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Abstract
Adenoviruses are non-enveloped icosahedral-shaped particles which
possess a double-stranded DNA genome. Currently, nearly 100 serotypes of
adenoviruses have been identified, 48 of which are of human origin.

Bovine

adenoviruses (BAVs), causing both mild respiratory and/or enteral diseases in
cattle, have been reported in many countries all over the world. Currently, nine
serotypes of SA Vs have been isolated which have been placed into two
subgroups based on a number of characteristics which include complement
fixation tests as well as the ability to replicate in various cell lines.

Bovine

adenovirus type 2 (BAV2), belonging to subgroup I, is able to cause pneumonia
as well as pneumonic-like symptoms in calves.

In this study, the genome of

BAV2 (strain No. 19) was subcloned into the plasmid vector pUC19. In total, 16
plasmids were constructed; three carry internal San fragments (spanning 3.1 to

65.2%

),

and 10 carry internal Pstl fragments (spanning 4.9 to 97.4%), of the viral

genome.

Each of these plasmids was analyzed using twelve restriction

endonucleases; BamHI, CiaI, EcoRl, HiOOlll, Kpnl, Noll, NS(N, Ps~, Pvul, Saj,

Xbal, and Xhol.

Terminal end fragments were also cloned and analyzed,

sUbsequent to the removal of the 5' terminal protein, in the form of 2 BamHI B
fragments, cloned in opposite orientations (spanning 0 to 18.1°k), and one Pstll
fragment (spanning 97.4 to 1000/0). These cloned fragments, along with two
other plasmids previously constructed carrying internal EcoRI fragments
(spanning 20.6 to 90.5%), were then used to construct a detailed physical
restriction map using the twelve restriction endonucleases, as well as to estimate
the size of the genome for BAV2(32.5 Kbp). The DNA sequences of the early
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region 1 (E1) and hexon-associated gene (protein IX) have also been
determined. The amino acid sequences of four open reading frames (ORFs)
have been compared to those of the E1 proteins and protein IX from other Ads.

4

Acknowledgements
I would like to take this opportunity to thank my supervisor and friend, Dr.
Yousef Haj-Ahmad, whom I have had the pleasure to work with for the past three
years.

He has taught me how to become a thoughtful scientist and how to

communicate my results to others. He has also taught me never to make a bet
with someone who has been in this business longer'
I would also like to thank Dr. Alan Castle, who has helped me endlessly
over the past few years, and my committee members Dr. Joffre Mercier and Dr.
Bob Carlone. Another load of thanks goes to Dr. Arthur Houston who constantly
"bullied" me into the lab, and to my lab mates Mabrouk Eigadi, Nezar ·Cool"
Rghei, Urte Gerhardt, Andrew Lang, and Jeff Kormos. A special thanks goes to
Lesley Esford (The Sequencing Queen) who participated in the construction of
the linear restriction maps, and Katherine Whyboume for proofreading this thesis.
Thanks are also due to my best friend and roommate Louize Hein and to
my sanity friends Lucia Scaglione, Michele Krawchuk and Kelly Smith. I'd like to
thank them for all of their patience, good humour, laughs, and of course the golf!
Trips to the Pepper were much needed and the scenery wasn't usually too bad!1
Finally, I would like to thank the Ontario Ministry of Colleges and Universities for
financial assistance throughout my M.Sc. in the form of the Ontario Graduate
Scholarship.

5

Table of Contents
Abstract
Acknowledgements..................................................
Table of Contents
Table of Figures
List of Tables.........................................
e......................
Abbreviations
•

2
4
5
7
9
I

10

Chapter I: Introduction................................................................................ 12
Chapter 2: Literature Review
17
Discovery and Epidemiology of Adenoviruses.................................. 17

Classification of Adenoviruses
__
18
Structure of the Virion....................................................................... 19
The Viral Proteins........................................................ 19
The Viral DNA

The Early Genes

_
_...................

Early Region 1

Early Region 2.............................................................
Ear1yRegion 3........................
Early Region 4
The Late Region Genes and Virion Assembly..................................
Viral Replication............................................
Host Range...................................................
Bovine AderlOviruses........................................................................
Discovery and Epidemiology.............
Characterization
__
Experimental Infection with Bovine Adenoviruses
Physicalchemical Properties...............
Oncogenic Potential.
_..................................
_.
Bovine Adenovirus Type 2
Viral Based Vectors
__.
Adenovirus Vector Systems................
Purpose of Investigation
_.......
Chapter 3: Materials and Methods
__._
Propagation and Maintenance of Cell Line _..........................
Propagation and Maintenance of Viral Strain _........
Purification of Viral Particles
The Viral DNA _
_ _....................................
DNA From Banded Viral Particles.....
Hirt Extraction
Alkaline Hydrolysis of the DNA-Protein Unkage....................
32P-Labeling of SAV2 DNA..........................
Bacterial Strains...........................................

24
27
28

32
32
35

36
38
40

42
42
43
45

46
50
51

53
53
56
58
58
58
59

59
59
·60
60
61
61

6
Propagation and Maintenance of Bacterial Cultures..............
Transformation
Plasmid DNA Preparations...............................................................
- Miniprep Plasmid DNA Preparations......................................
Large Scale Plasmid DNA Preparations................................
Restriction Endonuclease Digestion and Analysis.................
DNA Ligations........................................................................
Colony Hybridization.........................................................................
DNA Sequencing...............................................................................

62
62
63
63
64
65
66
66
67

Chapter 4: Results......................................................................................
Construction of the Recombinant SAV2 Plasmids............................
BAV2 Internal EcoRI Fragments............................................
Restriction Enzyme Analysis of pEA48
Restriction Enzyme Analysis of pEB113
Subcloning of the Internal BAV2 San Fragments...................
. Restriction Enzyme Analysis of pSAs1
Restriction Enzyme Analy~s of pSC9.........................
Restriction Enzyme Analysis of pSAC32.....................
Subcloning of the Internal BAV2 Ps~ Fragments...................
Subcloning of the Terminal BamHI Fragments
Restriction Enzyme Analysis of pBBeJpBB12
Construction of the Unear Restriction Endonuclease Map...............
Sequencing of the SA V2 Genome From 0-12.2010............................

69
70
70
70

Chapter 5: Discussion.....

74
77

80
83
86
89
94
94
102
111

129

Summary...................................................................................................... 136
References................................................................................................... 137
Appendix A..................................................................................

154

7

List of Figures
2.1

Model of the capsid structure of an adenovirus particle.

2.2

Schematic representation of an adenovirus particle.

2.3

Transcription and translation map of human adenovirus type 2.

4.1

0.9% agarose gel and physical map of pEA48.

4.2

0.9% agarose gel and physical map of pEB113.

4.3

Schematic outline of the strategy used in the subcloning of the interior
BAV2 Sail fragments into pUC19.

4.4

0.9% agarose gel and physical map of pSA51.

4.5

0.9% agarose gel and physical map of pSC9.

4.6

0.90/0 agarose gel and physical map of pSAC36.

4.7

Schematic outline of the. strategy used in the subcloning of the interior
BAV2 Pstt fragments into pUC19.

4.8

0.9% agarose gel and physical map of pPC39.

4.9

Schematic outline of the strategy used in the subcloning of the terminal
BAV2 BamHI fragments into pUC19.

4.10

0.90/0 agarose gel and physical map of pBBs.

4.11

0.90/0 agarose gel and physical map of pBB12.

4.12

The cloned BAV2 EcoRI (A), San (B), Pstl (C), and BamHI (D) restriction
fragments and their location on the.linear viral restriction enzyme map.

4.13

Restriction maps of BAV2 DNA.

4.14

Autoradiogram of 32P-labeled BAV2 restriction enzyme fragments
electrophoretically resolved on a 1.20/0 agarose gel.

4.15

Schematic outline of the strategy used to clone the left end of the BAV2

genome from 0 to 12.2 mu.
4.16

Nucleotide sequence of the BAV2 genome from 0 to 12.2 mu.

8
4.17

Diagrammatic representation of the BAV2 genome and the sequenced
region (0 to 12.2 mu) showing the locations of the various restriction sites.

4.18

Alignment of the amino acid sequence predicted from the BAV2 ORF1 and
the known E1 A polypeptides of Ad2 (A), AdS (B), Ad7 (C), and Ad4 (0).

4.19

Alignment of the amino acid sequence predicted from the BAV2 ORF2
with the Ad40 E1 B small T antigen (A), and ORF3 with the TAV E1 B large
T antigen (B).

4.20

Alignment of the amino acid sequence predicted from the BAV2 ORF4
with the TAV protein IX (A), Ad? protein IX (B), AdS protein IX (C), and
Ad2 protein IX (0).

9

List of Tables
1.1

Table of infections and diseases associated with various adenovirus
serotypes.

4.1

Molecular sizes (in Kbp) of fragments generated by digestion of BAV2 with
BamHl, Clat, Ecof1l, Hindlll, Kpnl, Noft, NspV, Psd, PVLA.
Xbal, and

XhoL
4.2

san.

Percentage identity (exact amino acid) and similarity (similar amino acid)
of the predicted amino acid sequences for the OAFs of BAV2 and known
proteins of other Ads using the sequence comparison program (Pearson
and Lipman, 1988) at Heidelberg, GER.

10

Abbreviations
Ad
Ad2
Ad pol
AIDS
u-MEM
Amp
BAV2
bp
BT

°C
CaCI2
CAV2

CO2
CRill
esCI
CTL
Da

DBP
DNA

E1
EDTA

EGF
EtBr

FBS
9

GCV

gp

HA
HIV

h
ITR

KB
Kbp
KDa

L1
I-strand
MAb
MCS
MDBK

fl9
mg

adenovirus
human adenovirus type 2
adenovirus polymerase
acquired immunodeficiency syndrome
minimal essential medium, a modification
ampicillin
bovine adenovirus type 2
base pair
bovine testicle
degrees Celcius
calcium chloride
canine adenovirus type 2
carbon dioxide
conserved region 3
cesium chloride
cytotoxic T-lymphocytes
Dalton
DNA binding protein
deoxyribonucleic acid
early region 1
ethylenediamine tetracetic acid
epidermal growth factor
ethidium bromide
fetal bovine serum
gram
ganciclovir
glycoprotein
hemagglutination
human immunodeficiency virus
hour
inverted terminal repeat
baby rat kidney cells
kilobase
kilodalton

late region 1
left strand
monoclonal antibody
multicloning site of pUC19
Madin-Darby bovine kidney cells
microgram
milligram

11
MHC
MHC-1

min
~

ml
MLP

mM
mm

flIT1

mRNA

mu
N.E.8.

nm
0.0.
ORF
PFU
pol
pTP
r-strand

RNA
rpm

s
SOS
TC1Dso
tk
TNF
tris

TP
V
vlv

VA
WHO
Xgal

2XYT

major histocompatibility complex
major histocompatibility complex class I
minute
microlitre
millilitre
major late promoter
millimolar
millimeter
micrometer
messenger ribonucleic acid
map unit
New England Biolabs
nanometer
optical density
open reading frame
plaque forming unit
DNA polymerase
precursor of the terminal protein

right strand
ribonucleic acid
rotations per minute
second
sodium dodecyl sulfate
50 0k tissue culture infectious dose
thymidine kinase gene
tumor necrosis factor
terminal protein
volts
volume per volume
virus associated
World Health Organization
5-bromo-4-chloro-3-indolyl f}-D-galactopyranoside
Luria broth with double yeast extract

12

Chapter 1: Introduction
Adenoviruses (Ads) are among the most common viruses affecting
vertebrates and have been isolated from a wide variety of species such as
marsupials) humans) birds and amphibians (Wadell) 1984). Most Ad infections
are subclinical) although 30% of known Ad serotypes are capable of causing
clinical respiratory and gastrointestinal infections in both humans and animals. In
clinical diseases) approximately 5% of respiratory diseases, 100k of pneumonia
and 17%

of gastroenteritis cases in children are caused by Ad infections

(reviewed by Roos) 1989; Horwitz) 1990a); and by the age of three, up to 80°10 of
children in the United States have neutralizing antibodies to several Ads
(reviewed by Horwitz) 1990a). More importantly. Ads have been shown to be
associated with diseases such as hepatitis, encephalitis, and conjunctivitis
(reviewed by Roos, 1989; Horwitz, 1990a). Table 1.1 summarizes some of the
inrections and diseases associated with various Ad serotypes.
Ads are non-enveloped, icosahedral-shaped particles which possess a
single copy of a double stranded DNA molecule.

Currently, close to 100

serotypes of Ads have been identified, 48 of which are of human origin (reviewed

by Roos, 1989; Toogood et al" 1989).
Adenoviridae.

Adenoviruses belong to the family

This family has been further classified into two genera:

Mastadenovirus (human) bovine, canine, equine, etc.) and Aviadenovirus (avian).
Adenoviruses have been a popular research tool and model system for
many eukaryotic molecular processes such as splicing and posttranslational
processing of mRNA which were first observed in Ad systems (reviewed by

Table '.1 Diseases associated with adenoviral infection

IVIRUS
Ad*l, 2, 3, 5, 6, 7
Ad 3, 7, 14
Ad3, 4, 7, 14, 21
Ad', 2, 3, 7
Ad4, 7
Ad8, 11, 19, 37
AdS
Ad 11, 21
Ad40, 4 1
Ad', 2, 5
Ad34, 3S

BAV**l, 2, 3

DISEASE
Acute febrile pharyngitis
Pharyngoconjunctival fever
Acute respiratory disease
Pneumonia
Pneumonia
Epidemic keratoconjunctivitis
Pertussis-like syndrome
Acute hemorrhagic cystitis
Gastroenteritis
Hepatitis
Persistence of virus in urinary tract
Pneumonia, enteritis
Fibrinous enteritis, Pneumoenteritis
Weak calf syndrome
Mild respiratory illness, catarrhal conjunctivitis
Pneumoenteritis
Acute hepatitis
Laryngotracheitis
Enteritis

COMMENTS

5% of disease cases
Military (fatigue/crowding)

Liver transplant
AIDS, immunosuppressed

BAV4
BAV5, 7
BAV6, 8
SAV7
CAV***l
CAV2
PAV**** 1, 2, 3
PAV4
Pneumonia, encephalitis
*Ad: Human adenovirus
**BAV: Bovine adenovirus
***CAV: Canine adenovirus
****PAV: Porcine adenovirus

......

w
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Horwitz, 1990a, b). As well, several important techniques such as the in vitro
replication system and mANA mapping of the genomic location of a gene were
first developed using Ads (Berk and Sharp. 1977; Chow et al., 1977; Challberg
and Kelly. 1979: Ricciardi et al., 1979).
The majority of information presently known concerning Ads. has been
determined using human (types 2, 5, and 12) and little is known about other
members of the mastadenoviruses such as canine and bovine adenoviruses.
There is a need to study other Ads in order that a more complete picture of the
Adenoviridae can be constructed; therefore. it was the aim of the research
portion of this thesis to study one of the bovine adenoviruses. bovine adenovirus
type 2 (BAV2). Most of the information presented in the Literature Review comes
from studies focused on human Ads. Attempts to include information regarding
the BAVs have been made wherever possible.
SAVs are of considerable interest. not only as potential recombinant viral
vaccines. but also because they are members of the Mastadenovirus, and show
wide divergence in their properties (Bartha, 1969; Mohanty, 1971; Belak et al.,
1983. 1986) unlike the human Ads. Klein et al. (1959) reported the first isolation
of BAV, now known as BAV1. Mohanty (1971), who attempted to classify a large
number of SAV isolates. reported that they were divided into 10 serotypes.
Presently, however, it is more widely accepted that the BAVs so far isolated
comprise 9 serotypes (Benko et al., 1988). Bartha (1969) proposed a breakdown
of the nine SAVs into two subgroups based on common characteristics as
follows:

Subgroup I, comprised of serotypes 1-3 and 9. carry the antigen

common to mastadenoviruses and propagate in bovine kidney cells as efficiently
as in bovine testicle cells. Subgroup II, comprised of serotypes 4-8. carry little or
none of the common group-specific antigen, fail to grow in bovine kidney cell
culture, and can be propagated only in bovine testicle cell cultures. In addition.

15
the viral particles of subgroup I are more vulnerable to heat treatment than those
of subgroup II.
Bovine adenovirus type 2 (BAV2), belonging to subgroup I, was first
isolated from the feces of a normal calf by Klein et al. in 1960. The genome of
BAV2 is a linear duplex DNA molecule with a molecular weight of approximately
19.5 to 21.6 x 1rfi Da (Belak et aL, 1986; Benko et al., 1988).
Unlike human Ads, which have been found to be species specific, there
have been several reported cases in which BAV2 strains, similar to the prototype
strain (No. 19), have been isolated from sheep (Belak et al., 1983; Belak et al.,
1986).

Two subspecies of SA V2 have been proposed based on

hemagglutinating properties and restriction enzyme cleavage patterns. These
are subspecies A, which refers to those isolates of SAV2 with the same
characteristics as the prototype strain (strain No. 19), and, subspecies B, which
includes those viruses which are similar to ORT-111, a strain of SAV2 originally
isolated from sheep (Belak et al. , 1983).

To date, there is one published restriction endonuclease map of the
prototype strain of BAV2 (No. 19), consisting of only two restriction enzyme
maps, EcoRI and BamHI (Belak et al., 1986).

This thesis reports on the

molecular subcloning of the internal EcoRl, Pstl and San BAV2 (strain No. 19)

fragments as well as terminal BamHI and Pst1 fragments into the plasmid vector
pUC19. Each of these newly constructed recombinant plasmids, as well as two

EcoRI plasmids subcloned during my fourth year honours thesis, were then finely

mapped using twelve restriction endonucleases (BamHI, Cia I, EcoRl, Hind II I,
Kpnl, Notl, NspV, Pst1, Pvul, San. Xbal and Xhol). Using these recombinant
plasmidsas well as radio-labeled viral DNA, the construction of detailed physical
restriction endonuclease maps (in COllaboration with L. Esford) and an estimation
of the genome size was accomplished. Finally, the sequence of the left end,

16
from 0 to 12.2%

,

of the viral genome was determined. The DNA sequences of

the early region 1 (E1) and hexon-associated gene, protein IX, have been
determined and the amino acid sequences predicted to be encoded by their open

reading frames (ORFs) compared to those of the E1 proteins and protein IX from
other Ads.
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Chapter 2: Literature Review
2.1 Discovery and Epidemiology of Adenoviruses
In 1953, Rowe et al., in their attempt to set up tissue cultures using tonsilar
and adenoidal tissue surgically removed from children, discovered that viral
agents were causing destruction of the cell lines. Initially, these viral agents were
called "Adenoid Degeneration Agents" (Rowe et al., 1953), "Respiratory Illness
Agents" or "Adenoidal-Pharyngeal Conjunctival Agents" (reviewed by Enders et
al., 1956). Currently, the term "Adenoviruses" (Enders et a/., 1956) is used to

described these agents and they are one of the best studied viruses in humans.
Adenoviruses (Ads) are not tumorigenic in their natural host species.
Clinically, these viruses cause acute infections of the upper and lower respiratory
tracts. Numerous other organs can be infected subsequently, including gut and
lymphatic tissues, and occasionally resulting in substantial organ toxicity, such as
pneumonia or kidney disease (reviewed by Horwitz, 1990a). With regard to
tumorigenicity and cell transformation, infection in rodents with certain strains of
human adenovirus (Ad12) as well as BAV3 has been shown to result in tumor
formation (reviewed by Horwitz, 1990a). /n vitro experiments on rodent cells
have also shown morphological transformation following Ad infection (Gallimore
et al. 1974; Houweling et al., 1980; Bellett et al., 1985). However, there is not
J

necessarily an absolute correlation between the tumorigenicity of a particular Ad
strain and its transforming ability in vitro (reviewed by Buchkovich et al. 1989).
1

The tumorigenicity of different Ad strains appears to be influenced by their ability
to modulate the host immune response.
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Adenoviruses can also establish persistent inapparent infections, mainly in
tonsillar and lymphatic tissues.

This may explain why Ads have evolved

mechanisms to escape the immune system ·such as suppression of class I major
histocompatibility complex (MHC) expression in infected cells and inactivation of
the interferon system (revieWed by Horwitz, 199Ob). The early region 1A (E1 A)
and E3 viral genes are known to be responsible for some of these effects
(reviewed by Horwitz, 1990a,

b~

Wold and Gooding, 1991).

2.2 Classification of Adenoviruses
Adenoviruses belong to the family Adenoviridae (reviewed by Horwitz,
1990a, b). Nearly 100 serotypes of Ads have been isolated from many animals
including mammals, marsupials, birds, and amphibians (Wadell et al' 1980; Hu
J

et al., 1984a). This family is further divided into two genera; Mastadenovirus and
A via de no virus. The Mastadenovirus genus contains the majority of the Ads and
includes human, canine, ovine, and bovine Ads, whereas the Aviadenovirus
genus consists of those Ads which infect birds.
Ginsberg (1962) listed the criteria for Ad classification as (i) being resistant
to ether and chloroform, (ii) insensitive to heating at 50°C for 30 minutes, (iii)
forming a line of identity in double immunodiffusion tests and (iv) exhibiting
characteristic eosinophilic intranuclear inclusion bodies in bovine testicle (BT) cell
cultures. Wigand et al. (1982) defined an adenovirus type as "...one that is
immunologically distinct as determined by quantitative neutralization tests with
animal sera...". Subclassification of Ads is based on the organism from which
they have been isolated (e.g. Ads isolated from humans are human Ads and Ads
isolated from cattle are called bovine Ads).

Further classification of species

specific Ads is accomplished by using restriction endonuclease cleavage patterns
of the viral genomes, complement fixation tests, and fluorescent antibody tests.
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2.3 Structure of the Virion
All Ads studied to date, are non-enveloped, icosahedral-sha'ped particles,
and have diameters between 65 and 80 nm (Figure 2.1: reviewed by Wigand et
al., 1982; Roos, 1989; Horwitz, 1990a). Human Ads have been shown to be

composed of 87% protein and 13% DNA (Roos. 1989), resistant to both ether
and chloroform, and lacking lipids and membranes (Wigand et al., 1982;
Toogood et al., 1989).

2.3.1 The Viral Proteins

Adenovirus structural proteins are designated by Roman numerals,
according to their electrophoretic mobility (reviewed by Horwitz. 1990a).
human Ads, the capsid consists of 252 subunits (capsomers):

In

240 hexons

(protein II), which contact 6 other subunits, and 12 pentons. which contact 5
(Figure 2.1). Figure 2.2 outlines the position and the association of the viral
proteins relative to each other and to the viral DNA.
The pentons are located at the angles of the icosahedron and consist of a
penton base (III) and a non-covalently attached fiber (IV).

Protein lIa is

associated with pentons (reviewed by Horwitz. 1990a); polypeptides VIII and IX
are involved in attachment between hexons; polypeptides X, XI and XII are also
associated with the hexons (reviewed by Horwitz, 1990a). Within the capsid is
an inner shell, composed of polypeptides V and VII, and f.l and terminal protein
(TP); these proteins are associated with the viral DNA (reviewed by Horwitz,
1990a). Polypeptide VI is associated with the inner surface of the hexons, and

also binds to the DNA (reviewed by Horwitz, 1990a).
Polypeptide II is commonly referred to as the hexon protein and is the
most abundant protein in the adenovirus. Each hexon has a molecular weight of

120 KDa and three hexon proteins make up a single hexon capsomer (reviewed

Figure 2.1

Model of the capsid structure of an adenovirus particle showing the

icosahedral array of capsomers.

The dark spheres represent the penton

capsomers. The long fibrous protein (polypeptide IV) can be seen protruding
from the penton capsomers. The light spheres represent the hexon capsomers
(from Horwitz, 1990a).
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Figure 2.2 Model of the arrangment of structural proteins and viral DNA in the
virion.

The positions of each of the structural polypeptides are indicated by

Roman numerals.

The hexon (II), penton base (III), fibre (IV) and hexon-

associated proteins (lila, VI, VIII, and IX) are subunits of the capsid. The core
contains proteins V, VII, and Jl, as well as the 55 KDa terminal protein covalently
linked at each of the 5' ends of the linear DNA (Reproduced from Horwitz,
1990a). FP1 and FP2 show the location of fracture planes based on electron
microscopic data. The arrangement of the viral DNA molecule shown here was
chosen not to presuppose any definite organization.

]I

TIl:
,_='~~~~:nl~"'~~ •••••••••••••• FPI
....... .......... FP2
~

3ZI
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by Horwitz, 1990a). Niiyama et al. (1975) estimated that the BAV3 hexon subunit
has a molecular mass of 113 KDa, based on electrophoresis, although the gene
sequence for the subunit predicts 103 KDa (Hu et al., 1984b). The structure of

the hexon has been determined by sequencing (Kinloch et al., 1984; Toogood
and Hay, 1988; Toogood et al., 1989) and crystallography (Roberts et al., 1986)

for several Ad species, including BAV3 (Hu et al., 1984b). The types sequenced
thus far share a general arrangement, consisting of a roughly hexagonal base,

topped by a triangular region containing three towers.

The base is quite

conserved between the species, and contains group-specific antigenic
determinants, whereas the towers are more variable and contain type-specific

epitopes (Norrby, 1969; Willcox and Mautner, 1976).
The fiber consists of two or three identical glycosylated polypeptides (IV)
(Green et al., 1983; Signas et aJ., 1985). The fibers range from 10 to 36 nm in

length, depending on the species (Norrby, 1969); BAV3 is reported to have 12-18
nm long fibers (Niiyama et al., 1975). The fiber has an estimated molecular mass
of 150-205 KDa (Sundquist et al., 1973; Green et al., 1983); and subunits are

estimated, by electrophoresis, to have molecular masses between 50-70 KDa.
The penton base consists of 5 identical polypeptides (III), each with a

molecular mass of 70 (Maizel at a/., 1968; Niiyama et al., 1975) to 80 KDa

(Anderson et al., 1973).

2.3.2 The Viral DNA

Adenovirus DNA is a linear double-stranded molecule having a molecular
weight between 20 and 30 x 106 Da (Tooze, 1980).

This viral DNA is

approximately 11 flm in length and has a G + C content between 48 and 61%,

depending on the serotype (Pina and Green, 1965).

All known Ad DNA

molecules studied to date have inverted terminal repeats (ITRs) consisting of

Figure 2.3 Transcription and translation map of human adenovirus type 2. The
early mRNAs are designated E, and 'are shown by thin lines. Late mRNAs are
designated L. The polypeptides are designated by roman numerals for the virion
structural components and in kilodaltons for nonstructural virus-coded translation
products (after Horwitz, 1990a).
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between 52 and 196 base pairs (Garon et al., 1972; Wolfson and Dressler, 1972;

Sira et al., 1987; Shinagawa at aI., 1987; Roos, 1989).

For example, the

nucleotide sequences of ITRs from BAV1 and BAV3 have been determined
(Shinagawa et al., 1987) and were found to have lengths of 159 bp and 195 bp
respectively.
The genome of the Ad is divided into left and right halves. The strand
transcribed to the right is called the r-strand whereas the strand transcribed to the
left is termed the I-strand. The genome is also, by convention, further subdivided
into 100 map units (mu) from left to right as illustrated in Figure 2.3. There are at
least six early viral transcription units or early region (E) genes which are
encoded by both the r- and I-strands of the DNA genome (Figure 2.3). The rstrand contains the early region 1A (E1 A), E1 Band E3 units whereas the I-strand
contains the E4, E2A and E2B units.

2.4 The Early Genes
The Ad productive cycle is divided into early and late phases, with the late
phase commencing with the onset of viral DNA replication. The early genes or
early viral transcripts map throughout the viral genome, are encoded by both
DNA strands. and are organized into six distinct transcription units (E1 A, E1 B.
E2A, E2B, E3 and E4). The structure and genomic map locations of the early
viral RNAs have been defined in a number of ways. including electron
microscopy (Chow et al. , 1979), and 81 nuclease mapping (Berk and Sharp,
1978).

All viral mRNA transcripts are capped and polyadenylated (reviewed by
Horwitz. 1990b). With the exception of viral associated RNA genes (VA RNA).
which are transcribed by cellular RNA polymerase III, all other viral genes are
transcribed by cellular RNA polymerase II (reviewed by Mathews and Shenk,
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1991). Each of the early transcription units produces a number of mRNAs by
alternative splicing of a primary transcript.
The pattern of early viral gene expression has been determined by a
variety of assays, and the transcription rates from each of the early regions varies
with respect to both the onset of activity and the maintenance of transcription rate
(reviewed by Nevins, 1987). In particular, E1 A and E4 transcription units are
activated very early in the infection, followed by E3, E1 B, and finally E2;
transcription of E1 A and E1 B continues well into the late phase of infection,
whereas transcription of E4 is rapidly shut off, and transcription of E2 and E3
slowly declines.

2.4.1 Early Region 1
Earty region 1 (E1), of Ad2, is located between 1.3 and 11.2 map units on
the r-strand of the viral genome. The transforming region of bovine adenovirus
type 3 (BAV3) DNA is also located at the extreme left end (0-11.9°k) of the viral

genome (Igarashi et al., 1978; Niiyama et al., 1981). This region is transcribed
into the first mRNAs detected in Ad-infected cells. There are two transcription
units, E1 A and EtB, within the E1 region. E1A and E1 B, or activated (as (a
cellular oncogene) are reqUired for full transformation of cells in culture (Graham

et al., 1974, 1977; Jones and Shenk, 1979; McKinnon et al., 1982), whereas the
E1 A alone is required for immortalization of primary cell cultures (Houweling et

al., 1980; Ruley, 1983).
The E1 A gene of Ad2, located between 1.3 and 4.5 mu., produces five
mRNAs that share the cap and poly(A) sites, and are generated by differential
splicing of the primary transcript. There are two major mRNAs synthesized early
in infection (Westphal and Lai, 1977; Berk and Sharp, 1978; Chow. et al., 1979),
the 13S and 128 mRNAs, which encode proteins of 51 KDa (289 amino acids)

\
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and 48 KDa (243 amino acids), respectively (Perricaudet et al., 1979). At late
times, after infection, three additional E1 A mRNAs are detected: The 11 Sand
10S transcripts encode proteins of 217 and 171 amino acids, respectively
(Ulfendahl st al., 1987), while the protein product of the smallest RNA, the 95
mRNA, has yet to be identified in vivo. All four of the larger mRNAs maintain the
same translational reading frame after splicing and, therefore, yield four protein
stretches of internal amino acids.

The E1 A proteins undergo extensive

posttranslational modification, resulting in numerous species of closely related
proteins that are found in the nucleus of the cell (Harlow et al., 1985; Yee and
Branton, 1985).
Multiple activities have been attributed to the E1 A proteins. Among these
activities are the ability to immortalize primary cells (Houweling

et al., 1980), and

the ability to transform cells in cooperation with certain other oncoproteins,
including the adenoviral E1 B product, the polyomavirus middle T antigen, and the
activated H-ras product (Gallimore et a/., 1974; Graham ef sl., 1974; Flint et al.,
1976; Houweling

et al., 1980; van den Elsen et al., 1982; Ruley, 1983; van den

Elsen et al., 1983). Another widely studied activity of the E1 A proteins is their
ability to exert transcriptional control over a variety of viral and cellular genes. In
many cases, E1 A activates transcription from these promoters (as it does from
Ad early promoters) while in some cases it represses transcription, particularly of
genes linked to certain enhancers (Borrelli 9t al., 1984; Hen st al., 1985; Velcich
and Zift, 1985). Other activities of the E1 A proteins include the ability to stimulate
cell cycle progression (Braithwaite et al., 1983; Bellen et al., 1985; Kaczmarek et

al., 1986; Nakajima et a/., 1987) and the ability to induce the production of an '
epithelial cell growth factor (Lillie et al., 1987).
A comparison of several Ad serotypes has shown that the E1A proteins
contain three highly conserved regions of amino acid homology (van Ormondt et
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al., 1980; Moran and Mathews, 1987). Conserved region 1, amino acids 40 to
80, is present in the 289- and 243-residue proteins. Conserved region 2, amino

acids 120 to 139, is present on all four of the E1 A proteins, and conserved region
3, amino acids 140 to 189, is found only in the 289- and 217-residue proteins.

Transformation, cell cycle stimulation, imortalization, and growth factor induction
all require portions of conserved regions 1 and 2 J while conserved region 3 is
sufficient for transactivation. In addition to the three conserved

~egionsJ

the N-

termini of the E1 A polypeptides have also been shown to be involved in the
regulation of gene expression and transformation functions (Gedrich et al., 1992:
Weintraub and Dean, 1992).
The E1 B transcription unit extends from 4.6 to 11.2 map units on the rstrand of the genome. A 228 and

a

138 mRNA are each transcribed from two

different overlapping reading frames within the E1 B region. The 228 mRNA is
translated into both a 19 KDa (small T-antigen) and a 55 KDa (large T-antigen)
protein from two different start sites; whereas the 138 mRNA encodes only the
19 KDa polypeptide (Bos et al., 1981). In an Ad-infected cell, the 19 KDa protein

(small T-antigen) specifically associates with. and disrupts, the organization of
the intermediate filaments and the nuclear lamina of the cell (White and Cipriani J
1989). These interactions are thought to produce the effect of E1 B 19 KDa

protein in preserving the nuclear DNA integrity and cytoplasm architecture, the
destruction of which is induced by the E1 A gene products during productive Ad
infection (White et al. , 1991 J 1992). Infection of baby rat kidney cells (KB) with
Ad12 mutants in the 19 KDa polypeptide, results in degradation of the infected

cell and viral DNAs (deg phenotype)J as well as enhanced cytopathic effects (cyt
phenotype) (Zhang et al. , 1992). These phenotypes may be the result of the
inability of the 19 KDa protein to interact with J and preserve J the structural

component of the infected cells.
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The E1 B 19 KDa polypeptide was recently shown to protect Ad infected
cells against lysis by tumor necrosis factor (TNF) that is produced in response to
the viral infection (Gooding et al. , 1991; White et al., 1992).

TNF is an

immunoregulatory molecule with antiviral properties which is secreted by
activated macrophages and monocytes (reviewed by Horwitz, 1990b; Wold and
Gooding, 1991). Based on these findings, it has been suggested that the 19 KDa
protein may, in fact, exert its role in transformation by inhibiting cell death
induced by E1 A or TNF, thus allowing the E1 A to complete the transformation of
nonpermissive cells (White et al. 1992). In addition to its role in preventing
J

infected cell lysis, the 19 KDa protein also plays a role in the activation of the
early viral genes (Herrmann et al., 1987; Kornuc et al. 1990).
J

The 55 KDa polypeptide product of the E1 B region is required, along with
the E1 A prOducts, to produce full transformation of cells in culture. In fact, the
overexpression of this polypeptide, in the absence of the other Ad12 oncogene,
E1 B 19 KDa, is sufficient to transform KB cells (Zharg et al. , 1992). This protein
has been found to associate with p53, a cellular protein involved in cell cycle
regulation (which is predicted to be an anti-oncogene) (Lavery and Chen-Kiang,
1990).

The ability of the 55 KDa protein to boost the E1 A products in the

transformation of culture cells may occur through this association with p53: In
other words, by inhibiting the p53 from performing its anti-oncogenic functions,
full transformation can take place.
The. 55 KDa product of E1 B is also involved in the regulation of host-cell
RNA metabolism. A complex, formed between the 55 KDa protein and the E4 34
KDa protein, is thought to directly interact with cellular factors required for
transport of cellular mRNA to the cytoplasm.' This interaction. suggested to
prevent cellular mRNA from accumulating in the cytoplasm, has recently been
demonstrated to localize in the periphery of the nuclear inclusions where the viral

DNA is being transcribed (Ornelles and Shenk, 1991). Moreover, nuclear factors
(such as 8m antigen and matrix-associated antigen, PI1), which are involved in
the translocation of mRNA across the nuclear membrane, have also been
localized in the same area as the 55-34 KDa complex suggesting the entrapment
of these factors by the viral protein complex (Ornellas and Shenk, 1991).

2.4.2 Early Region 2
The early region 2 (E2) is located between map units (mu) 75 and 11 on
the I-strand (Figure 2.3).

Transcription from this region is initiated from two

alternative promoters: at 75 mu early in the lytic cycle and at 72 mu during late
infection (Chow et a/., 1979).
Similar to E1, E2 has been subdivided into two regions, E2A and E2B.
The E2A encodes a 72 KDa DNA-binding protein (DBP), whereas the E28
encodes two polypeptides; the- 80 KDa precursor for
and the viral DNA polymerase (Ad pol) (Stillman

t~e

terminal protein (pTP)

et al., 1981). The DBP protects

displaced, single-stranded, parental DNA molecules from nuclease activity and
enhances the formation of the initiation of repiication complex at the origin of
replication site (Tsuji et al., 1991). In addition, the DBP plays an important role in
the regulation of viral gene expression and stabilization of viral mRNAs (Nevins,
1987; Chang and Shenk, 1990).

All three protein products ~f the E2 are

essential for DNA replication.

2.4.3 Early Region 3
The early region 3 (E3), located between 76.6 and 86 mu on the r-strand
(Figure 1.3), encodes at least nine mRNA species (Berk and Sharp, 1978; Chow

et al., 1979; Herisse et a/., 1981; Cladaras et al., 1985-; Cladaras and Wold.
1985) depending on the serotype (reviewed by Wold and Gooding, 1991). Each
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of the E3 mRNA transcripts vary at their 3' end but, shares a common 5' leader
sequence joined to an acceptor site at map position 78.6 (Cladaras and Wold,
1985; Cladaras et al" 1985). Since the entire region can be deleted without
apparent effect on virus multiplication in cultured cells (Kelly and Lewis. 1973).
the function(s) of the E3 proteins have not been fully determined. Nevertheless,
the presence of an E3 is highly conserved among Ad serotypes (Cladaras and
Wold, 1985; Signas et al., 1986), indicating that it is important to virus
maintenance in vivo.
The E3 encodes a 19 KDa glycoprotein (gp19) (Wold et al., 1985) that
binds to the major histocompatibility complex class I (MHC-I) molecules.
preventing their transport to infected cell surfaces (Burgert and Kvist, 1985;
Andersson et al., 1985; Ginsberg et al" 1989). Ad mutants in the gp19 gene
showed a marked decrease in their ability to reduce surface expression of the
MHC-I. and increased pathogenic effects (increase in the lymphocyte and
macrophage/monocyte inflammatory response) in cotton rats (Ginsberg et al.,
1989). Recent evidence has suggested that the increased sensitivity of cells
infected with E3 mutants to cytolysis by T-cells is due to over expression of E1 A
proteins, rather than changes in MHC-I function or expression (Zhang et al.,
1991). By regUlating E1 A expression and MHC-I surface expression. the E3
gp19 may help to protect infected cells against cytolysis by components of the
host immune system (Burgert and Kvist, 1985; Andersson et al., 1985; Ginsberg
et al., 1989).

Two of the E3 prOducts, the 10.4 KDa and 14.5 KDa polypeptides, forma
complex resulting in the internalization and degradation of epidermal growth
factor (EGF) receptor (Tollefson et al., 1991). This action is thought to mimic the
effect of EGF in stimulating host-cell DNA synthesis and cell division, making the.
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host cells efficient virus-producing factories (Tollefson et al., 1990a, b, 1991;
Wold and Gooding, 1991).
The 14.7 KDa protein product of E3 is sufficient for protecting Ad-infected
cells against cytolysis by TNF: Transfection of mouse C3HA cells with the 14.7
KDa gene, under the control of a mouse promoter, resulted in decreased
sensitivity to TNF (Gooding et al' 1988). Although the explanation behind the
J

reduced sensitivity to TNF remains unknown, the decreased sensitivity to TNF
was found not to be a result of reduced TNF receptor, nor a result of interference
of the 14.7 KDa with TNF signal transduction (Horton et al., 1991) It is interesting
to note that in mouse cells, the absence of the 14.7 KDa protein is compensated

by the 10.4 and 14.5 KDa complex in decreasing sensitivity to TNF (Gooding et

al" 1991 b).
The E3 transcription unit expresses at least 5 additional mANA species
encoding 12.5 KDa, 6.7 KDa, 3.6 KDa, 7.5 KDa, and 11.6 KDa proteins
(reviewed by Wold and Gooding, 1991) whose functions are not yet known.
Since each of the Ad transcription units appear, to encode genes with related
functions, it has been proposed that the E3 transcription unit may be a cassette

of genes that helps the virus to evade immunosurveillance (Wold and Gooding,
1991). Of the six known E3 proteins, four function in counteracting the immune

system: gp19 KDa preventing cytolysis by TNF, and 14.7 and 10.4 KDa/14.5 KDa
preventing cytolysis by TNF.

It will be interesting to see if the remaining E3

proteins, whose functions are as yet unknown, help the virus to evade host
immunosurveillance.
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2.4.4 Early Region 4
Early region 4 (E4) is located on the I-str?ind at the extreme right end of
the viral genome between map positions 91.3 and 99 (Figure 2.3) (Sharp et al.,
1974). A large number of mRNAs have been identified by electron microscopy
and nuclease-51 analyses, and all appear to have common 5' and 3' sequences
(Berk and Sharp, 1978; Tigges and Raskas, 1984; Virtanen etal., 1984). The
nucleotide sequence of E4 has revealed seven open reading frames (ORFs)
(Herisse et al., 1981 ; Gingeras et al., 1982). Attempts to define roles for specific
E4 products have identified the products of several ORFs as individually capable
of rescuing viral growth to normal or near-normal levels, respectively (Hemstrom
et aI., 1988; Bridge and Ketner, 1989; Huang and Hearing, 1989a, b; Marton et
al., 1990; Ornellas and Shenk, 1991 ; Mullr et al., 1992; Gedrich et al., 1992).

Four proteins encoded by E4 have been identified, one of which is the 11
KDa polypeptide encoded by ORF3. This nuclear matrix-associated protein
appears to be dispensable for growth in cell culture (Horwitz, 1990b). ORFS
encodes a 34 KDa protein that associates with the E1 B 55 KDa protein to help
regulate host cell mRNA metabolism during infection (Ornelles and Shenk, 1991).
The 17.5 KDa protein product of ORF

sn was found to complex with the cellular

transcription factor, E2F, to stim,ulate transcription of the E2 early in infection
(Marton st al., 1990). This 17.5 KDa protein was also found to activate other viral
genes in the absence of E1A gene products (Marton et al., 1990). Recently, the
14 KDa product of ORF4 has been shown to counter balance the ability of the
E1 A gene products to activate viral genes through the cyclic AMP (cAMP)
responsive element (CRE) (Gedrich

et a/., 1992; Mullr et al., 1992).

In addition to

these functions, the E4 region of Ad9 has been implicated in the production of
mammary tumors in rodents (Javier st al., 1992).
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Ad mutants with large E4 deletions display complex phenotypes including
defects in viral DNA replication late gene expression and termination of host
J

macromolecule synthesis (Hamstron et al" 1991).

This suggests that E4

products play an important role in the viral productive cycle.

2.5 The Late Region Genes and Virion Assembly
There are 5 late transcription units L1 L2 L3 L4 and L5 controlled by
J

J

J

J

J

the MLP (Lewis et a/' 1975; Larsson et al., 1991; figure 2.3). The distinct mRNA
J

families produced by each unit have the same poly(A) sites with the exception of
L5 which has two poly(A) sites (reviewed by Horwitz, 1990a). The different
mRNA species produced from each of the late units are generated by alternative
splicing of different 5' splice donor sites, to the common 3' splice acceptor site of
the tripartite leader sequence immediately down stream of the MLP.
Most of the gene products of the late phase are structural proteins,
however, some early proteins such as DBP are still synthesized during the late
phase. Some of the late transcript products are non-structural proteins such as
the 100 KOa, 50 KDa and 39 KDa proteins, which are involved in the assembly of
the virus. The 100 KDa non-structural protein is believed to be a scaffolding
protein for hexon capsomer assembly in the cytoplasm, while the 50 KDa and 39
KDa proteins are scaffolding proteins involved in the formation of the immature
capsid in the nucleus of infected cells (reviewed by Horwitz, 1990b). Expression
of the 100 KDa protein is also necessary for efficient initiation of translation of the
other late mRNAs during the late stages of infection (Hayes et al., 1990). The L1

52/55 KDa products are also believed to be scaffolding proteins since
heterodimers of these proteins are present in the empty capsid (50 to 100 copies)
and in young virions (1 to 2 copies), but not in the mature viral particles (Hasson

et al. 1992). In fact, Ad mutants in the 52/55 KDa gene are defective in the
J
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assembly of infectious virions (Hasson et al., 1992). The L3 transcription unit
encodes a 23 KDa protease that is responsible for the cleavage of the pVI. pVII

J

pV11i and pTP into mature peptides (VI, VII, VIII and TP) in the last step of
assembly to produce the mature viral particles. These precursor proteins can be
efficiently and correctly cleaved by proteases isolated from different adenovirus
serotypes suggesting a high degree of conservation in the Ad protease gene
(Houde and Weber, 1990).
Accumulation of viral DNA, and structural polypeptides, signals the
initiation of the assembly and packaging processes. Assembly of the progeny
viral particles takes place in nuclear compartments distinct from replication
centers (Hasson et a/. 1992). The viral DNA is inserted into a preformed capsid
J

in a polar left to right fashion. In support of this, Grable and Hearing (1992) have
recently shown the presence of five cis-acting, AT rich packaging signal motifs
(called the A repeats) at the left end of the viral genome.

Based on these

findings and the fact that the distance separating these motifs is essential for
efficient packaging, Grable and Hearing proposed that the packaging elements
bind to trans-acting packaging factors to form a nucleoprotein complex that is
recognized by the packaging machinery of the virus. Ghosh-ehoudhury and his
co-workers (1986) have described an Ad5 mutant with a deletion in the E1 that
extended into the IX gene, that was defective in packaging the full length
genome. Upon restoration of the IX gene sequences. the defect in the packaging
was corrected. suggesting an important role for the structural IX protein in
packaging of full-length genome. The lytic cycle of Ad in permissive cells leads
to the production of approximately 10,000 progeny virions from each infected cell
within 36 hours of initial infection.
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2.6 Viral Replication
The majority of studies on the lytic reproduction cycle of Ads have been
carried out using Ad2- and AdS-infected human cell lines. Ads are good models
for studying eukaryotic DNA replication as their genome is easily isolated in intact

form from purified virions. Their genome structure and genetic organization have
been well defined and much is known about the general mechanism of Ad
replication in vivo. In 1979, Challberg and Kelly developed a soluble enzyme
system from Ad-infected HeLa cells which can support fully replicated
exogenously added Ad DNA molecules. This in vitro system closely resembles
the in vivo system and has led to our current understanding of the mechanisms of
Ad DNA replication (Ad2) at the molecular level.

This system has enabled

detailed studies of sequence requirements on the viral template as well as the
proteins (cellular and viral) that interact with the template.
The present model for the replication of Ad DNA supports pTP as the
primer for the initiation of Ad replication. Several observations suggest that the
TP attachment to the parental strand may also fulfill a role in the initiation of Ad
DNA replication (Lichy et al., 1981; Kenny et al., 1988; Roovers et aI, 1991).

Support for this model comes from research involving the replication of TP-free
templates. A study by Kenny et al. (1988) found that if no TP is available, an
additional protein (factor pL; purified from uninfected HeLa cells) was required.
Factor pL has an intrinsic 5'-3' exonuclease activity. It is capable of degrading

the 5' end of the nontemplate strand of the Ad origin and therefore supplies the
single stranded region at the 3' end of the template necessary for DNA
replication. Therefore, replication of these TP-free templates depends on partly
single-stranded origin regions (Kenny et al., 1988; Kenny and Hurwitz, 1988).
Further proof for TP-involvement in replication comes from studies on proteasedigested Ad DNA-TP complexes which show a reduced efficiency of DNA
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replication (Challberg and Kelly, 1980; Ikeda et al., 1981; Guggenheimer et al.,

1984). A role of TP in the unwinding of the origin region has therefore been
proposed (Roovers et al., 1991).
A'nother protein required for DNA replication is the DNA binding protein
(DBP) encoded by the early region 2A (E2A) (Tsuji et al., 1991). The Ad DBP of

Ad2 and Ad5 is a multifunctional nuclear phosphoprotein (Tsuji et al., 1991), has
a molecular weight of 72,000 KDa and is comprised of 529 amino acids (aa). It is
produced early after infection before replication begins, and continues to be
synthesized during the late phase of infection (Krevolin and Horwitz, 1987). DBP
is essential for viral DNA replication and is also required for the control of early
and late transcription.

Moreover, this protein has been implicated in

transformation, virus assembly, and the replication of adeno-associated viruses
(Challberg and Kelly, 1981; Stillman et al., 1981).
DBP binds to the ends of double stranded DNA, to RNA, and to single
stranded DNA (reviewed by Tsuji et aI., 1991). OSPs major function is to support
replication and plays two major roles in this function. First, it acts as a general

single stranded DNA binding. protein. It protects displaced strands from nuclease
attack (Tsuji at al., 1991) while separating it from the replicating template strand.
Secondly, it acts as an auxiliary factor for Ad pol, enhancing processivity of the

Ad pol and facilitating DNA chain elongation (Tsuji et al., 1991). Studies done on
the structure of DBP using mutant OSPs have shown that any alteration in the
DNA binding properties of the protein leads to a loss in the ability of replication to
proceed (TSUji et al., 1991).
The Ad infectious cycte is completed in permissive cells, whereas infection
of non-permissive cells is aborted at some step. In the case of abortive infection,
viral DNA replication is blocked completely (Doerfler, 1969; Doerfler and
Lunholm, 1970).Zock and Doerfler (1990) showed that in the DNA segment
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between nucleotides +320 and +352 (in Ad12), there is a sequence that has
been shown to inactivate the promoter in hamster cells. This sequence (the
presumptive mitigator element) is present in the first intron following the Ad12
This mitigator contributes to the abortive infection cycle (Zock and

MLP.

Doerfler, 1990). Removal of the mitigator element has also been shown to
enhance the MLP activity of Ad12 DNA in permissive human cells (Zock and
Doerfler, 1990).
Each infected cell can produce 105 to 106 virions; even so, the major viral
proteins and the viral DNA are produced in about 10 times excess and do not
form virions (reviewed by Horwitz, 1990a). Excess proteins form the prominent
inclusion bodies seen on staining infected cells and are the source of the free
antigen in cell extracts. Not all virions formed are infectious; Green et al. (1967)
found that the ratio of virion to plaque-forming units (PFU's) ranged from 11:1 to
2300:1 among 29 human Ad species.
J

2.7 Host Range
Adenoviruses have been isolated from most domestic animals (Adair and
McFerran, 1976) and are generally regarded to be highly species-specific. The

most detailed studies have been made with human strains of the Ad family.
Except for the oncogenicity of some strains, animals cannot normally be infected
experimentally with human isolates (Betts et al., 1962). Among the limited
number of successful experimental infections with human/animal infection is the
work of Betts et al. (1962), who were able to produce pneumonia with a human
strain in colostrum-deprived piglets. Latent infection of rabbits and inapparent
infection of dogs (Sinha et al., 1960) have also been reported. Genov et al.
(1971) infected lambs with the BAV strain Sofia 4/67 and observed an antibody
response, but no pathological alterations.
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The natural transmission of an Ad between different species has very
rarely been found, however, there are some exceptions. For example, some
BAVs can produce fatal infections in lambs (Belak and Palfi, 1974a, b; Adair and

McFerran, 1976) and fallow deer (Boros et al. , 1985); and, some canine Ads
have been shown to produce fatal infections in both foxes and bears (reviewed

by Koptopoulos and Cornwell, 1981). BAV3, 4 and 8 have also been isolated
from a group of free-living African buffaloes (Baber and Condy, 1981). The
possibility of a SAV infecting more than one host species has been reported
i

(Norrby, 1969; Belak and Palfi, 1974a, b). Of interest are the studies by Belak
and Palfi (1974a, b), who isolated an Ad from an outbreak of respiratory disease
in sheep and showed its close relationship to BAV2. This Ad, designated Hetf3,
was isolated from the nasal discharges of 6-8 week old merino lambs showing
mild respiratory symptoms (Belak and Palti, 1974a). The flock of lambs had no
contact with cattle. The HetfJ virus could readily be distinguished from any of the
prototype strains of ovine adenoviruses, but proved to be closely related to, if not
identical to SAV2. These results showed that sheep can be naturally infected

with a virus closely related to an adenovirus of bovine origin. Serological studies
have demonstrated the presence of canine adenovirus (CAV) type 1 in humans
(Smith et al., 1970) and CAV1 and CAV2 antibodies in a considerable number of
other animal species. Thus, it is possible that the host range of Ads may be
much broader than is thought at present.
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2.8 Bovine Adenoviruses (BAVs)
2.8.1 Discovery and Epidemiology
Since the first isolation in 1959 (Klein et al., 1959) BAVs have been

isolated in many countries all over the world (Inaba et sl., 1968; Mattson et aI.,
1987; Benko et al., 1988; Scanzianiet al., 1989). BAV infections occur with high
frequency in the bovine species, and have been isolated both from diseased
cattle and apparently healthy cattle (Klein et al., 1959, 1960; Darbyshire et al.,
1965; Mattson et a/., 1987). BAV infections have been associated with disease
of the respiratory tract, enteritis, conjunctivitis, keratitis and pyrexia (Darbyshire et

a/., 1966; Mohanty 1971). Calf inoculation studies with different bovine isolates
I

and serotypes have produced responses varying from no clinical reactions to
severe reactions (Klein at a/., 1959, 1960; Darbyshire et al., 1966; Lehmkuhl et

al., 1975; Mattson

et a/., 1987).

A study by Darbyshire

et al.

(1966) reported on the typical pathogenesis of

intranasal infection of newborn calves with BAV3. Their results showed that at
necropsy, gross lesions were confined principally to the lungs which showed
areas of collapse, consolidation and emphysema. Histological changes in the
lungs consisted of a proliferative bronchiolitis and necrosis with bronchiolar
occulsion which resulted in alveolar collapse. Typical Ad intranuclear inclusions

were observed in a variety of tissues including lung, tonsils, tracheal mucosa and
in retropharyngeal, mediastinal and bronchial lymph nodes.
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2.8.2 Characterization

Adenoviruses of bovine origin were represented for some time by two
strains, bovine No. 10 (Klein et al' 1959) and bovine No. 19 (Klein et al' 1960). J

J

These strains were determined to be distinct antigenic serotypes and were
sUbsequently designated BAV1 and BAV2 respectively. A third distinct serotype.
strain WBR 1 was isolated from the conjunctiva of an apparently healthy cow and
was designated as the prototype strain of BAV3 (WBR1; Darbyshire et al., 1965).
Three of the BAVs (types 1, 2 and 3) have been isolated from primary calf kidney
cell cultures.

Each of these three BAV types cat)se pneumonia as well as

pneumonic-like symptoms in calves (Mohanty) 1971). Types 4 and 5 have been
isolated in primary calf testicular cell cultures and appear to cause
pneumoenteritis in calves. Types 6 and 9 were also isolated in primary calf
testicular cell cultures. and have been shown to produce both mild respiratory
illness and catarrhal conjunctivitis in calves. SAV7 has been reported to cause
pneumonia as well as enteritis (Reed et al., 1978) and hemorrhagic enteritis
(Inaba et al' 1968). Benko et al. (1989) have recently established a permanent
J

cell line using calf thyroid cell culture. This cell line allows the replication of all
nine of the bovine Ads (BAVs) and all of the BAVs are capable of inducing a
cytopathic effect (CPE). Currently, nine serotypes have been described (Klein et
al., 1959.1960; Darbyshire eta!., 1965;. Bartha and Aldasy. 1966; Inaba etal.,

1968; Rondhuis, 1968; Bartha et al., 1970; Guenov et al., 1971) and accepted as
reference types by the Ad study group of the International Committee on the
Taxonomy of Viruses (leTV) (Wigand et al., 1982; Horner et al., 1989). These
nine serotypes have been further classified into two subgroups (Bartha, 1969)
based upon serum neutralization, their ability to replicate in different cell cultures.
the morphology of the intranuclear inclusion bodies and complement fixation
tests (Klein et al., 1959; Bartha, 1969; Mohanty. 1971).
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The first subgroup consists of types 1, 2, 3 and 9 whereas subgroup II
consists of types 4 through 8 (Bartha, 1969). Subgroup I grow in pri~ary bovine
testicular or kidney cells as well as in continuous cell lines such as Madin-Darby

bovine kidney (MDBK) cells and contain the common complement-fixing antigen
characteristic for Ads of all mammalian host species. Subgroup II, also referred
to as the "paramastadenoviruses" (Benko st al., 1988) comprises the BAVs with
undetectable or only trace amounts of the genus-specific antigen and require
bovine testicle cells, corneal cells or embryonic lung cells for replication (Bartha,
1969). Subgroup II BAVs contain a novelparamastadenovirus group-reactive
antigen (Benko st al., 1988).

It has recently been shown, by a fluorescent

method, that immunologically cross-reacting proteins are present in subgroup II
BAVs (Adair et aJ. , 1983). Rusvai st a/. (1988) have also demonstrated that

BAV4 and SAV8, belonging to subgroup II, share a common epitope with BAV1
on their hexon.
A tenth strain, isolate 78-5371 (BAV10; Horner et al., 1989) has been
reported. This isolate, although not yet accepted as a novel BAV, has similar
characteristics of the subgroup II BAVs except that it is heat labile and grows
slowly in bovine embryonic testis and lung cell cultures. Cross-neutralization
tests carried out using isolate 78-5371 and the 9 recognized BAV types verses

hyperimmune rabbit sera produced against all 10 viruses. However, antiserum
against 78-5371 did not neutralize any of the other 9 types of BAVs.
Complement fixation tests with an antigen prepared from 78-5371 did not react
with antisera prepared against subgroup I BAVs, but did react with all the sera of
the subgroup II.
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2.8.3 Experimental Infection with Bovine Adenoviruses
Experimental infection of calves has generally resulted in mild to moderate
pneumoenteritis. Although researchers were unable to produce any disease with
BAV3 or BAV1, in 6-15 week .old calves of mixed colostral status, using 103 .5
50% tissue culture infectious doses (TC1Dso) by intratracheal, intranasal, and

intravenous inoculation, higher doses of virus have usually induced a fairly mild
disease (Darbyshire et al., 1965, 1968; Lehmkuhl et al., 1975; Mattson et al.,
1987). Colostrum-deprived calves infected at birth with 104 (Darbyshire et al.,
1965) or 105 (Darbyshire etal., 1966) TC1Dso BAV3 intranasally, followed by the

same· dose intratracheally 24 hours later, showed moderate to marked
pneumoenteritis. Mattson et al. (1987) also produced pneumoenteritis with a
similar p.rotocol, and Lehmkuhl st a/. (1975) induced moderate disease in 4
month old colostrum-deprived calves with 3 x 105 TC1Dso given intratracheally.
Other serotypes have also caused disease experimentally. Darbyshire et

al. (1965) used 6-8 week old calves, seronegative for those Ad serotypes
recognized at the time (BAV1 and 2) and infected them with 5 x 106 .5 TC1Dso by
various routes. The serotype of the virus was not mentioned; it was probably
serotype 1. Intranasal and intratracheal inoculation resulted in marked to severe
pneumoenteritis, while conjunctival inoculation did not produce any clinical signs.
The study by Darbyshire sf al. (1966), showed induced mild disease, consisting
mostly of nasal and ocular discharge and diarrhea, in all of four 1 day old
colostrum deprived calves infected with 103 .9 TC1DSO BAV1 and two of three
infected with 102 . 1 TC1Dso BAV2. One calf died with severe pneumoenteritis
after infection with BAV2. A similar mild pneumoenteritis was induced using high
doses (10 6 -1 0 8 TC1Dso) of serotype 7, given orally, subcutaneously, or

intranasally.
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BAV4, the dominant bovine serotype in Eastern Europe (Bartha, 1973),
caused quite severe disease in calves, not deprived of colostrum, when 1()6

TC1Dso were given by the intravenous. intratracheal, or intranasal routes.
Clinically. fever. nasal discharge. and moderate diarrhea were noted; severe
interstitial pneumonia was seen on post-mortem examination (Bartha, 1973).
Comparison of the diseases resulting after BAV4 (1 ()3 TC1Dso), 5, or 8

(1 ()2.5 TC1Dso) were given by intranasal and intratracheal inoculation showed that
serotypes 4 and 5 produced a moderate pneumonia. while serotype 8 was nonpathogenic at that dose (Mohanty, 1971).
Even in the absence of clinical disease. SAV3 infection may still affect

calves. Cole et aJ. (1986) found that intranasal inoculation of 105 TC1Dso BAV3
in 200 kg calves did not cause any clinical disease; however, virus titer increased
and the utilization of nitrogen and dry matter were reduced, suggesting that
weight gain might be reduced.

2.8.4 Physicochemical Properties
Although DNA restriction enzyme analysis of the prototype BAV strains
has not revealed any obvious genetic relatedness between the different SAVs or
between BAV and human Ad serotypes (Benko et al., 1988), DNA hybridization
as well as indirect ELISA, passive hemagglutination (HA) and gel diffusion assay
experiments have unveiled several genetic similarities. SUbgroup I BAVs have
been found to be related to human Ads and other mastadenoviruses in both their

biological and serological properties (Wigand et al., 1982; Hu et al" 1984b; Adam

et al" 1988). The extent of the genetic relatedness of the different subgroup I
BAV types to human Ads is variable, and very low in the case of BAV2 (Belak et

al., 1983) and BAV1 (Benko et al., 1990). A study in 1988 by Adam et al. looked
at the antigenic relationship between human and bovine hexon proteins using
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MAbs directed against BAV2 subtype B (strain ORT-111) hexon molecules. One
MAb (IV.F3) reacted with all human hexon types studied as well as with SAV16
and BAV3.

Their results showed that there is a close antigenic relationship

among the members of the Ad subgenus C and E and BAV2 subtype 8 (ORT111) as well as with SAV16 hexons.

A very close genetic relationship was

demonstrated among the subgroup II BAVs using DNA hybridization experiments
while no cross-reaction could be observed between the two subgroups of BAVs
or between subgroup II and human Ads (Benko et al., 1990).
DNA homology studies have ,been carried out involving a limited number
of BAV serotypes with the well known human Ad2. Of these studies, Ad2 was

shown to have two regions of homology to the SA V7 genome which were
subsequently shown to correspond to the hexon (polypeptide II) and IV protein
genes of the Ad2 (Hu et al. , 1984a). Ad2 and BAV3 were also shown to have
extensive homology between 10 and 80 mu (Hu et al. , 1984b). To accomplish
this, the nucleotide sequence of the hexon-coding region of BAV3 was
determined and the predicted amino acid sequence of the SAV3 hexon was
compared with that of the Ad2 hexon.

Their results showed that there is

extensive homology between these two viruses. Sequences with greater than

80% identity were found to be present in over 700k of the entire protein and most
of the nonhomologous sequences fall into three distinct regions. It is likely that

the regions of homology in the hexon protein are essential for the formation of
capsid structures common to all Ads. Other homologous sequences between the
SA V3 and Ad2 hexons could be involved in the formation of the group-specific
determinants shared by most mammalian Ads. It is possible that one or more

regions of the nonhomologous sequences between the Ad2 and SAV3 hexons
could be involved in the formation of subgroup and type-specific determinants
unique to each of these two viruses.
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A homology study on BAV4 with other members of the BAVs using
Southern blot hybridization revealed a very strong and extended DNA sequence
homology amongst the members of subgroup II. but no homology was detectable
to subgroup I (Benko et al., 1990). A study in 1988 by Rusvai et al. looked at the
cross-reactivity pattern of 8 monoclonal antibodies raised against SAV2 hexon by
indirect ELISA using 7 different Ads. All eight mAbs reacted with BAV2 subtypes
A and B s rev'ealing a close antigenic relationship between the two BAV2
subtypes.
Although there have been many studies on Ads from various sources, the
physiochemical properties of the BAVs have not been well documented;
however, several studies on the physiochemical properties of the protein and
nucleic acid components of BAV3 have been completed (Niiyama et al" 1975;
Igarashi et al., 1978; Niiyama et al. , 1981). Viral particle purification studies on
SAV3 have shown the presence of complete, incomplete. empty and degraded
viruses (Niiyama et al. , 1975). There have been several human Ad reports on
incomplete viruses (Sundquist et al., 1973) which were determined to be simply
empty particles. The results, with Ad12, were similar to those reported for BAV3,
however, there appeared to be no remarkable differences between complete and
incomplete BAV3 viruses (Niiyama et al. 1975). The structural polypeptides of
J

the incomplete virus were found to be almost identical to those found in the
complete virus both in their molecular weights and relative quantities. The main
difference was that the incomplete virus appeared to contain DNA with 11 to 13°k
deletion near one terminal. The mechanism responsible for the production of
incomplete BAV3 remains to be determined. The observed biological properties
of incomplete virus to induce cellular DNA synthesis and focus formation after
abortive infection of mouse cells and to produce tumors in newborn hamsters are
thought to represent early viral functions (Igarashi et al., 1978).
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Purified complete SAV3 virion had almost all characteristic properties of
known Ads (Igarashi et al., 1978; Niiyama et al' 1981). Both the morphology and
J

size of the BAV3 virion and hexon subunits were similar to those of Ad2. As well,
both the molecular weights and relative quantities of the structural polypeptides
of SAV3 also resembled those of Ad2.
A few comparative studies on the biological and serological properties of
the BAV have been published (Mohanty, 1971; Adair and McFerran, 1976; Benko
et al" 1988). DNA restriction patterns of the nine bovine reference strains have

been prepared (Benko et al., 1988) and examinations of the viral genomes have
been performed. Genome cteavage maps, which are an essential tool for the
detailed analysis of the genome functions of various DNA tumor viruses and
cellular transformation by their genome, have been constructed for SAV1 (Benko
and Harrach, 1990), BAV2 (Belak et al., 1983, 1986), BAV3 (Kurokawa et al.,

1978; Hu

at al.,

1984b; Eigadi and Haj-Ahmad, 1992), and SAV7 (Hu

at

al.,

1984a).
All known Ads have ITRs between 52 and 195 bp.

The nucleotide

sequences of BAV1 BAV3 were determined to be 159 and 195 bp respectively.
J

A consensus TAAT sequence lo~ated between the 10th and 13th nucleotide,
counted from the ends, was found to be conserved among all Ads examined to
date, however, the significance of this sequence remains to be discovered.
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2.8.5 Oncogenic Potential
Oncogenic properties of cells transformed by different Ads vary greatly
(Zalmanzon at al., 1982). The oncogenic potential of the BAVs appears to be
restricted to type 3 and type 8 for newborn hamsters (Trentin et al., 1962;
Darbyshire, 1966; Mohanty, 1971; Motoi and Ogawa, 1985). Even after one
year, tumors were not observed in hamsters inoculated with BAV types 1, 2, 4, 5,

6, 7 and 9.

BAV3 has been observed, in newborn hamsters to produce

undifferentiated sarcomas at the site of inoculation (Darbyshire, 1966). These
are non-progressive, solid or cystic tumors which induce neutralizing antibodies
(Nishibe et al., 1970) as well as choroid plexus papilloma and giant cell
glioblastoma (Motoi and Ogawa, 1985).
A study by Lukash et al. (1981), showed that BAV3 was able to produce
mutagen effects at both the chromosomal and gene levels in a nonpermissive
cellular host (Chinese hamster cell tine 237-8 Glu-ts). The nonpermissiveness of
the hamster cells for these viruses has been explained as being due to the failure
of the major late promoter (MLP) of BAV3 and Ad12 to function in hamster cells
(reviewed by Horwitz, 1990b): cells which are permissive to BAV3 and Ad12
allow the operation of the MLP. During the early phase, the activity of the MLP is
similar to those of the other early viral promoters, but during the late phase, the
rate of transcription from the MLP becomes much greater by comparison. This
increase in the rate of transcription from the MLP during the late phase of
infection, has been shown to be a res.ult of the interaction of virus-induced
transcription factors with three binding sites in the first intron of the major late
transcription unit (reviewed by Horwitz, 1990b).
The guanine-cytosine (G+C) content of human Ads has been inversely
correlated with their oncogenic potential. Highly oncogenic types have a low
G+C content (47 to 49°k), close to that of host cell DNA (42-44°k); moderately
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oncogenic types have an intermediate value (50 to 53 %

);

and weakly oncogenic

or nononcogenic types have the highest G+C content (56 to 60%

)

(Pina and

Green, 1965). A study by Panigrahy et al. (1977) found that the G+C content of
BAV3 was 48% compared to

6~k

and 61 ok for BAV1 and 2 respectively.

2.8.6 Bovine Adenovirus Type 2 (BAV2)
BAV2 was originally isolated from the feces of a clinically normal calf
(Klein et al., 1960). Darbyshire (1966) observed serological response against
this type after respiratory disease of cattle.

Mild respiratory symptoms and

diarrhea were observed in calves infected experimentally with BAV2 (Darbyshire
et al" 1966).

In the 1970's, large populations of sheep in Hungary were diagnosed with
pneumoenteritis. Besides ovine Ads (OAVs) types 1, 4 and 5, a large number of
virus strains were isolated which were indistinguishable from SAV2 in crossneutralization tests (Belak and Palfi, 1974a, b).

The disease could be

successfully transmitted with sheep isolates to calves (Belak et al., 1977).
Furthermore, a wide serological distribution of antibodies to BAV2 were found in

sheep populations (Palfi and Belak, 1978). These findings suggested that the
two ruminant species shared at least one common Ad type and that BAV2
infections occur naturally in both animal species.
In a comparative study BAV2 strains from both cattle and sheep were
isolated and analyzed.

Differences were detected with regard to both

hemagglutinating properties and restriction enzyme cleavage maps (Belak et al.,
1983). These differences were sufficient to group the isolates into two subtypes
(subspecies). SUbtype A includes viruses with the same characteristics as the
bovine prototype strain (No. 19). Members of this subtype have so far been
exclusively isolated from cattle. SUbtype B viruses are similar to ORT-111, a
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BAV2 virus which was originally isolated from sheep.

Viruses belonging to

subtype B have been isolated from both cattle and sheep (Belak et, al., 1983).
Virus neutralization has failed to reveal any difference between the two subtypes.
Thus they belong to the same serotype (species) according to the accepted
criteria for Ad classification. Belak et al. (1986) showed that subtype B strains
isolated from sheep and cattle are indistinguishable as judged by heteroduplex
, analysis, and it was shown earlier that they have identical restriction enzyme
cleavage maps (Belak et al., 1983). These heteroduplex studies supported an
earlier proposal to classify SAV2 into two subtypes. The subtype B viruses
cause severe pneumoenteritis in lambs. It has also been shown that they cause
a similar disease in newborn calves (BelAk et al., 1977).
The main difference between subtype A and 8 viruses was shown to be
manifested in a region that is equivalent to the E3 region of human Ads. Since it
is known that the subtype A and 8 viruses differ with regard to hemagglutinating
properties, it was expected that they would exhibit differences in their fiber genes.
This finding, that SAV2 isolates of different origins differ most extensively in their
E3 region, supports the theory that the E3 region is important for the virus to
overcome the immune surveillance of the host. It has been speculated that the
subtype 8 strains were originally created by recombination between an OAV and
a BAV2 strain belonging to subtype A. This event may be responsible for
promoting the replication of the virus in the new host.
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2.9 Viral Based Vectors
One of the most important steps in recombinant DNA technology is the

reintroduction of altered DNA into an appropriate host cell. One of the more
recent, and efficient methods of achieving this has been through the use of viralbased vectors.

Several viruses have been used to engineer viral vectors

including retrovirus, poxvirus, herpesvirus, and poliovirus (Gluzman, 1982;
Panicali et al., 1983). However, the use of Ads as viral vectors is becoming
increasingly popular (Gluzman, 1982; Berkner and Sharp, 1983, 1984; HajAhmad and Graham, 1986; Prevec at al. , 1989).

2.9.1 Adenovirus Vector Systems
Adenoviruses are particularly well suited as gene transfer vectors in
mammalian cells for several important reasons. First, they are widely studied,
and the human Ads have been well characterized both genetically and
biochemically (Ginsberg, 1984). Ads are preferred because they grow well in
tissue culture, and one can produce antigens without culturing infectious
pathogenic agents without requiring the complete viral genetic information
present (Graham et al., 1977). Ads are important as potential vaccines as they
have a low cost, they do not require purification, and they can be taken orally
(WHO, 1990). The use of Ad vaccines is also encouraging as they are capable
of inducing a mucosal immune response (WHO, 1990). It is important in the
development of a vaccine that both immune systems (local and systemic) are
stimulated. A study in 1988 by Hjorth et al. looked at immunization routes of Ad5
in adult and baby hamsters. They determined that although the ideal mode for
immunization by an Ad vaccine would be via an enteric infection, the virus
replicated poorly in the intestines and that the most useful mode of immunization
would be the intranasal route. A study in 1987 by Morin et al. demonstrated that
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a recombinant Ad-based vaccine, expressing the hepatitis B virus surface
antigen, was able to elicit antibody against both the Ad and hepatitis 8 virus
sur1ace antigen when infected intranasally.
As stated previously, Ads have a medium-sized DNA genome which limits
the amount of foreign DNA w·hich may be inserted. However, it has been shown
that removal of the E1 region and/or nonessential E3 region can allow the
addition of up to 7 kb of foreign DNA (Haj-Ahmad and Graham, 1986). This
recombinant genome can then be propagated as a homogenous virus by
infection in the 293 cell line (Berkner and Sharp) 1983; Haj-Ahmad and Graham,
1986). One of the first Ad recombinants, Ad-SV40, was constructed in 1981 by

Solnick in which the SV40 early region was joined to a copy of the Ad MLP and
inserted into a small portion of the Ad late region and all of E3. The inserted
sequence was able to function as a separate transcriptional unit, producing large
amounts of SV40 T antigen. From this study, the use of Ad-based vectors for the
expression of large amounts of other eukaryotic genes became apparent.
Adenoviruses have additional advantages for their use as a vector system
over other DNA viruses or retroviruses. They have a relatively broad host range
in cultured cell systems, and their genomes are known to be quite stable. Genes
inserted into Ad vectors seem to be maintained without loss or rearrangement
(Haj-Ahmad and Graham, 1986).

As well, only a small portion of the viral

genome appears to be required in cis (Tooze, 1981) and therefore once cell lines
analogous to' the 293 cell line (Graham et al. , 1977) expressing most of the
essential viral functions in trans have been developed, large foreign DNA
insertions will be possible. The current vaccine strains (Ad4 and Ad7) are not
oncogenic for rodents; however some. such as BAV3, do have oncogenic
potential. The ability to cause transformation in cell cultures and tumors causes
some concern about the use of Ads as possible vectors for vaccines (WHO.
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1990). Ad-based vectors offer excellent potential with regards to gene therapy as
they do not carry strong outward-directed promoters such as those of the
retrovirus. The long terminal repeats of the retrovirus have been shown to cause
neoplastic transformation by a promoter insertion mechanism (Fung et al., 1981;
Hayward et al., 1981).
Adenovirus-based vectors (non-attenuated strains Ad4 and Ad?) are
currently being used to protect against acute respiratory disease in military
recruits (reviewed by WHO, 1990) as a gelatin-coated tablet so that it is able to
pass through the stomach and replicate in intestinal cells.

A group of

researchers in the United States have also reported the vaccination of dairy
calves with a killed BAV3 vaccine (Mattson et al., 1987). All calves in the
vaccinated group developed virus-neutralizing antibodies, and results of the
study indicated a significant protective effect against expression of the disease.
Recently, Venkatesh et al. (1990) reported the development of an
adenovirus vector-based gene therapy approach for the targeted expression of
the herpes simplex virus type 1 tk, gene (HSV-1 tk) in cultured human cells
expressing the HIV regulatory protein Tat. Infection of Tat-expressing human
cervical carcinoma or T-Iymphoma cells with this adenovirus vector, in the
presence of gaciclovir (GCV). resulted in the selective depletion of such cells.
Since Ads are natural residents of the human lymphoid system, Venkatesh et a/.
have suggested a potential therapeutic strategy against AIDS involving the
elimination of HIV-infected cells by targeted expression of a toxic phenotype
mediated by an Ad vector.

Recombinant Ad vaccines. directed against the

human immunodeficiency virus (HIV) have been developed which contain the

env and gag structural genes as well as the regulatory gene rev from HIV and
the HIV-1 transcriptional activator Tat (reviewed by WHO, 1990). It is believed
that because Ads are natural passengers of the human lymphoid system, Ad-
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based vectors would be useful in the targeted expression of cytotoxic agents in
HIV-infected cells for the therapy of HIV-mediated pathogenesis (Venkatesh et
al., 1990).

Ad-based viral vectors have been constructed expressing many foreign
antigens including, the hepatitis S surface antigen, the hepatitis B core antigen,
the herpes simplex virus (HSV) gB, HSV-2 ribonucleotide reductase HIV-I gp120,
pseudorabies gp50, measles virus haemagglutinin and fusion proteins and
Ebstein Barr virus (EBV) gp3401220 (reviewed by WHO, 1990).
The use of human Ad-based vectors for antigen expression in animals
was the subject of a study in 1989 by Prevec et al. Their study demonstrated
that the use of human Ads as vectors for foreign antigen expression in nonhuman cell lines as well as in non-human species was possible. The use of a
SAV such as SAV2 therefore, appears to possess the same potential in its use
as a viral vectorlvaccine.

2.10 Purpose of Investigation
In order to engineer BAV2 into a viral vector it is necessary to characterize
the virus both genetically and biochemically.

One of the first steps in this

process, and the first objective of my research, is the production of a linear
restriction endonuclease cleavage map of the viral genome for several restriction
enzymes. To facilitate this, the two internal EcoRI fragments of BAV2 were
subcloned into the plasmid vector pUC19 during my fourth year honours project.
In this study, subsequent digestion of these recombinant plasmids with twelve
restriction endonucleases (BamHI, Clal, EcoRI, Hirxflll, Kpnl, Noli, NspV, Pstt,
Pvul Sail, Xbal and Xhol) and analysis by agarose gel electrophoresis has

allowed for the construction of the restriction endonuclease maps for each of
these two cloned fragments. In order to ease the construction of the overall
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linear cleavage map for BAV2, the internal Pst1 and San fragments as well as
terminal BamHI Band Pstt I fragments were also subcloned into the plasmid
vector pUC 19 and analyzed. Through use of the restriction maps of the cloned
fragments. as well as radio-labeled viral DNA, a linear restriction map for the
SAV2 genome for twelve restriction enzymes was generated (in collaboration

with L. Esford) and the genomic size of BAV2 determined. Finally, the sequence

of the left-end of the viral genome, containing the BAV2 E1 region and hexonassociated protein IX, was resolved. The results generated in this study are the
first step towards the engineering of BAV2 into a viral vector..
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Chapter 3: Methods and Materials
3.1 Propagation and Maintenance of Cell Line
Madin-Darby bovine kidney (MDBK) cells (a generous gift from J. B.
Derbyshire, Gu€lph University, Guelph. Ontario, Canada) were grown and
maintained in 150 mm plates in alpha-minimum essential medium (a-MEM)
supplemented with 10% Fetal Bovine Serum (FBS), L-gtutamine (292.0 mglL),
3°k sodium bi,carbonate and 1.-5% antibiotic-antimycotic (Gibco Laboratori€s).
The ceHswere grown in a humid 37°e incubator under constant atmospheric
pressure of 5°k C02 until confluent monotayers were

visib~e.

At this point, the

medium was aspirated out of the plates and 1-2 ml of Versene (0.68 mM EDTA,
0.14 M NaCI, 2.68 mM KC1, 0.81 mM Na2HP04, 1.11 mM Glucose, and 1.47 mM
KH2P04) was added. Plates were incubated for 15 min at 37°C and cells were
forcib~y removed

using a sterile glass pipette and rubber poticeman. These ceUs

were then placed into a bottle containing an appropriate amount of supplemented
a-MEM which was then used to prepare new plates.

3.2 Propagation and Maintenance of Viral Strain
Bovine adenovirus type 2 (BAV2), strain No. 19, was purchased from the
American Type Culture Collection (ATCC). BAV2 was propagated on

~1DBK

celts grown in a-MEM supptBmented with 5°k FBS. Infected cells were left at

37°e in the humid C02 incubator until 80-90% cytopathic effect (CPE) was
observed at which time the caUs were harvested by scraping them into a 50 ml
plastic Corning tube. Tubes were centrifuged at 1000 rpm for 15 min. The
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supernatant was removed and the pellet was either frozen at -20°C (for later use
in viral particle purification) or lysed for viral DNA Hirt-extraction.

3.2.1 Purification of Viral Particles
BAV2-infected MDBK cells were harvested as described above until a
large number of pellets had been prepared. Cell pellets were resuspended in 15
mM Tris (pH 8) and subjected to 5 freeze-thaw cycles in liquid nitrogen. Viral
particles were purified on a cesium chloride (esCI) gradient (1.34 g/ml) at 35 OOO
J

rpm (73 OOO g) for 20 hr in Beckman 3 ml Quick-Seal tubes at 4°C in a Beckman
J

TLA-100.3 fixed angle rotor.

J

Following centrifugation the white particle band
J

was removed and dialyzed against 50 mM Tris (pH 8) at 4°C overnight.

3.3 The Viral DNA

3.3.1 DNA From Banded Viral Particles
DNA was purified from the banded viral particles as described by
Pettersson and Sambrook (1973). The purified viral particles were collected from
the dialysis tubing (as described above) and added to 0.45 ml of lysing buffer
(0.01 M Tris; 0.01 M EDTA; O.4°k sodium dodecyl sulphate (80S); pH 8.0). An
aliquot of 0.05 ml of pronase (5 mg/ml in 0.01 M Tris, pH 8.0) was added, and the
solution was incubated at 37°C for 3 hr. The lysate was then extracted twice with
phenol: chloroform: isoamyl alcohol (25:24:1 vlv) and the DNA in the aqueous

phase was collected by ethanol precipitation. The ethanol was aspirated and the
DNA was then resuspended in TE buffer (10mM Tris.HCI, 1mM EDTA pH 8.0)
J

and stored at -20°C.
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3.3.2 Hirt Extraction
DNA was isolated directly from BAV2-infected MDBK cells as described by
Hirt (1967). This procedure involved harvesting the infected cells from 150mm
dishes and pelleting them at low speed centrifugation (800 to 1.000 rpm) at 4°C.
The cell pellets were treated with lysing buffer and pronase, as described above,
for 12-16 hr. The samples were phenol: chloroform: isoamyl alcohol extracted
and the DNA was again collected by ethanol precipitation. Once more, the DNA
was dried, resuspended in TE buffer and stored at -20°C.

3.3.3 Alkaline Hydrolysis of the DNA-Protein Linkage
Treatment of adenovirus DNA to remove the 5' TPs was accomplished by
a modified method of Desiderio and Kelly (1981). Briefly, 95 III of Hirt-extracted
BAV2 DNA was incubated at 37°C for 3 hrs. with 5 III of 1 N NaOH. After
incubation, 10

~I

of 0.5 M Tris.Hel (pH 6.8) was added followed by the addition of

100 fll of 50 mM Tris.Hel (pH 8). The mixture was left at 70°C for 15 hrs. then
phenol-extracted and ethanol-precipitated.

The DNA pellet was dried and

resuspended in 75 f.tl of distilled water. BamHI linker was then ligated to the
treated viral DNA in a 2:1 (MIM) ratio. A typical ligation involved 10 ~I of the
treated DNA, 4 !il of 5X ligation buffer (N.E.B.), 1 ~I T4 DNA ligase (N.E.B.), 1 fll
BamHllinker and 4 f.ll of distilled water. This mixture was left to ligate overnight
at 14°C. The ligation mixture was then digested with BamHI to remove excess
linkers, phenol-extracted and ethanol-precipitated. The pellet was dried once
again and resuspended in 20 ~I distilled water.

The treated DNA was then

ligated into the unique BamHI site of pUC19. A ligation mixture, consisting of 10
fJl treated DNA. 2 fll pUC19 digested with BamHl, 4 ~15X ligation buffer (N.E.B.),
1 fJl T4 DNA ligase (N.E.B.) and 3 fll distilled water, was left in a 16°C water bath
for 8 hrs. This ligation mixture was then used to transform a strain of E. coli
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(DH5a). Once again, plasmids containing viral fragments were retransformed
into the non-methylating E. coli strain GM48.

3.4 32P-Labeling of BAV2 DNA
Restriction endonuclease fragments of SAV2 were labeled using the
Klenow (Promega) filling reaction with a [32P] a-dCTpJ[32P] a-dATP cocktail as
described by Sambrook et al. (1989). Approximately 100 ~g of the banded viral
DNA was digested with a restriction enzyme for 12 hr at 37°C in a total volume of
20 fll (containing 2 III DNA, 2!11 10X digestion buffer (Promega), 1 fl· I enzyme

(Promega), 15 III distilled water). The resulting digestion mixture was made up to
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~I with 4 fll of DNA polymerase buffer (500 mM

Tris, 70 mM MgCI2. 70 mM 2-

mercaptoethanol, pH 8.0), 0.5 111 of Klenow enzyme (1 uniUfl·l), 2!i1 of each of 100
mM dGTP and 100 mM dTTP, 3 III of [32P] a-dATP, 3 f.11 of [32PJ a-dCTP and 5.5
f-tl of distilled water. The reaction was stopped after a 30 min ir-eubation at 37°G,
with 10 fliloading buffer (200k glycerol, 2% SOS, 0.05% bromophenol blue). The

resulting radiolabeled fragments were electrophoretically separated on a 1.2°k

agarose gel. The gel was dried onto Whatman paper and exposed to Kodak XOMAT AR film.

3.5 Bacterial Strains
Escherichia coli strain DH5a (Bethesda Research Laboratories, SAL) was
used as the primary host for the constructed recombinant plasmids. Its genotype

is supE44

~/acU169

(<j>80 lacZ ~M15) hsdR17 recA1 endA1 gyrA96 thi-1 relA1

(see Appendix I for a list of genotype abbreviations). The methylation deficient E.

coli strain GM48 (dam-Idcm-) (gift from F.L. Graham. McMaster University.
Hamilton, Ontario, Canada). was also used as a secondary OO'st for each of the

62
recombinant plasmids. Its genotype is thr leu thi lac Y galK gaiT ara tonA tsx dam
dcm supE44.

3.5.1 Propagation and Maintenance of Bacterial Cultures
All bacteria were grown in sterile Luria broth (LB; 10% Bacto-tryptone,
Difco; 5% Sacto-yeast extract, Difco; 100/0 NaCl, Sigma, pH 7) with continuous
shaking in either a floor shaker (New Brunswick Scientific, Incubator Shaker,
Model G25) for large scale cultures, or in a water bath shaker (New Brunswick
Scientific, Gyratory Water Bath Shaker, Model G76) for cultures of 50 ml or less.
In order to obtain a clonal isolate of a bacterial population, overnight liquid
cultures were streaked on LB agar plates containing the appropriate antibiotics.
For short term storage, bacteria were stored at 4°C on agar plates, whereas for
long-term storage, 1 ml aliquots containing 100/0 glycerol (Fisher) were frozen at
-20°C.

Viable bacteria were recovered by thawing these cultures and by

transferring a loopful to liquid medium.

3.5.2 Transformation
Transformation was carried out essentially as described by Sambrook et
al. (1989). A 1 ml aliquot of fresh overnight E. coli culture was diluted in sterile

LB medium and grown to log phase (0.D.600 =1; approximately 2.5-3 hrs) in a
37°C water bath shaker. The bacterial culture was then centrifuged at 4000 rpm
(IEC Centra-7R) for 15 minutes at 4°C. Cell pellets were resuspended in 25 ml
Tris CaCI2 solution (75mM CaCI2, Fisher; 5mM Tris.Hel Sigma; pH 7.6) and
maintained on ice overnight.

Bacteria were collected once again by

centrifugation (as above) and the cell pellets resuspended in 1 ml of the Tris
CaCI2 solution. Approximately 10 !lg plasmid DNA was added to 100 fl· I of the
competent, Tris/CaCl2-treated E. coli. The bacteria-plasmid DNA mixture was
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then incubated on ice for 1 hr with intermittent shaking, heat shocked for 2 min at
42°C, diluted with 900 fll warm S.O.C. (2% Bacto-tryptone.0.5% yeast extract, 10
mM NaCI, 2.5 mM KCI, 10mM MgCI2, 10 mM MgS04, 20 mM Ggucose), and
incubated at 37°C for 1 hr. Finally, serial dilutions were carried out, and bacteria
were plated on LB agar plates supplemented with ampicillin (Amp, 50 ~t,g/mIJ
Sigma) and 30 t-,t,I Xgai (5-bromo-4-chloro-3-indolyl f3-D-Galactopyranoside, 20

mg/ml, Sigma). Transformation efficiency was routinely 1.4-1.8 x 1()6 cOloniesftlg
DNA.

3.6 Plasmid DNA Preparations

3.6.1 Mini-Prep Plasmid DNA Preparations
Mini-prep plasmid DNA preparations were essentially carried out as
described by Sambrook et al. (1989). Colonies were picked from agar plates and
used to inoculate 3 ml of LB supplemented with Amp.

These cultures were

incubated overnight in a water bath shaker at 37°G. 1.5 ml of the culture was
transferred to a 1.5 ml Eppendorf centrifuge tube, the culture was centrifuged for
45 sec at 12,000 rpm, and the bacterial pellet was resuspended in 100 fll
lysozyme solution (50 mM glucose; 10 mM EDTA; 24 mM Tris.Hel; pH8 including
5 mg/ml lysozyme, Sigma. added fresh). Incubation was carried out on ice for 1
hr. Spheroplasts were then lysed and cellular proteins were denatured by adding
200 f.ll freshly prepared alkaline SOS (0.2 N NaOH; 1% SOS).

After 10 min

incubation at room temperature, 150 !l,1 of sodium acetate (3M NaOAc; pH 4.8)
was added. Following a 1 h incubation on ice, the tubes were centrifuged at
12,000 rpm for 5 min. The clear supernatant fluid was then transferred to fresh
tubes containing 1 ml of cold, 95°10 ethanol. After incubation at -20 o G for 30 min)
plasmid DNA was recovered by centrifugation.
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The DNA pellet was washed once with 300 fll distilled water and then with
95°~ ethanol, and reprecipitated. The final pellet was subsequently dried. and

resuspended in 100 fll TE buffer (10 mM Tris, 1 mM EDTA; pH 7.5). A 10 ~ll
aliquot of this plasmid DNA solution was normally sufficient for analysis by
restriction enzyme digestion and agarose gel electrophoresis.

3.6.2 Large Scale Plasmid DNA Preparations
For large scale plasmid DNA purifications. cultures were grown to log
phase. Extraction of plasmid DNA was essentially carried out according to the
mini-prep procedure outlined in Sambrook et al. (1989), except that 500 ml of
bacteria culture was centrifuged at 4000 rpm for 50 min at 4°C and resuspended
in 10 ml of lysozyme buffer, followed by the addition of 20 ml of alkaline 80S and
15 ml of 3M Na acetate as described above. The final DNA pellet was dried and
resuspended in 4 ml TE buffer.
The plasmid DNA was then further purified by using a cesium chloride
(CsCI) gradient with a modified procedure from Sambrook et al. (1989). First, the
volume of the DNA solution was measured. For every mi. 1 9 of solid CsCI was
added. This was then mixed gently until the

salt was dissolved. An aliquot of 0.8

ml of ethidiu.m bromide (EtBr; 10 mg/ml, Sigma) was added for every 10 ml of the
DNA/esCI solution. and then mixed. The final density of the solution (by weight
measurement) was always determined to be between 1.55-1.59 g/ml.

The

solution was centrifuged in 3 ml Beckman Quick-seal centrifuge tubes and spun
in the Beckman TL-100 ultramicrocentrifuge at 65,000 rpm for 20 hours at 22°C.
The lower band of DNA (the circular plasmid DNA; Sambrook et aL, 1989)
was collected using a sterile syringe and transferred to a clean test tube.
Ethidium bromide (EtBr) was then removed from the DNA by adding an equal
volume of isoamyl alcohol and mixing. The top layer was discarded and the
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addition and mixing of isoamyl alcohol was repeated until all of the pink colour
had disappeared from both the lower aqueous phase and the upper organic
phase. The esCI was removed from the DNA solution by adding 3 volumes of
water and precipitating the DNA with 6 volumes of ethanol.

Following

centrifugation, the DNA pellet was dissolved in 4 ml TE buffer.

3.6.3 Restriction Endonuclease Digestion and Analysis
All restriction enzyme digestions were carried out at 37°C for 4 to 12 hr.
The reaction mixtures contained 10X restriction buffer, DNA, and 0.1 to 1 unit of
enzyme per f.!g of DNA, according to the supplierts recommendations. A typical
reaction mixture was composed of 10 !II plasmid DNA, 2 f-ll of 10X restriction
buffer (provided by Promega), 0.5 f.!1 Enzyme, 0.5 f-ll DNAse-free RNAse
(Boehringer) and 7 (11 distilled water. Enzyme removal, following digestion, was
accomplished by phenol extraction except when the reaction mixture was to be
checked by agarose gel electrophoresis in which case the samples were mixed
with loading buffer (20%

glycerol; 2°k 80S, 0.5% bromophenol blue), and

immediately loaded into an agarose gel.

Restriction fragments of the recombinant plasm ids were electrophoretically
separated on 0.8 to 1.0 %

agarose gels at 5 V/cm in a Tris acetate buffer.

Following electrophoresis, the gels were stained with EtBr (0.2 mglml), placed on
a UV transilluminator and photographed with a mounted Polaroid land camera
with Polaroid Type 57 film.

The sizes of the fragments were graphically

estimated using A-Hind II I (Promega, N.E.B.) digests as molecular weight
markers.
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3.6.4 DNA Ligations
DNA ligations were carried out either overnight at 14°C or at room
temperature for 2-3 hrs. A typical ligation consisted of 5 pi DNA-1, 2 pi DNA-2

J

0.5 pi T4 DNA ligase (N.E.B.), 2 J.l1 10X ligation buffer (N.E.B.), and 11.5 pi
distilled water.

3.7 Colony Hybridization
LB agar plates containing E. coli transformants were replica-plated onto 82
mm nitrocellulose membranes (Schleicher and Schuell). The master plates were
incubated for an additional 4 h at 37°C and stored at 4°C. The nitrocellulose
membranes were placed on filter paper soaked with 10% SO'S for 3 min to lyse
the cells followed by 5 min on filter paper soaked with denaturing solution (0.5 M

NaOH, 1.5 M NaCI) to denature the released DNA. The membranes were then
placed on filter paper soaked with neutralizing solution (1.5 M NaCl, 0.5 M Tris.CI

(pH 7.4» for 5 min followed by 5 min on filter paper soaked with 2X

sse

(3 M

NaCl, 0.3 M Na Citrate, pH 7.0). The DNA was fixed onto the membranes by 20
min incubation at 80°C in a vacuum oven. The cell remains were washed off the
membrane with a 5X SSG, 0.50/0 80S, 1 mM EOTA solution.
The membranes were incubated, in a sealed plastic hybridization bag, with
20 ml of hybridization solution (4.3 ml of 1 M NaH2P04, 5.7 ml of 1 M Na2HP04,

2 ml of 10% bovine serum albumin, 7 ml of 20% SOS, 0.04 ml of 0.5 M EOTA,
0.2 ml of 10 mg/ml carrier herring sperm DNA and 0.95 ml dH20) for 30 min in a
68°C shaker water bath. Approximately, 3 to 5 million counts per min of heat
denatured 32P-labeled probe was then added to the bag and hybridization was
carried out at 68°C for 12 h. The DNA probe used in the hybridization screening
was pSC9 labeled with [a-32 P]-dCTP using a random primer labeling system
(Feinberg and Vogelstein, 1984) according to the supplier's recommendations
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(Promega; Prime-A-Gene labeling system).

Following hybridization, the

membranes were washed twice at 68°C for 15 min in wash solution (2X SSC.
0.1 % 80S), dried at room temperature, and exposed to Kodak X-OMAT AR film overnight at -20°C. The X-ray film was developed and fixed with Kodak GBX
solutions.

3.8 DNA Sequencing
DNA sequences were determined according to the dideoxy nucleotide
(ddNTP) chain termination method described by .Sanger et al. (1977). All
materials used were purchased (United States Biochemicals) in the form of a
sequencing kit known as "Sequenase Version 2.0 Kit" and used according to the
supplier's recommendations. Plasmid DNA was denatured in 0.2 M NaOH, 0.2
mM EDTA for 30 min at 37°G, neutralized in 0.3 M sodium acetate (pH 4.8) and
precipitated in 2 volumes 95°k ethanol for 15 min at -70°C.

The denatured

plasmid DNA concentration was determined from its absorbance at 260

nm (1

00 unit=40 PQ of DNA/ml of SOlution). Approximately, 5 J.lQ of denatured plasmid

DNA (template) was annealed to 0.5 picomoles of a 16-mer oligonucleotide
primer in 10 pi of 1X Sequenase buffer (200 mM Tris.HCI (pH 7.5), 100 mM
MgCI2 and 250 mM NaCI). Primers were either specific for a sequence adjacent

to the polycloning site of pUC19 or custom synthesized by Vetrogen Corp.
(London,Ont.). Annealing was carried out at 65°C for 2 min followed by gradual
cooling to room temperature over 30 min.
The template-annealed primers were extended in 6 pM OTT
(dithiothreitol), 0.2 JiM of each of the dNTPs (dCTP, dGTP, dTTP and [a-35S]dATP) and 3.25 units of Sequenase Version 2.0 T7 DNA polymerase. Following
extension at room temperature for 5 min 3.5 pi samples of the reaction mixture
J

was combined with 2.5 pi of each of four termination mixtures {80 JJM of each of
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the four dNTPs, 8 pM of one of the fourdideoxy NTPs, 50 mM NaGI) and the
reaction was carried out at 37°C for 5 min.

The termination reactions were

stopped by adding 4 pi of -stop solution (95°k formamide, 20 mM EDTA, 0.05%
bromophenol blue, 0.05% xylene cyanol FF) and stored at -20°C.
The sequencing gel matrix was 60 ml of 6%

Long Ranger acrylamide

solution (J. T. Baker), 8 M urea and 1X TBE buffer (89 mM Tris, 89 mM boric
acid, 2 mM EDTA; pH 8.0) that was polymerized in the presence of 250 pi of 10%
ammonium persulfate and 25 pi of TEMED (N,N,N',N'-tetramethylethlene
diamine; Bio-Rad).
heated to 75 to

Samples (2.5 to 3 pi) of the sequencing reactions were

ao°c for 2 min immediately prior to loading on the warmed gel.

A

shark tooth comb was used to hold samples in place. Electrophoretic separation
was carried out at constant current of 1.25 A/cm in O.6X TBE buffer for 1.5 to 2 h.
Gels were lifted off the glass plates by adsorption to NO.3 Whatman filter paper,
covered with "Plastic Wrap" and vacuum dried at

ao°c for 20 min in a Bio-Rad

model 583 gel drier. Dried gels were exposed to Kodak X-OMAT X-ray film for

72 h.
Sequence analysis was accomplished with the aid of the DNA Strider
sequence analysis package for the Macintosh and FASTA search and sequence
comparison program (Pearson and Lipman, 1988) at Heidelberg, Germany data
base (E-mail: FASTA@EMBL-Heidelberg.DE).
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Chapter 4: Results
In order to facilitate the construction of a linear restriction endonuclease
map for BAV2, as well as to simplify further manipulation and characterization of
the viral DNA, it was necessary to subclone the viral genome. During my fourth
year honours project, the two internal EcoRI fragments were subcloned into the
plasmid vector pUC19. Once these two plasmids, pEA48 and pEB113, had been
generated, the internal Sail BAV2 fragments were selected to subclone such that
overlapping fragments could help determine the overall linear restriction pattern.
The internal Pstl fragments were also subcloned, consequently establishing a
more accurate representation of the fragment sizes. FollOWing the analysis of
each of these recombinant plasmids, terminal fragments, belonging to BamH I
and Pstl, were also cloned following alkaline hydrolysis of the 5' terminal protein.
In this section, each of the BamHI, EcoRI, Pstl and San plasmids used and
constructed during this study are presented along with the final linear map for 12
restriction enzymes (prepared in collaboration with L. Esford) and estimation of
the BAV2 genome size.
Once the linear map had been created, the next step was to determine the
sequence of the left end of the virus which should contain the E1 region. The
strategy used to sequence this region showing each of the constructed plasmids,
as well as the actual sequence between 0-12.2% of the virus is presented. From
the sequencing information, four open reading frames (ORFs) corresponding to
the E1A, E1 B and protein IX mRNAs are also proposed.
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4.1 Construction of the Recombinant BAV2 Plasm ids
During this study, 16 new recombinant BAV2 plasmids were constructed
and each of these, along with the two previously constructed recombinant BAV2

plasmids from my fourth year honours project, were analyzed. Fifteen of these
plasmids

c~rry

internal restriction fragments and three plasmids contain terminal

end restriction fragments. Each of the recombinant plasmids constructed for this
project were initially selected by transformation of the E. coli strain DH5a using
Amp/Xgal selectable media. Following identification and analysis of viral DNAcontaining plasmids, each plasmid was transformed into the methylation-deficient

E. coli strain GM48 for further characterization.

4.1.1 BAV2 Internal EcoRI Plasmlds
During my fourth year honours project, two EcoRI plasmids were
constructed and partially analyzed using 8 restriction endonucleases.

The

inserted fragments were taken to be viral in origin due to similar migration
distance with the viral DNA. In this study, both pEA48 and pEB113 (originally

named pEC113) were completely mapped using 12 restriction endonucleases.

4.1.1.1 Restriction Enzyme Analysis of pEA48
The plasmid pEA48 was shown to contain the internal BAV2 EcoRI A

fragment by Southern hybridization analysis to purified viral DNA (personal
communication, L. Esford). Digestion of this plasmid with BamHI (Figure 4.1 A,
Lane 2) generates a single fragment of 18.3 Kbp. The restriction endonuclease
Clal (Lane 3) diges.ts this plasmid once when isolated from the E. coli strain

DH5a (18.3 Kbp), however, when this plasmid is isolated from the methylationdeficient strain GM48, two fragments are generated (6.0 Kbp and 12.3 Kbp, data
not shown). When pEA48 is digested with EcoRI (Lane 4) the two expected
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fragments, 15.6 Kbp and 2.7 Kbp, are observed and when digested with Hirx:HII,
a total of 7 fragments are observed (Lane 5). However, further analysis has
revealed the presence of 13 Hirdlll fragments: For example, the highest band
seen in Lane 5 is, in .actuality, two bands of 3.5 and 3.6 Kbp respectively.
Numerous other smaller fragments (between 150 and 300 bp) have also been
detected using sequence analysis (personal communication, L. Esford). Kpnl
(Lane 6) cleaves this plasmid once as does the restriction enzyme Notl (Lane 7).
Digestion with Pstt (Lane 8) appears to generate 5 fragments, however, further
analysis has revealed a total of 6 fragments (between 0.4 and 6.6 Kbp), Pvul
cleaves pEA48 three times (generating fragments of 0.9, 4.6 and 12.8 Kbp; Lane
9) and Sail digestion produces two fragments of 8.2 and 10.1 Kbp (Lane 10).

Digestion with Xbal appears to produce 3 fragments of 0.6, 7.6 and 9.4 Kbp
(Lane 11), however, the smallest fragment is, in actuality two (of 600 and 650
bp). As well, when this plasmid is isolated from GM48 (data not shown), six
fragments (between 0.6 and 8.5 Kbp) are generated.

The restriction

endonuclease Xhol generates a single fragment of 18.3 Kbp (Lane 12).
Using double as well as partial digestions (data not shown), each of the
twelve restriction endonucleases were mapped within the plasmid pEA48. The
plasmid map of pEA48 is seen in Figure 4.1 B. Methylation sensitive Cia I and

Xbal sites are marked with an asterisk (*).

Figure. 4.1

(A)

0.9 %

agarose gel of pEA48 digested with 11 restriction

endonucleases. Lane 1 is A DNA digested with Hirdlll as the molecular weight
marker. The sizes of the A fragments (in Kbp) are labeled beside the generated
fragments.

Please note that the bands corresponding to the 2.3 and 2.0 Kb

molecular weight markers are not clearly visible in this photo reproduction.
Lanes 2-11 represent pEA48 digested with each of BamHI, Glal, EcoRI, Hirdlll,

Kpnl, Non, psn, Pvu, San, Xbal and Xhol, respectively. (8) The physical map of
pEA48. The thick shaded region indicates the BAV2EcoRI A fragment insert.
The single line represents ttle pUC19 region. The black arrows represent the
disrupted lac Z gene, the open triangle represents the origin of replication (from
pUC 19), and tria non-shaded box containing the arrow represents the ampicillin
resistance gene.
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4.1.1.2 Restriction Enzyme Analysis of pEB113
The plasmid pEB113 was shown to contain the internal BAV2 EcoR I
fragment by Southern hybridization analysis to purified viral DNA (personal
communication, L. Esford). Digestion of this plasmid with BamHI (Figure 4.2A,
Lane 2) generates a single fragment of 9.8 Kbp. The restriction endonuclease

CIa I fails to digest this plasmid isolated from either DH5a (Lane 3), or from GM48
(data not shown), whereas EcoRI digestion generates the two expected
fragments (Lane 4) of 2.7 Kbp and 7.1 Kbp respectively. Digestion with Hirdlll

(Lane 5) generates 3 fragments (between 2.5 and 3.7 Kbp), whereas digestion
with each of Kpnl (Lane 6) and Noll (Lane 7) ~enerates single fragments of 9.8

Kbp. The restriction endonuclease NspV fails to cleave this plasmid (data not
shown) whereas

psn

d~gestion

(Lane 8) appears to generate 3 fragments, which

upon further analysis includes a fourth fragment. The Pstl fragments range in
size from 0.8 to 3.8 Kbp. Pvul (Lane 9) does not appear to restrict this plasmid.
However, further analysis has shown that digestion with this enzyme produces 2
fragments of 0.9 and 8.9 Kb. Digestion with Sail produces two fragments of 4.2
and 5.6 Kbp respectively (Lane 10).

The restriction endonuclease

Xbalproduces

3 fragments between 1.3 and 6.0 Kbp in both DH5a (Lane 11) and GM48 (data
not shown) whereas the restriction endonuclease Xhol fails to deave this plasmid
(Lane 12). Again, double as well as partial digestions were used to finely map
each of the twelve restriction endonucleases in this plasmid. The map of pEB113
is shown in Figure 4.28.

Figure 4.2

(A)

0.9%

agarose gel of pEB113 digested with 11 restriction

endonucleases. Lane 1 is A DNA digested with Hirdlll as the molecular weight
marker. The sizes of the A fragments (in Kbp) are labeled beside the generated
fragillents.

Please note that the bands corresponding to the 2.3 and 2.0 Kb

fl}0lecular weight markers are not clearly visible in this photo reproduction.
Lanes 2-12 represent pEB113 digested with BamH"I, Cia I, EcoRI, Hirdlll, Kpnl,

Notl, Pstl, Pvul, San, Xbal and XhoJ, respectively. (B) The physical map of

pEB113. The thick shaded region indicates the BAV2EcoRi B fragment insert.
The single line represents the pUC19 region. The black arrows represent the
disrupted lac Z gene, the open triangle represents the origin of replication (from
pUCI9), and the non-shaded box containing the arrow represents the ampicillin
resistance gene.
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4.1.2 Subclonlng of the Internal BAV2 Sail Fragments
In order to help determine the overall linear pattern of restriction
fragments, it was deemed necessary that the internal restriction fragments of a
second enzyme should be cloned. From the literature (Benko et al., 1988), the
enzyme

San was known to

produce only four fragments. During this study, three

recombinant plasmids were constructed by digesting Hirt-extracted BAV2 DNA
with the restriction endonuclease

San

and ligating the resulting fragments into the

unique Sail site of pUC19 (Figure 4.3). Two plasmids containing a single Sail
fragment of the BAV2 genome, pSA51 and pSC9, and one plasmid containing
both internal fragments, pSAC36, were isolated.

All three plasmids were

characterized with twelve restriction endonucleases (BamHI, Clal, EcoRI, Hind III,
Kpnl, Notl, NspV, Pstl, PvuI, Sail, Xbal and Xhol) and subsequently shown to be

viral in origin due to overlapping restriction endonuclease sites with the EcoRI
fragments (Figures 4.4-4.6).

Figure 4.3 Schematic outline of the strategy used in the subcloning of the interior
BAV2 Sail fragments into pUC19.

BAV2 DNA, and pUC19 plasmid cloning

vector were each digested with Sail and ligated together using T 4 DNA Ligase.
The ligation mixture was then used to transform a strain of E. coli, DH5a. Three
recombinant plasmids, pSA51 , pSC9, and pSAC36 were constructed using this
method.
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4.1.2.1 Restriction Enzyme Analysis of pSAS1
The plasmid pSA51 was shown to contain the internal BAV2 Sail A
fragment by overlapping restriction endonuclease sites with the two EcoRI cloned
BAV2 fragments. From Figure 4.4A, Lane 2, the restriction endonuclease BamHl
cuts this plasmid into a single fragment of 14.3 Kbp. Clal digestion produces a
single fragment of 14.3 Kbp when isolated from DH5a (Lane 3), however, 2
fragments of 6.0 and 8.3 Kbp are produced when this plasmid is isolated from

GM48. EcoRI digestion produces 2 fragments of 4.2 and 10.1 Kbp (Lane 4)
whereas HindUI digestion produces 6 fragments between 0.6 and 7.1 Kbp (Lane

5). Digestion with Kpnl (Lane 6) generates a'single fragment of 14.3 Kbp and
digestion with Pstl (Lane 7) appears to generate 5 fragments. Further analysis
with Pstl, however, has shown that digestion with this enzyme produces 7
fragments (between 0.4 and 3.3 Kbp): For example, the upper band, in Lane 7,
is in actuality 3 fragments of 3300, 3300 and 3200 bp.

Digestion with SaIl

produces the two expected fragments of 2.7 and 11.6 Kbp (Lane 8), and the

restriction endonuclease Xbal generates 3 fragments (Lane 9) between 1.3 and
10.4 Kbp when isolated from DH5a, however, 4 fragments are found when this
plasmid is isolated from the methylation deficient E. coli strain GM48 (between

1.3 and 6.6 Kbp; data not shown).

The remaining 4 restriction enzymes

produced the following fragments: Not I, NspV and Xhol digestion produced a

single fragment of 14.3 Kbp, (data not shown), whereas digestion with Pvul
produced 3 fragments between 0.9 and 7.3 Kbp. Using partial as well as double
digestions, the twelve restriction endonucleases were mapped within the plasmid.
The map of pSA51 is shown in Figure 4.48.

Figure 4.4

(A)

0.9%

agarose gel of pSAS1 digested with 8 restriction

endonucleases. Lane 1 is A DNA digested with Hirdlll as the molecular weight
marker. The sizes of the A fragments (in Kbp) are labeled beside the generated
fragments. Please note that the band corresponding to the 0.6 Kb molecular
weight marker is not clearly visible in this photo reproduction.

Lanes 2-9

represent pSA51 digested with BamHl, Cia I, Ecd1l, Hind II I, Kpnl,psn, PVLA, San,
and Xbal, respectively.

(8) The physical map of pSA51.

The thick shaded

region indicates the BAV2Sa/i A fragment insert. The single line represents the
pUC19 region. The black arrows represent the disrupted lac Z gene, the open
triangle represents the origin of replication (from pUC19), and the non-shaded
box containing the arrow represents the ampicillin resistance gene.
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4.1.2.2 Restriction Enzyme Analysis of pSC9
The p!asmid pSC9 was also shown to contain the BAV2 Salt C fragment
by overlapping restriction endonuclease sites with the cloned EcoRI fragments.

The plasmid map for pSC9 is seen in Figure 4.58.

Figure 4.5A shows the

restriction endonuclease patterns for each of the twelve restriction
endonucleases used in this study.

BamHI digestion (Lane 2) generates two

fragments of 3.7 and 7.6 Kbp, whereas Clal fails to digest this plasmid isolated
from either DH5a (Lane 3) or GM48 (data not shown). Digestion with EcoRI
(Lane 4) generates two fragments of 2.9 and 8.4 Kbp, Hind II I cleavage (Lane 5)
produces 7 fragments between 0.6 and 4.9 Kbp, and Kpnl cleavage (Lane 6)
produces a single fragment of 11.3 Kbp. Notl cuts this plasmid once (Lane 7),
and NspV fails to restrict this plasmid (Lane 8). Digestion with Pstl (Lane 9)

appears to produce a single fragment, however, further analysis with this enzyme
has shown that 3 fragments are generated upon digestion (0.6, 4.7 and 5.9 Kbp).

Pvul does not appear to digest this plasmid, however further analysis has
produced two fragments of 0..9 and 10.4 Kbp (Lane 10). Digestion with SaIl
(Lane 11) produces the 2 expected fragments of 2.7 and 8.6 Kbp, and digestion
with Xbal produces 2 fragments of 4.3 and 7.0 Kbp in both DH5a (Lane 12) and
in GM48 (data not shown). Xhol fails to cleave this plasmid (Lane 13). Using
partial as well as double digestions, each" of the 12 enzymes used in this study
were mapped within the plasmid. The map of pSC9 is seen in Figure 4.58.

Figure 4.5

(A)

0.9%

agarose gel of pSC9 digested with 12 restriction

endonucleases. Lane 1 is A DNA digested with Hirdlll as the molecular weight
marker. The sizes of the A fragments (in Kbp) are labeled beside the generated
fragments.

Please note that the bands corresponding to the 2.3 and 2.0 Kb

molecular weight markers are not clearly visible in this photo reproduction.
LatleS 2-13 represent pSC9 digested with BamHI, Cia I, EcoRl, Hind II I, Kpnl,

tVspV, Pstl, Pvul, Sa1', Xbal and Xhol,

~~spectively.

Non,

(8) The physical map of

pSC9. The thick shaded region indicates the BAV2Sail C fragment insert. The
single line represents the pUC19 region.

The black arrows represent the

disrupted lac Z gene, the open triangle represents the origin of replication (from
pUC19), ·and the non-shaded box containing the arrow represents the ampicillin
resistance gene.
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4.1.2.3 Restriction Enzyme Analysis of pSAC36
The plasmid pSAC32 contains the two internal BAV2 San fragments A
(11.6 Kbp) and C (8.6 Kbp). Digestion of this plasmid with San (Figure 4.6A,
Lane 10) generates the 3 expected fragments of 2.7, 8.6 and 11.6 Kbp. The
restriction enzyme BamHI generates 2 fragments of 7.6 and 15.3 Kbp (Lane 2),
and Clal generates a single fragment of 22.9 Kbp when this plasmid is isolated
from DH5a (Lane 3). However, two fragments of 6.0 and 16.9 Kbp are generated
when this plasmid is isolated from the methylation deficient E. coli strain, GM48
(data not shown). Digestion with EcoRI appears to generate two fragments (Lane
4), however further analysis has revealed the presence of three fragments within

the agarose gel (7.1, 7.4, and 8.4 Kbp).. Hind II I cleavage (Lane 5) appears to
produce 9 fragments, however, further analysis has revealed the presence of 12
fragments between 0.6 and 7.1 Kbp. Kpnl produces a single fragment of 22.9
Kbp (Lane 6), Noll generates 2 fragments of 6.0 and 16.9 Kbp (Lane 7), and Pst1
digestion appears to produce 5 fragments (Lane 8). Further analysis with Pstl,
however, has revealed the presence of 9 Pstl fragments, between 0.4 and 5.9
Kbp within the agarose gel. Pvul digestion does not appear, in. this photograph,
to cut this plasmid, however, further analysis has shown that digestion with Pvul
generates 3 fragments of 0.9, 4.6, and 17.4 Kbp (Lane 9). Digestion with Xbal
produces 4 fragments ranging in size from 1.3 to 9.5 Kbp in DH5a (Lane 11),
wherease 5 fragments are produced (between 1.3 and 6.6 Kbp) when this
plasmid is isolated from GM48 (data not shown). Digestion with Xhol (Lane 12)
produces a single fragment of 22.9 Kbp. The plasmid map of pSAC32 is shown

in figure 4.68.

Figure 4.6

(A)

0.90/0 agarose gel of pSAC36 digested with 11 restriction

endonucleases. Lane 1 is A DNA digested with Hind II I as the molecular weight
marker. The sizes of the A fragments (in Kbp) are labeled beside the generated
fragments.

Lanes 2-12 represent pSAC36 digested with BamHI, Clal, EcoRI,

Hindlll, Kpnl, Notl, Pstl, Pvul, SaIl., Xbal and Xhol, respectively.

(8)

The

physical map of pSAC9. The thick shaded region indicates the BAV2Sa/i Ale
fragment insert. The single line represents the pUC19 region. The black arrows
represent the disrupted lac Z gene, the open triangle represents the origin of
replication (from pUC19), and the non-shaded box containing the arrow
represents the ampicillin resistance gene.
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4.1.3 Subcloning of the Internal BAV2 Pstt Fragments
Although the overall linear pattern of restriction enzymes had been

established using the EcoRI and San plasmids, it was necessary to subclone a
third enzyme to help determine, more accurately, the sizes of restriction
fragments as well as establish the restriction enzyme pattern at the extreme right
end of the viral genome. The restriction enzyme Pstl was chosen due to the

large number of fragments generated upon digestion (Benko et a/., 1988).
During this study, 10 recombinant plasmids were constructed by digesting Hirtextracted BAV2 DNA with the restriction endonuclease Pstl and ligating the

resulting fragments into the unique Pstl site of pUC19 (Figure 4.7). Ten internal
plasmids, and one terminal plasmid (cloned following alkaline hydrolysis of the 5'
terminal- protein), were characterized with twelve restriction endonucleases

(BamHI, Clal, EcoRI, HindUI, Kpnl, Noll, NspV, Pstt, Pvul, Sail, Xbal and Xhol)
and subsequently shown to be viral in origin due to overlapping restriction
endonuclease sites. An example of a Pstl plasmid is shown in Figure 4.8.

Figure 4.7 Schematic outline of the strategy used in the subcloning of the interior
BAV2 Pstl fragments into pUC19.

BAV2 DNA, and pUC19 plasmid cloning

vector were each digested with Pstl and ligated together using T 4 DNA Ligase.
The ligation mixture was then used to transform a strain of E. coli, DH5a. Ten
recombinant plasmids were constructed using this method. One further plasmid,
pBP124, was constructed using the same method following alkaline hydrolysis of
the 5' terminal protein.
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Figure 4.8

(A)

0.9%

agarose gel of pPC39 digested with 7 restriction

endonucleases. Lane 1 is A DNA digested with Hind II I as the molecular weight
marker. The sizes of the A fragments (in Kbp) are labeled beside the generated
fragments. Lanes 2-8 represent pPC9 digested with BamHI, EcoRI, Hindlll, Kpnl,
Pstl, Sail, and Xbal, respectively. (8) The physical map of pPC39. The thick

shaded region indicates the BAV2Psti C fragment insert.

The single line

represents the pUC19 region. The black arrows represent the disrupted lac Z
gene, the open triangle represents the origin of replication (from pUC19), and the
non-shaded box containing the arrow represents the ampicillin resistance gene.
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4.1.4 Subclonlng of the Terminal BamHl Fragments
I_n order to subclone the terminal fragments, the residues of the terminal
protein had to be removed and BamHI linkers joined to either ends of the viral
DNA (as outlined in Figure 4.9). Two plasmids, pBBa and pBB12 containing the

5.9 Kbp left hand terminal BamHI fragment in opposite orientations, were
constructed.

4.1.4.1 Restriction Enzyme Analysis of pBB6/pBB12
The plasmid pBBs, containing the terminal BamHI fragment is 8.6 Kbp in
size. When pBB6 is digested with the restriction endonuclease BamHI, the two
expected fragments of 2.7 and 5.9 Kbp are produced (Figure 4.10A, Lane 2).
Clal fails to restrict this plasmid isolated from either DHSa (Lane 3) or from
GM48. EcoRI cleaves pBBa only once (Lane 4) and Hindlll appears to generate
3 fragments (Lane 5). However, further analysis with Hind II I has revealed the
presence of 5 fragments within the agarose gels. Kpnl restricts this plasmid once

(Lane 6), Pstt produces 2 fragments of 1.6 and 7.0 Kbp (Lane 7),

San produces

fragments of 1.0 and 7.6 Kbp (Lane 8), and Xbal produces fragments of 2.2 and
6.4 Kbp (Lane 9). The remaining restriction enzymes used in this study either fail
to restrict this plasmid (Nolt. NspV and ,Xhol) or, in the case of Pvul, produce 2
fragments of 0.9 and 7.7 Kbp (data not shown). The plasmid map of pBB6 is
seen in Figure

4~10B

Figure 4.9

Schematic outline of the strategy used in the subcloning of the

terminal BAV2 BamHI fragments into pUC19. Following alkaline hydrolysis of the
5' terminal protein, BAV2 DNA, and pUC19 plasmid cloning vector were each
digested with BamHI and ligated together using T4 DNA Ligase. The ligation
mixture was then used to transform a strain of E. coli, DH5a. Two recombinant
plasmids, pBBs and pBB12 were constructed using this method.
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Figure 4.10

(A)

O.9°k agarose gel of pBB6 digested with 8 restriction

endonucleases. Lane 1 is A DNA digested with Hirdlll as the molecular weight
marker. The sizes of the A fragments (in Kbp) are labeled beside the generated
fragments. Please note that the band corresponding to the 0.6 Kb molecular
weight marker is not clearly visible in this photo reproduction.
represent pBB6 digested with BamHI, CiaI, EcoRI, Hirolll, Kpnl,

psn,

Lanes 2-9
Sail, and

Xbal, respectively. (B) The physical map of pBB6. The thick shaded region

indicates the BAV2BamHI B fragment insert. The single line represents the
pUC19 region. The black arrows represent the disrupted lac Z gene, the open
triangle represents the origin of replication (from pUC19), and the non-shaded
box containing the arrow represents the ampicillin resistance gene.
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The plasmid pBB12 contains the same terminal BamHI fragment as pBBs
except that it is in the opposite orientation in pUC19 (Figure 4.11 B).

The

restriction enzymes BamHI (Figure 4.11A, ~ane 2), Pstl (Lane 7), San (Lane 8)
and Xbal (Lane 9) again cleave this plasmid twice, whereas EcoRI (Lane 4) and

HindU I (Lane 5) cleave this plasmid once and 5 times (using ad·ditional analysis)
respectively. Kpnl cleaves this plasmid once (Lane 6), and Clal fails to restrict
this plasmid (Lane 3). As well, the remaining restriction endonucleases used in
this study either fail to restrict this plasmid (Notl, NspV and Xhol) or cut twice
(Pvul) (data not shown).

Figure 4.11

(A)

0.9%

agarose g.el of pBB12 digested with 8 restriction

endonucleases. Lane 1 is A, DNA digested with Hindlll as the molecular weight
marker. The sizes of the A, fragments (in Kbp) are labeled beside the generated
fragments.

Lanes 2-9 represent pBB12 digested with BamHI, Clal, EcoRI,

Hind III, Kpnl, Pstl, San, and Xbal, respectively. (B) The physical map of pBB12.
The thick shaded region indicates the BAV2BamHI B fragment insert. The single
line represents the pUC19 region. The black arrows represent the disrupted lac
Z gene, the open triangle represents the origin of replication (from pUC19), and
the non-shaded box containing the arrow represents the ampicillin resistance
gene.
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4.3

Construction of the Linear Restriction Endonuclease Map
for the BAV2 Genome
In order to construct the restriction maps of the viral genome, it was

necessary to position the cloned fragments in a linear form. This was initially

accomplished by analysis of the two EcoRI plasmids and the three Sail plasmids.
All possible arrangements inferred from these plasmids were considered.
Subsequently, the Pstl recognition

sit~s

were located within each of the cloned

fragments and translated into the linear maps. Only one of the possible linear
arrangements of the Pstl fragments gave the appropriate EcoRI and Sail size
fragments. The three linear maps (EcoRI, Pstt and Sail) were confirmed by the
analysis of EcoRI, Pstl and San partial digests of the BAV2 DNA (data not
shown).
Recognition sites for BamHI, Clal, HindU I, Kpnl, Not I, NspV, Pvul, Xbal
and Xhol were determined within each of the plasmids using complete and partial
digests of the plasmid DNAs. In cases where more than one possible location for
a given site could be correct, all possible sites were considered. By overlapping
the plasmid maps generated for the cloned EcoRI, Pstl and SaA fragments, it was
possible to rule out incorrect site positions, confirm the EcoRI, Pstl, and SaIl

linear maps, and construct the linear map for each of the additional enzymes.
The availability of the BamHI· plasmids, containing the identical insert in the

opposite orientation,

as well as the right end terminal Pstl

I fragment assisted in

the determination of the restriction enzyme site positions within the extreme ends

of the linear map. An overview of each of the plasmids used and constructed in
this study is shown in Figure 4.12 and the final linear map for BAV2 is shown in
Figure 4.13. An estimation of the genome size for BAV2 was generated by the
addition of each of the fragments generated for each restriction enzyme (Table

4.1) and was found to be 32.5 ± 0.2 Kbp.
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Figu re 4.13 Restriction maps of BAV2 DNA. The maps are divided into 100 map
units, and the locations of the restriction sites are given in map units. Methylation
sensitive Clat and Xbal sites are indicated by an asterix (*), and methylation
sensitive Notl, and Pvul sites are indicated by an 'm'.
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Table 4.1. Molecular sizes (in Kbp) of fragments generated by digestion of BAV2 with BamHI, Clal, EcaRI, HindUI, Kpnl, Notl, NspV,
Pstl, Pvul, Sail, Xbal and Xhol.

Estimated molecular size (in Kbp) of BAV2 fragments generated by:

FRAGMENT

A
B

BamHI

Clal

EcoRI

26.6
5.9

15.1
11.4
6.0

15.6
7.1
6.7
3.5

HindUI
7.1

K
L·
M

2.7
2.5
2.5
2.1
1.8
1.7
1.6
1.6
1.4
1.1
1.1
1.0

N
0
P

0.8
0.8
0.7

Q
R
S
T
U
V

0.6
0.5
0.3
0.2
0.2

C
D

E
F
G
H
I
J

TOTAL

Kpnl

Notl

NspV

Pstl

Pvul

32.5

, 8.6
8.0
. 5.8

17.6
12.3
2.6

6.6
6.1
4.7
3.3
3.3
3.2

, 6.7
, 5.8

32.5

32.9

32.4

Xbal

Xhol

7.8
6.6
6.1
3.5
3.0
2.2
1.1
0.9
0.6
0.5

, 9.2
, 3.3

32.8

32.3

32.5

1.8
1.6
0.8
0.6
0.4

o. ,

32.5
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11.6
11.6
8.6
1.0

32.5

32.4

32.5

32.4
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The restriction enzymes Cia I and Xbal will not completely restrict DNA that
has been dam- or dcm- methylated. In order to overcome this problem, each of
the plasm ids used and constructed was retransformed into the methylationdeficient E. coli strain GM48.

One additional CIa I site at 46.5 mu. and two

additional Xbal sites at 55.0 and 72.4 mu. were located by this method and are
marked with an asterix (*) within the linear maps.
Each of the linear maps was then compared to purified viral DNA that had
been digested with the twelve different restriction endonucleases and end-

labeled using 32p (Figure 4.14).
analysis:

Only two discrepancies were found upon

The restriction endonuclease Noll appeared to produce on.ly two

fragments from the autoradiogram (Lane 7), butt three fragments were found
from arrangement of the cloned fragments. The same situation occurred with
Pvul. From the autoradiogram (Lane 10). Pvul does not appear to restrict the

DNA, but, a single site was found within both pEA48, PSAS1. pSAC36 and pPK2.
These discrepancies are likely a consequence of either high salt concentration or

of methyiation at the C 5 position of the cytosine in 5'-CG-3'. Nevertheless, a Not1
site at 42.8 and a Pvul site at 51.5 mu. have been ascertained and are identified
with an "rn" on the linear maps.

Figure 4.14 Autoradiogram of 32P-labeled BAV2 restriction enzyme fragments
electrophoretically resolved on a 1.2% agarose gel. Lane 1 is A DNA digested
with Hind II I as the molecular weight marker. The sizes of the A fragments (in
Kbp) are labeled beside the generated fragments. Lanes 2-13 represent SAV2

DNA digested with each of BamHI, Cia I, EcoRI, Hindlll, Kpnl, Notl, NspV, Pstl,

Pvul, Sail, Xbal, and Xhol, respectively. ,"
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4.4 sequencing of the BAV2 Genome From 0-12.2 m.u.
Due to the fact that all Ads studied have an E1 region present in the left
end of their genome, it was decided that the plasmid pBB6/12 would be
sequenced to determine if an E1 region in BAV2 exists and, if so, to determine
the sequence of the E1 region and the hexon-associated gene, protein IX.
In order to sequence the left end of· the genome, the plasmids pBB6 and

pBB12 was each subcloned further to produce smaller plasmids. Each of these
plasmids were cut with each of Hindlll, Pstl, San and Xbal and religated thus

constructing smaller overlapping plasmids. The Hirxilll fragments of pBB6 were
further subcloned into pUC19. Each of the plasmids constructed for sequencing
are presented in Figure 4.15.
Once constructed, each plasmid was sequenced using the forward and/or
reverse universal primers of the Sequenase Version 2 Kit as described earlier.
Specific oligonucleotides (16 to 18 nucleotides) were custom synthesized by
Vetrogen Corp. (London, Ont.) and used to clear up uncertain areas of the
sequence.

The overall sequence from 0 to 12.2%

of the viral genome is

presented in Figure 4.16. Potential "TATA" boxes are marked and underlined as
are potential polyadenylation signals. Also shown in Figure 4.16, are the location

of the conserved origin of replication (nucleotides 1-17) and packaging domains
(in boxes).
ORFs longer than 100 amino acids were examined using protein

homology searches, and ORFs 1 to 4. appeared to correspond to human Ad
proteins (Figure 4.17): ORF1 encodes a 119 amino acid long polypeptide, ORF2
encodes a polypeptide of 160 amino acids, ORF3 encodes a polypeptide of 408
amino acids and ORF4 encodes a polypeptide of 117 amino acids. The positions
of potential polyadenylation sites are indicated by arrows, and the location of the

Figu re 4.15 Schematic outline of the strategy used to clone the left end of the
BAV2 genome from 0 to 12.2 mu. Each of the plasmids used in the sequencing
strategy, constructed from subcloning of both pBBs and pBB12, are depicted in
this figure along with the direction of sequencing (small arrows). Sites where
custom synthesized oligonucleotides (depicted with numbered larger arrows)
were used is also shown.
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Figure 4.16

Nucleotide sequence of the BAV2 genome from 0 to 12.2 mu.

Potential "TATA" boxes are marked and underlined, as are potential
polyadenylation signals. Also shown are potential packaging domains (in boxes).
The starts and ends of the four ORFs with identity to other Ad proteins, are also
marked.
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CATCAr~TAATATACGGTGCATTTTGTGCGTGATGACGTATACAGCGTACGTAAGGGAGGAGCTTGCAAGCGTGGGAA

80

ORI
'CA
.4VV

TACAGCTCATI'AATAATTAACAGAGTTTTTAGTCA~TrTCTGTTTACACTTGTCGAACrl·1AGACTCm' 240

33cMTAAATGGGTGTGCTAGTAAAACACCTAGTTGTTCTACACATGAA(;Tf"'~CTITrACCACGCTACAGGTAAAAATGG 320

CTCTCAATAGCTCCAAAGGTCTATTTAGACGTCAGTAGGTGCGGCC~'ITI'CTGTITCAGTI'CCTCATAGCCAGTATA 400

"TATA'BOX

CAP

480

AAGCC~vACAGGTGTTTAGAGTCGCCACTCTTGAGTCTAAGAGAAGTAGAGC'ITI'CTCCTCTACACCTAGACATCATGA

GGCACTI'GCGCTl'CAGTTTTGACTGGAGATTCTGGGAAGCAGCAGAAAACCTrCTACAAGACTTACACACATCAGAAGAT
560
ORFl
GAAGATGAAGGCTTTTCAGAGCITTAACGCTGCAAGATTTAGTGGAGTrAGAGTCTCCAAAACGCTGTTGATTATTTrrT

640

TCCCTGACGCCGACATTCCACAAGAGCTGCCTACTGACGCCGCTGCTGAAGAGITGCTCGGCTGTGATGAAGrAGTAGAT

720

'ITGTCTAC'ITrAT'ITGACAGCGAGGCTGAATCTACACCTAATTCGCCATITI'CGGCTGTGGAGTTAGACTATCCTGAACA

800

TCCAGGCCACGATTGCTCAGCTrGCGATTATCATCGGAGAGCTACGAAAAATGAAGACACTT'I'GrG'rI'ATA

880

TGAGACAAAACGCGTTTGCTGTATATGGTAAGTGAATGI"I'GGC'lTrr~q'ITI'AAATAATrTAGTITI'ATAAGAGTGATT

960

"TATA" BOX

CAP

TGTAAGTAAACC'ITrATGTAACTTATTTTATAGAACCTGTTI'CACCCGCCGATCCAACTC'rl'GTTGCTACGrCG

1040

ACAGTGAGGATGCAAG'M'GTGATGATGACTCAGTGGAAAGTACCGCACCTG'ITAACCGTAAACGCCGTCATCAGGAGACT

1120

TTGCCCTTGTTTAAAAAACAACGCCTTGATCGACCTTrGGACCTGAGTGTrCAAAAAAATCAATAAACCATCCCTCAATA

1200

POLY (A)

AACTTGTGCTGACATCAATAGTAGGAGTGGTTTTCTGTATAAGTACTAGCTCAGGTGCGCGTITI'AG'l'TAGAGCAACAAG
"TATA" BOX.
CAP

1280

AGCTGCTGATATGGACTTGTCACTl'CAGCTrTGCGAGCAGCTAAGCAGCTTACCTCAG'ITGCGGAGGGl'GATCTACTACG

1360

~

CAACAAATCGGGCAAGTTGG.rGGTCTAGGA~GACTCGCTAACTTAGTCTATACAA'rrAAGGl'TGAA
1440

GAAGCAGAATCTCTCCAGGAATTGTTTAATGAGGATGAAGGTTTTTGGCAGATG'ITl'GGCAGT"'~GGACACTAGGCTA
1520

TGAATCAAAAATTGTACCTTGGCTAGA~CTCCAGGGAGAGCGACTGCTAGTTTATC'ATTGCTTGCTTACATTG
1600

TAGACTGTTTAGATAAAC'AGrCTGAGCITI'CTAGTGAC'ITrATTTTAGACGCTGTGTGTGGACCAGI'ATGCTACAAGCTC
CRF3

1680

116
AAGATGCTGCTGTCCCTGCAGAAGCTTCAGGGGCATCTGTCAOOGTCCAGCGTGGGTTCCACTTGCCTTCGCGAGAGGA

1760

AACGGA'ITAGAACCTAATAAAGITACATACCAGCAAATATTAAGCGAGITrCAAGCTGATCCATI'ITrCACTAATGATAG
- POLY(A)

1840

ATATGATrTTGAGCATCTTGrAACACACTTGTTGGCAGAGGGTGAGGATTTAGAAGAAGCGATTAAGCAGCATGTAAAAG

1920

TTGC'rrTAGATCCAAATAAAGAGTATGTAATTTATAAGCCGGTGAAAATTAAAAC'ITI'ATGCTATATTATAGGAAATGGG

2000

GCTAAAGTAAAAATAGCATGTAAAGAACCTTTTGGCTTrGAAGTGTATTGTAGGTCACCTAGTCCTGGCATAGTAGGTAT

2080

GTGGGCAGTGACTTTl'CACAATATAGTCTTl'GAAAGGGATAGGACTATGCCAGGTGGGGrrGTAAATTCTAGAACTTTTG

2160

TrTTATTTCATGGCTGTAACTTITrAGGCTGTATGGGAACTGCTTTAAGTTTTAACTGTGGAAGTGAAATCAGGGGGTGT

2240

CATTTTTTGACCTGCTACAAATGCATAGATAGCAGTCAAAGCAAATTAAAACTAAAAG'roTCTAGGTGTGTGTTTGAGGC

2320

TI'GCATGGTAGGCATrATrAGTAATGGGATTCTCAGCTGTCGCCACTGCACAGGCCACAACGTrTACTGCTITI'GCTACT

2400

TGCTAGGCCCTGGAAAGTTTGTAGGCCTTAGTATATrAAA'I'TCAAATAAGTTTTACGAGrCTGGCCTCACTGAAATGCTT

2480

AGCTGCCACGGAAATAAGATATrGCCTrTAGCCACATTACACATl'TGCAGCAGTTTrCACCATrrTCCCGGCTITAAAAA

2560

TAGCATGCTI'ACCCGCTGCAAAGTATTTGTTGGTGAGCGCATTGGCGTGITrTCACCTGI'GAATGTAAGTCTGAGCTACA

2640

GCTCTGTTGTGGCAGACAAOOGGTCGTrTCAAAGCTTGAACCTCAACTACcrtrTCCACCAAACCACAACTATTTGGGAAA

2720

TTGCTTCGAAGCTCACAGCCAGAGCCTGTI'GTGGAAGCGAAGAAGTGTTrATGTGGCGGAGTGCATCCCTGGCCTGTG'r1'

2800

GGAGCAGCTCAATTI'TACTGCTCGCGCGCTTCCGACTCCATACGACTCATCCTGTGATTCAAAAATGTTTGATTCTGATG

2880

POLY (A)

POLY (A)

2960
ACGATGAATAGGTAAGCCACGCCCACAGCCTATATAAATCCCCTGTTTrrGCTAAAATTATA~qCAATGGCAGAT
"TATA- BOX

CAP

ORF4

GAGGGTGACATrCGCACTTC'ITTTCTTACAGCCCGTCTGCGTCACTGGGCTGGAGTTCGCCACAACGCGCTGGGATCAAA

3040

TATTTCTGGAGCACCTGl'CCG'rrCGCCTGAAGTCATCTCGACGGTGAGAAACCGAACTGATGCTACTGAGCTGACAACAA

3120

GGAACATTACGACCACTAGACCAGCGGAAGAGCAGCTAGAAAATTTGACTGAGATGATTrTGAACTTGAGAGCGGAGCTG

3200

AATCGCGCTACTATGAGCATTAATGGGTTGGAGCAGCGGGTGTCTGAAArrrGAACGTGACArrrGAACCTGITrTGCAATr

3280

GCATAATCAAGTGCAAGCATGAAAGTAATGTTAATCAATAAACTTTATTTCTI'TGAATGATAATATTTTGTCCAGCGTTG

3360

POLY (A)

TCTGTCAGMATTACTTTGTGAA'rrTTTTCCAGAATAGCATACAATTTACATTGCACA'rrAAGATACATAGGCACCAACC

3440

117

CTTCAGTAGGGTGTAAGTMGACCACTGGAAAGCTTCTACCTCTGGACATGTG'ITATATACAATCCAGTCATACTGAGAG

3520

POLYCA)
TGAGTCTTGTGGTAGTTAAAAATATCTTTTAAGAGTAAAGAGATAGGTAAAGGAAGGCCTrl'GGTATAAGAGTTAATAAA

3600

CCTGTTAAGCTGAGATGGCTGCATTTTTGGAGAAATAATGTGCAGCTTAGCTTGAATTTrAAGGTTGCTAATGTTACCTG

3680

CGTOOTCTTrTCTGGGATTCATATTATGTAATACAACTAAAACAGCATAACTGTGCATTl'AGGGAATCT<n'CGTGAAGTr

3760

TAGATGGAAATGCATGAAAAACTTTGCAATTCCTTTGTGGTTTCCCATATCTTCCATACACTCATCTAGTATAATTGCAT

3840

GGCCTTTAGAAGCCGCCTTAGCAAACACGTCTAGGGCTGACAAATCATAATTAACTCTGGCTAGGCCGCATATGACATT~
3920

POLY (A)
ATAAATCAGGTAA

3933

Figure 4.17

Diagrammatic representation of the BAV2 genome and the

sequenced region (0 to 12.2 mu) showing the locations of the various restriction
sites. ORFs with identity to E1 A, E1 B and piX are indicated by hatched boxes
and the location of the first methionine and the termination cedens are indicated
by open and closed triangles, respectively.
polyadenylation sites are indicated by arrows.

The positions of potential
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first methionine and the termination codons are indicated with open and closed
triangles respectively.
ORF1 encodes

a 119 amino acid long polypeptide. The C-terminus of this

predicted polypeptide has a 59.5°/0 identity and 85.7°/0 similarity (over 42 amino
acids) with the E1 A conserved region III (CRill) of both Ad2 (Gingeras at al.,
1982) and Ad5 (van Ormondt at al. 1980; Figure 4.18A.B).
J

polypeptide also shares 33.8%

identity and 76.5%

This predicted

similarity (over 68 amino

acids) with Ad7 Crill (Broker, 1980; Dijkema et al. 1982), and 35.6°k and 79.70/0
1

similarity (over 59 amino acids) with Ad4 (Broker, 19'80).

Furthermore. the

predicted CRill of the BAV2 E1 A, contains a putative metal binding domain
CRill (Berg. 1986; Webster et al., 1991; Figure
similar to that of the Ad5 E1A
(
4.188). Potential TATA box and cap sites (Baker and Ziff, 1980) are located at

342 and 369 bp, respectively, upstream of the first ATG in ORF1 (position 559;
Figure 4.16). The only potential polyadenylation signal (AATAAA) to follow the
ORF1 is located at position 1182 (265 bp downstream from the stop codon;
Figure 4.16).
The 160 amino acid long polypeptide encoded by ORF2 shares 26.3%
identity and 71.3% similarity (over 160 amino acids) with the Ad40 E1 B small T
antigen (19 KDa protein; van Loon et al., 1987; Ishino et al., 1988; Figure 4.19A).
and 30.8% identity and 75.8% similarity (over 120 amino acids) with the Ad?
small T (19 KDa protein; Dijkema et a/., 1982). There are two potential TATA
boxes for the E1B region: One (TATAT) lies within the C-terminus of ORF1
(position 902) followed by

a potential E1 B cap site (Baker and Zift,

1980) 22 bp

downstream (Figure 4.16). The other potential TAT A box (TATAA) is located at
position 1238, 52 bp upstream of the first ATG of ORF2). followed by a potential
cap site 28 bp downstream (Baker and Ziff. 1980; Figure 4.16). ORF3, starting at
the C-terminus of ORF2, in a different frame, has the potential to code for a 408

Figure 4.18 Alignment of the amino acid sequence predicted from the BAV2
ORF1 and the known E1 A polypeptides of Ad2 (A), Ad5 (8), Ad7(C) and Ad4 (0).
The bold cytosine residues (C) indicates the position of the putative metal binding
domain of E1 A CRill.
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Figure 4. 19 Alignment of the amino acid sequence predicted from the SAV2
ORF2 with the Ad40 E1 B small T antigen (A), and ORF3 with the Ad2 E1 B large

T antigen (8).
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amino acid long polypeptide if no splicing occurs. The polypeptide has an overall
identity of 33.5 % and 70.7 %

similarity (over 408 amino acids) with the known

Tupaia Ad (TAV) E1 B 44 KO- protein (FIOgel et al., 1985; Figure 4.19B) and
29.8 % identity and 67 % similarity (over 328 amino acids) with the E1 B large T
antigen of Ad2 (Gingeras at al., 1982).

A possible polyadenylation signal

(ATAAA) is located at position 2911 (Figure 4.16).
In addition to being a :possible polyadenylation signal for the E1 B unit, the

TATATAAA sequence may serve as

a TATA

box for ORF4. This element is

followed by a potential cap site (Baker and Zift, 1980) 28 bp downstream (Figure

4.16). OR F4 is capable of encoding a 117 amino acid long polypeptide that
shares 28.4°k identity and 7aok similarity (over 109 amino acids) with the TAV
protein IX (Brinckmann et al., 1983), and 23.7°k similarity and 74.6°k similarity
with the Ad? protein IX (Broker, 1980; Dijkema at al., 1981; Figure 4.20A, B).
ORF4 also shares 23.1°k identity and 77.9% similarity (over 104 amino acids)
with Ad5 protein IX (Pettersson and Mathews, 1977; Figure 4.20C)J and 23.1 %
idenity and 81% similarity (over 104 amino acids) with Ad2 (Anderson and Lewis)
1980; Figure 4.200). There is one potential polyadenylation signal for ORF at
position 3317 (Figure 4.16). Table 4.2 summarizes the predicted polypeptides
identity and similarity with various Ads.

Figure 4.20 Alignment of the amino acid sequence predicted from the BAV2
ORF4 with the TAV protein IX (A), Ad? protein IX (8), AdS protein IX (C), and
Ad2 protein IX (D).
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Table 4.2 Percentage identity (exact amino acid) and similarity (similar amino acid) of
the predicted amino acid sequences for the ORFs of BAV2 and known proteins of other Ads
using FASTA (EMBL-Heidelberg) the sequence comparison program (Pearson and Lipman

, 1988) at Heidelberg, GER.
ORF
1

Ad?

Protein/Region
CRill
CRill
CRill

Ad4

CRill

Ad40

CRill

Ad40
Ad?
Ad41

El B Small
E1 B Small
El B Small
El B Small
El B Small

Adenovirus

Ad2

AdS

2

SAV7*

AdS
3

TAV**

(19 KDa)
(19 KDa)
(19 KDa)
(1 9KDa)
(19 KDa)

Similarity

26.3%

71.3%
75.8%
68.4%
71.9%
78.8%

30.8%

26.5%
28.9%

29.2%

Ad12

E1B 44 KDa
El B Large T
El B Large T (52 KDa)
El B Large T

·28.8%

Ad40

E1 B Large T (53 KDa)

29.9%

AdZ
Ad41

TAV**

Protein IX
Ad7
Protein IX
AdS
Protein IX
Ad2
Protein IX
Ad12
Protein IX
* SAV7: Simian adenovirus type 7
**TA V: Tupaia adenovirus
4

T
T
T
T
T

Identity
59.5%
59.5%
33.8%
35.6%
43.5%

33.5%
29.8%

29.4%

28.4%
23.7%
23.1%

23.1%
20.6%

85.7%
85.7%

76.5%
79.7%
84.8%

70.7%

67.0%
67.9%
66.4%
68.8%
78.0%

74.6%
77.9%
77.9%
78.4%
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Chapter 5: Discussion
Investigations into the organization of the genome of any virus are
facilitated by the availability of a detailed restriction endonuclease map. Until the
present work. there was only one restriction map available, consisting of 2
restriction endonucleases (BamHI and EcoRI), for BAV2 (Belak et al., 1986)
which is insufficient and somewhat limiting in designing strategies for the
molecular manipulation of the viral DNA. As a result. the primary objective of this
study was to construct a detailed linear restriction map of the viral genome for 12
restriction endonucleases. Included within this primary objective was the desire
to clone the SAV2 viral genome in the form of restriction fragments such that an
inexpensive and inexhaustible source of the DNA would always be available. As
well. for future studies, it will be much easier to carry out molecular manipulations
on smaller fragments rather than on the intact viral genome.
The subcloning of the internal EcoRI fragments, during my fourth year
honours project, resulted in the construction of two recombinant plasmids with
inserts spanning 20.6 to 90.5% of the viral genome. Eleven Pstl fragments,
spanning 4.9 to 1000/0 of the viral genome were also subcloned, as were the two
internal Sail fragments, spanning 3.1-65.2%. The recognition sites for BamHI,

Clal, EcoRI, Hindi II, Kpnl. Notl, NspV, Pstl, Pvul, Sail, Xbal and Xhol were
determined within each of the constructed plasmids (Figure 4.12).
The availability of the Sail plasmid with multiple fragments was
instrumental in delineating the linear arrangement of the Sail and EcoR I
restriction fragments. The construction of the linear maps for EcoRI and Sail
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allowed for the construction of linear maps for the remaining 10 enzymes, simply
by translating the recognition site positions from plasmid to linear form. The
availability of the 11 Pstl plasm ids helped to established a more accurate
estimation of the fragment sizes.
During this study, four EcoRI fragments and two Bami-U fragments were
observed as was similarly reported by Benko et al. (1988) and Belak et al. (1983,
1986). The positions of these fragments on the linear map were identical to
those reported by Belak et al. (1986).

The average sum of the restriction

fragments generated in this study was 32.5 ± 0.2 Kbp (Table 4.1). This is 0.1
Kbpsmaller than that reported by Benko et al. (1988), 0.5 Kbp larger than that
reported by Belak et al. (1986), and 2.3 Kbp larger than the size reported by
Belak et al. (1983).

Differences in total genomic size may be due to strain

differences rather than variations in accuracy of fragment size determination.
However, neither Benko et al. (1988) nor Belak et al. (1983, 1986) reported the
presence- of the terminal ends containing the 5' terminal proteins.
Although the restriction enzyme patterns of Hirdlll and Pstl generated in
this study are similar to those reported by Benko at al. (1988) the actual number
of fragments generated is different. Benko at al. (1988) reported that Hind III
digestion of the BAV2 genome resulted in the generation of eteven fragments. In
this study, 22 Hindlll sites were located. This discrepancy is most likely due to
the fact that most of the Hind II I fragments are very small and similar in size.
Consequently, fragments of similar size will comigrate and small fragments. less
than 500 bp, are difficult to visualize on standard agarose gels. In this study, we
overcame this problem by using radio-labeling of the BAV2 DNA, as well as
information gathered from sequencing studies of the right end (E3 region;
personal communication, L. Esford). The same situation occurred for the Psft
fragments. Benko et al. (1988) reported the presence of 9 Psd fragments. In this
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study, we were able to locate 11 sites within the viral genome. Again, some of
these fragments are quite small and differences are probably due to band shifting
and/or poor resolution of the DNA bands on agarose gels. The figures published

in Benko et a/. (1988) was a computer-generated representation of the restriction
patterns of 4 enzymes (BamHI. EcoRl, Psd and

Sa~)

and it is. therefore. difficult

to establish the presence or lack of the smaller fragments within their agarose
gels.
At the present time there is no direct experimental evidence for the
presence of terminal proteins attached to the 5' ends of the BAV2 genome.
However. the observation that the end fragments were present at submolar
quantities on agarose gels (Figure 4.14) suggests the presence of residual
peptides at the 5' ends which would prevent some of the terminal fragments from
entering the gel. As well, the inability to clone the terminal fragments without
further treatment of the viral DNA also supports the presence of terminal proteins.
The cloned terminal fragments were initially determined to be viral by Southern
hybridization studies to either the EcoRI D fragment (Pst1 I) or the Sail C
fragment (BamHI B) and then by overlapping of the constructed maps. These
fragments were then completely analyzed using the 12 restriction enzymes. The
end fragments for the remaining 12 enzymes were then determined by locating
the two fragments which were not accounted for in the linear map at either end of
the map. Only one of the two possibilities could result in the correct linear map.
It is interesting to note that comparison of the BAV2 restriction enzyme

map to that of the BAV1 (Benko et al., 1991), BAV3 (Elgadi and Haj-Ahmad,
1992), BAV4 (Benko et al., 1990) and BAV7 (Hu et a/., 1984a) maps has
revealed a total lack of similarity. Although serotypes 1 and 3 share a common
fixation antigen with BAV2 the lack of even a single common restriction enzyme
J

site leads to the question of the actual relatedness between the SUbgroup I BAVs:
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A BamHI site, at 59.8 mu, which has been found to be conserved in BAV1
(Benko and Harrach 1990) and BAV3 (Elgadi and Haj-Ahmad 1992) was not
J

J

found within SA V2.

Further investigations involving hybridization studies

between the SUbgroup I BAVs, as well as subgroup 2 BAVs as well as sequence
comparisons will be of great interest.

Studies such as these may help to

establish relatedness as well as position in the evolution of these viruses.
Further use for this linear map includes the sequencing and positioning of
each of the Early Region genes of the BAV2 genome.

The E3 region has·

recently been sequenced (Esford and Haj-Ahmad, manuscript in preparation) as
well as the E1 (discussed below). The construction of this linear map will also

allow for further manipulations of the viral genome including deletion studies. By
having the entire genome subcloned into plasmids deletions to the genome are
J

easily accomplished. Once produced. deletions to the genome can be deemed
viable by cotransfection of plasm ids containing the entire genome into
mammalian cells.
The ultimate goal of our research group is to engineer BAV2 into a gene
transfer and expression vector(s) analogous to the human Ad-based vectors.
Although human Ads have proven to be very effective as gene transfer and
expression vectors in cell culture and various animal species (Haj-Ahmad and
Graham, 1986; Huang etal., 1988; Prevec etal., 1989; Charlton etal., 1992;
Cheng et al" 1992; Jacobs at al., 1992), immunological memory poses a
limitation on the use of these vectors in humans: A BAV2-based vector would
overcome this limitation.
One of the steps towards the engineering of BAV2 into a viral vector is the
sequencing of the early region genes, and one of the objectives of this research
was to sequence and analyze the E1 region. The nucleotide sequence of the
extreme left end (0 to 12.2°k) of the BAV2 genome (Figure 4.16) contains some
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conserved Ad landmarks such as the core of replication site (position 1 to 17;
Kenny et al., 1988) and A-repeats in the AT-rich packaging domain similar to
those found in Ad5 packaging domain (Grable and Hearing, 1990). The coding,
upper strand, has 4 major ORFs (Figure 4.17) that can encode for polypeptides
of 50 amino acids or more: The ORF map for BAV2 is similar to that of both Ad5
(van Ormondt et al., 1980), and BAV3 (Elgadi et aI., personal communication),
and the four ORFs encode polypeptides that have homology to known Ad
polypeptides (Table 4.2).

The results obtained in this study support the

observation that the Ad E1 region is remarkably conserved, although the DNA
sequences are not very similar.
ORF1 encodes a 119 amino acid long polypeptide. The strong homology
of the C-terminus of this predicted polypeptide, to both Ad2 and Ad5 CRill,
suggests that this ORF is the first axon of the E1A transcription unit. This region
(CRill), is responsible for transactivating other viral genes as well as some
cellular genes (Weintraub and Dean, 1992). Furthermore, the predicted CRill of
the BAV2 E1A contains a putative metal binding domain similar to that of the Ad5
E1A CRill (Webster et al., 1991) supporting the suggestion that this is the first
exon of the E1 A. Future studies, designed to map the E1 A mRNA(s) expressed
during SAV2 infection, will need to be completed. These will include Northern
blot analyses (using mRNAs isolated at various times post-infection). nuclease
protection and primer extension assays, and cDNA sequencing. The elucidation
of whether there are different major start sites and/or a common final axon in the
E1 A, or if there is only one major BAV2 E1 A mRNA, as is observed in mouse Ad
type 1 (MAV1), will be determined using these methods. However. the fact that
the amino acid sequence of ORF1 shows strong identity and similarity to only the
CRill and shows little identity/similarity to conserved regions 1 and 2 (Ball et al.,
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1988; Kimelman et al. , 1985), supports the presence of spliced transcripts in the
E1A.

The predicted ORFs 2 and 3 form the main E1B products. ORF2 shows
similarity to the Ad40 E1 B small T antigen (19 'KD protein; van Loon at al. , 1987;
Ishino et al. , 1988), and the Ad? small T antigen (19 KD protein; Dijkema et al.,
1982; Table 4.2), whereas ORF3 has strong homology with the known TAV E1B
44 KD protein (FIOgel et al., 1.985), and the E1 B large T antigen of Ad2 (Gingeras
at al., 1982).

Further analysis including Northern blot analysis, cDNA

sequencing, and nuclease protection and primer extension assays will help to,
confirm the coding sequences.
ORF4 shows strong homology with the TAV protein IX (Brinckmann et al.,
1983), and Ad7 protein IX (Broker, 1980; Dijkema et al., 1981). Northern blot
analysis will help to confirm the role of this ORF, as protein IX is not an early
messenger and appears at only intermediate and late stages of infection (Chow
et al., 1977; Pettersson and Mathews, 1977).

Polypeptide IX is required for

hexon-hexon association (Everitt at al. , 1975) and packaging of full-length viral
genome (Ghosh-Choudhury et al., 1986).
Overall, the organization of the left end of the BAV2 genome seems to be
similar to that of other Ads, and each of the OAFs, predicted to be encoded by
the nucleotide sequence, share strong homology to other Ad proteins (Table 4.2).
Future analysis of this E1 region, with regards to the actual proteins produced, if
the protein products are required, like other Ads, in trans, as well as the
transforming ability of this region, remain to be studied. Experiments, regarding
the accurate deletion of this region, and the establishment of a cell line that
constitutively expresses the BAV2 E1 genes, also remain to be performed.
The engineering of BAV2 into a viral vector is now one step closer. The
entire BAV2 genome has been subcloned in the form of convenient plasmids, the
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linear map for 12 restriction endonucleases has been constructed, and the
sequence of the left end, containing the E1 region has been determined. All of
the information gathered in this study, will be useful for the next steps in the
development of the SAV2 viral vector.
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Summary
Based on the data presented in this study, the following can be stated:

1.

The BAV2 genome has been cloned, in its entirety, in the form of 2 BamHI,

2 Eco AI, 11
2.

psn,

and 3

San plasmids.

Restriction maps for twelve restriction endonucleases (BamHI, Glal, EcoRI,

Hindlll, Kpnl, Noli, NspV, Pstl, Pvul, SaIl, Xbal and Xhol) have been
prepared for the BAV2 genome.
3.

The BAV2 genome size has been estimated to be 32.5 ± 0.2 Kbp

4.

The DNA sequences of the E1 and protein IX genes of BAV2 have been

determined and the amino acid sequences predicted to be encoded by their
ORFs compared to those of the protein IX and E1 proteins from other Ads.
•

ORF1 contains a region homologous to the CRill region of Ad2 and AdS,
and contains a putative metal binding domain similar to that of the AdS

CRill.
•

ORF2 contains a region homologous to the E1 B small T (19 KD) protein

of Ad40 and Ad?
•

ORF3 contains a region homologous to the E1 B 44 KD protein of TAV

and homologous to the E1 B large T antigen of Ad2.
•

ORF4 contains a region homologous to the protein IX of TAV, and Ad?
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Appendix A
Table A1. Phenotypes of loci and genes relevant to the recombinant DNA
experiments.
Locus
Gene
Phenotype
ara

arabinose utilization

dam a

DNA adenine me1hylase

dcm b

DNA cytosine methylase

end

endAc

gal
gatK

gafT
gyr
gyrA

hsd

DNA-specific endonuclease I
galactose utilization
galactokinase
galactose-1-phosphate
uridylyltransferase
DNA gyrase
subunit A, resistance to nalidixic
acid

hsdRd

host-specific restriction and/or
methylation
endonuclease R

lacY
laeZ

lactose biosynthesis
galactose permease
f3-galactosidase

lace

teu

leucine biosynthesis

ree

general recombination and
radiation repair
major recombination gene, also
involved in A induction

recA

rei
raiA

regulation of RNA synthesis
ATP:GTP 3' pyrophospho-transferase

supE

suppressor
amber (UAG) suppressor, inserts
glutamine

sup

thi

thiamine biosynthesis

thr

threonine biosynthesis

ton
tonA
tsx

phage T1 resistance
outer membrane protein receptor
phage T6 and colicin K resistance

