown to bind fibre (Hennache and Boulanger, 1977; Svensson et al.,
1981; Defer et al., 1990; Belin and Boulanger, 1993; Di Guilmi et al., 1995). Hennache
and Boulanger (1977) used affinity columns consisting of penton base and fibre such that
the C-terminus of the fibre protein was oriented outwards. These authors identified three
polypeptides from KB cell membranes that recognised Ad2 fibre (78K, 42K and 34K),
furthermore these proteins could inhibit Ad2 attachment to KB cells. Svensson et al.,
(1981), showed that two glycoproteins of 40K and 42K could be purified from HeLa
membranes using Ad2 virions immobilised on wheatgerm agglutinin columns. It is not
known if the 42K species corresponds to that previously identified by Hennache and
Boulanger (1977). In addition Belin and ﬁoulanger (1993), identified three proteins of
130K, 60K and 44K, from HeLa cell membranes, that bound with Ad2 virions in cross
linking experiments. These proteins also bound antibodies to fibronectin and vitronectin
receptors, and these authors suggested that extracellular matrix proteins and Ad2 may
recognise similar adhesion sequences on the cell membrane. In an overlay protein binding
assay Ad3 virus and Ad3 fibre bind a 130K protein from HeLa cells. (Di Guilmi et al.,
1995).
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Although the cell receptor has not been identified there is evidence that
adenoviruses from subgroups B and C use different receptors (Defer et al., 1990;
Stevenson et al., 1995). Defer et al., (1990) showed that purified fibres from Ad2
(subgroup C) did not efficiently block the infection of A549 or KB cells by Ad3
(subgroup B). Also, in affinity blotting experiments with immobilised proteins from KB
membranes, probing with either Ad2 or Ad3 virus particles revealed different patterns of
affinity-labelled proteins from the two viruses. One major protein species of 47K was
detected with Ad3, this protein could not be displaced by Ad2 fibre. Many proteins were
observed that bound to Ad2 ranging from 15K to 130K. These proteins could be divided
into two groups, based on their ability to bind Ad2 fibre. The cellular proteins described
by these authors were also thought to be possible cellular receptor sites. Recently,
Roelvink et al., (1996) has shown that Ad2 and Ad9 (subgroup D) can use the same
cellular fibre receptor, but the binding strategies for attachment are different. Stevenson et
al., (1995) found that two adenoviruses (Ad3 and AdS) representing subgroups B and C,
bound different cell receptors and that this interaction occurred via the fibre head domain.
Furthermore, using chimeric fibre proteins in which the Ad3 and AdS head domains were
interchanged resulted in the alteration of receptor specificity (Stevenson et al., 1995). A
similar approach was carried out by Krasnykh et al., (1996) where an AdS vector was
created with chimeric fibres consisting of Ad5 tail and shaft with an Ad3 knob domain.
This virus also displayed an altered receptor recognition. Recently the tropism of AdS
has also been shown to be altered by exchanging the fibre with that of Ad7 (Gall et al.,
1996). These modifications may facilitate a more efficient use of adenoviruses in areas
such as gene therapy, where specific cell type targeting would be beneficial.

Most of the discussion so far has concentrated on subgroup B and C adenoviruses
which have one fibre protein, however subgroup F viruses have two.ﬁbre genes encoding
proteins of different sequence and shaft length (Kidd and Erasmus, 1989; Pieniazek et al.,
1989, 1990; Kidd et al, 1990, 1993; Davison et al., 1993; Yeh et al, 1994). In these
viruses a mixture of fibres is present (both long and short) but only one extends from each
vertex. In attachment studies by Yeh and Luftig (1991), Ad41 was found to bind to a

single cell receptor on Hep-2 cells . The avian CELO adenovirus also has two fibres, but
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in contrast to human subgroup F viruses both extend from the same vertex (Laver et al.,
1971; Hess et al., 1995).

Early studies showed adenovirus attachment to cells may lead to subsequent
interactions with the cell membrane that stimulate virus internalisation. After the initial
attachment of virus to cells, there is a clustering of adenovirus cell receptors on the cell
surface, which is important in viral entry (Patterson and Russell, 1983; Persson et‘al.,
1983), as reagents that block the clustering of the receptor sites, result in the inhibition of

virus uptake.

1.2.2. Internalisation.
1.2.2.1. Penton Base Protein.

The observation that Ad2 attaches to but does not enter some cells, suggested that
entry into cells may require another host cell derived factor, as well as the receptor for
fibre protein (Silver and Anderson, 1988). Earlier studies had already suggested a
possible interaction between the penton base protein and the cell membrane; these studies
showed that when exposed to penton base, adherent cells round up and detach from glass
or plastic surfaces in vitro (Pereira et al., 1958; Rowe et al., 1958).

Penton base sequences are known for a number of serotypes : Ad2 (Roberts et al.,
1986), Ad5 (Neumann et al., 1988), Ad12 (Sprengel et al., 1994), Ad40 (Davison et al.,
1993), Ad3 (Cuzange et al., 1994), Ad4 (Mathias et al., 1994) and the fow] adenovirus
type 10 (FAV-10) (Sheppard and Trist, 1992). Alignment of the amino acid sequences
(Cuzange et al., 1994; Mathias et al.,, 1994), shows that amino and carboxy ends are
conserved, however the central region is very variable. All the above serotypes except
Ad40 and FAV-10, have a conserved Arg-Gly-Asp (RGD) sequence motif in the variable
region. Ad40 differs from other human adenovirus serotypes by having an RGA sequence
in place of RGD, however FAV-10 has no RGD sequence at all. The predicted secondary
structure of the RGD domain suggests that it consists of a helix-turn-helix with RGD

located at an exposed turn at the apex of the two helices (Mathias et al., 1994). The RGD

motif is recognised by asBi, ampB3 and most ayP integrins (reviewed in Hynes, 1992).
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Structural studies of Ad2 virions by Stewart et al., (1993) revealed 10A protrusions on
each polypeptide subunit of pentameric capsomer which may correspond to RGD
domains. The RGD tripeptide motif is also found in a number of cell adhesion molecules
including fibronectin and vitronectin. These extracellular matrix molecules adhere to cell
membranes via their RGD sequence, whiéh binds to cell surface receptors, termed
integrins (reviewed in Hynes, 1992). Wickham et al., (1993), showed that internalisation
of Ad2 is mediated by penton base binding to cell surface av integrins via the RGD

sequence motif.

1.2.2.2. Integrins have a Role in Adenovirus Entry.

Integrins are specific cell surface receptors, they are heterodimers composed of a
and B subunits, which are noncovalently associated with each other. There are 15 a
subunits and 8 P subunits, which can form some 20 different heterodimers, and the
subunit composition dictates ligand-binding properties (Hynes, 1992).

Wickham et al., (1993), showed that a number of human cell lines (A549, HeLa
and M21) bound to penton base coated wells, and this binding was significantly reduced
by preincubation with an RGD containing peptide. Pretreatment of cells with fibronectin
or vitronectin reduced subsequent infection by Ad2, indicating the occupancy of cell
surface integrins by matrix proteins. In addition, Ad2 infection was inhibited by
preincubation of cells with soluble RGD containing peptides or with recombinant penton
base. These results indicated that penton base interaction with cell surface integrins plays
an important role in Ad2 infection.

In order to determine the role of specific av integrins in adenovirus infection two
M21 melanoma cell lines were used (Felding-Habermann, 1992). M21-14 cells express
ayPB3 and ayPs cell surface integrins and can attach and spread on immobilised Ad2
penton base protein, whereas M21-L12 cells do not express these integrins. M21-L12
cells were significantly less susceptible to Ad2 infection than M21-1L4 cells (Wickham et
al., 1993). Also binding of penton base protein to M21-L4 cells could be inhibited by

RGD containing peptides. In addition a combination of function-blocking monoclonal

antibodies to ayB3 and ayPs blocked Ad2 penton base attachment to cells. Inhibiting
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virus penton base RGD interaction with cells via av monoclonal antibodies or RGD
peptides significantly reduced virus infection. The RGD sequence motif was shown to
mediate virus binding to av integrins by Bai et al., (1993). These authors used a
recombinant Ad2 penton base mutant containing the sequence RGE in place of RGD and
showed that this mutant failed to support av integrin mediated cell adhesion. The mutant
did not cause cell rounding and in an adhesion assay, cells did not adhere to wells coated
with the penton base mutant, also these RGE mutants showed a decreased yield of virus.
Adenovirus attachment to cells is blocked by soluble fibre, but not by penton base
protein (Philipson et al., 1968; Wickham et al., 1993). Viral attachment on both M21-L4
(av+) cells and M21-L12 (dv—) was the same, however internalisation was significantly
reduced in M21-L12 cells compared to M21-L4 cells (Wickham et al., 1993). Synthetic
RGD peptides, monoclonal antibodies to av integrins and recombinant penton base,
could all be used to block the interaction of av integrin to virus. All of these inhibitors
were shown to have no effect on attachment, although they did inhibit Ad2 internalisation
(Wickham et al., 1993). These results showed Ad2 penton base interaction with cell
surface integrins was required for efficient viral internalisation, and that virus attachment
was an independent and separate event. There is a possibility that other integrins may also
be involved in Ad2 internalisation, as M21-L12 cells could be infected albeit at lower

levels than M21-L4 cells (approx. 5 to 10 fold less).

1.2.2.3. Role of av Integrins in Other Adenovirus ‘Serotypes.

The RGD sequence motif is conserved in several human adenovirus serotypes
indicating that these viruses may also use av integrins for entry into host cells (Mathias ez
al., 1994). Mathias et al., (1994), looked at penton base proteins of different adenoviruses
representing subgroups B, C and E (Ad3, Ad2 and Ad4, respectively). The cell lines
M21-L12 and M21-L4 were used by these authors to investigate the role of av integrins.
They detected approx. 5 to 10 fold higher levels of infection, with all three serotypes, on
M21-L4 cells compared to M21-L12 cells, indicating that av integrins promote viral
infection by different serotypes. Infection by Ad3 and Ad4 could be inhibited with a

combination of av monoclonal antibodies or with RGD containing synthetic peptides, but
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not with RGE containing peptides. These results indicate that the RGD sequence motif in
Ad3 and Ad4 mediate interaction with av integrins and this interaction is required for
efficient virus infection.

Ad40 does not contain an RGD motif and it is possible that another route of viral
entry is used by this virus, however as some non-RGD sequences can also mediate
integrin binding (Hynes, 1992), the involvement of cell surface integrins in Ad40 cell

entry cannot be ruled out.

1.2.2.4. av Integrins Enhance Adenovirus Mediated Gene-Delivery.

av integrins play an important part in adenovirus infection, and can be used to
extend the host cell range to monocytes and T lymphocytes. Adenovirus has a restricted
ability to infect PBM (peripheral blood -monocytes). These cells have only low levels of
surface av integrins and thus are resistant to Ad2 penton base binding. Huang et al,
(1995), have shown that by exposing these cells to monocyte-specific growth factors,
ayPB3 and ayf5 expression was upregulated on cell membranes. This resulted in increased
ability to bind penton base protein and increased susceptibility to adenovirus mediated
gene-delivery. These studies could have important significance for the role of adenovirus
in gene-delivery as a large part of the host defences involve cells of the immune system

(i.e. monocytes and T lymphocytes).

1.2.2.5. Post-Internalisation Events.

Following internalisation adenovirus disrupts cell endosomes, a process requiring
the low pH of the endosome and penton base protein (Seth et al., 1985; Mathias et al.,
1994; Seth, 1994; Wickham et al., 1994). In Ad2 infection, integrin avBs interaction with
penton base has also been shown to be required for the release of virus from endosomes
(Wickham et al., 1994).

Recently the L3 coded 23K protease has been shown to have a role in virus entry
as well as assembly (Cotten and Weber, 1995; Greber et al., 1996). This was shown from
studies using inhibitors of the protease which resulted in the inhibition of protein VI

degradation and prevention of virus uncoating at the nuclear membrane (Greber et al.
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1996). The protease is thought to act in entry by degrading the capsid stabilising protein
VI and thus facilitate the dismantling of the virus particle.

The virus follows a stepwise uncoating process in which viral proteins are shed in
an ordered fashion resulting in the release of viral DNA into the nucleus via nuclear pore

complexes (Greber et al., 1993).
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1.3. Early Region 1A.

The ElA region plays an important role in the regulation of adenovirus
transcription and in transformation, and has thus been extensively studied. This section
describes E1A gene transcription and protein products. The roles of these proteins in
different processes will be discussed briefly; more information can be found in the many
reviews available (Berk, 1986; Shenk and Flint, 1991; Jones, 1992, 1995; Akusjirvi,
1993; Nevins, 1995).

1.3.1. E1A Transcription.

The E1A sequences for a number of adenovirus serotypes are now known,
including those for human adenoviruses Ad2, 4, 5, 7, 12, 40 and 41 (see Davison et al.,
1993, and references therein). All EIA mRNAs that have been mapped, have been shown
to be very similar, with the exception of mouse adenovirus type-1 (MAV-1) (Ball et al.,
1989) which differs in having only one E1A transcript (coterminal with the 3' end of
E1B).

There are five mRNAs produced from the Ad2 E1A region: 13§, 128, 118, 10S
and 9S (see Fig 1.3.1.). All Ad2 E1A mRNAs, with the exception of the 9S transcript,
encode proteins which share amino and carboxy terminal ends and are translated in the
same reading frame (Virtanen and Pettersson, 1983). The second exon of the 9S mRNA is
read in a different reading frame to the 12S or 13S mRNAs. The major transcripts
produced from the E1A gene are the 13S and 12S mRNAs (Perricaudet et al., 1979), and
the minor transcripts are 11S, 10S and 9S (Stephens and Harlow, 1987; Ulfendahl et al.,
1987).

E1A transcripts are the first mRNA expressed in a lytic infection, with 12S and
138 first detected at 1.5-2h (Nevins et al., 1979), the level of these transcripts increase up
to 5h p.i. and thereafter gradually decrease to 12h (Glenn and Ricciardi, 1988). The 10S
and 11S mRNAs are detected at later times in infection (Stephens and Harlow, 1987) and
the 9S mRNA accumulates in the cytoplasm at late stages after infection (Chow et al.,
1979; Wilson and Darnell; 1981).

23



13S

128

11S

10S

9S
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~ The E1A promoter is active in the absence of any viral factors (Nevins, 1981), and
consists of a TATA box, ATF binding site and many upstream promoter elements
involved in the control of transcription. Three enhancer elements have been identified in
the upstream region of E1A. Element I is present in two copies, at least one of which is
required to regulate and maintain a high level of E1A gene transcription (Hearing and
Shenk, 1986 and references therein). A cellular factor, EF-1A, binds to one binding site
on both copies of element I and to three enhancer-proximal sites (Bruder and Hearing,
1991 and references therein). Element II is situated between the two copies of element I
and enhances transcription from all early promoters on the viral genofne (Hearing and
Shenk, 1986). Element I is also present in two copies and contains the binding site for
the cellular transcription factor E2F (Kovesdi et al., 1987). The E1A enhancer region is
autoregulated by E1A gene products (Tibbetts et al.,, 1986; Cogan et al., 1992). In the
‘absence of E1A proteins, transcription from the E1A promoter is reduced approximately
five fold, which suggested a role for E1A proteins in the regulation of this gene (Montell
et al., 1984a; Osbourne et al., 1984). Negative regulation also occurs and is thought to
involve the 12S mRNA gene product (Cogan et al., 1992), thus the controlled expression

of the gene depends on the relative amounts of E1A proteins present.

1.3.2. E1A Proteins.

El1A proteins are phosphoproteins located predominantly in the nucleus of
infected cells (reviewed in Boulanger and Blair, 1991). The major E1A proteins are the
products of the 13S and 12S mRNAs, the 289R and 243R proteins respectively (see Fig
1.3.1.). The comparison of E1A regions from various adenovirus serotypes, has identified
three highly conserved regions designated CR1, CR2 and CR3 (see Fig 1.3.1) (Kimelman
et al 1985, Moran and Mathews, 1987). Figure 1.3.2. shows different regions of the E1A
protein that have been found to have an important role in various processes and the
binding sites of cellular proteins that are linked to some of these different functions. The
CR1 domain present in 289R and 243R proteins is required for transcriptional repression

and induction of DNA synthesis (reviewed in Jones, 1995). CR2 is needed for
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Figure 1.3.2. The Structural and Functional Domains of the E1A Protein.

CR1, CR2 and CR3 refer to the three conserved regions in the E1 A protein of
different adenovirus serotypes. The regions of the protein that have been shown to be
important for the various functions indicated, are depicted by the boxes. The open boxes
indicate regions consistently shown to be important, whereas the shaded boxes represent

regions shown to be important in some but not all cases. (Modified from Jones, 1992)



transformation and induction of DNA synthesis, but may be dispensable for
transcriptional repression (Stein et al., 1990). The CR3 domain is unique to the larger
protein and is necessary and sufficient for the transactivation of adenovirus early genes.
Protein fusion experiments show that this domain has two separable activities (Lillie and
Green, 1989; Martin et al., 1990). The N-terminus of CR3 contains the transcriptional
activation region and the C-terminus contains the promoter targeting region. Located
within the N-terminus of CR3 is a C4 type zinc finger, point mutations of any of the
cysteine residues that defined this motif eliminated transactivation function (Culp et al.,
1988; Martin et al., 1990; Webster and Ricciardi, 1991).

1.3.3. Transactivation.

El1A protcins modulate transcription from sever'al viral (E1A, E1B, E2A, E3, E4,
MLP and VA) and cellular promoters (including hsp70, c-fos, c-jun and PCNA) (for
reviews see Berk, 1986; Shenk and Flint, 1991; Jones, 1992, 1995). E1A proteins do not
show sequence specific DNA binding (Ferguson et al., 1985; Chatterjee et al., 1988). It
now appears transactivation by E1A, occurs indirectly via different cellular components.
A number of studies have identified cis-acting elements that are important in E1A
depehdant transactivation through cellular trans-acting factors. The promoter elements
and DNA binding factors important for transcription from a number of adenovirus
promoters are shown in Fig 1.3 3. The promoters encompass a wide variety of elements
and do not seem to share common sequences. Therefore studies concerning the
mechanism of transactivation have concentrated on determining the cellular factors
binding to these elements and how the activities of these factors are altered by E1A
proteins.

TFIID binds the TATA box sequence and consists of the TATA-box binding
protein (TBP) and TBP-associated factors (TAFs) (Zhou et al., 1993). The E1A 289R
protein can bind directly to TBP (Horikoshi et al., 1991; Lee et al., 1991), Boyer and
Berk (1993) have shown that E1A stimulates transcription by association with TFIID

through the CR3 domain. The E1B promoter is one of the simplest found in the

25



-100 50

- Spl TATAA r
-100 -50
ATF  E2F E2F TTAA
E2A
-100 -50
API ATF
E3
-200 -100
E4F/ATF E4F/ATF E4F/ATF TATA
E4
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adenovirus genome, it consists of a TATA box element and a consensus Sp1 binding site
(see Fig 1.3.3.) (Wu et al., 1987). Upstream sequences that mediate the effects of E1B
transcription in the absence of a functional Spl binding site have also been described
(Parks et al., 1988: Spector ef al., 1993). Mutations in the Sp1 site reduced transcription
but E1A transactivation still occurred. However, mutations in the TATA box sequence
eliminated E1A protein transactivation (Wu et al., 1987). The TATA element is also
important in E1A transactivation of some cellular genes e.g. hsp70 (Simon ez al., 1988).
Therefore it appears a subset of E1A response promoters primarily require the TATA box
for transactivation (Wu et al, 1987; Simon et al, 1988). However, other adenovirus
promoters are not as dependent on this element for transactivation by E1A (Berk, 1992).
This was illustrated when it was shown that mutations in the TATA box sequence of the
E3 promoter did not eliminate transactivation (Garcia et al.,, 1987). The E2A promoter
contains a TATA-like sequence, but similarly mutations in this element do not much alter
transactivation by E1A. E1A itself is not wholly dependant on the E1A TATA box motif,
as deletion of this element decreases but does not abolish transactivation (Hearing aﬁd
Shenk, 1985). The 243R protein can also activate through the TATA element, although
this activation is weaker than 289R. The 243R protein binds to Drl a cellular protein that
interacts with TBP (Kraus et al., 1994 and references therein). E1A dissociates the TBP-
Dr1 complexes which inhibits transcription (Kraus et al., 1994).

Several of the adenovirus early promoters contain ATF binding sites, which bind
the cellular transcription factor ATF (activating transcription factor). In E2A, E3 and E4
these sites are important for both basal and E1A induced transcription (reviewed in Berk,
1986; Shenk and Flint 1991; Jones, 1995). The ATF element is identical to the CRE
element (CAMP responsive element) and promoters containing this motif can be
transcriptionally activated by increased cAMP levels via the CRE binding protein
(CREB). ATF/CRE sites are recognised by a family of related proteins (see Shenk and
Flint, 1991), many of the cDNAs encoding ATF/CREB proteins that bind to these
elements have been cloned (Chatton et al., 1994, and references therein). Analysis of
these proteins showed they belong to the 'bZIP' family, comprising of a basic region at

the C-terminus which is adjacent to a leucine zipper motif, these confer sequence-specific
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DNA binding and protein dimerisation capabilities. Members of this family have been
shown to bind as hetero or homodimers depending on the amino acid composition of the
leucine zipper (Hai and Curran, 1991). Initially, ATF-2 was the only member of this
family shown to mediate E1A inducible transcriptional activation, whereas other
members of the ATF family (ATF-1, ATF-4 and CREB) did not support activation in this
system (Liu and Green, 1990). Another member of the ATF family, ATFa, has now also
been shown to be responsive to E1A (Chatton et al., 1994). The E1A 289R protein
interacts With ATF-2 through its DNA binding motif (bZIP), but the N-terminal 96 amino
acids of ATF-2 are also important as deletion of this region destroys E1A activation (Liu
and Green, 1994). The ATF-2 and TBP proteins bind to different CR3 domains (Lee et
al,, 1991). A simple model is proposed in which E1A functions as a coactivator or
bridging protein by binding to ATF-2 at an upstream site and TBP, to activate
transcription.

Proteins binding to AP-1 (activator protein 1) sites come from a group of related
proteins, of the Jun and Fos gene families. They become active transcription factors by
forming Jun/Jun homodimers or Jun/Fos heterodimers at target sites. The AP-1 binding
site sequence differs from the consensus ATF/CRE site by only one nucleotide. The AP-1
proteins share structural features to ATF/CREB proteins and can also heterodimerise with
members of this family (Hai and Curran, 1991). Both the ATF and AP1 sites in the E3
promoter were shown to be crucial for transactivation by E1A in vivo (Kornuc et al.,
1990). |

E1A and E2A promoters contain E2F binding sites (see Fig 1.3.3.) (Manohar et
al., 1990). The cellular transcription factor E2F binds two sites in the E2A promoter, and
this has been shown to be important for its E1A-induced transcription (reviewed in
Nevins, 1995). In addition E2F sites can confer E1A inducibility to an unresponsive
promoter (Kovesdi et al., 1987; Yee et al., 1989) and in adenovirus infected cells E2F
DNA binding activity was shown to dramatically increase. This suggests a role for the
E1A-dependant activation of transcription by E2F. The transcription factor E2F is now
known to consist of a group cellular proteins, including E2F-1 and DP-1, that form

heterodimers at E2F binding sites (Helin and Harlow, 1994). E2F binds to the two E2F
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sites on the E2A promoter, which are inverted with respect to one another. The
cooperativity of these elements is abolished if the spacing between the E2F sites is
increased. The DNA-protein complex is further stabilised by the cooperative binding of
E4 19.5K (see Nevins, 1995 and references therein). E2F forms a complex with Rb (the
retinoblastoma gene product), which blocks E2F activation of transcription (Bandara and
La Thangue, 1991). E1A activates transcription by binding to Rb and dissociating E2F-
Rb complexes, freeing E2F (Whyte et al, 1989; Zamanian and La Thangue, 1992).
Interaction with Rb is dependent on sequences within the CR1 and CR2 domains of E1A
(Raychaudhuri et al., 1991). Another way the pool of free E2F can be increased is by
phosphorylation of Rb. The phosphorylation of Rb prevents the formation of complexes
with E2F (Kato et al, 1993), which increases the pool of uncomplexed E2F.
Transactivation of the E2A promoter requires four elements; an ATF site, two E2F sites
and the TATA-like sequence element; mutation of any one of these elements eliminates
transactivation (Manohar et al., 1990). E2F sites however are the main regulators of the
E2 promoter, whereas ATF plays a mofe minor role (reviewed in Akusjirvi, 1993).

The EA4F cellular transcription factor binds to three regions in the E4 promoter,
two of which overlap ATF binding sites (see Fig 1.3.3.). E4F sites have not been detected
in other viral promoters, indicating that these proteins are distinct factors (Raychaudhuri
et al., 1989). Mutations that eliminated E4F binding had no effect on ATF binding,
indicating that independent pathways were used by these two factors. The E4F sites
mediate E1A-responsiveness in the E4 promoter, this was shown when deletion of these
upstream sequences resulted in elimination of this response. E1A acts by inducing the
phosphorylation of transcription factor E4F, leading to an increase in its DNA-binding
activity (Raychaudhuri er al., 1989; Bondesson et al., 1992).

Other adenovirus promoters dependent on E1A activation include those from the
major late transcription unit and VA RNA genes. The MLP contains two main promoter
elements; the TATA box sequence and an upstream sequence element (UE) (reviewed in
Shenk and Flint, 1991), elements downstream have also been shown to have an affect on
promoter function (Mansour et al.,, 1986; Mondesert et al., 1992). Leong et al., (1988)

have shown that transcription from the MLP could be stimulated with TFIID-containing
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cell extracts. The initiation complex is further stabilised by interactions between TFIID
and the factor USF which binds to UE (Carthew et al., 1985; Moncollin et al., 1986). For
the MLP EIA transactivation occurs through association with TFIID (Leong et al.,
1988). Activation of VA RNA gene transcription requires the transcription factors TFIIIB
and TFIIIC. E1A expression increases the amount of transcriptionally active TFIIIC
(Hoeffler et al., 1988). TFIIIC then binds directly to a DNA sequence within the internal
control region of the genes, thereby allowing TFIIIB and RNA polymerase III to bind
(Hoeffler and Roeder, 1985).

1.3.4. Transcriptional Repression.

E1A proteins can also repress the transcription of several viral (both polymerase II
and IIT) and cellular genes (reviewed in Jones, 1992). In many repression studies the N-
terminus and CR1 domain were shown to be essential (Stein et al ., 1990 and references
therein). However in some studies the CR2 domain and some second exon sequences are
also thought to be involved (Lillie et al., 1986; Velcich and Ziff, 1988; Jelsma et al.,
1989). The reason for these differences is unclear but could depend on the promoter
studied or cells used for the assay. The mechanism is unclear, however it was shown that
the binding of a cellular protein p300 to the N-terminus and CR1 domain correlated with
E1A enhancer repression (Jelsma et al., 1989; Stein et al., 1990; reviewed in Moran,
1993). Abraham et al., (1993) found p300 interacts with TBP; a model was proposed in
which E1A sequestered p300 from TFIID complexes, resulting in transcriptional

repression.

1.3.5. Transformation.

Adenoviruses (type 12) were first shown to be oncogenic when it was shown that
subcutaneous injection of Adl12 into newborn hamsters lead to the development of
rapidly growing tumours at that site (Trentin et al., 1962). The majority of human

adenoviruses are non-tumorigenic in hamsters. (see Table 1.1.1.). It was later shown that
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all these viruses could transform primary rodent cells (Freeman et al., 1967). The genes
responsible for oncogenicity and cell transformation were found to be located at the left
end of the genome and comprised the early region 1 (reviewed in Dyson and Harlow,
1992).

The E1A gene products alone can immortalise primary cells in tissue culture (van
der Eb et al., 1979; Houweling et al., 1980) but for full transformation cooperation with
other oncogenes is required, these include the adenovirus E1B proteins, activated ras or
polyoma middle T oncogenes (van den Elsen et al., 1983; Ruley, 1983). The E1A
nonconserved N-terminus, CR1 and CR2 domains are necessary for cell transformation,
whereas the CR3 region is dispensable (Lillie et al., 1986; Lee et al., 1991). The regions
important for transformation were found to strongly correlate with areas required for
interactions with certain cellular proteins. This suggested that these interactions were
important for the transforming function (Egan et al., 1988; Whyte et al., 1989; Howe and
Baﬁlley, 1992). Many of these proteins were first identified by co-immunoprecipitation
with E1A proteins. Harlow et al., (1986) found approximately ten proteins associated
with E1A, and they ranged from 28K to 300K, Some of these have been identified and
are described below.

pl05 (or Rb) is the retinoblastoma tumour suppressor protein (Whyte et al.,
1989). This was the first of the proteins identified which was found to interact with E1A,
it has also been found to interact with other virus proteins such as SV40 large T antigen
and the papillomavirus E7 oncoprotein (Dyson et al., 1989; Miinger et al, 1989).
Activity of Rb is regulated by phosphorylation, which changes in different phases of the
cell cycle (Ludlow et al., 1990). The unphosphorylated form is thought to be the active
form and in this state the protein is able to complex with E2F (Kaelin et al., 1992). The
Rb protein binds to E1A via a core binding sequence termed the pocket, which is
conserved in Rb and the Rb related protein pl107 (Corbeil and Branton, 1994 and
references therein). The pocket consists of two regions A and B separated by a
nonconserved spacer which is of different lengths in Rb and p107 (Raychaudhuri et al.,
1991). Rb binding to E1A requires both CR1 and CR2, but relies largely on CR2. p107

was first identified by association with E1A and SV40 large T antigen (reviewed in
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Dyson and Harlow, 1992). This protein shares many structural and biochemical
properties with Rb, including binding with E2F. However unlike the Rb protein, p107 can
form a complex with cyclin A (p60) and is also found in complexes with cyclin E and
cdk2 (Faha et al., 1993). Zhou et al., (1993), have isolated full length p107 cDNA and
found that it can inhibit cell proliferation. A function for p107 has yet to be determined.
However, owing to its many similarities to the Rb protein it seems likely it may be a
tumour suppressor. Another protein that associates with E1A is p130, which shares some
features with Rb and p107 proteins. One of these is that it contains the pocket region and
has been shown to bind E1A and E2F via this area (Cobrinik et al., 1993). Analysié of
p130 cDNA revealed it was more closely related to p107 than Rb, as p130 and p107 have
a similar sized spacer between domains A and B in the pocket region (Li et al., 1993).
p130 can interact with cyclins A and E, which is reminiscent of p107 interactions.

There are two active sites important for transformation in E1A, the first consists
of CR2 plus the N-terminal end of CR1. Proteins that bind here belong to the Rb gene
family (Rb, p107 and p130), and binding occurs via the pocket region. The second active
site consists of the N-terminus of E1A and the C-terminus of CR1, the phosphoprotein
p300 binds this region (for review see Moran, 1993 ) which has been shown to be
responsible for repression (see section 1.3.4). Studies show that p300 is a component of
TBP complexes, (Abraham et al, 1993). In addition the sequence of the protein has
features associated with a transcriptional adaptor molecule (co-activator) (Eckner et al.,
1994). 1t appears that p300 has similar functional prdpcrties to CBP which has been
identified as a coactivator for protein kinase A (PKA) (Lundblad et al.,, 1995). Adding
support to the role of p300 as a coactivator, Arany et al., (1995) has shown that CBP and
p300 activate transcription when fused to 2 DNA binding domain. A model suggested for
p300 in repression, is that E1A binds to p300 thereby preventing its role as a coactivator

and results in the repression of promoters that require this coactivator function.
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1.4. Early Region 1B.
1.4.1. Genomic Organisation of the E1B Region.

The Ad2 EI1B region lies immediately adjacent to the E1A region, between map
units 4.6 and 11.2 (see Fig 1.1.1.). The E1B DNA sequence has been determined for
several serotypes including Ad2, 4, 5, 7, 12, 40, 41, CAV-2, MAV-1, SAV-16 and TAV
(Bos et al., 1981; Kimura et al,, 1981; Gingeras et al,, 1982; Dijkema et al., 1982;
Dekker et al., 1984; Fliigel et al., 1985; Tokunaga et al., 1986; van Loon et al., 1987b;
Ishino et al., 1988; Shibata ez al., 1989). There are three open reading frames present in
this region (see Fig 1.4.1), two of which are overlapping. Comparison of sequences
revealed there was considerable homology spread over the region at both the DNA and
amino acid levels (van Ormondt and Hesper, 1983; Ishino et al., 1988). This was in
contrast to E1A where defined areas were found to be highly conserved (see section 1.3.).

Transcription maps for many adenovirus serotypes are also now known including
Ad2, 5,7, 12, 40, 41 and MAV-1 (see Steinthorsdottir and Mautner, 1991 and references
therein; Allard and Wadell, 1992). Figure I1.4.1. shows the Ad2 E1B transcription map
and open reading frames. Transcripts made from the Ad2 E1B region are differentially
spliced to produce two mRNA species of 22S and 13S, plus two minor species of 14.5S
and 14S; all of these have common 5' and 3' termini (Berk and Sharp, 1978; Virtanen and
Pettersson, 1985). A 9S mRNA is transcribed from its own promoter and encodes the
structural ‘protein ppIX.

Other adenovirus serotypes have similar but not identical organisation to Ad2. In
Ad12, no 13S mRNA has been detected (Virtanen et al., 1982) and the 14S transcript
which is minor in Ad2, is major in Ad12. The MAV-1 E1B region has only two mRNAs,
one corresponds to a 22S mRNA and the other is identical but differs with the presence of
a splice which eliminates most of the first open reading frame. A more detailed analysis
of the Ad40 and Ad41 EI1B transcription has been carried out and will be discussed in
detail elsewhere (see section 1.5.), however both were found to be more similar to Ad12
than Ad2 with 22S and 14S the predominant species and no 13S mRNA was detected.

Cotranscript counterparts of E1B mRNAs have been reported, which originate

from the E1A promoter and terminate at the 3' end of E1B. They have been detected in
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Figure 1.4.1. Transcription Map for the Ad2 E1B Region.

The sedimentation values (S) for mRNAs, and molecular weight (K) are shown, in
addition the number of amino acids residues (R) for each protein is indicated. Solid lines
denote RNA and introns are indicated by carets; shaded rectangles denote open reading

frames.
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low amounts in Ad2-, Ad5- and Ad12-infected and-transformed cells (Berk and Sharp,
1978; Kitchingman and Westphal, 1980; Sawada and Fujinaga, 1980; Saito et al., 1983;
van den Elsen et al., 1983; Hashimoto et al., 1984). In Ad12, cotranscripts have the same
5' ends and splice sites as the major EIA mRNAs and extend to the 3' end of E1B, with a
splice corresponding to the splice in E1B 22S mRNA. The Ad2 cotranscript has fewer
than 50bp of the end of E1A linked to a site near the 5' end of E1B, however a detailed
analysis of these mRNAs has not been carried out. Cotranscripts have also been detected
in Ad40 infected cells (Hashimoto et al, 1991; Steinthorsdottir and Mautner, 1991;
Ishida et al., 1994). A more detailed analysis of cotranscript structure with this serotype

has been carried out and is described in section 1.5.

1.4.2. E1B Transcription.

Control of the E1B transcriptional unit is complex and occurs on many levels
which include initiation of transcription, splicing and mRNA stability.

In AdS, 22S mRNA is detected early in infection between 3-3.5 h p.i. and
increases in abundance up to 9h, after which levels are constant through to 12h. The 13S
transcript is detected at low levels until 8h p.i. and then increases in abundance; at 12h
p.i. levels are similar to 22S. After this time 22S gradually decreases and at late times in
infection the major transcript becomes the 13S mRNA (Glenn and Ricciardi, 1988).
Minor E1B species were not studied by these authors, however Virtanen and Pettersson
(1985) analysed the pattern for 14S and 14.5S mRNAs. They found that at 8h p.i. the 14S
transcript was approx. 20 fold more abundant than 14.5S mRNA, while at late times in
infection both species were detected in similar amounts.

Changes in the abundance of cytoplasmic E1B mRNAs is partly due to the
relative changes in the half-life of 13S mRNA compared to 22S mRNA (Wilson and
Darnell, 1981). Stability of EIB mRNAs is influenced by DBP (Babich and Nevins,
1981) which causes the rapid turnover of mRNA. These authors suggested that at late
times 13S mRNA accumulates as it is no longer destabilised by DBP and 228 is thought

not to accumulate as it is degraded by an unknown mechanism. Another factor that may
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account for the differences in accumulation of EIB mRNA, is the change in specificity of
the RNA splicing mechanisms. Montell et al., (1984b) found that there is an increased

propensity to use the 13S 5' splice site at late times in infection.

1.4.3. E1B Proteins.

The E1B 22S mRNA codes for two proteins (see Fig 1.4.1) from different
overlapping reading frames (Bos et al., 1981). The 19K protein is produced using the first
AUG and comprises 175 amino acid residues (175R), the 55K protein (495R) is produced
from the second AUG in a different reading frame (Perricaudet et al., 1979; Bos et al.,
1981; Gingeras et al., 1982). The 13S mRNA encodes the 19K protein, and a smaller
species (82R) related to the 55K protein. 14S and 14.5S mRNAs encode proteins of 92R
and 155R (15K), respectively (Green et al., 1982; Lucher et al, 1984; Lewis and
Anderson; 1987). Both the 55K and 19K proteins will be discussed in more detail see
sections 1.4.5. and 1.4.6.

1.4.4. E1B Promoter.

Unlike other early adenovirus genes (see Fig. 1.3.3.), E1B has a relatively simple
promoter located within 50bp of the cap site (Wu et al., 1987). It consists of a TATA box
(TFIID binding site) and a GC box (Spl binding site). These motifs are present in the
E1B transcriptional control region of all the adenovirus serotypes sequenced (see Fig
4.6.1.).

In the Ad2 E1B promoter the Spl binding site is situated -48 to -39bp and the
TATA box -30 to -23bp with respect to the cap site (Wu et al., 1987; Schmidt ez al.,
1989). The GC box is not necessary for transactivation by E1A, which occurs through the
TATA box (Wu et al., 1987), but does act to stimulate transcription and deletion of this
element reduces E1B transcription by approx. 7 fold. The spacing between the two
elements was shown to be critical in Ad5 (Wu and Berk, 1988a). Increasing the distance

between the two elements by insertion of additional sequences resulted in a decrease in
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transcription (Wu and Berk 1988a; Segal and Berk, 1991). A 30bp separation decreases
transcription levels such that the stimulatory effect of the GC box is eliminated. In
addition to the proximal promoter elements described above upstream sequences have
also been reported to play a role in E1B transcription (Parks et al., 1988; Spector et al.,
1993). Four protein binding sites (I-IV) were identified in the region -250 to -120bp (with
respect to the cap site) in DNase I footprint assays using KB cell nuclear extracts. These
sites were found to stimulate transcription in cis, but only in the absence of the GC box
(Parks et al., 1988: Spector et al., 1993). An additional site (V) which is situated adjacent
to the E1B GC box has also been reported (Spector et al.,, 1993). However other studies
have reported that this distal region (-250 to -125) makes only a modest contribution to
E1B transcription in vivo (Wu et al., 1987; Wu and Berk, 1988b).

The transcription factor Spl activates transcription from both viral and cellular
genes which have a GC box sequence (reviewed in Kadonaga et al., 1986; Courey and
Tjian, 1992). A comparison of a large number of binding sites for Sp1 (Kadonaga et al.,
1986) led to a consensus recognition sequence (5' G/T GGGCGG G/A G/A C/T 3'). Most
Spl binding sites do not differ from the consensus by more than one or two bases, with
the central residues highly conserved. Purified Spl appears on a SDS-PAGE gel as 2
bands of 95K and 105K. Analysis has shown that this heterogeneity is due to
posttranslational modifications of a single polypeptide (Kadonaga et al., 1987; Jackson et
al., 1990). The two forms of Spl arise by differential phosphorylation. Jackson et al,
(1990) showed that Sp1 is multiply phosphorylated by a kinase that requires the presence
of DNA. The kinase was later identified as DNA-dependent protein kinase (DNA-PK)
(Gottlieb and Jackson, 1993 and references therein). Spl has several O-linked N-acetyl
glucosamine residues and these appear to enhance the stimulatory effect of Spl to
activate transcription in vitro (see Courey and Tjian, 1992 and references therein). Spl
can be purified from HeLa cells (Briggs et al., 1986), and its cDNA has been cloned and
sequenced (Kadonaga et al., 1987). Analysis of Sp1 structure and function in mutagenesis
studies revealed discrete functional domains within the protein. The carboxy terminal 168

amino acids comprise the DNA-binding domain which consists of three zinc fingers
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(Cys-2His-2) that bind to the GC box. The amino terminus contains several regions that
mediate transcriptional activation, two of these are glutamine-rich.

Spl activates transcription in a synergistic manner when more than one GC box is
present, at proximal and distal sites (Courey et al 1989; Pascal and Tjian, 1991). This
synergy involves direct contact between Spl molecules bound at two sites, with looping
out of the intervening DNA. (Pascal and Tjian, 1991). A DNA-binding deficient form of
Spl can interact with DNA-binding competent forms of the protein to stimulate
transcription synergistically; this phenomenon is known as superactivation. Both these
observations suggest that Spl binds to DNA and then activates the basic transcriptional
apparatus through protein-protein interactions. In vitro studies show that Spl
communicates with TFIID through a coactivator TAF protein, TAF110 (Pugh and Tjian,
1990; Hoey et al., 1993).

1.4.5. The E1B 19K Protein.

The 19 kilodalton (19K) protein is located in the nuclear and cytoplasmic
membranes of infected (Ad2 & Ad12) and transformed (Ad12) cells (Persson et al., 1982;
Grand and Gallimore, 1984; White et al., 1984a; Smith et al., 1989; Mitchison et al.,
1990) and has been found to associate with intermediate filaments (White and Cipriani,
1989, 1990). Immunofluorescence studies show that 19K is present in the cytoplasm
early in infection and accumulates in the nucleus late in infection. The 19K protein is
post-translationally modified; it is acylated with palmitate and myristate residues
(McGlade et al., 1987). Acylation may have a role in the membrane association of this
protein. Another modification is that a subfraction of molecules are phosphorylated (at
Ser-164), however this has not shown to be essential for the function of the protein
(McGlade et al., 1989). Mutants defective in the synthesis of the 19K protein have
various phenotypes; these include an enhanced cytopathic effect in human cells (cyr
phenotype) (Pilder et al., 1984; Subramanian et al., 1984; Takemori et al., 1984) and the
formation of large plaques (Ip phenotype) in KB, HeLa and A549 cells (Chinnadurai et

al., 1983). In many cell lines, some of these mutants also elicit a DNA degradation

36



phenotype (deg), with extensive degradation of cellular and viral DNA, (Ezoe et al.,
1981; Lai Fatt and Mak, 1982; Pilder et al., 1984; Subramanian et al., 1984; White et al.,
1984b) resulting in a reduced yield of virus (Subramanian et al., 1984). 19K is therefore
thought to have an important role in the virus replication cycle and is necessary for
stabilising viral and cellular DNAs (reviewed in Stillman, 1986; Boulanger and Blair,
1991).

In a number of studies 19K (loss of function) mutants were shown to be defective
for complete transformation and the 19K protein required for oncogenic transformation
(see Boulanger and Blair, 1991, and references therein; McLorie et al., 1991). DNA
transfection studies show that either E1B 19K or 55K proteins can cooperate with E1A to
induce transformation (at reduced levels) by independent but additive pathways (White
and Cipriani, 1990; McLorie et al., 1991). In contrast, others have found that the 19K
protein is not required for transformation (Zhang et al., 1992a; Telling and Williams,
1993; Telling et al., 1994). There is no clear explanation for the differences observed
among these studies. Zhang et al (1992a) proposed these differences (for Ad12) could be
due to an overexpression of 55K protein observed with a 19K mutant in which the 19K
start codon is removed. Elimination of this site, which normally suppresses induction at
the downstream 55K start codon, leads to overexpression of the 55K protein and efficient
transformation of BRK cells. However no overexpression is detected with comparable
AdS5 mutants and transformation efficiencies with these mutants is low (White and
Cipriani, 1990; McLorie et al., 1991).

Adenovirus early gene expression triggers apoptosis or programmed cell death
which is the process by which a cell can actively commit suicide under tightly controlled
circumstances. Apoptosis has an important role in normal mammalian development and
abnormal regulation can lead to neoplastic transformation, in addition it is a defence _
against cancer and removes virally infected cells (for reviews see White, 1994, 1995).
The effect of apoptosis in adenovirus was first shown with E1B 19K loss of function
mutants, which displayed cyt and deg phenotypes, also DNA fragmentation. These
properties were also shown to be characteristics associated with apoptosis (see White,

1995, and references therein). The DNA fragmentation characteristic of apoptosis is the
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digestion of cellular DNA into nucleosome sized pieces, indicating that DNA is cleaved
between nucleosomes in chromatin (Wyllie et al., 1980). A pattern of nucleosomal DNA
fragmentation more associated with apoptosis was observed with a 19K temperature
