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. ' Abstract

The process whereby a normal cell becomes malignant, termed transformation,
can be initiated by a nurﬁbeg .of age;:lts that have been impﬁcated in carcinogene-
sis. Understanding the mechanism of oncogenic transformation is'a necessary
prelude to developing a ratio'nal‘ approach to therapeutic and preveﬁ'a;ive treat-

1
2 . ¥ h
transformation caused by 2 member of a family of INA tumor virusés, the human

. , |
_,ment of this disease. This thesis examines the molecular mechajism f cell

!.a.denoviruSés. The experiméﬁtal approach \taken in this work—was to use rééo’t::bi-
nant DNA‘techniques_ to isolate the‘ oncogenes encoded in the genome of adenovi-
rus serotype 5 (A&S). Defined mutations we;e constructed in these Ad5 onco-
‘genes, and mutated plasmids were assayed for their transfo:;ming gcti,vity on
primary rat and on primary hamster kidney cells in order to identify whicr:h Ad5
genes were necessary for primary cell transformation. |

' This study reports the construction and chéracte;ization of a library of !r
recombinant bacterial plasmids, containing DNA restrictiﬁn endonuclease frag-
ments representing the entire AdS5 genome. This library of cloned viral DNA~
fragments has served as a useful soﬁrce of reagents for both biologicail and bio-
chemical studies on the molecular biology of adenovirus.

This study employs the prokaryotic transposable element Tn5 as an
insertional mutagen for cloned Ad5 sequences. The results ,dernonstrate. the use-
fulness of bacterial transposable elements for gene mapping experiments with
cloned eukaryotic genes. A number qf insertion mutations located in the AdS.

oncogenes were constructed and were characterized by DNA sequence analysis as
r~ \ '
P ~ ) ‘
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a prelude to studies on their transforming activity. The results of studies on the

-

specificity of target DNA sequences chosen for Tn5 insertion suggest that tran-

sposition is influenced by transcriptional activity in target DNA.

The results of morphological transfbrmation experiments with primary .

rodent cells using plasmids containing the adenovirus oncogenes (early i-eg_ipns
E1A and E1B), and with plasmids containing defined insertion and deletion muta-
tions u:x these oncogenes, have demonstrated the ‘fonéwing. First, viral genes
located exclusively in the rightward transcribed DNA strand of E1A a-r:e essential
for transformation. Secondly, the viral gene located in the pro"mote:; .proximal
“region of early region E1B, encoding a Mr=21,000 product, is required for trans-
formation. Third, ‘the requirement for this E1B product could be replaced with
serum supplements to cells t:;ansformed by only region E1A. Fipally, it was dem-
onstrated that not all primary cells require two cooperating oncogénes for cell
transformation sipce insertion mutations located in E1A, which eliminate trans-
formation on primary rat kidney cells, did not élimirz_tate transformation on ham-
ster kic}ney cells. r

These results have helped to défi.ne the adenovirus genes encoding
functions that are essential for. cell transformation. Results prezsented also sug-
gest possible roleg for these viral functions in maiﬁtaining the traﬁsformed state.

' Itswill be of considerable interest tq determine the biological properties of these
' s )

gene products which allow them to bring about the process of cell transformation.

-iv -
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> | Chapter |

Transtformation by Human Adenovirus

> !'

1.1 Introduction

Cancer is a cellular disease_characterized by abnormal proliferation, usually
c.aused by a genetic alteration of a single cell. This transzormec‘i cell passes on
the malignant phenotype to all dal.;ghter cells, and a progressive series of changes

leads to the increased virulence of many advanced tumors. Although most types

of differentiated cells can give rise to cancer cells and to a variety of different

cancers, many types of cangers share comtj:}on featurés suggesting a unifying
molecular prm 1981). The iqtroducti;:ﬁ of cell culture teéhniques
has pfovidéd an e;:perimenfal' approach for in;arestigating the methanism of carci-
nogenesis, a necessary prelude to fhe development of rﬁ;idnal therapeutic and
preventative treatment of thistdisease.

The event leading to the establishment of a cancer cell, transforma-
tion, may be im'tiatéd by mutagenic agents su.ch as ionizing radié._tion, ultraviolet -
light, or various éher_nical carcinogens, resuiti'ng in the alteration of cellular gene

expression. Alternatively, cell transformation may be caused by mutagenic events

[

" resulting from viral infection, or by transduction by certain viruses of genes

~

whose expression in cells leads to the transformed p‘benotype (oncogenes). This
thesis investigates the molecular mechanisms of c¢ell transformation caused by

one member of a family of DNA tumeor viruses, the human adenoviruses.
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12 Tumor Viruses

Viruses known to cause oncogenic transformation inélude both RNA and DNA
tumor viruses. Significantly, fhe only RNA containing viruses that can transform
cells are those which have a DNA stage in their re;lalicative cycle, and with two
ﬁossible exceptions (desc'ribéd below} transforming virusés integrate viral DNA
sequences into the host cell genbme during transformation. [t is generally
believed that for most of these viruses the 'coptinued expressiox_: of tra.%sduced
"~ viral oncﬁgenes in these cells is required for maintenance of the transformed
state. Examination of the transforming génes encoded by these viruses, and th.ei:;.?
associated tumor antigens, has been a central theme of tumor virus research dur-

ing the past decade.

‘1‘.2.1 RNA Tufnor Viruses and Celluiar Oncogenes
The RNA tumor viruses (family retroviridae) are widely distributed amongst
vertebrates and form a homo ”‘ neous group of single stranded RNA genome virus-
‘es that replicate by v;ray of a DNA provirus intermediate integrated into cellular
‘DNA (reviewed by Bishop, 1978). Infection with retroviruses leads to production
of progeny particles without cell lysis, and can also lead to transformation of the
hd@,\au. It is probable that retroviruses play a significant role as a natural cause
of cancer in ani;nals and quit.e possibly in man. | ’
Retroviruses include both acute {(short latent period) and chronic (slow)
transforming viruses. The prototype acute virus, Rous Sarcoma Virus (an avian
retrovirus), induces sarcomas in 100% of infected birds within 2-4 weeks of
infection (Bishop,1978) by transduction of a viral oncogene into cells. This onco-

gene, termed viral src (v-src), encodes a Mr=60,000 protein ppb0°"C with protein

kinase activity (Collett and Erikson, 1978), and is required for the maintenance of
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the transformed state (Kavé.i and Hapafusa, 1971). In fact, every acute~trans-

~={orming retrovirus examined to date encode an oncogene, termed v-onc, derived

. o)
- from one of a family of cellular (c-onc) genes (see Bishop, 1981; Weinberg, 1982).

‘Thus accute retroviruses have served to identify cellular oncogenes which can

‘cause neoplastic transformation.

Two further strategies have unmasked cellular genes that are capable
of cell transformation. First, analysis of the cellular location of proviruses in
cells transformed by slow transforming retroviruses has shown that these viruses
activate cellular oncogenes by promoter insertion (Hayward et al., 1981; Neele et
al., 1981; Payne et al., 1981; Nusse and Varmus, 1982}, and secondly, DNA from
tumor cells has been shown to be able to transform rodent cells in DNA transfec-
tion experiments (Cooper, 1982; Wéinberg, 1982). Taken together, these three
lines of éxperimental evidence have identified a family of normal cellular genes
that can cause neoplastic transformation. To date, the mole;cular events leading

to activation of these c-onc genes (reviewed by Bishop, 1983), have been shown to

be a result of (1) viral transduction, (2) promoter insertion, (3) transposition of

coutroliiﬁg elements into c-onc loci, (4) translocation of c-onc to different chro-
mosomal locations, (5) gene amplification, and (6) base pair mutation.

The normal function of the ¢-onc genes is not known, but the observa-
tion that they have been highly conserved during evolution (van Beveren et al.,,
1981; Hampe et al., 1982; Shibuya and Hanafusai, 1982) and that they may play a
role in cellular differentiation (Bishd‘m}ji%})/sd:ggests that they are in‘trinsic cel-

lular functions whose abnofmal expression leads to oncogenesis.

L Bl b e et g b or e SVESE T = s e

s
j
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1.2.2 DONA Tumor Viruses

The DNA tumor virusgs contain double stranded DNA as their genetic material,

‘and include members from several distinct groups, including the large DNA virus-

es. (Poxviruses and Herpésviruses) and the smaller DNA viruses (Hepadnaviruses,
Papovaviruses, and Adenoviruses). The molecular biology of ‘ the DNA tumor

viruses has been reviewed by Tooze (1981).

The Poxviruses, including myxomatosis virus .and the Shope [ibroma
virus, cause cell proliferation during infection of their natural host, but generally
do not produce a fatal disease;. In contrast, Herpesviruses are associated with a
number of diseases such as Marek's disease in chickens (T-lymphocyte transfor-
mation)}, Burkitt's lymphoma {Epstein Barr Virus), opportunistic ix:fections in man
(cytamegalovirus}, and with cervical carcinoma (Herpes Simp_lex Virus). Studies on
transformatior; of rodentd cells in culture by HSV indicate that this class of her;o
pesvirus may tran rm cells by mutation of cellular genes (reviewed by Galloway
and McDougall, 1983), in‘ contrast to the mechanism of transformation by acute
"retroviruses and by the small DNA tumor viruses.

The Papova viruses are a heterogeneous group of small viruses with a
circular double stranded DNA genome, and include Papilloma (wart virus), murine
Polyoma virus, and Simian virus SV40 from monkeys. Papilloma virus induces

focal transfoximation, with viral DNA maintained in transformed cells as multiple
episomal copies. DNA sequenc:es \B‘f- Bovine papilloma virus respousiblﬂe for cell
transformation and for maintenance of the at=_‘piscrmal state have recently been
distinguished (Nakabayashi et al., 1983}, but transformation has not been closely
stugiied until récently due to the absence of a convenient cell culture system for

growth of this virus. Both Polyoma and SV40 induce tumors in newborn rodents

and can transform semi or non-permissive cells efficiently in culture to neoplas-

=\
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tic grow‘tb/?éese vfruses-have received a great deal of attention {rom t&‘mo:
viro{ogists (reviewed in Tooze, 1981), and have been shown to transform cells by
integration and expression of virally encoded functions.
. The {ifth class of DNA tumor viruses, Adenoviruses, are a conserved
group of linear double strandeﬁ DNA wiruges Eolated from a variety of animal
species, including 39 serotypes from man. (',Zlinically they“ cause mil&' respiratory
infections (one group is responsible for keratoconjunctivitis), but .they gained
notoriety as the first human viruses shown to have oncogénic properties when
- Trentin et al (1962) reported tumor induction after injection of newborn ham-
sters. Subsequently it was reported that human adenﬁviruses also transform cells
in culture (reviewe& ‘i‘n Tooze, 1981). This chapter will summarize our cutrent

understanding of the molecular biology of adenovirus transformation as a prelude

to a description of my studies aimed at identifying the adenovirus encoded onco-

genes.
1.3 _ Adenovirolagy
1.3.1 Classification

The adenovirus genus includes over 80 serotypes with 39 human isolates classified
. inteo six groups (Table 1.1) based on a variety of serological, biochemical and biol-
ogical criteriaf The group C human adenoviruses serotypes 2 -and 5 (Ad2, Ad5)
have been‘r.used as models for eukaryotic gene organization, gene expression, and
cell transformation. The compléte 36,000-bp nucleotide sequence of AdZ and
much of that of Ad5 have now been déterrnined, and most if not all mRNA tran-
scripts have been mapped to the genome. This wealth of information makes ade-
_novirﬁs a very convenient tool for examining the mechanism of cell transforma-

tion.



Tabte 1 -1
IIUMAI ADENOVIRUS HOMOLOGY CLASSES™

Hemag- *
i glutina- : .
Representative tion 1 DNA Oncogenicity
Class Serotypes Group * Homology + 16+C in Rodents Target Tissue Epfdemiology
A 12, 18, 31 v a 48-69% ’ 48% high gastrointestinal cryptic gastrofntes-
.\ b 8-20% tract tinal infection
' ¢ 50-80%
B 3,7, 1, 2 I a 89-94x 512 wenk pharynx lungs acute epidemic
b 9-20% (upper & lower infection
c 50-80% respiratory tract})
hemorrhagic cystitls
(lower urinary tract)
: conjunctivits (eye)
¢ 1, 2,5, 6 il “a 99-100% 581 nll pharynx {upper tatent throat
b 10-16% : respiratory tract) infection; cryptic
¢ 50-80% astrointestinal
: . nfection
D 8,9, 19 It a 94-9%% 58% nil keratoconjunctivitis acute epidemic
. bod -23% {eye) infection &
E 4 i - L1} nil upper respiratory
- tract
-
F EA nil gastrointestinal enteritis-assoclated
’ tract enteric infection
* 0. Complete 2 glutination of menkey erythrocytes; 1. Complate agglutination of rat ethryocytes; 11I. Partial
aggtutination of rat erthrocytes; 1V, Minimal agglutination response.
+ a; Homotogy of members of same group; b, Homology of members of different groups; c. DHA sequence

homology of members of different groups (0-4.5 map units and 15-17 map units},

xmwﬁ:..ma.:da Sambrook et al. (1981).
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1.3.2 genome structure and organization

The adeﬁovirus genome ranges in size from 30-36,000-bp for different serotypes,
and contains short (102 to 164-bp) inverted repeats at each molecular end
depending on the serotype (Garon et al., 1972; Wolfson and Dressler, 1972). A
short sequence of 6-bp at each'molecular end (positions 9-14) is highly conserved\
between serotypes (Tolu_xl et al., 1979; Shinagawa and PadmanabXan, 1980;
Alestrom et al., 1982) andﬁably represents origin sequences for, DNA ﬁlica—

tion (van Bergen et al., 1983). Covalently attached to each 5' molecular end is a

- Mr=55,000 protein (Robinson et al., 1973; Desiderio and Kelley, 1981) which was

first implicated in priming DNA synthesis by Rekosh et al (1977}, and has been
shown to. interact with a DNA polymerase encoded by the virus (Stillman et al.,
1§82) to initiate viral DNA replication (Lichy et al., 1982). The genome can be
divided into left and rifg_l% halves based on GC—contgnt, with the left end including
a packaging gequence {Hammarskjold and Weinberg, 1980} which preferentially
directs this end into prefﬁrmed, immature capsids (Sundquist et al., 1973;

Edvardsson et al., 1976).

1.33 The lytic cycle

The lytic cycle of adenovirus has been reviewed by Tooze (1981) and by

Petterssofn and Akusjarvi (1983). \F‘i\ve early regions (E1A, E1B, E2, E3 and E4)
éxpressed prior to the onset of DNA replicati.on are located on both rightward (r)
and leftward (1} transcribed strands (Figure 1), while a single major late tran—-.
scriptional unit maps to f.he r—sti-and enco&irﬁg predominantly virion stru-ctl-lralr
components, Multiple mRNA épecies are generated from each of thesé primary
t‘ranscripts by RNA spliciné,{ a process common, to all ﬁigher eukaryotes
{(Breathnach and Chambon, 1981) and first described’ in the adenovirus system

{Chow et al., 1977; Kitchingman et al:, 1977; Berget et al., 1977).
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Figure 1. Transcription map of group C adenoviruses.

Schematic , representation of leftward (1) and rightward (r)
transcribed adenovirus type 2 DNA strands. Genome is delineated in
per cent map units (one map unit=355 base pairs). Arrowheads show
the location of 3'-ends of the mRNAs and the promoter sites are
indicated by brackets. Selected polypeétides whic_;h have been
assigned to different coding regions are indicated. Thick lines:
mRNAs Expressed early after infection (includes eakly regions El,
EZ,E E3 and E4). Unfilled arrows: mRNAs expressed late (after onset
of viral DNA replication). Thin lines: mRNAs

intermediate and late times. Five separate cotermination families
of late mRNA are present. The three segments which are spliced
together to form the tripartite leader (1,2,3) are indicateﬂ, as well
as the location of the i-leader. Two small viral associated RNAs,
VA RNAI and VA RNAI map at position 30. From Péttersson. and
Akusjarvi (1983). |

.



(21 4]
’ 7 ™\
3 | ve3
MPL ML Hal i NS M LB WSOl
PIR TSI ns4
E - ¢ . TeAl
0 : ¢ —
! - £ - ;
o : . .
w o—- M - - -
00t 06 . o8 04 09 0¢ oy £ 0¢
.ﬂ.m....—....-....n....—....-...-—..-.-...._.. ._. 1 _ ] _. .O_....—. ] 1 O——- i w_
A >3 = ‘ m (e} s 4] !
—— Hss'es . 3=
e e = 4 =5
= i= S=pies-or
- - ] sige Ars-lr
HOT MOl e 2 P XU OASH Mez'iHOL
v‘ﬂ.i—-!'ﬂ e K {=) ' ' IMB1)
. E———] 4 T H
e — T 1 T
h— o = ] e “ -- " -
er— .
: =- AR
‘ — T HH- YNH YA a ;s
— : -
A z Ax . . AAd I (e t Tl
[ mAd' MEe' 00| METUIAD (0§ 0N INPE) e rn
(M4CHMOB)




10

Studies on lytic infection have been carried out predominantly in pro-
ductively infected human cell lines (HeLa, KB) in culture. As early as 45 minutes

after infection E1A transcr("rpts are expressed, followed by all other early regions

(Jones and Shenk, 1979b; Berk et al., 1979; Nevins, 1981). Two models have been

proposed for the role of E1A in regulating early viral gene expression. An ElA
product imay act tcl: inactivate a ;:ellular represso:: which otherwise inhibits tran-
scription from the other early regioné, since the requirement for E1A sequences
can be relieved by addition of a protein synthesis inhibitor prior to infection
(Nevins, 1981; Katze et é.l., 1983). Gaynor and Berk (1983) have also shown that
in the absenc.e of ElA, a time-dependent cis-acting modification of the viral DNA -
témplate is required prior to expression of other early region tr;nstripts. Thus
E1A products may also be required for a cis-acting effect.

Viral DNA replication commences 8 hours post 'infection, and requires

three l-strand encoded early functions, the EZA Mr=72,000 DNA binding protein

(Chow et al., 1979a; Lewis et al., 1976), the E2B Mr=87,000 precursor to the 55k

terminal protein (Still£nan et al., 1981; Alestrom et al., 1982; Gingefas et al.,
1982; Smart and Stillman, 1982), and the putative EZB Mr=140,000 viral polymer—
ase (Stillman et al., 1982; Lichy et al., 1982). Viral DNA replication proceeds by
strand-displacement synthesis initiating at either end of the genome (Schilling et
al., 1974;\ Lavelle et al., 1975; Tolun and Petterss.ori, 1975; Horwitz, 1976; Ariga

and Shimojo, 1977) and synthesis is presumably primed by a dCTP residue cova-

"lently linkéd to the Mr=87,000 pre terminal protein {Rekosh et al., 1977; Pincus et

al., 1981). The Mr=72,000 DNA binding protein (DBP) is multifunctional in ade-
s +
novirus infection, being involved in initiation and &longation during DNA synthesis

(van der Vliet and Sussenbach, 1975; van der Vliet et al., 1977: Horwitz, 1978), in

regulation of early genme expression by decreasing the stability of early mRNA

L
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(Babich and Nevins, 1981_; Nevins and Winkler, 1980) including its own transcript
(Carter and Blanton, 1978a; 1978b), and Bin viral host range specificity in a com~
plex 'fashion involving processing of certain late viral mRNAs which; for human
adenovirus are incorrectly spliced in monkey cells (Klessig and Chow, 1980). This
block of human adenovirus replication in monkey cells can be relieved by muta-
tions ’mé.pping in the DNA birding protein (Klessig and Grodzicker, 1979).

During productive infection by human adenovirus, hest cell protein
synthesis and DNA replcation are both shut off before the onset of viral DNA

replication (Ginsberg et éll., 1967; Pina and Green, 1969). Host cell transcription

inhibited héwever, and cellular RNA accumulates in the nucleus during

infection (Price and Penman, 1972; McGuire et al., 1972) suggesting a preferen-
tial transport of viral mRNA to the cytoplasm.

After onset of DNA replication the pattern of viral transcription
changes, with EZ transcripts initiatiné off a different promoter (Chow et al.,
1979b) and transcripts that initiate off the major late promoter, which terminate
after late region L1 (map position 40) early in infectioxi {Lewis and Mathews,
1980; Shaw and Ziff, 1980; Akusjarvi and Persson, 1981), extending tol include the
entire r-strand late in infection (Fraser et al., 1979). These late long trar;scripts
are processed to join a 5’ t;'ipartite leader sequencé to one of five families of late
mRNA transcripts, each with a common 3' terminus generated by endonucleolytic
- cleavage and polyadenylation within the primary transcript (Fraser et al., 1979;
Shaw and Ziff, 1980} 'fhe tripartite leader encompases 203 nucleotides of o
untranslated message inéluding a sequence with coml;lementarity to thé 3" end of
the 18s ribeosomal RNA subunit, anﬁ}agous to the Shine-Delgarno sequence in pro-

et
1

karyotes (Tooze, 1981). A fourth leader segment termed the leader is incor-

porated into some mRNAs (Chow et al., 1979b; Akusjarvi and Persson, 1981).

L4
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This segment has an open translation reading frame following an ATG ;triplet, and
could encode a hy‘potheticél Mr=16,000 product (Gingeras et al., 1982; Virtanen et
al., 1982). . | |

The r-strand of the adenovirus genome also encodes two low molecular
weight nontranslated RNAs, the virus associated or VA RNAs. Both are tran-
scribed ear_l;_\in infection, and synthesis of VA RNAII declines relative to VA
‘RNAI late in infection (Soderlund et al., 1976). Both are RNA polymerase. Il
transcripts. It ha; been suggesféd that they play a role as adaptors in the RNA
;plicing reaction by binding to the 5' and 3' borders of ’exons creating a loop
structure, facilitating a subsequent ‘cleavage and ligation reaction (Mathews,
1980} as has been proposed for small auclear ribonucleoproteins (snRNPs} for
splicing of eukaryotic transcripts (Lerner et al.; 1979; Rogers and Wall, 1980).

_ Assembly of virions commences at 12-15 hours post infection within
the nucleué of infected cells. Virion maturation requires the proteolytig cleavage
of several }gi.rion compoﬁents including pVI, pVI, pVII and the Mr=87,000 pretez-—l
minal protein. An adenovirus mutant temperature-sensitive for processing these
precursors (Ad2tsl) maps in the late transcripts (Anderson et al., 1973; Bhatti and

Weber, 1979).

134 Transformation by human adenavirus
Infection of cells either semi .or nonpermissive for replication of human adenovi-
rus, such as _rodent' cells, results in the transformation of a small fraction of

infected cells. The requirement for a nonpermissive system presumably reflects

the need to avoid expression of viral lytic functions, since permissive cells can be

transformed by UV inactivated virus (Lewis et al., 1974}, by replication defective

viral mutants (Williams, 1973; 'G'mslberg et al., 1974; Williams et al,, 1974), or by
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DNA transfection using fragmented viral DNA {Graham et al., 1974b, 1977).
Since transformation with wild type virus is limited to semi or nonpermissive
cells, and represents an inefficient process requiriﬁg ‘104 to 106 infectious units
per transformation event, and since adenovirus genesi .or gene p;oduc£s have not
been detecfed.in"human tumors, it is unlikely that these viruses have any role in
human neoplasia {Pettersson and A‘kusjarvi,-‘1983). However their value as an in

vitro medel for cell transformation cannot be overstated.

1.3.5 identification of the transfort‘nihg genes

Two lines of evidence indicate that viral early region El 1s both necessary and
sufficient for transformation (reviewed by Tooze, 1981; Petteréon and Akusjarvi,
1982; Graham; 1983). First, all transformed rodent cells retain at least the left
end 14% of the viral genome (Gallimore et al., 1:974-; Sharp et al., 1974; Sambrook
et al., 1974; Flint et al., 1976; Johansson et al., 1978), and secondly, more defini-
tive studies on transformation with isolated DNA fragments using the calcium
technique (Graham and van der F.b, 1973) have identifie‘d‘ thle lefti end 0-8% of the
virai*genome {early region El) as the minimum DNA fragment capable of trans-
forming in a DNA mediated assay -(Graham et al., 1974a; 1974b; van der Eb et al.,

1977; Shiroki et al., 1977; Mak et al., 1979). The organization of early region El

is detailed in the following section.




14 Early Region |

1.4.1 Organization of E1 o A

The structure of early region I transcrip%s has been recently reviewed by Tooze
(1981), Pettersson and Akus]arﬂ (1983), and Graham (1983), Figure 2 slumm'érizes
the genetic and physical map of El from Ad2 and th:e clc;sely related Ad5 DNA.
The transcription map in Figure 2 is a éompilation of data obtained by S1 mapping

pm———

 experiments, (Berk and Sharp, 1978), electron microscopy (Chow et al., 1979a;
Kitchjngmnd Westphal, 1980}, molecular cloning of cDNA (Perricaudet et al.,

‘19"79; 1980), and DNA sequenciné studies (van Ormondt et al., 1980; Maat et ai.,
1979,1980; Gingeras et al., 1982).

El contains two independently' prométed early RNA 'téanscripts,‘ ELlA
and E1B, transcribed rightwards' fr'om 1.4 and 4;8 map units respectively. As is
the case with adenovirus transcripts in general, use of the coding information -of
this region is maximized by RNA splicing to generate mu.latiple' mRNAs for each
transcript. ElA encodes 3 mRNAs (9s, 12s .';md 13s) with a common 5' cap site
(position 499 from the left en.d), a common 3' poly(A) addition site fposition 1632_),
and differing by the size of intervening sequence‘ removed by sﬁlicing.I Transl_at‘i.on_
for each message begms in reading frame 2 at the first AUG, ami, for the 12s and
13s product contmues in readmg frame ! after the splice Junctlon, generatmg two

~ proteins (289 and 243 amino acids long, Mr=32,000 and 26,000 respectwlely) dif-
.fermg only in the presence of 46 amino acids unique to the larger protem The
ElA 9s message is almost exclus:.vely seen late, and translation terminates in
reading franie. 2 just downstream (3') of the splice junction generating-a'. theoreti=

cal Mr=6100 protein (Virtanen and Pettersson, 1983).
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Figure 2. -..Otganization of early region El. Genetic and

h"physical Jnap ofjthe left end 11.5% ,(4100-bp) of early region 51 -
‘from group C adenoviruses. - Top: r-strand transcripts; open =
translation reading frames are represented by open, closed, and
hatched bars for reading frames 1, 2.- and 3 respectively. Unassignecd
readmg frames URF10 and URF11 represent two large open readiﬁk/
frames on the l-strand startipg from the first AUG initiator codon. e
Theoretical molecular weights for El proteins are show in
brackets. Bottom: map locations of several E1 mutants described in
the text; horizontal bars . indicate either the region in which ‘
mutations have been ma'pp& for host range mutants hré and hr?) or oL

the extent of the defined deletion (for deletion mutants’ d1312 ' f
d1313, and d11504). From Graham (1983).
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ElB hés a single early transcript spliced to give 2 messages (22s and
13s) again with common 5' and 3' termini. Both messages encode a theoretical
Mr=21,000 protein starting from the first AUG in reading frame 1. The Zés mes-
sage als§ encodes a Mr=55,000 product in reading frame 3 starting from an inter-
nal AUG.l Translation fx\.-om this AUG in the 13s message would generate a
Mr=8300 prodl@ te;-minafing in reading frame 1 paét the ‘splice junction. This
putative product probably has no fpnction in viral lytic infection sincel an édS
mutant that does not produce the EiB-13s mRNA is wild-type. for lytic infec;ion
{A.Berk, personal5:coi:nmunication). The relauve amounts of these two messages
changes drastically during mfectlon, w1th very little of the 13s mRNA present
early'In infection and abundant amoumgs of. this mRNA present Iate in infection

{(Spector et al., 1978; Wilson et al., 1979; Wilson and Darnell, 1981). The second

AUG on the 225 mesgge is prefet‘entially used for initiation of translation, °

‘whereas in the 13s message the first AUG is apparently chosen. The mechanisms.

governing the regulation of translation of these two messages are unclear at

present. E1B also encodes an additional mRNA (Esche et al., 1980) slightly larger

¥~ ¢
than the 13s message, but its exact structure has yet to be determined.

A third independent transcnptmn block lo€ated at the 3' end of E1B _
encodes a 9s unspliced mRNA, whlch has a promoter lying within the mtron com-

mon to the 13s'and 22s E1B messages. 'I'hls message shares the 3' poly(A) site with

EIB transcnpts, and encodes polypeptide IX (Alestrom et al.,, 1980), 'a virion' o

structural component, which is predominantly a late product. The eritire coding

sequence for polypeptide IX is present in both 13s and 22s messagés, although'

protein IX is apparéntly’ not made from either of these mRNAs.

- Two large opén reading frames with ATG initiation codons are located

on the: I-strand complementary to El des1gnated unassigned readmg frames -
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(URF10, URF11). They could encode polypeptides of theoretical Mr=14,000 and
23,000 respectively. No mRNAs have been mapped to this region, although Katz
et al (1982) have translated in vitro an Mr=11,000 product from a 20s message
selected by hybridization to the.l-strand of El, which may represent a product
from URF10. Given the predisposition of adenovirus to generate multiple mRNﬁ;
species from a given coding region, it is u.nwarranteci to assume that any product
from URF10Q or URF11l would have the theot:etical size of any open reading
frames predicted from the DNA sequence. Thus any prediction of the coding
potential of-‘t}'i._is region ref[uires mRN;ﬁL mapping &ata in order to be more defini-
tive.

In summary, the left end 12% of the genome containing the adeféﬂvims
oncogene{s) is compriséd of several transcriptional units and generates muitiple
RNA products. The assignment to these transcripts of viral proteins, seen in lytic

infection and as tumor antigens,@{’s discussed in the next section.

1.4.2 + Proteins from E1

Viral proteins encoded in E1 have been identified using a variety of techniques

(reviewed by Graham, 1983). These include immunoprecipitation of viral antigens
from both -infected and transformed cells, using antisera from tumor bearing ani-
mals and sera raifgd against synthetic’polypeptides, and by’ in vitro translatiouél of
hybridization selected messenger R.NA.‘V ElA products include two families of

highly acidic proteiné mapping to the 12s and 13s messages (Smart et al., 1981;

Rowe et al., 1983b}. Qne family, with Mr values of 52k, 48.5k and 37.3k, ma;i to

J
‘the 13s E1A message, while the second group with values of 50k, 45k and 35k map

to the 12s message. At present it is not clear why each ElA message encodes -

multiple products, nor are the post translational modifications responsible for this

L
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hetercgeneity undersfood. No in vivo product has yet been mapped to the 9s E1A
message expressed late in infection (Virtanen and Pettersson, 1983). |

ElB prczducts include a Mr=58,000 protein assigned to the 225 message

and a Mr=19,000 protein assigned to both 22s and 19s messages {see Graham,.

‘ 1983). Additional proteins assigned but not mapped to E1B include a product larg-

er than the 13s 19k pt;o;:ein which, is related to 58k (Green et al., 1982) and a

Mr_=14,000 product from the l-strand of E1B (Katz et al., 1982) possibly encoded

by URF10.

143 Genetics of adembvirus transformation

. Mutations affecting. adenovirus transformation map in four complemeatation
groups .(reviewe'd by Graham, 1983) located in early regions E1 #hd E2. Mutations
in EZA such as H5ts125 affect the Mr=72,000 DBP (Ensinger and Ginsberg, 1972,
van der Vliet et al., 1975) and have been found to enhance transformation
.(Ginsberg et al., 1974; Logan et al., 1981; Fisher et al., 1982), an effect which
may be due to the increased stabiiitjr of El messages in the absc-:;nce' of DBP
describedlin Secﬁon_ 1?3.3). - ' . '

Mutations m 'I;he N-group (E2B) such:as I-iS ts36 affect the viral encod-
ed polymerase (St'illmann et al.',.1982-) and aré defective for initiation of txl.-ans-
formation (Williams et al., 1974). It is not clear why a mutation altering the
polymerase gene affects transiormation, since viral DNA re‘blicatioh is not
required for transformation (see Graham, 1983). It is possible that the polymer-
ase, which interacts with the Mr=§7,000 precursor to ;:he Mr=f;5,000 terminal
protein prior to iDNA replication (En.omoto et al., 1981; Lichy et al., 1982} forms
a complex which interacts with the end.s of viral DNA and facilitates integration

of the viral genome during transformation (Graham, 1983).
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Clearly the most important transformation defective mutants isolated
to date are those mapping in El {summarized in Figure 2). Harrison et al. (1977)
isolated a series; of host range (hr) mutants falling into two complementation
- groups, hr group I and group O. These mutants are able to replicate on an Ad5
transformed human embryonic kidpey cell line, 293 cells (Grabam et al, 1977)
which contain and express E1 (Aiello et al., 1979), but replicate pocrly on Hela or
KB cells (Harrison et al., 1977) and are defective for transformation in primary
rodent cells (Graham et ;.l., 1978). Group I mutants map in El1A (Frost and,
Williams, 1978), and one mutant hrl has been located by partial DNA sequencing
and was shown to contain a single base pair deletion at map position 1055
(Ricciardi et al., 1981). This deletion results in-a-frame shift which prematurely

terminates translation of the E1A 13s message, but does not affect translation of

the other E1A mRNAs., Group I mutants fail to synthesize either viral DNA or |

late proteins in HeLa cells (Lassam et al., 1979a; Ross et al., 1980). Group I br
mutants map in E1B sequences betw‘een 6.1 and 8.5 map units (Galos et al., 1980)
correspopding to the in'terven_ing sequence of the E1B-13s rtessage. In HeLa cells,
group I muta.n'fs synthesize both viral DNA and late viral proteins, but are defec-
tive in the synthesis of the E1B-22s product Mr=58,000 (Lassam et al., 1979%a;
Ross et al., 1980). ”

Jones and Shenk {1978} also u.éé_d 293 cells to is.olla.te transformation
defective hr deletion mutants rna'pping. in E1, the most extensﬁvely chdract«_arized
of which are d1312 with a deletion in E1A from 448-bp to 1349-bp (Shénk et al.,
19-79), dl311 with a deletion in E1A from 1282 to 1339-bp, and d1313 from 1333 to
3640~b§ deleting part of both El A and.ElB (Colby and Sheni-c, 1981) z‘is‘ shown in
Figu;e 2. Ad5di312 complements hr group II mute;nts, and like oup I is DNA

negative and defective in expression of other early regions in Hely cells (Jones

s
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and Shenk, 1979z, 1979b; Galos et al., 1980). .Smprﬁmély, both hrl and di312 can
complement d1313 (Jones and Shenk, 1979a), although the deletion in d1312 ovex.;—
laps that in di313 in the coding sequences for the carboxy terminal region of E1A,
suggesting that this domain of E1A products is not essential for viral rep‘lic’ation
in Hela cells. Unlike group 11 mutants, d1313 does not‘i §yuthesize viral DNA in
Hela cells (Jones and S\henk, 1979a) suggesting that a function mappingl between
4.5 and 6.1 map units is required for DNA replication.

Finall}:, a number of very interesting mutants (shown in Figure 2}
mapping in E1A hav|e been recentl% constn:lcted by use of more sophisticated and
véry powerful techniques. Solnick (1981) has constructed a host range mutant
.hr4.-40 containing mutations .nea-r tl}e 5' splice site of the E1A 12s message, whicil
affects production of the 12s mRNA and introduces an amber mutation in the
EI]A-13s coding sequence. This futant is transformation negative on rat cells,
and defective 1-n E2 and E3. but not E1B or E4 mRNA expression (Solnick and
Anderson, 1982). Carlock and Jones (i981) constructed an octanucleotide insser—
tion mutant.(.inSOO) at position 1009 in E1A which, like hrl, introduces a frame
_shift in translation of the E1A 13s message ;-'esultiﬁg in a truncated product but
does not affect the E1A 12s product. This virus, like hri, is defective for DNA
replicition in ;;onpermissivé cells and is alsd transformation defective (Carlock
and Jones, 1981). Although ea;pressidn of EZ and E4 is reduced in in500 infected
cells, E1B and E;’; exp'i:ession are not impaired. Montell et al. (1982) have used the
technique of synthetic oligocieoxynucleotide mutaéenesis {Zoller and Smith, 1982)
to'construct a virus pm975 with a single base‘ ;ransversion at éosition 975 in E1A.
This mutation does not affect the E1A-13s mRNA (dug to the degenerécy of' the
geqetic code)} but eliqxin;tes the 12s mRNA &' splicé sequence. Hence pm975 does

-

not produce an E1A-12s mRNA during infection, but is plenotypically wild type
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for replication in Hela cells, suggesting that the important E1A function for viral
replication is the E1A 13s message p?oc_:luct(s) and. that ﬁhe 12s product(s) play
only a minor role if any in lytic infection. .

Taken togetl;er, the results of studies on lytic infection with ElA
mutants suggest that the 13s ErlA transcript alone is required for expression of
other™AdS éarly genes. Mutations affecting this function alter both wviral DNA
synthesis and production of late viral proteins. Furthermore, results with group [T
hr mutants and di313 suggest that the EILB 55k product is essential for lytic
infection but not required for either DNA rephcatlon or late gene expression,

while 21k may be required for DNA replication.

The most extenmvely studied hr ‘mutants for transformation are the

group I and I hr viruses. Group I hr mutants induce a semi-abortive abnormal
transformation of baby rat kidney cells (Graham et al., 1978). This transforming
phenotype is not due to an inability of hrl mutants to express E1B, since these
semi-transformed cells express normal levels of_EIB proteins (Lassam et al.,
1979a, 1979b; Ruben et al.,‘ 1982) but fail to express a fully transformed pheno-
‘type {Grabam et al., 1978; Ruben et al., 19é2). Thué an E1A function missingwin
'groﬁpl hr @utants is required for expression of the complete transforﬁed pheno-
type.

Group II mutants map in a rggion bf E1B that is not essential for
- trénsformation by isolated wiral DNA. .Cousistent with this map location, isolated
' DNA from group I hr mutants can transfor;n rat cells (Rowe and Graham, 1983al,
suggestmg that the E1B 225 product Mr=58,000 is required for initiation of trans-
- formation by virions but dispensable for transforrne_if{o/q) by isolated DNA frag-

ments.

-



23

In summary, functions encoded in both E1A and E1B are required chﬁ-r
transformation. An El1A product (possibly the 13s El1A function, required for
e:Epression of the other early genes) is required for maintenance of the trans-
formed phenotype. An E1B function mappiné to the region enceding the
Mr=58,000 product is required for initiation of transformation by virus, but not by
purified viral DNA. These results help to localize the El encoded adenovirus
oncogenes, but in light of the coding potential of this region they do not define
the functions involved. Although the E1A 12s mRNA product is not required for
viral gene expression, it has not been entirely ruled out as a candidate for trans-
forming activity. Also, the role of URF1l in transiormation has not been
defined. To date no viral mutants h@ve been characterized that map in the region
of E1B upstream (5') of the Mr=58,000 coding z;egion. Hence the role of either the
Mr=19,000 or URF10Q products in lytic infection or in transformation has yet to be
elucidated. These questit‘:ns must be addressed before we can unambiguously

define the adenovirus oncogenes.

1.5 Purpose of Investigation -
Identification of the adenovirus encoded DNA sequences responsible for traasfor-
mation is a necessary prelude to understanding the mechanism of cell transfor-
mation. The aim of this work was to idertify which regions of E1 were necessary
for DNA-mediated morphological transformation of primary cells.

The approach taken has be€n to construct a reéombinant plasmid con-
taining the' El functions involved in transformation (McKinnon et al., 1982).
Insertion mutations were constructed in this plasmid by transposition mutagene-
sis, izsing the -prokaryote transposable element Tn5, and a mimber of El-insertion

mutants were mapped by DNA sequence analysis {McKinnon et al., 1983} and
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characterized for their transforming activity. The results suggest (1) that E1A
sequences are required for transformation gfprimary rat cells, but are not abso-
lutely essential for transformation of primary hamster:r cells, (2) thaf E1B
sequences encoding the M.r=19,000 protein are essential for transformation of
both BHK and BRX cells, and (3) that the requirement for 19k can be relieved by

serum supplements to transformed cells.

"
~
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Materials and Methods

2.1 Chem%::alsrand Radiachemicals

The 32p labelied nucleotides used in this work were Y—32P~.ATP {specific activity
>3,000 Ci per mmole)‘ and a-3%P-4CTP (specific activity 800 Ci per mmole), from
Amersham. Levels of radioactivity were determined in solution by Cerenkov
counting (Elrick and Parker, 1968) in a Beckman LS6900 liquid scintillation

counter. All materials used were standard laboratory chemicals and reagents.

Solutions were prepared using double distilled water.

2.2 Bacterial Cell Culture Techniques

All recombinant DNA experiments were carried out under level B biclogical con-
tainment_ conditions as specified by the Medical Research Council of Canada
guidelines (1980). This work describes construction of a number of recombinant
plasmids containi.ulg DNA from human adenovirus type 5 inserted into derivatives
of pBR322 (Bolivar et al., 1977}, a plasmid derived from a resistance factor Kl

isolated from the wild in London from Salmonella paratyphi B (Datta and

Kontomichalou, 1965).

2217 Bac-te.rlial Strains and Plasmids | k ' p‘

The bacterial strains used during the course of this work and their genotypes are
listed in Table 2.1. M LE392, obtained ffom J.R.Smiley, was used as a host
for all recombinant plasmids isolated."_E__?_:_c_:_Q}_i: strain C6QG0 pBR322, obtained ,f_rorn

»
C.P. Stanners, was the source for this plasmid DNA.

- 25 -
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222 Propagation and Maintenance of Bacterial Strain;

Bacterial culture was:performed in aluminum hoods which were flooded with UV
iight when not in use to n_:taintain aseptic conditions. Glassware as well as culture
medium was sterilized by auto‘claving, and culture dishes for plating bacteria
were purchased from Fischer Scientific Co. E.coli strain LE392 was grown in

Luria-Bertani (LB) broth with shaking in either a Controlled Environment

Incubator floor er (New Brunswick Scientific Co. Inc., Edison N.J.) for large

cultures, or an ﬁberbac Corp. Shakerbath (.cat.n'o.6250)' for overnight cultures
less than 50 ml. For s _ectiox} c;f antibiotic resistance, medium was fupplemented
with 40 ug per ml ka;xafnycin (Kan) sulphate (Sigma), 40 ug per ml ampicillin
(Amp, Ayerst Laboratories}, and/or 40 ug per.ml tetracycline (Tet,Sigma). Stock
antibiotic selutions (20 mg per ml in ddHQ) were sterili by filtration (Nalgene
milipore filters) and stored in 2.0 ml aliquots at -20°C. z’lbtéiﬁ a clonal isolate
of a bacterial popﬁlatiqn, overnight liquid cﬁitures were streaked using a flame
“stbrilized wire loop on agar plates containing the appropriate antibiotics. E.coli
strain JF1106 was grown in-LB containing 0.2% maltose, or on plates c;mtainiug
broth with 15g {for plates) or Tg (for, top agar) Bacto-agar. |
- Bacteria were stored for- short periodé. (several weeks) on agar plates
inverted at 4°C. For long term storage (several years), fre&_.h overnight (o/n) cul-
tures were diluted with an equé.l volume of sterile 40% glycerol and 2 ml aliquots
were frozen and niaintained at -70°C. Viaﬁle bacteria were recovéred by thaw-

ing these cultures and transferring a loop of bacteria to broth.”and the stock

returned to the freezer.

@t
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Table 2.1: Bacterial Strains

'
F.
i

Bacterial Strains Used in this work

Strain Genotype Reference

€600 . F ,thy-1,thr-1,leuB6,lacYl, Maniatis et al., 1982
tonA21,supE&4, . . .

LE392 F,hsdR514(r my*) ,supE4s,supF58  Maniatis et al., 1982

lacY1l/-(laciZY)6,galkK2,galT22,
metBl, trpRS5, - o
JF1106 F,rtmt,supb, — J.Friesen, pers.comm.

e '
KY895 Fore mk+, sut, J.Friesen, pers.comm.

2.23 Transtormation of E.coli LE392

Transformation of LE392 was eséentially carried out according to the method of
‘Cfoodman and MacDonald (1977). Fresh o/n cultures in LB were diluted 1:50 in
sterile medium without antibiotics and grown to log phase (generally tcln.
QD660=O.7, usually 2.5 hrs at 37°C), theh collected by centrifuga;tion (4,000 rpm,
5 min, 4°C) in 50 ml Corni:n'g tubes. A ter decé.nfing the supernatant fluid, the.
bacteria were resuspended and rnaintaiﬁed on ice for 20 min in 25 mi of
75 mM CaCly, 5 mM Tris.HC1 (pH 7.6), collected by centrifugation’ als above and

- resuspended in 2 ml Tris-CaCly plus plasmid DNA. Bacteria. were in;ul}at_ed on ice
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for 60 min with intermittent shaking, heat shocked (42°C, 2 min), then diluted

with 8 ml warm Luria broth. For selection of Kan® it was necessary to incubate
the bacteria at 37°C f?r at Ie?st 30 min at this step before adding the antibiofics
in. order to allow time for transformed_bacteria to expressﬂthis phenotype. Serial
dilutions of these bacteria ,(genérélly 107Y, 1072, and 10‘3%11&0:15) were plated
on Luria plates {0.2 ml per piate) confaining the appropriate antibiotics to seléct
for bacteria which have acquired the transfected plasmid. Transforming efficien~

o

Cy was generally 5-10x10° colonies per ug of plasmid DNA.,

224 Propagation and Maintenance of Bacteriophage

E.coli strain JF1106 obtained from J.Friesen was used for propagation of the
lambda phage ‘derivative 1467 (\- kan  hopper, Ab221 rex::Tn5 =

cI857 OQaml9 Pam80), also from J.Friesen, which was constructed by N.Kleckner .

(persoral communication) from a A rex::Tn5 phage isolated by Berg et al (1975).
‘The bacterophage A k?n_ hopper was titered on the suppressor .tRNA
strain JF1 Y06 by mixing 200 ul of serial diluted phage stock with 200 ul of ja fresh
of/n culture after making the broth 10 mM MgSQy4. This mixture was incﬁbated at
37°C for 30 min for preadsorption, then infected ;:eilﬂs weré_ mixed with 5-. ml
56°C H-top agar and poured over two plates of Hfagar {2.5 ml éach_).. On plates in

which the cell monolayer was totally -1ysecl after o/n incubation (37°C), top agar

was scraped into 50 ml Corning tubes, 10 dropé of chloroform were added, and the

tubes were vigorously shaken then centrifuged (5,000 rpm, 10 min, 4°C) and the

v

superﬁataht‘fluid was stored at 4°C as a fresh phage stock: The titer of phage

stocks usually decreased by a magnitude of one log unit per month when stored at-

4°C,

£
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225 Tn5 Transposition into LE392 plasmid ONA _ \E"& ’

The protocol for Tn5 transposition is shows in Figure 10. Overnight cultures of

| LE392 Contafning target plasmid DNA (pXCl or pHE1) grown in LB plus ampicillin

and 0.4% maltose were infected at an moi of >10 with A467. Preparation of a
phage stéék is descﬁbed in Secﬁon 224 above. After prea’dsorbtioi-z {2(")” min,
i:oom temperature) infected cells were go]lected ‘::Ly centrifugatioq, resuspended in
2;0 mlLB plus Amp, and incubated at 37°C to allow cell division and promote
transposition. After 2 hrs cells were harvested (4,00.0 rpm, 10 min, 4°C‘). and

resﬁspended in 5 ml LB plus Ainp, then plated (0.5 ml per plate) on Lgﬁa agar

" plates with Amp and kanamycin (Kan) and incubated at 37°C o/n. Amp" Kan®

bacteria were harvested by scraping the plates with a silicon spatula and grown in

1.3 1 LB plus A.r..np&ahd‘Kan. When the A660 of this culture reached 0.8 chlora:m-A

'

phenicol was added {50 ug per ml} and the culture incubated o/n. Flasmid DNA

was - extracted using the procedure of Birnboim and Doly (1979) described in

Sectiaon 24.1, and banded on CsCl-EtBr. density gradients. This DNA was then
used to transform E.coli LE392 (A“fnp-S Kan®) cells as descriped in Section 2.2.3.

- Transformed cells in 2 ml Triﬁ*CaClz buffer were diluted to 10 ml with LB pius “

Amp ‘and. incubated at 37°C for 30 min, then plated on Luria agar plates with

. . . hd . R =
Amp and Kan. Isolated colonies were screened for the presence and location of

B Tn5 sequences in plasmid DNA using the Birnboim procedure (Section 2.4.1).

e

k3 . . \ . o - e

~ .\\“
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23 Mammalian"_Cell Culture Techniques

2.31 Cells and viruses %
In addition to 'cellrlines established during the course of .this work (Table 5.6) two
permanent cell lines were used in these- studles, the cervical carcinoma line Hela

PREL N g

and the 293 line of human embryomc kidney cells transformed by human adenovx--

et

rus type 5 (Graham et al., 1977) which contains and expresses viral early reglon 1
\/_/ (Aiello et al., 1979).-

The wild-type strain. of Adenovn'us type 5 used in this study is from
the Glasgow stock described by Harnson et al (1977) The nondefectwe deletlon.
mutant virus di3(9 (Jones and Shenk, 1978), sel’ected as an Xbal endonuclea.se—- '
resistant varient of the wﬂd—type AdS stock HSwt3OD from H. Gmsberg, was
obtained from T. Shenk Mutant vn:uses pm975 (Montell et al., 1&82) and d11504
" (Oshorpe et al,, 1982) were obtained from A Berk. Virus stocks were prepared as

freeze thawed suspensions of infected cells and were stored at -70°C in PBS plus

20% gljrcerpl. For viral ]jNA, virus was purified and stored as described'by Green

and Pina (1964}, Titers of virus were determined by plaque assa.y on monolayers of

293 cells

232 Propagation and maintenance éf cel! lines
N ‘. dAll cell culture work was pez:;ormed in Lé:'nin-ar flow h-oods (Conkainmentﬂ'Control-‘
Inc., Lansdale Penn. 19446) under steﬁie conditions an.d fBD,owin le-vel B con-~
tainment conditions (MRC Guidelines, 1980). Cells were growip as monolayers at
"37° C in 150 mm Lux dlshes {(Lux Sc1ent1f1c Corp . Newbury Park Cahforma), or
;o e - in Corning flasks " Growth medium was either a- ~Minimal Essentlal Medlum
.. | (a MEM, Stanners et al., 1971) or Joklik's modl.ﬁled essential medlum supplemented
with 1.2 mg/ml L-qutémlne,penlcﬂ]_“lnstreptomycin (Gi?b,co Laboratories, Gra'qu

&~
2



, storage of cell lines, trypsinized cultures were ceatrifuged (3500 rpm, 10 min,

31

Island, N.Y.), fungizone (é‘:quibb Canada ¥ac, Montreal), and either 5% horse or
10% fetal bovine serum (Gibfo). Culture medium was changed- every 2-3 days, “
and ;t confluency cells were passaged by ;spirating spent medium, washing the
monolager twice with prewarmed GleO trypsm—EDTA dﬂuted 10-fold in PBS

and mcubatmg at 37 C with 2 ml diluted trypsm per 150 mm Lux plate untll cells
Could be detached from the plate by gentle tapping on the 51de of the; plate. For .
293 cells described above, cells were detached using saline ED‘I‘A. Detacheci cell; ‘
were d-iluted‘i.ﬁ‘ fresh medium émd distribute& to new platés (generally 1:4 to 1:10
dilution, ﬂependir_&g on the growth rate of the cells; 293 cells were split 1:2). For

4°C) in sterile Corning tubes, the trypsin removed .by aspiration, and the cells

were resuspended in 1 ml per Lux dish of complete medium plus 8% DMSO

.(Fisher), Cells were then frozen in 1.5 ml Nunc minivials (Inter Med) by suspen- -

sion over a tank of liquid nitrogen for 4 hrs, then stored in racks in 11qu1d mtro—

[ — .———q—_i___,____dﬁ —

gen. Such cells generally are viable after several ¥ears pf storage prov1ded properr '
precautions are taken to maintain storage condi.ti;ms. Fomval of a cell line,
miﬁiviais were rapidl_-'y‘ thawed by ia.lﬁmersion in 37°C water and immediately plat-
e& in pre;varmed medium. After 4 hrs to alﬁqw viable cells to attach, the medium

(containing nonviable cells-and DMSO from the storage vial) was replaced by

fresh medium and cells were maintained as described above. - ~
: N 3
Fan,
Yy
V-
L
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2.3.3 DNA Purification

A Mammalian &ell DNA purification

Carrier DNA usedﬁ'for ;norphological transformation assays was isolated from pri-
mary baby hamster kidney cells or from hamster embryo cells. *To extract DNA
from these cells, ‘rnonolay’ers Were. rinsed once with PBS™ and digested with

500 Qig/m .pronase (Calbiochem)! in .Bl M Tris (pH 7.4), 10 mM EDTA and

.4% SDS. Pronase stock at 5 mg/:&\in -buffer was pretreated at 56°C for 10
min and 37°C for 60 min to inactivate any contaminating DNase and RNase
activity, and stored at ~20°C. Lysed cells were gently écraped into 50 m1 quiy\‘i_x;g
tubes with a sterile silicon spatula {to avoid drying out of the plates during diges-
fion) and incubated at 37°C for 4-12 hrs, then the pronase treated DNA was gen-~
. tly extracted once with saturated phenol. After cgntrifugationr {4000 rpm, 10 min)
" the aqueous phase was extracted OnCe_witH 24:1 (-:h;loroform:isoamyl aicohol, dia-
1yzed extensively against .1x SSC, and‘f'/malljr'dialyzed ofn against 'fE-buE'fér for
transformed cell Dwnst HeBS pH7.1 (Graham and van .der Eb, 1973) plus
-1 mM EDTA for carrier DNA. Purified cellular DNA‘ was stored at 4°C. These
preparations consist of apfoximateiy 33% DNA and 66% RNA, and yieﬁds of DNA
raﬁge ar‘ound 200*pug DNA per 150 mm dish of confluent cells. For transformation
assays it wés not necéssary to rem:% RNA from carrier DNA preparations

(Graham et al., 1980).

¥ o

‘B. Viral DNA purificatién

For purification of 'viral DNA, infected cell monolayers were rinsed once in PBS™
at 40 hrs post infection then "scfallped_ into ‘50 ml quning tubes, pelleted, and
resuspended in .1% deoxycholat;. Lysed ;ells were incubated for 2 hrs at 37°C
» with 1 pg/mi DNge, sonicated for 60 sec (untii the solution became clear}, then

to each 3.2 ml of lysate was added 1.8 ml of 1.98 g/ml CsCl {saturated at room -
o ) .
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'
temperature) and virus ﬁarticles were banded at 35,000 rpm (4°C) ;;;/n. Bands
were collected by puncture of the tube with a 21 gauge needle using high vacuum
grease (Dow Cormng) to prevent leakage, pooled, and rebanded in CsCl as
described above. The final banded virus was dialysed extensively against 50 mM
Tris HC1 (pH 8.1) then treated with pronase-SDS, phéiml, aﬁd chioroform as
. v :
described above for preparation of cellular pNA, and precipitated 'with 2 volumes
of ethanol at -20°C. The ethanol pellet was resuspendéd in 2 minium volume of
.3 M NaHAc, reprecipitated, the pellet washed with 96% ethanol thoroughly

dried, then resuspended in an approprlate volume of TE-buffer.

e
234 . Primary cell culture

Primary cultures of baby :;at (BRK)'an_d b.::xby hamster (BH‘K) kidney cells were
used for the morphological transformatio(?ésasr described in this study.” A deta-
ikd description 39f -the gstablishment of monolayer cultureé is described by van
der Eb a:nd szﬁam (1980). Litters of 6-7 day old Hooded Lister raE‘iq(Woodlyn,

Guelph Cnt.)

r LVG hamsters {(Charles River Breeding Laborétories, Inc.) were
shipped with their maternal parent. Kidnéys were removed asceptic;llly from pups
immediately after cervical dislocation. Kidneys are most acce:able after removal
of the abdominal skin and severing thé spinF.-_ with spiﬁsors just posterior to the rib
cage.. Klf\f ‘\efﬁ‘ were removed with ‘forceps,' washed in PBS ", and freed from-
‘enveloping membrane and traces of urinary duct and blood vessels' by extensive
peeling using sterile forceps. Cleaned kidneys were transferred to a suitable ste—

rile vessleand exhaustively minced with scissors, then ‘trypsinized in a .5% tryp-

_siﬁ solution, in PBS—. After 15-20 min of stlrrmg at 37°C the suspensmn was

» pipetted up and down fa1r1y vigorously and suspended cells were removed by.:'

b d

decanting, and plpetted into a 4°C solution of 50% PBS'* 50% FCS to inactivate
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the trypsin. The remaining tissue clumps were further digested with up to 3 addi-
- o n -
tional incubations with trypsin until only a collagenous matrix remained. Cells
were collected, after pooling the trypsin digests in PBSTY/FCS, by ceatrifugation
— .

(2500 rpm,_10/mif, 4°C) and the cell pellet was suspended in 50 ml alp-ha-MEM
T o . o

— i

plus 10% FCS. This guspehsion was inc:lbated at 37°C for 30 min to allow aggre-

us material then filtered through 3 layers of sterilized

' gation of noncellular

¥

cheesecloth into an appropriate volume of Q-MEM plus antibiotics and._l()% FCS.
Ro(:.tinely, cells were ‘suspended in .30 ml medium for each pair of kidneys used
~and distributed into 6 plastic 60 mm petri dishes. After incubation at 37°C for
12-18 hrs thé‘tﬁl{g‘xre medium was replaced with fresh a-MEM plus 10% FCS.
Two days after séeding the’ monolayers usugll.y reached a stage _;)f_70-80% con-
fluency and were ready for tran;s.fectio_n with DNA (seg below).@Best results (high;-
est number of transformed foci) were _Gb?ained with subconfluent (70—é0%)'mono—
layers, which generally reached confluency dﬁring tﬁe period of exposure to the

DNA. -

235 DNA Transfection

Transformatioﬁ assa:\ys’(DNA transfection experimér;ts) of subconfluent zt;oﬁolayf
- ers of primary kidney cells with viral DNA and cloned DNA fragments were car-
ried out using the calcium technique (Graham and van der Eb, 1973) usinag carrier
DNA isolarted’;' from primary BHK cells as described in Se.ctidn\id.la.3. Precipitates
were prepared by mixing an appropriate volume of plasmid DNA to give the
desired final concentration _(from 2 to 20 ug/rhl, 0.5 ml/dish)\}vith carrier DNA

@ ;

(final concentration approx. 5 pg/ml; Grg%arg et agi.,‘ 19&0) aﬁ_d dissolved by gentle
,mixing‘in TE-buffer. This solution of plasmid and carrier DNA was slowly mixed
;«vith 1/10 volﬁrrie_ of sterile 25 M CaCly. Once the CaCly was added, this solution

5t
9}_

o

-LQ
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was added dropwise to an equal volume of Z.StHeBS while introducing a“stea-dy
stream of bubbles to the HeBS solution, to produce a visible precipif.ate of some-
~what coarse and fIake;f morphology (see Figore"g'o'-f Graham et al.; 1980}, Best
transformation results were obtaihed with a. coarse morﬁhology precipitate which
was optimal when forr!ned in the presence of api)roximately 5 ug/ml final concen-
-tration of high molecular weight carrier DNX(Graham et al.; 1980). It is not

clear whether the effect of precipitate morphology is to optimize the sedimenta-

. ) "
tion of DNA onto the cell monolayer when I,_ed to the culture medium, or if

there is some peculidaritmbout the form of this specific precipitate whlch
enhances its uptake by the cells. After addition of DNA—CaClz to 'the ZxHeBS '
the precipitated DNA was aliquoted to recipient dishes, and cells were incubated
for 4-20 hrs. Best results were obteined if the medium was changed between

12-16 hrs post transfection using nonselective (0.~MEM 10% FCS) conditions. The

H
cells grew to a confluent monolayer by 24 hrs post transfectlon under these con-

N\

d1t1\§s, and mcubatlon in selective medium (.Iokhk's MEM, S%HS) was initiated at
day 4.4For BRK cells under these cond1t1ons the primary cells began to detach
from the plates by day 8 and transformed \Blthehal colonies were visibfe by eye
“shortly tgeFeafter. Dishes were routinely processed by day\by discarding the

spent .medium and staiping with a 'solution of 1% crystal violet (Harleco, Nol192,

Philadelphia) in 30% formaldehyde, and foci of transformed cells were counted by

~

eye. For %HK cells the cell monolayer was more per51stent and transformed foci

could generally be recognized usmg an uprerted microscope as eplthehal cells

growmg-on a2 moneclayer of flbroblasts after 2 weeks. The untransformed cells

-

generally gietached- by day 20. These dishes were generally scored for transformed
- foci by stainihg as described a’bove for ERK cells. For both the primary BHK and
BRK cells us‘e{i in these experiments the background of morphologmally trans- .

formed cells in untreated and in control dishes was zero.
&

-
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- -

2.36 Establishment of Cell Lines _—." ~ »
. ' -0 .
Cell lines were established from colonies,of morphologically transformed cells by

- trypsinization of either isolated colonies (using sterile aluminum cloning cylin-
ders} or trypsinization of whole dishes containing from 1 to several colonies, and

passage of cells in flasks with continued selection in Joklik's MEM supplemented

§

with 5% horse serum.

&

-

24 Biochemical and Recombinant DNA Technigues N
2.4.1 Plasmid DNA Purification /l
A.  Analytical plasmid DNA preparations .

For .screening recombinant clones the rapid alkaline extraction procedure of
Birnboim and Doly (1979) was used for all plasmid DNA preparations.. After
tr;jansformation of LE392, colonies were picked from agar plates with a sterilized

wire loop and used to innoculate 10 ml LB _cultlires. Overnight cultures were

o [

centrifuged, resusﬁended in 1 ml of broth (after removing 9 ml of broth from
supernatant_), and transferred to 1.5 ml epbenddrf centrifuge tubes. All remaining
steps were performed in these',tu“oes. Bacteria were ceﬁtrifuged (15 seé in
Eppeﬂdorf bench _centrifnge), resuspended in 100 pl of S‘E}“;M glu-COSe, iO mM
EDTA, 25 mM Tris.Hél {pH 8.0) plus freshly added 5 ;ng per ml lysozyme (Sigma),
- and incubated .for 30 min. Spheroplasts were then lysed and cellular i:rotein plus
high molecular weight nucleic acids were denatured by addition of ZOOﬁul freshly-

-preparedVO.Z N NaQH, 1% SDS.-'I:he tub.es wéré; inverted.s;evexl-al times, then the

denatured zﬁacromolecuies were precipitated’,)s a clot by addition of 150 nul 3 M

-NaHAc (pH 4.8). After a 60 min incubation the tubes were centrifuged (5 min,

[

Eppendorf) and the supernate fluid transferred by decanting to a fresh tube con-

-
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tai;xing 1 ml cold 96% ethanol, and the plasmid DNA (which remains intact aftgr ‘
alkali denaturation due to its small, covalently closed circular(structure) precipi-
tated at -70°C. DNA was reCove:z:ed by centrifugation and rou inely'x‘-esuspénded
in 100 yl of 50 mM Tris (pHS.0} 100 mM NaHAc, dissolved, and reprecipatid. with
2 volumes ethanol. The final ethano! pellet was washed once with 1 ml 96% etha-

nol, dried either in a Speed-vac (Savant Instruments, Inc.) or by overnight incu-

bation at 37°C, then resuspended in 50 pl TE (pH 7.5). Usually 5 ul of this DNA

was sufficient for analysis by éel electrophoresis after digestion with appropriate

restriction endonucleases.

B. Preparative scale plasmfd DONA preparations

For large scale: DNA purifications 1 liter cultures were harvested after overnight

.. growth in the presence of 170 ug per‘ml chlsramphenicol (Boehringer Mannheim;

stock solution of 35 mg per ml in ethanol stored at 4°C and added to cultures at
A660=0.4). Extraction of plasmid DNA was again according to Birnboim and Doly
(1979) with the following modifications: bacteria were collected by centrifugation
(5,000 rpm, 10 min, 4° C) and resuspended in 8 ml Iysozyme buffer, lysed with
16 ml alkaline-SDS, and finally protem and high molecular weight nucleic acids
&

were denatured w1th 12 ml of 3 M NaHAc. After removing the precipitate by

centrifﬁgation, the supernatant fluid was ethanol precipitated. The final DNA

- .

" pellet was dried thoroughly, dissolved in 8 ml of 10 mM Tris.HCI (pH 8.0) 1 mM

EDTA, ﬁen lg pe',; ml CsCl was added and dissolved. This was overlayed in a
Beckman nitrocellulose tube 'with 0.8 ml of 10 mg pergml EtBr, the tubes were

cappéd, mixed b_y'inversiop, and centf:ifuged (35,000 rpm, 48 hrs, 15°C) in a;

'Beckman type 50 Ti fixed angle rotor. Covalently closed circular plasmld DNA

(the %wer band visible by UVElwrescence) was collected from the gyadient in a
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PN

3 cc syringe by puncture with a 21 gauge needle. The EtBr was extracted with

three changes of CsCl-saturated isoamyl alcohol, and the DNA was extensively

dialysed first against 0.1x SSC then overnight against 10 mM Tris.HCl (pH 7.5)

1 mM EDTA. Yields varied from 0.5 to 1.0 mg plasmid DNA per liter culture.

242 Nuclease Digestions

“*

A Restriction endonucieas{es
All restriction endonuclease digestions were performed at 37°C for at least 2 hrs
(routinely o/n) in Eppendorf vials. Reactions contained 5¢ mM KCl, 10 mM NaCl,

10 mM Tris (pH 7.5) and 1 mM EDTA with up to 1 ug per ul DNA and 0.1 to 1

units énzyme per ug DNA. When necessary to inactivate enzymes after digestion,

reac{isms \vfe;re' terminated by heating at 56°C for 15 min.

B. RNase digestions

.
Pancreatic RNase A (Sigma) was dissolved at a concentration of 2 tng per ml in
10 mM Tris,HCI (pH 7.5) and 15 mM NaCl, heated to 100°C for 2 min to inacti-
vate contammatmg DNase, and cooled to room temperature. Stock solutions were
stored in 10 ml ahquots at -20°C. D1gest1ons were carried out at 37°C for 30
min with 1 ug per ml enzyme and samplesr were .then phenol extracted. after

&

digestion.

2.4.3 " @Gel Electrophoresis

The equ:pment used in this work including vertical and herizonta!l gel boxes and

h1gh voltage po!(\\er regulators, were obtained from Eltech (Hamﬁton) Glass plates'.

were purchased_,from Lloyds Glass, Hamilton. Electrophoresis buffer (E-buffer)

V““h__”

N e “
/was made up as a 50X (Tris-acetate) or 10X (Tris-borate) stocks (Table 2.3).

r

wr



39

A -Agarose-gel electrophoresis
Electrophoresis of DNA fragments through agarose (Miles Laboratories) gels was
at 1 volt per cm (horizontal g-els) or up to 4 volts per cm (vé::tical gels), After
Icasting the gel between glass plates m;m.nted in the vertical apparatus, the well '
former ;was remﬁved and loose agaroéé was ::-e'moved from the wells by aspiration. |
The sample to be electrophoresed was applied into the wells ’(submerg)ed;in IX.
E-buffer) after addition of 10% v/v "'stopper" (ZO% glytérdl, 2% SDS, 0.5% ‘bro—
mophenol blue). The mobility of the dye front..w!as'_ used as an indicator for. moni-
toring the electrophoresis. Table 2.2 gives a sumniér'y of the mobilities of va;:ious;
‘DN‘A fragments relative to the tracking dye on various gel types (_from Maniatis -
et al., 1982). After‘ electr‘ophoresis,lgels vgere' rémoved from j:hei.r suppof:t and
;-,tained in a solution of IX.E—buffer' coﬁsaining 0.5 yg per ml ethidium bromide
(lSigt"na) for 20 mi;} then photographed mth a ;n._m_.mted Polaroid lénd camera ';.vith a

Polaroid type 59 film illuminated with uv ].ight using a Toshiba monochromatic

v(l%) fﬂter- . o - -

-l

B. .Polyacrylamide gel 'électrbpﬁoresis (PAGE)

Eléctrophoresis _buffer Was: eith’gr .'I_'ris—a_lcetate {analytical gels) <->r Tris-borate.
(sequgncing_ gels). Acrylamide stocks were fiit__ered tﬁrdugh Whatman No.1 filter-.
paper and stored at 4°C. For sequencing gels, stock -soluti‘o.ns were deionized by

stirring .‘with 1 gram per 100 ml stock of Biorad AG501-X8 Mixed Bed Resin

before filtering, Ammonium persulfate (BDH) ;;tock solution (10% in ddH;0) was. )
prepared fresh weekly and stored at 4°C. Acrylamide solutions were px;epared for
_polymerization between sealed glass’ plates acc_ér.ding- to the recipés in Table 2.3.

A}

® . . B T
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Table 2.2: E‘lé:trophoretic Mobility of Marker Dyes
Gel type . ) Xc BB
.
1‘ ' _ Y agarose - 2500-bp 400-bp
. 3% PAGE "~ 700-bp - 110-bp
5 ‘ 5% PAGE 230-bp - 55-bp
e e _ . 8% PAGE 160-bp &£5-bp ' {
5% PAGE, 7M urea _ 130-n 35-n
. .6%Z PAGE, 7M urea - 106-n 26-n
8% PAGE, 7M urea 72-n 19-n
. 10%Z PAGE, 7M urea , 55-n . Yn~
127 PAGE, 7M urea . 42-n T 12-n
20% PAGE, 7M urea ‘ - 29-n - 10-m
j R . '
. Size of DNA fragment (n=nucleotides; bp=base pairs)
~— with which dyes comigrate.
XC: xylene cyanol \
_BB: bromophenol blue T

i Analytical acrylamide gels:

Glass plates 20x30x.15c¢cm were mounted on a verticél appafatus

\_.“ (Eliqch, Hamilton)} using i)lgxiglass spécérs t'o separate th;e plates, an& the bottom

| was sealed with agarose to suport the acrylaﬁﬁde during polymerization. Wﬁen
the appardtus “.;a}:. assemt.)led, polymerization o;' the acrylamide solution catalysed

by ammonium ' peréulfate_/ was ‘initiated by addition of N,N;N',N'
--tetramethylgthjlen_e diamine (TEMED, Sigma) and the acr:‘,rlarc_xide solution was

immediately poured into the apparatus. The well former was clamped in place and

<
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Table 2.3: Composition of Gel Mixtures

-

Stocks: - 10xTBE®  50xTAE®
— ® . ’
Tris base 108 g 242 ¢
boric acid . 55 g -
glacial acetic acid - 57.1ml
-05M EDTA ' 40 ml 100 ‘m1

1000 ml 1000 ml

Gel mixtures: 5% - 6%

10xTBE - 5 ml '5 ml.
urea - 21 g 21 ¢

-

407% acrylamide N ) 6.2$E;V/4/;j;;l
10%Z ammonium peféulfate IOO,UlT‘I'IOOul

“TEMED , ' : 35 ul 3501

407 acrylamidec

38 g acrylamide
2 g bis-acryl.

100 ml
- 8% 207 . 25%
"Smb  5ml 5 ml
21 g 21 g 21 g 

10 m1 25 ml  31.25ml

100ul . 100ul " 100 ul

35ul 35ul 35ul

P

50 ml 50 ml

s

50 mi 50 ml ' 50 ml

a) 10x Tris-borate EDTA
b) 50x Tris-acetate EDTA

-~

o) agrylamide stocks were deionized with 1 g Biorad AG501X8 mixed-bed

resin (with stirring, room temp for 1 hr.), filtered (Whatman No.1l),

- and stored at 4°C.
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the gel was left to sit at room/ temperature for 30 min to polymerize. After poly-
v me:izatlon, the gel was ready for use after 'remotral of the‘ well former and aapi—

- ration of loose bits of acrylamide in the wells. Buffe;mas added to each tank and
samples were applied to the gel in loading buffer (DNA samples plus 1/10 volume-
of 20% glycerol, 2% SDS, and .05% orotnophenol blue). Electrophoresis was at
2to3 volts iaer cm until the dye marker had migrated the re%[uii:ed Alength
('I‘able 2.2) apd the bands were wsuiahzed for photography by UV fluorescence after

EtBr stam g as described for agarose gels.

(ii} Sequencmg gels: )

. \ ‘_ Sequenm.‘ gels were cast between,ZSxSD cm glass. plates separated by’
0. 3 mm Mylar spacers along both vert1cal edges. To fac111tate pouring, the inside-
fa:kce of one plate was coated w1th 1-ml of 5% dlchloro dlmethylsllaneﬂ usmg'
Kim Wlpes to spread the solution over the plates pnor to assembly_gf..the gelﬁ

_ cast Plates were sealed along the bottom and sidés using M electncal tape.
_Polyacrylamxde gel sojitiohs were prepared as shown i J:_n Tahle 2.3 and poured mto

_ the cast after additi' of 'l‘EMED. The well fokmer waé’plat:ed in the top of the'
gel and after polymerization this was remoVed and' the wells washed otxt with
E-buffer. The tape was then removed from the plates and the backSIde plate was-
coated with a thm layer ot‘ Wakefleld thermal comgound (Electrosomc, Toronto)
and an alummum plate 25x40x 5 mm was placed over the hack plate 'I'he appara-‘
tus was then mounted on a vertical gel apparatus and connected to an Eltech
VIP3000 power supply. The alummum plate was used for even heat transfer w..

EN

order to prevent retardatlon of samples loaded in the outside lanes caused by'dif’—
o ’ - . . . F I -
'ferential heat exchange along the surface of the outer glass plate. This aluminum

plate was mounted such that it was not in contact with the E-buffer in the bot-

. . . - , (]
- - . ..gf’ L -
i . -
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tom (anode) tank. Electrephoresis ‘was at 15 mA (1500-2200 volts) until the dye
fronts m1grated to their agproprlate positions (Table 2.2). Section 2.4.8 describes
the preparatlon of samples for.sequencing gels. After electrophoresm the glass

plates were removed. from the apparatus, separated (the gel remains on the

uncoated plate), and the gel was transferred to an exposed (dispenszble) X-ray

film and wrapped in Saran Wrap for autoradiography.
& ‘- y)
2.4.4 _ Autoradlography

; _,‘DNA sequencmg gels were exposed to 35x43 cm Kodak XRP-1 X-ray fllm at

=70°C in film cassettes (supphed by A.Rambow) For pur:flcatmn of labelled DNA"

fragments on preparative gels, the gel was wrapped in Saran Wrap and exposed to.
an 8x10 1nch sheet of XRP-1 film in a Kodak, X-ray exposure holder for 5-30 -mm.'
Exposad films were developed in a Kodak Rapid E’rocess (RPX) develcter {Health

Scxence Center, McMaster U)

2.45 Puritication of DNA Fragments

DNA ‘regtrit':_tipn endonuclease fragments Wefe isolated after electrophoresis on

~agarose or acrylamigé gels using the technique of Maxam and Gilbert (1980).

~ Bands were visualized by uv. flourescence, the gel containing the band was

excised" with ‘a'scalpel and the DNA® waselectrdeluted into .5 ml of E—buffer

-4 & inside a small d1alys1s membrane bag sealed by tying knots at both ends. The elu-

.tlon of DNA from the gel slice to the wall of the dzalysxs bag was momtered by

\UV flourescence, and afte electrophores1s in a homzontal apparatus (150 volts,'

.

Z-—-‘L hrs) the DNA was recovered by ethanol preC1p1tat10n _— '
N .
DNA fragments end labelled with 32P for DNA sequencing

( . : \f (Section .2.4.7) were isolated from acrylamide gels after location of the bands Zy\
A # .

| 'autoradiography. The gel was lined up with the autoradiogra_m-{tﬁe position of the
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wells was marked on the film for orientation) and the labelled DNA located with
a Geiger-Mueller céu.nter_:. Gel slices containing.the DNA were exhaustively
minced in a 1.5 mi Eppendorf tub'e using a plung'e: from a 1 cc syringe, and eluteda_ -
/into 500 ul of bu.ffer (;5 M-ammonium acetate, .01 M magnesiﬁm acetate, 1 mM
EDTA, .1% SDS) at 37°C fér 12-18 hrs. M[t@? j.ﬁcubition,,the acrylamide was
centrifuged m an Eppendorf bench centrifuge for 10 min, the aquec.:'us phase col-
- lected, the écrylamide _washed with ZOO_ul elution buffer and again centrifuged,
then the supgfﬁatant fluids pooled, filtered by gravity thrnugl; glass ‘wool, precip- |
itated ‘tlwic_:e‘ fzfom 66% ethanol and the" ethanol ﬁellet finally dried in a Speed[—va&.' ‘

This pellet was ready for chemical degradations as described in Sec{ion' 2.4.8.

2.4.!_5 T4 DNA Ligase conditions _
Ligations  were _performed .at 14°'C overnight in 10 mM MgCly,
20 mM d1th1othreltol 50 M Tris HCI (pH 7.5} and 1 mM ATP with 0. 1 units of

T4 DNA hgase (Bethesda Research Laboratones) per ug DNA.
‘ \ N

247 - T4 Polynucleotide kinase conditions

- DNA was end labelled using (32P]-ATP and T4 polynucleotide kinase (BR
described by Maxam and G:l})e(f'(l%o) -After kmasmg, labelled DNA was sepa-
rated from ATP by centmfugmg through Sephadex G50 as descnbed bv Maniatis

et al (1982).

- 248 Maxam-Gllbert DNA Sequencmg
 The strategy for sequencmg DNA fragments is outlined in the legends of appro-— 1
. priate f1gures End labelled DNA was chemlcally cleaved usmg the base- specxflc : .
chemical wmodiffcation reacgions exa.ctly as described by Maxam and Gilbert "

(1980), except that in place of the pyridinium formate reaction (G+A) the purine

-
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.
specific reaction described b‘y‘ Maniatis et al (1982) was used. Briefly, 50 ul of
. 98% formic acid {Baker Cl;emical Co.) was addgd to 10 ul ddH70 :-uid 10 yl of end
labelled DhiA. This reaétioh {15 min, 20°C) was stopped as desc‘ribed fo? the
hydrazine -;éactions and the cleavage products from the séquencing reactions

were- resolved on denaturing acrylamide gels (Section 2.4.3) as described (Maxam

N

j)

and Gilbert, 1980). -

-



T

s, _ Chaptfr ] /_//

= i

oy

Construction r.u:‘_F Recombinant Plasmids Containing Ad 5 DNA

bl

1]

- ¥ . - ;
3.1 Introduction : : ‘ ;
1

As an approach to_.studying the transforming :ienés of Ad5 we chose to construt@D

recdmbina;xt bacferial plasmids coantaining ‘Ad5 DNA restriction fragu;ents.

Clo:iing the left end sé_émences would provide a convenient approach to studying

these genes since (1) specific fragments of thé'_AdS genome could be obtained

biochemically pure, (2) large' amounts of a unique subgenomic DNA fra.gment
could be purified from E.coli by isolating recombinant plasmid DNA, and (3)
cloned Ad5 DNA sequences could be mutagenized in vivo or in vitro and the
effects of these sequence alterations could be examined by cloning and purifying
plasmids ;:fntaining the altered structure ahd exami.ning their biologic'al activit;y
{or the loss thereof) in eukaryotic cells. |

The cloning vector pBR322 {Bolivar et al.,, 1977), depicted in

Y

Figure 3A, was used for construction of all recombinant plasmids described in this

work. This plasmid has a mumber of advantages for recombinaag DNA work

involving isola;.ed eukaryotic genes such as the adenovirus genome. (1) It is a

L

small plasmid (4.3 kilobase pairs) and can accomodate reasonably large DNA

inserts. This wortk describes inserts of up to 20 kbp. (2) It is_é high copy, nufnbet
plasmid _and u;:lder st;ingént replication conditions there c;.n be_fror.n 1,000 to
3,000 copies pér cell {(Lewin, 1977). (3)'I.It encodes  two drug L‘-es.i‘stancer determi-
nants, ampicilin resi.'stance (Amp") and tetracycline resistance (Tet®), facilitating

selection of E.coli containing recombinant molecules on the basis of drug resis-

~
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tance phenotypes. And finally, (4) pBR322 has numerous unique réstriction endo-
~nuclease cleavage sites within the Amp® a.nciar Tet® genes, allow'mg a mr{de choice
of sites for insertion of foreign DN.‘;. .
This chapter descﬁbes the ;:onstruction of chimeric pl‘asmids contain-
ing segments of Ad5 DNA inserted into pBR322. This sectiongalso contains a
detailed strm::tura!l analysis of several plasmids which were used in studies to be
described m later chapters. Récombinant plasmids have been named atcjrding to
the Ad5 DNA .restﬁction endonuclease f}agment they con;tai‘;, s;.xch asmpla.smids
- containing - the Xhol-C fragaat—ant (pXC1) and the HindII-G fraémént- (pHG1).
_Diag?ém‘atically, plasmid DNA is represented either as a circle or schematically
linearized at a restriction site unique to_ pBR322 (vector) DNA. The vector

sequences are represented as a solid line while inserted viral DNA is re'presen'ted
N : _ A . - N\

as a boxed region, and appropriate endonuclease restriction sites are marked for

orientation.
3.2 Results and Discussion
- 3.24 Cloning the left end

The cloning of the BamHI-A and BamI—ﬁ-—B f;agments of Ad5 DNA was carried oﬁt
by Dr.F.L. Grahaﬁ:. The apprqach taken i§ illustrated in Figure 3A. To prepare“
viral DNA for_ biunt end ligation to, BamI—H‘linker DNA it was necessary to treat
Ad5 DNA with limited exonuclease I digéstien followed by S1 nuclease digestion.
This 'pi'ocedure eliminates the te:'.;n'inal‘protein or peptide which is; covalently
attached t:a the 5 end of viral molecules {(Rekosh et al., ‘197;.7; Desiderio and
Kelly, 1981) but it should not affect the transforming activity provided digestion

is limited to less than about 300 Bp (Graham et.al., 1974a). Viral DNA, ligated to
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Y,
BamHI linker molecules, was digested with BamHI and ligated amHI t;.lige;ted
PER322 as described in the legend to Figure 3. This DNA was then used to trans-
form E.coli LE392, and Amp" TetS clones were isolated and screen using the
technique of Birnboim and Doly, (1979) for rapid analysis of plasmid DNA. Usiné
this approach, 9 recombinant plasmids'qontaining the left 21 khﬁ BamHI-A frag-
ment (including pFG25, Figure 3A} and one P}%smid, pFG23 (Figure 34) cc;ntaining
the right 15 kbp BamHI-B fragment of AE; DNA were isolated (McKinnon et al.,

1982)! I

3.2.2 _ Construction of pXC1 - .
The extent of exo I digestion in the 9 plasmids containing the BamHI-A frag-
 ment was determined 'by sizing ‘the left terminal AdS Xbal-E band by ag;aros,g\gel
electrophoresis, a.nd comparing it to the corresponding band from wild-type viral
DNA. Plasmid DNA 1solated from these 9 clones was digested with BamHI and
Xbal and electrophoresed on a 2% agarose gel shown in Figure 3B. Digestion of
| these plas:ﬁids generates 4 fragments including the Xbal-B fragmént and the
leftmost 3.8% Xbal-E fragment. This latter band was 'larges.t for the plasmid
pFG25 shown in lane 9 of Figure 33, and this plasmid was chosen for further
work. The precise extent of exolll digestion in pFGZS will be_discussed below.
The orientation of the BamHI-A fragment 'in-pF Ggﬁwas d‘etérmined by
analysis of the Hind[I digestion products shown in Figure 3B (la.in_e ‘10). In addition
to the HindiI-C,1LE, and H fragments,l two junction fragments répresenting .
pﬁR322 seﬁueﬁcés a.ttached to viral fragments G and A are observed. Tile sizes of
these hybrld fragments agree with the structure of pFG25 as shown in F 1gure 3A
‘ W‘lth E1A sequences proximal to the EcoRI site in pBR322 sequences. A similar

analys1s of pFGZ23 revealed/ hat the BamHI-B viral fragment was oriented as
TN i
1

N\

e TN
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i A. Clonihg protocol. The conditions for all nuclease digestions

L J

Figure 3. Molecular cloning of Adenovirus"‘type 5 DNA.
i

7

re described in Section 2.4.2. Ad5 DNA was first treated with exo-

nuclease II and then SJL\}; described by Grabam et al (1974a),
phenol-extracted, ligated to synthetic decanucleotide BamHI "link-
er” fragments, then digested with BamHI. This DNA was ligated to
pBR322 DNA which had been digested with BamHI then alkaline
phosphatase to prevent recircularization. ngated DNA was used to
transform E.coli. LE392, and Amp" Tet® colonies containing AdS
DNA sequences were identified b}g/ lony hybridization using [32p]
Ad5 DNA as'a probe. Plasmid DNA from positive colonies was
screened by HindIIl digestion and agarose gel electrophoresis for the
presence of AdS inserts. Initially, one plasmid (pFG23) was identi-
fied. In a subsequent. experiment the BamHI-A fragment from Ad5
DNA was isolated by gel electrophoresis after attachment of BamHI
linkers and digestion with BamHI. This DNA was cloned in pBR322
as above aine recombinants containing the BAmHI-A fragment
were{miﬁ ¢ ,

B Plasmid DNA from the nine BamHI-A contammg clones was
dlgested with Xbal plus BamHI and electrophoresed on-a 1. 2% verti-
cal agarose gel (lanes 1-9). The orientation of the A- -fragment in
clone 9 (pFG25) was determined by HindII digé-stion (lane 10).
Markers: (X) Ad5 Xbal digestion products; (H) Ad5 HindII digestion.
The restriction map of Ad5 for.- Xbal and Hl.quH is thown in the car-
tcon below.

N

C. Congstruction of pXCl. DNA from clone 9 (pFG25) whs
digested W}}E Xhol plus Sall and the entire reaction volume was
treated with T4 DNA ligase. After transformation of LE392 with

‘this DNA, Amp’ Tet® colonies were isolated and plasmid DNA swas

analysed from eleven clones by digestion with HindII and efec-

'trophoresis (lapes 1-11}). Lane 12:pFG23 DNA digested with AindIl

(see text)., H: Ad5 HindIll digestion (marker).

e
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depicted in Figure 3A, with the right end E4 sequences located distal to the
'EcoRI site of pBR322. The location of the synthetic BamHI linker molecules

ligated to the ends of exolll treated cloned viral DNA is shown by an asterisk in

F’igure 3A.

The plasnﬁd pXC1l containing only.AdS .El sequences and litﬂé else
was constructed as shown in Figure 3A. Digestion of pFG25 with Sall (3 sites in
Ad5 sequences and one site in pBR322 DNA) and' Xhol {three sites in Ad5, one of
which is shown) gives a 9.1kbp fragment cpntaining B-lactamase {Amp") and ori-
gin sequences of pBP‘{32§_with 4 bp cohes\ﬁt ends (Sall and Xhol generate the .

same "sticky-ends"” aﬂéi?'fdigestiou of DNA). The reaction was treated with T4

'DNA ligase, then the DNA was used to transform LE392. Amp’ Tet® colonies.

were isolated and plasmid DNA a.n}llyzed by digestion with Hind[I as shown in
Figure 3C in order to"identify clones carrying pXCl. 90% of the clones screened
(10/11) contained the construct pXCl which gives two fragments of 6850 and
31§0~bp after &igestion with HindIll as shown in Figure 3C The eleventh clone,
shown in lane 7 of Figure 3C, was not further characterized.

The plasmid pXCl contains the entire Ad5 El sequences oriented
clockwise in pBR322 from position 375 (BamHI site} to 650 (Sall site) in pBR322
sequences. As will be described-in Cl"llapter. V, pXCl is capable of transforming
ﬁrima_ry rodent. cells m a morphological transformation assay. The following sec-

tion describes the construction of a number of plasmids derived from pXC1l which

_are used in Chapter V to examine the ohcogénes' encoded in pXCl.

of
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323 . Plasmids derived from pXC1 - ~ f{; '
A pHG1, pCD1, pHE1

The straiegy used to conmstruct 3 plasmids derived frém pXC? is detailed in the
legend to Figure 4. The plasmid pHG, containing the left 8% viral HindII-G
fragment (Figure 4A) was constructed by first isolatingrfzx BamHI-HindI frag-
ment from pXél DNA then inserting it into the compatible sites in pBR322.

Vector DNA was treated with alkaline phosphatase in order to prevent religation

of pBR322. This procedure reduceéd the transforming efficiency of ligated DNA

(2x103 Amp® colonies per ug input pBR322), but resulted in a high proportion of

colonies containing chini‘eric plasmids &{8/30 or 93% of colonies were Amp"® TetS).

All colonies analysed (5/5) contained the plasmid pHG1 with the Ad5 HindII-G

fragment correctly inserted into pBR322 as illistrated in Figure 4A.
.y .

1%

The plasmid pCD1l shown in Figure 4A deletes most of the E1B.

se&ﬁgnces of AdS5 and {s one of 3 derivatives constructed by Dr.Grahan:!. Sacl rec-

_ognizes 3 sites in.pXCI‘, generating viral Sacl fragments E (0-5%), G (5-10.3%),
and; F (10.3-16.5%). iny the two leftmost Ad5 S‘acl‘sites are ‘ﬂlustrated in
Figure 4A. The plasmid pXCl was partially digested with Sacl, treated with T4
DNA ligase, then used to transform LE392. Amp® Tet® col‘onies. were then
screenedfor the presence of plasmids which had deleted the Sacl-G fragment
LgCDl)f “In addition, the plasmids pCD3 (missing the SacI—F fragment) and pCD2
(fnissing both G and F fragments) were isolated. - Plasmids pCD1 and pCD3 were

'analysed to, ensure that & acl-F and -G fragmezit_s, r'especti.vely, had not béen

ata of Dr.F.Graham).

inverted during the cons ]

- » -
. Construction of pHEL, containing only ElA sequences, is detailed in

4

Figure 4B. Since the origin of replication of pBR322'i.€ located between the Amp®

f

iy
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" left end of the viral gememe.

- -

Figure 4 Construction of plasmids pHGI, pCD1 and pHE].

=2, The plasmid pHG1 was constructed by isolating the 2.8-kbp
HindII fragment from pXCl after a_garose gel electrophoresis of

digested DNA. Recovered fragment DNA was ligated .to pBR322
. DNA which had been digested with BamHI, treated with alkaline
ph05phatase (as described in the legend to Figure 3), then digested

with HindIll. Ligated DNA was used to transform E.coliLE392 and

Amp® colonies were tested for Tet. Al Amp" Tet® colonies
screened contained the plasmid pHGI1. The plasmid pCD! was con-
structed by digestion of pXCl with Sacl then ligating this 'DNA and
transforming LE392. Amp® Tet® colonies were screened for clones
containing the construct pCD1. ‘

B. Construction of pHEl. After digestion of pXCl with Hpal
and Sacl (total digestion) and with Pvull.(partial - igestion), this
DNA was Iigated with T4 DNA ligase and used to transform LE392.
Amp’ Tet® colonies were screened for a. 4 2-kbp plasmid containing

- the 171-bp PvuII fragment.

-C. Schematic representation‘of ' Ad5 DNA present in plasmids
pXC1l (0-16% Xhol-C fragment), PHG1 {0-8% HindII-G fragment),
pHE1 (0-4.5% Hpal-E fragment) and pCD1 {0- b%“plus 10-16% SacI-E
and -F fragments). A transcription map of E1 mRNAs is included
for orientation. Number$ indicate kilobase pairs from the extreme

'S

@
5






55
«

gene {B-lactamase) and the Pvull site shévé;x m the top construct of Figure 4B, the:
region ‘of pXCl between the Hpal site (1574 bp on the.Ad5 map) and this Pvull -
site could be deleted without altering the viability of thJ;._s plasmid in _E_c_:_gl_}. Since
Hpal {recognition s:eq&uehce 5-GTT'AAC-3) and Pvull (féCOguition sequence
5'-—CAG'CTG-—3')- both pr.odu.ce flush 5' and 3' termini after digestion, thesﬁe ends
can. berl"igated to produce the fusion sequence 5-GTTCTG-3' which wouid subseq-
uently not be recogmzed by exther ‘enzyme. The dlfﬁculty in constructing this
plasmid was the presence of 2 sites for Pvull mthm ElA as showu in the second
3 - '::onstruct in Figure 4B. It was <thus necessary to dxgest pKCl partlally Wﬂh Pvull, ‘
ant1c1patmg that amongst the digestion products would be molecules tl\mt had..'
been cleaved at the PvuII site in pBR322 DNA but had-not;_ been cut at either of'_ :
¢ the 2 sites in ]EllA)r quence;s.. After partial digestion v.fftﬁ Pvull (room te’mp'ei."a—.
ture, 1 hr) this eqfi;ym.; was heat inactivated (65°C, 15 min) then this DNA was
digeste_,ti to completion with Hpal and Sar-:I. Sacl cleaves at 3 sites in -p}.CCI (see

thevthird construct in Figure 4B) and produces termini that are incompatible for

ligation to blunt e,pd tern:um, thus reducing the background jof hgatable(/m lecules

7}

whlch contamed E1B Pvu.[[ fragments. Ligaied DNA was used to transform LE392
and Amp® colqnies were screened by P _ dig%stion of plasmid “DNA. Out of 19
cglonies screened, 2 weré found to coﬁtai"n’ the pl;smid pHEIL.
The adenovirus DNA present in pXCl, pHGI, and pCRl is shown in
Figure 4C relative to the tramscription map of early fegion El. These 4 plasmids
: -

have been characterized extensively (Chapter V) for their transfcﬁgi'r‘{g'activity,
6

: , )
and a detailed analysis of their structure is presented in Section 3.2

e
S
.“&.
R
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B.  pXC386, pHC1 . o

The construction of a plasmid containidg only E1B gequences is shown in Figure 5.

. Firs pXC1 DNA was linearized by chgestmn mt.lt HpaI then ligated in the pres-

J?L-

ence of BamHI linker DN’?Ejdecanucleonde 5'-pCéGGATCCGG—3) After tranS* .

: formatmn of E.coli LE392 and selection for AmpT bactena, colonies were
screened for clones carrying a 10-kbp plasmid wh\16 gave 2 fragments (8.4 and

1.6-kbp) on digestion with BamHI. The resultmg plasmid pXC386 was then d1gest-'

- /
~ed with BamHI, treated with T4 DNA ligase, then DNA was used to transform .

LE392 and Amp" colomes were screened for a plasmid which had Igst the 1.6f-kbp
BamHI fragment (pHC1). " . -
"C.  pVU1E, pHI4 S
Two additional plztsmids, containing tne extretée ieft terminal Pvull fragment

b

(pVU16) and the extreme rlght termmal Hmd]]I—-I fragment (pI—Hé), were con-

structed as fol.lows. To construct pVU16 the plasm1d pXCl was d1gested to com-

pletion mth Pvull (see Figure 4B} then treated with T4 DNA 11gase,p/d/trans-

. formed E.coli were screened for ‘colonies contammg a 3.1-kbp* glasmld with_a
454-bp BgmHI-Pvu]I insert. To construct pHI4 the plasmid PpFG23 shown in
Figure 3A was dlgested with HdeE[ and 11gated ‘and transformed E.coli were

screened for colomes contammg a 5. 4—kbp plasmid with the HdeII—I fragment of

Ad5 (97-100%) inserted between BamHI and HindII Msmzz.
¥ } &

[
o

324 Structure of the junction between pBR322 and E1 sequences

- i A ‘ N .
- Analysis of the Pvull fragments from viral.and plasmid DNA is'shown in F igure}. :

_ADlgestlon of w11cl ty.pe Ad5 DNA with PvuII gives 22 bands resolvable on acrylam- :

ide {F1gure 6A) and on agarose (Figure 6B) gels. DNA sequénce analysm of the

left end o%ﬂ DNA (Tooze ’4;981) predicts that the left termmal fragment

-
. P
I -

' N I - ' .
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Figure 5. Construction of pXC386 and pHCl. pXCl DNA was
digested with Hpal, ligated in“ the présence of BamHI

decanucléotide fragments, then used~to transform E.coli LE392.

AL

Of 36 Amp _colonies screened one ‘contained a plasmid (pXC386) ) |

' with two BamHI cleavage sites. The remainderscontained pXCl. The.

E1B plasmid pHC1 (Hpal-C fragment) was c_onstructed from pXC386 _.

by BamHI digestion followed by ligation with T4 DNA ligase. This

DNA was used to. transform LE392 to Amp and all clones sc:eened '

(4) contamed an 8. 4—kbp plasmid mth a smgle BamHI s1te Ceuter
sequence of Ad5 DNA at the 3' end (C-termifus) 8¢ E1A, showmg
the translation stop ition 154% and the poly(A)} addition
signal UUAUUU at\gosition 1611, S

d sequence represents the g
decanucleotide inseftion (BamHI lmker/ DNA) pi-ese_nt' at poﬁ‘kﬁir’/ ‘

: 1574 in pXC386.
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should be 454-bp, with a penultimaie 171-bp fragment. The 454-bp fragment is
identified in Figure 6B as the lower Band that is absent from the deletion mutant

virus d11504 (lane 3) and present in wild type DNA (lanes 2,5). d11504 has a 106-bp
‘ ?5 YP e

deletion spanning the leftmost Pvull restriction site {Osborne et %&1982) and is

_ missing both .the 454 and 171-bp bands while generating a novel 519-bp fusion

Pvull band. .

While these ands migrat_ié acﬁordiﬁg to their molecular weight on aga-
rose gels (Figu.re BB)th\xeY migraté ano_m;.lously on acrylamide gels (Figure 6Ak
The 519-bp fusion band from:dl]l.S.Oé u(larrze‘ 3) migrates slower than the 606-bp

marker band in acrylamide, in contrast to its position relative to this marker band

. in agarose gels. 'ﬂ}e 454-bp band from wild type viral DNA comigrate'sfwith a

690-bp Pvull fragment which shows ingreased intensity (lanes 2 and 5). Thus in

both wt/dnd mutant virus the leftmost Pvull fragment migrates through acrylam-
ide as though it were approximately é.OD—bp éﬁrgér than either the predicted size

or the size observed on gels. There.are 3 possible explanations for this: (1) a

strain difference between the virus sequenced (van Ormondt et al., 1980) and ‘the -

‘two virus isolates shown here; (2) effects of residual peptide sequences covalently

attached to the 5 ends of viral DNA. after proteinase digestion (Rekosh et al.,

~1977) altering the mobility of these bands in acrylamide but not agarose gels; and

(3) secondary structure of the DNA unique to thj.s restriction fragment altering
its mobiiity in acrylamide. - 7 .

The firét possibility can be ruled ,‘Qlt.ltlssilruiﬁc‘e t;ae le&tmost Pvull frag-
ments froﬁ both wt virus and d11504 migt;ate'a_s pyédicted {from the DNA
sequence) on agaqué’gels {Figure 65‘“).‘ The second ﬁ;ssibﬂity can be ruled out by

examining the mobility of the 454-bp fragmeﬁt from cloned ;p;lasmid DNA, as

shown in Figure 6 for pHG1. Digestion of pHG1 with BamHI and Pvull gives 5 -

L4

Y
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Figure 6. Structure o} cloned left end sequences. Viral DNA
(Ad5, d11504) and plasmid -DNA}pHGI) was digested with either
fvuﬂ or BamHI plus Pvull and electrophoresed on (A} 5% acrylamide
- angd (B) 2% agarose gels. Lanes'1 nl ker DNA { A DNA digested
. with HindI); IaneséZ,B. Ad5 DNA digested with Pvull; lane 3: d11504
digested with PiruII; lane 4: pHG1 digested with Pvull plus BamHL.

Numbers on the left refer to size of marker DNA fragments in base
pairs. Numbers on the right refer to the size of the left terminal

Pvull fr,agmen-ts from Ad5 DNA and from d11504 DNA as depicted in

the cartoon below. The location of Pvull restriction sites in the left
end of Ad5 and d11504 DNA, and in pHG]1, is shown in the cartoon.

) ) : N . ‘\/-
Numbers indicate distance (base pairs) from the left end.

NP2
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fragments ihcluding one band that'mi‘grates as approximately 700-bp on acrylam-
] ido (Figure 6A, asterisk) and as 475-bp ‘o: aigarose gels (h‘{gure 6B). Since termninal
peptide sequences are not present in the cloned fragment from ;:ZHGI, the altered
mobility of this band in acrylamide must‘be due to secondary structure. It should
be possxble to demonstr‘a:ke this directly by electrophoresmg this DNA on dena.t—
auring acrylamide gels, although this was not attempted.

The size of the leftmost cloned Pvull fragment in pHGi' (475-bp,
Fiéure 6B) is suhprioingly large since exolll dfgéstion should have reduced its size
relative to the 454—bp band seen in wt viral DNA. The mobility of this band .sug‘—

gested that it was ZO—EO—bp larger than the wt viral fragment. As will be dis-

cussed below this ‘moblilty shift is due to a cloning artifact which resulted in the

insertion of a 35-bp sequence of unko'own origin between the BamHI linker and

- AL .

s

the end of the viral DNA after combined exolll-S1 digestion. This sequence is

present in pXC1 and in all plasmids derived from pXCl, and is presumably present

in pF (G25. Other plasmids containing the Ba.i:nHI—A- fragment were not examined in.

detail for the presence of this insert, although it is probably unique to pFGZS

since this plasm:d was selected as descnbed above based on the mcreased size of

the leftmost Xbal-E band relative to those from the other 8 BamHI—A clones ,

V(Fxgure 3B). - ‘-\ o N : .

’

3.25 DNA sequence.analysis . . : L
The extent of eXon;cleas:e digestion dqrin? conétructi_on of _pXCl {as shown-in
Figure 3) was determinod hy ‘EDNA‘ sequence analysis as shox\ in Figure 7 {pah-
" els A-C). DNA sequencing was carried out according to Maxa'mkan,d Gilbert (1989)

using the strategy as shown for pXC386 in the uppeliiartoon of Figure 7 and as

outlined in detail in the legend to Figure 7. The approach was to isolate a DNA

.

N
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t:eagment uniquely end labelled with 3p at the left end BamHI site, perfqr@ the
chemical degradations described in Section 2.4.8, ane analyse the cleavage prod;-
ucts on a 20% T™ ﬁrea sequencing gel. "The results for sequencing the left end
BamHI linker region of pXC386 are shown in panels B-";mdccs of Figure 7. Identical
results were ebtained with a mixture of comparable end labelled DNA Erag:nents
frbm 3 derivatives of pXC1 described in‘Chapter IV (pXC2, pXC15 and pXC16) as
shown in panel A of Figure 7. The DNA se@uemie is interpreted adjacent to each
tra.ct. in the autoradiogram, and is summar-i'zedrrin _the_uppe; cartoon of Figure 7.

Several points can be made from these resuits. First, the BamHI linker fragment

5'-CCGGATCCGG-3' (underlined. sequence) : is ;orrectly inserted since- the

sequenced portion {starting from the 5' penu.ltlmate G) is as expected. It should be

]

noted that this analysis does not formally rule out the poss1b111ty that rnultlple

BamHI linker molecules were ligated next to the end of the exollI-S1 treated viral

termini, sinc e sequence analysis shown in Figure 7 commencés at the right-

inost BamI-Ilil site at ,the left end-pBR32Z2 junction. Such a pb};sibili;y seems

remote, however, since’t'h_e viral DNA with BamHI linkers attached was digested

_ with BamHI prior to insertion into pBR322 (see legend to Figure 3) and this would

remove concatameric linkers at the ends. _/;/

Z{Fhe second observation from the left end sequence analysis [Eﬁgure T

. s . 4
is that exonuclease III treatment followed by S1'digestion resulted in the loss of

21 nucleotlde pairs from the leftmost termini of the viral fragment that was

cloned into pFG25 Al gerwatwes of this plasmid (mcludmg pXC2, pXCl5,
pXC16, and pXC386 shown in ,F1gure 8) have lost the first 21-bp of AdS DNA in
the left termmal repeat and show a l:1 correspoudence from poqxtlo/ 22 right-

wards with the pubhshed sequence for Ad5 DNA (Tooze, 1981 A sumlar DNA

sequence analysw} the right end BamHI linker site in pFG23 (Figure 3A) demon—



Figure 7. DNA sequence analysis of cloned Ad5 DNA. The:

sequencing strategy for pXC386 is depicted in the upper cartoon.
BamHI digested DNA was treated with alkaline phosphatase, then
the l.6-kbp left-end fragment was isolated by gel electrophoresis.
DNA‘L was eleciroeluted mto a dlalyszs bag, ethanol precipitated,
then bmd-labelled with [32Pl-ATP and T4 polynucleotide kinase.
Labelled DNA was separated from ATP by Sephadex G25 chroma-
‘ tography, ethanol precipitated, dlgested with Smal, then electro-

phoresed on a2 5% acrylamide crel. ‘The two end-labelled fragments ..

were located by autoradiography a.nd the acrylamide slice contain-
ing 32°'p DNA was minced and incubated o/n in buffer (Sec-
' tion. 2.4.5), Fmally the DNA was ethanol precipitated from the buff—

, dissolved in ddH0, and sub]ected to base specific chem1ca.l‘

cleavages (G, a>G, T>C, C) as described by Maxam and Gilbert
(1980) except that formic acid was used for the purine cleavage

reaction {Section 2.4.8). Cleavage products were electrophoresed on -

sequencing gels as described in Section 2.4:4.

_ A. 20% acrylamide gel; DNA end labelled at the single left end
O-map units) BamHI site from three plasmids derived from pXCl1
(pXC2, pXC15, pXC16) was mixed, cleaved, then run in two sets
such that nucleotides 1-22 from the end label (right set) and 8-50
(left set) were visualized. '

B. 20% gel with DNA end labelled at the 0-map unit BamHI site
of pXC386, comparable to the right set in panel A.

" C. 20% gel with DNA end labelled at the 0-map unit BamHI site
of pXC386, comparable to the left set in panel A,

D,E. 20% gel with DNA end labelled at the 4.5-map unit BamHI
site of pXC386.

The top cartoon shows the sequence of Ad5 DNA (1-40 "and
1565-1590- -bp) and the sequence of the junction between pBR322 and
Ad5 DNA in pXCi derwatlves {from panels A,B and C) as well as
the sequence accross the BamHI site at 1574-bp in pXC386 (pan-
el D). Arrows indicate the dir.;_ection‘bf sequencing (bottom of gel is
closest to the end label). Underlined sequences represent the deca-
nucleotide linker inserts. (?): sequence of unknown origin (see text).

-

;\9 . ~
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strated that 24-bp were removed by coml;i_ned exoldI-S1 treatment during con-
struction of this plasmid (data not shown). -

Finaﬁy, for all deﬁvatives of pXCl éequenced to date, a 35-bp
sequence ?f LQ‘?\O/WD origin is inserted between the BamHI Iinke:- and the end of
exolll digest'ion at pgsition 22. This sequence, shown in Figure 7, bears no homol-

ogy to either linker DN?:- to the énd of Ad5 DNA. Since it was apparently

ligated into position, after exolll digestion, in the preseﬁce of BamHI linker DNA,
. &

it could conceivably be a contaminant sequence present in linker DNA or it may ‘

represent the ligation of nucleotides derived from the exolll digestion of viral

DNA (reactibﬁ products 5'-pN73') to @ach other in random order, although the dis- '

. ~ ,
tribution of bases in this sedquence (66% GC)} does not reflect the distribution of

bases in the first 20 bp of viral DNA (20% GC). The presence of this extra 35-bp

at the left end gives a net increase of 21-bp (counting from the BamHI cleavage

site) in cloned left end sequences, and explains the size of the leftmost Pvull
' §r;.gmenf as seen on agarose gels (Figure 6B, lanes 2 and 4). The presénce of these
extra sequences presumably has no effect on the biological activity of these plas-
mids, and have been considered as vector sequences for the purpose_;of this thesis.

_Figure'. 7 also shows a sequence analysis of the BamHI linker decanu—
cleotide introduced at position 1575 (Hpal site) in pXC386. Panels D and E of
f‘igure 7 show that the linker was inserted as predicted, and that sequen.ces
upstream (leftward) ‘of this linker site agree with the published sequence és shown

in the\upper cartoon in Figure 7. A similar analysis of the rightward b_oundéry of

this linker site was also carried out (data not shown). This analysis again does not

rule out the possibility of mult-ipi;?)lqinker inserts. < However, this js improbable .

since digestion with Hinfl produces a fragment spanning this linker site in pXC386 -

with a mobility on acrylamide gels consistent with the anticipated size (data not
" i ‘

g
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shown). Therefore pXC386 contains”the decanucleotide BamHI linker molecule

properly inserted at the Hpal site in pXCI.

-

3.26 Summary of E1 plasmids . ‘

Figure 8 shows a schematic representation of °51x recombinant plasmids ;.vhose
construction was detailéd above. The structure of the Ad5 genés present in these ]
plasmids will be described as a prelude to studies on the transforming activity of
these plasmids examined in Chapter V. For orientation purp&ses the transcrip-
tional map of E1 described in the !ntrqductionée\f‘igﬁre 2} is shown in the top
of Figure 8. _

The ﬁiasmid pXC1 contains .all of El in addition to the s%uctural' com-
ponent of the gene ‘.enching IVall The left boundary of Ad5 and pgRBZZ DNA is

" the sit;z o-f the BamHI linker molecule followed by a 35-bp sequence of unknowr;
origin (discussed abovg) then Ad5 sequences co;rxmenc.ing at position 22 in the.left
term‘inal‘irepelat. The right bou—ndary- between Ad5 and pBR32Z DNA is a ligation
between Xhol aﬂd Sall cohesive ends prodﬁcing a seq:aence that is recognized by
neither er;zymg. As far as has been determined by restriction endonuclease anal-
yéis ‘and by DNA seﬁueﬁce analysis (see Chapter IV}, the Xhol-C fragmeut cf.AdS |

‘ DNA“present in pXCl is ;structurally identicél to that of the published DNA
sequence for this region of Ad5 DNA {Tooze, 1981).

The plasmid pHGl‘ contains AdS DNA from nucleotide posi’tion 22 to
position 2804-bp (the left 8% HindII-G fragment). All'of Ad5 ElA sequences are |
present in pi—IGl, as well as the structural coding sequences for the EloB ?ik pro-

* tein and the URF10 prdduct. In addition, the Netefminal sequences of 55k .are
gresent, but fusion of AdSland pBR322 sequences results in the introduction of 9

<new' codon# preceding a premature term\'mation of 55k which would result in a



Figure 8. Structure of El plasmids. Representation of p }smuis

containing Ad5 DNA (boxed) and vectof {(single line) sequences. .

Plasmids are- schematically linearized in the vector DNA, and are

-~ aligned with the BamHI linker site at 0-map units in pXCl. Top

cartoon: pXCl with a transcription map of ElA and EIB as
described in the legend to Figure 2. Junction sequences between
pBR322 and Ad5 D.NA sequences are presented in lower case, while
viral DNA sequences and linker DNA are in upper case letters.

Translation codons are indicated by underlined triplets, and where

~ theoretical products are _extendgd by translation of vector

sequences these sequences are mdlcated Hypothetical’ products
include a 272 aa truncated protein from pHGl and a 148 aa

extended polypeptid IX from pCDl. Nucleotlde positions indicated

(small arrows)"repre ent the map positions from pBR32.Z DNA and
from Ad5 viral DNA. '
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truncated product of the retical ezolecular weight of 30k (272 aa). Note that this
plasmid constrtuct lac\lsshk 5 sequences for terminetion ;of {he E1B transcr‘ipt and
for pelyadenylation, in addition to having lost the 3' splige acceptor site for the '
‘13.5 E1B mRNA. Since a mRNA prodﬁct\for the l-strand URF10 product has notl
been\mapfnec.i it is not possible to predict the structural alterations of this product
et present. | . o : | /
The plasmids pCD1 and prEl represent two E1A containing constructs,
prl deletes most %f ’élB sequences leaving the 5' and ¥ 'transcripti_on signals

‘ | _ s T
intact. By fusing Sacl sites at 1774 and 3645-bp, the first 22 codons of 21k in E1B

are fused in phase to the 128 C-terminal eodons of pretei__n IX'producing a theo-

retical 14k fusion product. On the other hand pHE] deletes all of E1B sequences
as well as IVa2. The Hpal site (1574-bp) is 5' to the transcriﬁtional stop and
polyadenylatienAsignals for E1A transcripts, but lies downstream frs;m the stop

codon used for E1A translation products Thus, like the situation for the Zlk EIB

product in pHGI1, ﬁ the translatlonal mformatlon for ElA products is present in

L

pHE1 but transcriptional termmatlon signals are deleted. |

| The plasmid pXC386 contams a 10-bp BamHI lmker‘ DNA ‘inse.r_t at the- |
Hpal site Lﬁ‘*ElA.‘“Ks for pHE1, altei-d'lic;n of this site should not affect expx?ession o
of .ElA products. Howevef; it does caueeu a frameshift of ?:he putative product of
URF11 resulting in a missense polypeptide terminating at position 1332 in the

l-strand. This is the only alteratl/oaof El products in this plasmid, smce ElA

E1B, and URF10Q coding sequences a ).maffected bv this 1nsert1on. .

The plasmid pHCIN\delefes all of E1A sequences between the BamHI

linker at position 22° and the HpaI szte at 1577 bp This plasrmd contains the

entire E1B regmn, as well as sequences for IVaZ L
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327 Construction ef an Adjs gene bank -
In addition ttJ plasmids containing Ad5 Elfsequences described above, .Eeverhalﬂ
;ecdmbinant plasmids were constructed. coeteining internal Adt'a HindIM frag-
ments. The vector used for cdnstttxction of these_ plasmids‘: pTK173, is showﬁ in
Figure 9. pTK173.is a 6.5 kbp recombinant plasmid, constrycted by inserting a
e | - 2 kbp Pvull fragment contammg the HSV-1 (strain KOS) thymidine kmase gene . %
\ (TK) from the plasnnd pTKl (Graham et al., 1980), into the Pvull site of pBR322
- (unpublished results) Thls vector, analogous to a plasmid pAGO constructed by
'Colbere—Ga.rapm et al. (1979), has all the structural features that render its [f—_‘
parental plasmid a useful cloning vector. In addition it contains a sele_r;table |
'eukaryotic marker (TK) which allpws it to be used to introduce cloned DNA into |
mamma?;ells by cotransiection. | - . o | \
. The mternal Ad5 HindII fragments were cloned into the unique HindII "
I . site of pBR322 (Flgure 9B) and into the Hmd.I]I site of pTK173 (Flgure 9C) by
tmg a mlxture of Hde[[ digested Ad5 DNA plis vector DNA, trghsforming
. | E.coli LE392 -mth'hgated. DNA, then 1solatmg and screening Amp® Tet® colonies
i\ ?or clones cerryi}:g the various Ad5 DNA inserts. Eaeh interhai HindIIT ‘fragment
from Ad5 has been isolated in both of these vectors, and in addition multlple

5 °  inserts have been isolated in theyv'ector pTK173 (Figure 9C) The orientation ff j

these inserts was not determ'med. The establishment of such a library of TK-Ad5

o ,~~ - plasmids sh allow the establishment ‘_\“cell lines contammg specific Gvuralg
S | ':° B D agments by transformanon w1th ny [ane of the plasmids and‘*selecnon for ‘ (J/
| - TK, E\ prmc1pfe such cell lmes wouldNb% useful fcr isolation of ad€novirus host .

"i‘b L

range. mutants, a.nalogous to the gr:oup I and [I hr m,utants 1solated on 293xcells

' .% ,.dlscussad/\ hqpter L. This has not béen pursued in th1s work. e, ‘ //( =

. ‘ 5 . S 7\ s__‘ L ‘
/ ‘ / .‘f/!o e’ :‘.;a.' . N ' ) ."’ ".‘ . . -

, - X . . - - - M . . . ) ]
- &, o, ) o : - . . v .
e v, E . ,: : . - ‘_ {\" . P o . L - . 3 . a,,\ "' Fo
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Figure 9. Construction of an AdS gene bank. Top: structure of
pBR322, pTK1 and pTK173. Center: HindI restriction map of Ad5S

- DNA. Bottom: recombinant clones containing AdS5 HindI

fragments inserted into (left) pBR322 and into (right) pTK173
vectors., DNA was digested with HindII and eTe_ct;qp_horesed on 1.2%

agarose gels, and lanes are marked by the viral Hindll fragment

-present in each clone. Marker (m): Adé, Hinaﬂlf-digestibn products.

Positions of linearized pBR32Z DNA (4,363-bp) and pTKI73 |

(6,402-@“3:? indicated on their respective gels. The left gel
includes three lanes with pTK173 DNA digested with BamHI (Ba),

: \@J:I:SRI (Ec), and with. Pvull (Pv) showing the 2-kbp aé;v-nc DNA

$figment present in pTK173.



B

Hind EN
IJB"" Hi

Hingul

j JB'm m

(Pvull

ﬂwnﬂ i
JBll’“ H1
ﬁ ‘2,

pTK173

L
pBR322
Pyull
L ]
G - E v c
2.8 33 53
pTKI73
pBR322 »

TK»

PrEcBam A BC DEF Hm




\\". . . I_ -7
-~ \! . \) ey - 7 : 74
In summary, the plasmids shown in Fighre 8 and. Figure 9, as well as
the plasmids pEiE and pVU1é described in Section 3.2.3; tepresent a complete
: T v '
gene bank of individually cloned Ad5 DNA fragments. The availability of these .
-~ cloned viral fragments as reagents for both biclogical and biochemical studies has .

greatly facilitated many of the ‘research projeéts initiatedNa our laboratory durl
L : :

‘ ing the past three years. ‘ ' L
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Chapter IV

s

Tn5 Mutagenesis of Early Region !

4.1 Introduction

A variety of approaches have recently been used for in vitro mutagenes:s of

| cloned génm example, plasmid DNA can be Ii ea.nzed in vitro using a unique
& L

*¥

followed by S1 nuclease (Sakonju et al.,°1980), or conversely insertion mutants
Y Y

plasmld. DNA in E.coli after transformition with hgated DNA, and the

site restriction endonuclease and deletion mutants ¢ generated by treatment

N C
with either Bal 31 exonuclease (Bryant and Pa/;sons, 1982) or with exonuclease Il

¥

can 'be cons.'tructed by ligation of synthetic DNA linker ules to this linear-

sequences characterized -by DNA sequencg analysis. Even more precise point"

mutations can be generated in vitro by directed sodium. bisulfate mutagenesis

{Shortle a.nd Nathans, 1978) or the more elegant techmql.@bf synthetlc oligode-

_oxynucleotlde generated mutagenesis (Zoller and Sm1th 1982}). .

el
These techmqué/nepreseut powerful tools for analysmg the fu.nctmual

domams of cloned genes which have been charactenzed by restnctzon endonu—

—~
- clease analysis or (preferably) by DNA sequence analysis. They &re however of

“limited e in gene mapping experiments designed to identify a genetic locus

within &g e. Recent studies on transposable prokaryotic elements (transpo-

1

sons) sugggsvt that these elements ma}\.b,e useful as mutagens for (ﬂd{j&geﬁe‘t{%

engmeermg (Kleckner et al., 1977). In particular, msertmnal mutagenesi{‘ i_ be

a ul approach/to 1dent1fy genetic Ioc1. Transposable eléments are partlcularly

T . ,,7\ . / ) -

7
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adaptable for gene mappi.:é since (1) they insert at',;::any sites in bacterial DNA
and thus cir;umvent the lilﬁitations of ,the restriction endc;nuclease—dependegt
mutageneii approaches described alove, (2) mterrupted genes suffer complete
loss of functio . - the pomt of msertlon can be accux;ately mapped by physical
analysis, and (4) many transposons carry drug—resmtance determmants providing a
' positive seleggon for mutagenesm in vive. The properties of bacterial gransposaf_

ble’ elements have been r\ecently reviewed by Calos and Miller {1980) and

" +Kleckner (1581). As discussed in Chapter |, E1 encodes at least 7 potential gene

\\
Y

l".
!

- Berg,1983 for a recent review of Tn5).

products that Jeay be involved in transformation. I have used the transposon Tn3
for msertmnal—-mutageneszs of pXCl, as an approach to identifying which of these
genes .is involved in t_ransformation by this glasmid and in order to comstruct
mutants which should be valuable in further studies on El genes. Th15 element
has all of the &dva.ntages- listed above for insertion mutagenesis (see Berg and

-\

Tn5 is a composxt% element comprised of inverted repeats of the

\._ 1534-bp transposable sequences IS50 (Berg et al., 1982a) surrounding a centralf

¢
*
\

2400-bp unique, segment encoding the ken_amycin resistance deéterminant

(.Iorgensen et al., 1979; Beck et al., 1982) asthw Figure 11. The Kan®

determmant is also "a ‘dominant sele-ctable mirker in eukaryotic cells (G418F,

v

Colbere—Garapm et 1981 Southern and’ Berg, 1982) The central unique -

region of Ta5 also encofles a streptomycm resistance determmant expressed 'in
R_hlzobmm ,n%elﬂotl (Putnoky et al., 1983). The rllghtmost repeat, ISSOR #codes

J
?h thezfransposase protein (Rothstem et al., 1980} and a smaller repressor pro-

ohnson et al., 1982; Isberg et al., 1982; Lowe a.i:ld Berg, 1983) translated

om the same readiné frame. The leftmost repeat, ISéOL; is identical to ISSOR

" except.for a single bese ‘pair ngghomology which reltilts both in premature tei-:iii—

-
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nation of transcription of repressor and tra.nsposage and creation of an IS50L

encoded promoter proxi:eai to’ the neomycin resistance gene (Rothstein and

Reznikoff, 1981}. s . . 7 i)

The evidence to date suggests that Tn5 transposition is conservative

and resuIts in the loss of donor DNA sequﬁt'es (Berg et al., 1982b; Berg, ;983).
This is in contrast to the semi-conservative (replicative) models of tra.nspositio_:‘x
(Shapiro, 1979; Arthur and Sherratt, 1979) ﬁroposed for transpositio# of elements
such as Tn3, whici: encode a site specific recombination syste;n capable of
resolving cointegrate structuree formed as a consequence of relicativeﬂ\tr\:ansposi—
tion (Kostriken et al., 1981; Reed, 1981; Kitts et al., 1982). o

This chapter describes the construction and mapping of derivatives of

pXC1l containin‘g the kanamycin resistance element Tn5. A iibrary of mutants

with Tn5 mapping vn'th.in E1 sequences was characterized by DNA sequence anal-

ysis as a prelude to s%@ on the transforming actnnty of these mutants pre-
sented in Chapter V. These studies represent the first report of genenc mapping
expenments mvolv"mg in vivo mutagenesxs of cloned eukaryotic viral genes usmg
a prokaryotic transposable element, and illustrate the use of transposons fer

mapping the coding boundaries of cloned ,euka'ryotic genes.

{
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4.2 Results and Diséussion
421 Mutagenesis of pXC1 )

A "Lambda kM—

Tn5 insertion events in pXCl DNA were obtained using the protocol shown in

Figure 10 using A:xTn5 tz"'ansducing phage 2467 (A kan hop r). This phage is

“unable to inte ate upon infection because the phage atta ment site is deleted,

and it cannot ﬁrephcate because of two arﬂber hutations (Oam 29 and Pam80)

L

which affec functmns- essential for vu-al replication (Lewin, 1977), These amber
= 0 :

mutatj né restrict growth of this phage to cells carrying the Euppressor tRNA

/" supb {J. Fnesen, personal COmmumcatmn) As shown in Table 4.1, A kan hopper

can rephcate on LE392 (supE, supF), but only if the phage stock used for the
infection is grown on JF1106 {supb). Presumably supE (glycme insertor} and/or
supF (tyrosme msertor) c:i suppress the O and P amber mutatmns, albext less
efficiently than supé (leucine msertd‘r) since - plaques on LE39Z cells are much

smaller than those on JF1106. .
B. Transp;sition
After infection of LE392pXCl with A kan h%pper as shown in Figure 10, approxi-

mately 105 Amp® Kan® colonies were obtamed as estlmated by plating a serial

+i

Qy

dilution of infected cells on agar with Amp ancl :Kan. Assuming that Kan® colo{\

nies represent transpositiori,evgnts from A kan ‘hopper DNA to. E.coli or'plasmid
i — e . ' -

DNA it is possible- to estimate the number of pXC::Tn5 isolates inshis population.

.’

The chr,om/gome is 4. 6x106 base ~ pau:s, of which approxxmatel 50%
Y

encodes indispensable functlons {Bukhari, 1976). '[%refore the " avaﬂaQ e” E co

\-j{.& for tr nsposltmu is 2. 3x106—bp. The avaﬂable DNA in /&)(CT/ 9. 2x103—-bp,

ks
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- Table 4.1: Lytic Growth of Lambda-467

-

. phage grown in
titered on. -~  sup_ LE392 JF1106

| 5
/KY% o sup” 0 . 0 -

-~

LE392 - E,F 0 N\ 2x108

=

JF1106 sup6 1x107 3x108

Titers of phage stock prepared from either LE392 or
from JF1106 cells and titered on the listed strains.
sup: suppressor genotype of stmain (see Table 2.1)

8

assuming B-lactamase and the origin of replication are essential sequences for
e H -
% .

cell Survivél in' the presence of ampicillin, and assuming one copy of pXCl per

cell (a 'minirf{un'estimate). Therefore the proportion of transposition events lead-

. ; ¥ " ~ ' '
ing to pXC::Tn5 insertions is 4x10 3, or 1 in 250 events. Thus this population of

Amp® Kan® cells should contain a<miﬁimum of-400 indépeﬁdént pXC::Tn5 insertion

. ~ .
events. - : o -,

KanS-LE392 qells to Amp® * (Figure- 10). %e kanamycin' is ank.iﬂh.ibitor of
: N -

v

*ag,



kan?
' A kan hopper J
)\ rex:Tnb Oamyg Pa'“8062 2 ¢

Infect LE392pXC+1 with Akan hopper

\‘.‘ _J

‘ = L
-Grow cells in LB plus ampicillin, kanamycin.

- Amplify plasmid DNA in chloramphenicol. -
-Extract plasmid DNA, band on CsCl..

- pXC+1=Tns
1{3kb "

K-Transform E.coli to ampTkan®. " 4
-isolate colonies, analyse plasmid DNA.

Figure 10: Tn5 transposition with Lambda-467

~N ,
E.coliLE392 pXC1l (Amp") cells .were infected at%a'n moi of 0.1 pfu per cell in
10mM MgSQOy4 for 20 min at room temperature with the lambda derivative A kan
hopper. Cells were pelleted to remove unadsorbed_phage, resuspended in 500 ml
broth containing ampicillin, and incubated at 37°C with shaking for 3 h (Ab&Oﬁ&L
at which time they were collected by centrifugation, plated on agar containing
both ampicillin and kanamycin, then incubated overnight. Amp® Kan® cells were
scraped off the plates and resuspended in 1.31 Luria broth with ampicillin and

 kanamycin, grown to A660=.08, then chloramphenicol was added (50 pg/ml) and

incubation was continued o/n. Plasmid DNA was extracted (Section 2.4.1), banded
on CsCl-EtBr density gradieats, recovered from the gradient, dialysed, and finally
used to transform LE392 cells to Amp® Kan'. Individual clones were screened for -
the presence of Tn5 sequences in pXC1 DNA by endonuclease digestion of plasrmd.
DNA and gel electrophore51s {see text)

L

»

P
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. protein synthesis it was pecessary to preincubate transformed cells in LB con-
taining only Amp (no Kan) for 30 min to allow cells to express the Tn5 encoded
neo® function {Table 4.2). birec£l§r plating transformed cells onlagar containing |
A.mpland Kan resulted in 20-1%01& less Amp® Kan' bacteria, ‘consistent'with the
hypothesis that expression c;;?}-'rn'ﬁ encoded neo” gene is required to release the

- block in protein synthesis caused by kapamycin. © 4

Table 4.2: Transformation of LE392 with pXC::Tn5 DNA

3 ’ ~

selection ' colonies/ug DNA

r

Amp" - - 2x107

AmpTRanT (a)

50

AmpTKan® (b) . 10

LE392 cells transformed with pXC::Tn5 DNAwere

platedson _Luria aggr plates containing either amp

Ve . or ampy + ka + kan: cellswplated either with p
S (a) of without (b) 30 min preincubation at 37°C jh °

LB+ amp to-allow expression of Tn5 encoded neo.-

- : d .
AN - )

= g

Rt » 7

Kk

. R N
* ’ o

'S



|82

422 Mapping Tn5 in pXC1 DNA S . . i

Plasmid DNA from individual Amp® Kan® colonies was analysed by digestion with
BamHi plus Pvuﬂ and_electrophoresis on 2% agarase gelsr As shown in\F%lu-re 11,
these enzymes cut pXCl at 7 sites including the single Puvil site in pBR322
sequences. The lower’ cartoon in Fi 1gure 11 schematically represents an insertion
event with Tn5 transposed mto pXCl at a site in Eiﬁ sequences. Pvull cuts Tn5 at
4.51tes mclud_mg twice in the mverted repeats, and BamI-II cuts once in the unique
region of Tn5 DNA. Ana.lysie of 144 Amp® I{anr colonies revealed 57 clones with
single insertions of Tn5 into pXC1l DNA as indicated by the absence of a sihgle
band cor;iespondihg te a' pXCl 'frag_ment and the presence of the predict%d TeS

fragmenfs including two bands corresponding to the junction of pXCl and Tn5

sequences. The remaining s screened gave ambiguous results and were

P

not analysed further.

- The distribution of integral:.ion\ sites observed in: tjnese 57 pXC::;I‘nS
plasmids is s_umme.riz in Figure 12. Since the/,ZB?O-bp fragment contai\niﬁg
B-lactamase and the origin is essex;‘tial for replication in LB plus Amp, a low fre-

quency of Tn5 insertions into this region was expected.’ Indeed, only 2 evexluts)

" mapped to the 2670-bp fragment, both presumably located in nonessential pBR322'

" o ©

sequences. Ad5 DNA, on the other hand, should be nonessential for plasmid rep:li- :

cation and consequently a uniform distribuglon of insertion events was expected
. N FJ - . ' .

within this region of pXCl. Instead, as shown in Figure 12,' ‘there was an overre-
presentation of Tn5 insertions in the -1482-bp ‘band and fewer events were

observed in the 1862.-bp band than ‘wou.ld be expected assuming Tn5 tran_spoé.itibn
- :

occurs at random.

-

Since Pvull cleaves Tn5 ‘once\mfﬁin each inverted repeat (Figure 11),

it 1S not possible to distinguish the right and left junction fragrﬁents in pXCu:Tn5 |
. - L ? &

? _ ‘ ~ o r



.Lu Figure 11. Mapping Tn5 in pXC1 DNA. Cartoon representation
of pXC1 DNA (top) and of pXC::Tn5 DNA (bottom) schematically
linearized at the single Pvull site in pBR322 sequences (thin'line).

Ad5 DNA is shown és,,_a hé;téhed box, while Tn5 is represented as an .

open box. Open arrows under constructs represent transéription
units for pBR322 (Amp"), for Td5 (Kan®), and for Ad5 (E1A, E1B).
Small arrows represent Pvull (open) and BamHI (closed) restriction

sites, and sizes of expected fragments are shown in base-pairs above

,respective fragments. Bottom construct shows Tn5 inserted into. the
s
1482-bp- Ad5 Pvull fragment, with-the 1350-bp Pvull fragm/egts at

4

the ends of Tn5 covalently attached (dotted liries) to Ad&;secf;uencés.
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- Figure 12. Distribution ‘of Tn5 insertions in pXC::Tn5 plasmids.
Plasmid DNA was digested with Pvull plus BamHI and
electrophoresed on 1.2% agarose gels. pXC::Tnd plasmids were
identified by the présenée of the predicted bands as shown in

Figure 11, including two junction fragments. Assignment of Tn5 to
within one pXCl fragment was based on the absence of a single
pXC1 band. Expected distribution is based on random integration of .
Tn5 into pXCl DNA assuming that the 2670-bp fragment was
unavailable for insertion as described in the text.‘ Numger of

‘insertions mapped=37.



° Location of Tn5 Insertions.in pXC-1

"AFragment No.Insertion Events -
size (b.p) expected' observed?

2670 2
2300 17 18
1862 14 2
1482 1M 23
. 1048 8 12
SRR .
gt
473 5 o
~ 171 1 0

1. Assuming random integration of Tn5 into pXC-1.
2 Number of insertions mapped = 57.



87

plasmids by analysis using this enzyme. Thus the above analysis serves only to
“locate Tn5 insertions within one of the seven BamHI plus Pvull fragments of
pXCl, and does not precisely map the position of Tn5 in these plasmids.
Therefore the location, and the orientation, of TnS in a oumber of pXC::TnSIPIas-
mids was more accuratel} mapped using the endonucleases HindIll and Sn}ql
(Figure 13), After digestion with each of these enzymes, plasmid DNA was elec-
trophoresed on 1.2% agarose gels (not shown) and the mobility of the juaction
fragments was determined. The location of the 5.7-kbp Tn5 insert is represented
for each mutant in Figure 13 as a -vertical bar, witﬁ the orientation of Tn5 in the
individual plasmid isolate encircied above, Those mutants which were not anal-
ysed f:}i orientation are depicted by small circles in Figure 13.
. The results of this mapping study illustrate that a preferred region for
‘Tn5 insertion maps between 2500-bp and 4500-bp in the AdS DNA insert in pXClI.
This preferred target region is immediately downstream from a fortuitous proka-
ryotic promoter sequence in Ad5 E1B (J.Waye and F.Graham, personal communi-
cation). The minimum DNA fta'g'tnlent' containing promoﬁe.; activity for an
ElB-laéZ fusion gene in plasmid pFG66 (constructed by F .Grahafn) was defined as
the shaded region of pXCl in Figure 13 (McKinnon et al., submitted). The impli-
cation of thése\findings. for the mechanism of Tn5 transposition will be discussed
in Section 4.3. |
Several transposition events in Ad5 El sequences con_tained in pXCl
were selected for further srtudy based on their distribution throughou‘t El. Five
plasmids with Tn5 mépping in E1B, and a single El1A mutant., were more closgly
mapped using the restéiction endonucleases shown in Figure 14. The upper cartoon
in Figure 14 shows the approximate location of Tn5 in these ;nutants relative to

the transcriptidn map of early reg-ion El.* Mé.pping by this type of analysis is pre-



o

- Figure '13.  Position and orientation of Tn5 in pXC:u:Tnb

.plasmids. Representation of pXCl linearized at the unique BamHI
site (0-map units in Ad5 DNA sequences), showing positions of E1A,
E1B, Amp®, and origin of plasmid DNA replication sequences. The
location of 44 ToS insertions répresented by circles above pXCl
DNA was determined by digestion of plasmid DNA with Hindl and
digestion with BamHI plus Pvull and electrophoretic analysis of the
size of the junction fragmeats. The orientation of Tn5 was
determined by Smal digestion for those inserts shown: L, IS50L maps
-closest to the left end of E1; R, IS50R maps closest to the left end.
Inserts that were not mapped for orientation are shown by small
open circles, Mutants which have 7been mapped by DNA sequencing
are shown large circles, and positioned with closed arrows.
Closed trianghes: BamHI site; open triangles: Puvll sites. Hatched
region: minimum Ad5 DNA fragment konown to contain.a fortuitous
. promoter sequence fc;r an E1B-lacZ fusion gene (see text}; small
arrow shows possible location of 5' end of E1B transcript in

E.coli. (J.Wave, personal communication). .
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cise to within about 200 bp due to the error involved in sizing DNA fragments
larger than-l-Z-kbp after acrylamide gel electrophoresis. A more exact determi-
nation of the Ta5 locations by direct DNA sequence analysis will be presented

below.

423 - Mutagenesis of pHE1

As discussed in Chapter |, mutations in E1A are of particular interest since this

region is involved in both regulation of viral gene expression and in cell transfor-
mation.- Unfortunately, the distribution of Tn5 insertions in pXC::Tn5 thtes was
biased against insertions in E1A. Therefore Tn3 tran;sposition was repé"“:ate‘d using
the plasmid pHE! as a target for insertion. Since this plasmid contains only E1A
sequences and the region of pBR322 DNA essen.tial for replication in selective
medium, any Ampr Kan® colonies should represent E41A inser;ioqs. Using the pro-
tocol for E1A mutagenesis shown in Figure 15A, 5 insertion mutants were isolated
mapping between EcoRI and Xbal. These .t;mtan_ts were motre précisely mapp;d
using the restriction endonucleases shown in Figure iSB, and the locations c.:f
these ElA mutants relati;ve to the transcription map of El is shown in

Figure 15C."

-

424 Reconstruction of E18 in pHE::Tn5 plasmids

"In order to assay the transforming activity of these E1A mutants (see Chapter V)

it was necessary to reintroduce E1B sequences into the pHE::Tn5 plasmids. The
protocol for E1A insertional mutagenesis shown in Figure 15A was designed such
that it ‘Would be possible to rescue these mutants into pXC1 using the restriction
endonucleases EcoRI and Xpal. These two enzymes clut once each in pHE] and do

not cut Tn5. Thus pHE::Tn5 DNA was digested with EcoRI and Xbal, mixed with

a 10-fold molar excess of pXC1 DNA digested with the same enzymes, and ligat-

AN
)
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Figure 14. Location of El insertions. Plasmid DNA was

digested with the indicated enzymes and electrophoresed on a 3%
acrylamide gel. Lanes (1): ‘iJXCl; lanes (2)-(7): pXC2-pXC7. Upper
cartoon shows the transcription map of El {as described in the
legend to Figure 2) and shows the approximate location (horizontal
bars) of Tn5 in six pXC:Tn5 mutants (represented by circles

numbered 2-7). it

(‘L
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Figure 15. Tn5 mutagenesis of pHE1.

A. Protocol for mutagenesis of .fHEl and rescue of ElA
insertion mutants into pXCl. E.coli. LE392 cells were infected
with 1467 and Amp" Kan® cells were isolited as described in the
legend to Figure 10. Plasmid -DNA extracted from these cells was
used to transform LE392, and individual Amp® Kan' colonies were
screened for the presence of Tn5 as described in the legend to
Figure 12. Five clones (pHE12-pHE16) contammg TnS in E1A were
chosen, and E1B sequences were reconstructed in these plasmids by
digestion with EcoRI plus Xbal, mixing these individua] digests with
a 5-fold molar excess of similarly digested pXCl DNA,™jgating
these five samples, then transforming LE392 to Amp® Kan® using
ligated DNA. Colonies were screened for pXC::Tn5 plasmids derived
from these 5 initial pHE::Tn5 isolates by digestion of plasmid DNA
with HindIll and electrophoresis on a 1.2% agarose gel. Of 4
colonies screened for each mutant, 2-3 clones represented pXC::Tn5

derivatives in each case.

B. Plasmid DNA from pXC::Tn5 isclates was digested with the
indicated enzymes and electrophoresed on a 5% acrylamide gel.
Lanes (l): pXC1l; lanes (12)-(16): pXC12-pXClé. Lower cartoon
summarizes the location of the 6 mutants described in Figure 14 as
well as the location of the mutants derived from pHE::Tn35 plasmids
‘as described in A above.

-



384 +
- ‘ 330+

“

pXC:TnS
155kb

Xba I
71+

v

Pvull Pvull Smal Xba] Hpal Pwil HndIl Bgl Pyull Smal




- 95
ed with T4 DNA ligase as de;cﬁbed in the legend to Figure 15. After transforma-
tion of LE392, Amp" Xan® colonies we;-e screened for clones carrying pXC:i:Tn5
plasmids.

Figure 15C summarizes the location of eleven pXC::Tn5 plasmids that
are further characterized in this thesis. Six E1A mutants were used in transfor-
wation experimenté (Chapter V), including five mutants ol:;tained by' pHEL mutﬁ-
genesis (mutants 12-16} and one obtained by pXCl mutagenesis (mutant 2). In
addition, five E1B mutants obtained by pXCl mutagenesis (mutants 3-7) were
selected for transformation experiments based on theirll-ocation in different posi-
tions in E1B. These eleven pXC::Tug plasmids represent a library of mutants with

Tn5 located throughout early region EI.

425 DNA.sequence analysis-
The above restriction endonuclease analysis can only map the location of Ta5 in
these mutants to within 150-200-bp in Ad5 sequences, and represents a first
approximation based on si;ing of DNA fragments on acrylamide gels. Since the
organization of El coding sequences is complex (Figuré 2), it was necessary to -
precisely map the positi;n{ of Tn5 in these mutants in order to unambiguously
interpret the results of transformation assays (éhap.ter V). Therefore the exact
location of Tn5 in a number of pXC::Tn5 mutants depicéed in Figure 15 was pre-
cisely mapped by DNA sequence analysis using the protocol of Maxam and Gilbert;
(1980) as described in Section .4.2.8. |

The strategy used to seqlience the insertion site of two of thesé
mutants, pHE15 ‘and pHE16, is shown-in th;e upper cartoon of Figure 16. lDNA

fragments spanning both the left and the right junction between Ad5 and Tn5

DNA were isolated from both of these plasmids,. and after end labelling and



Figuré 16. DNA se{uence analysis of Tn5 insertion sites: pHE15S
and pHE16. The strategy for sequencing two ElA insertion mutants,
pHE15 and pHE1L®#, is shown in the upper cartoon. For each mutant
the right junction site between Tn5 and Ad5 DNA was sequenced by
digesting 500 uzg of DNA with Xbal, treating with alkaline phospha-
tase then Y-[?’ P] ATP and T4 polynucleotide kinase as described in
the legend to Figure 7. 32p_jabelled DNA was then digested with
BamHI, electrophoresed on a 5% acrylamide gel, and the recovered
end labelled DNA was chemically cleaved as described in the legend
to Figure 7. Cleavage preducts were electrophoresed on an 8%
sequencing gel for pHE16 (panel B) and on’a 20% gel for pHEL5
(panel D). The .left junction for these two mutants was sequenced
by digesting plasmid DNA with BamHI plus Xhol, isolating the 2-kbp

" left end-Tn5 junction fragment by agarose gel electrophoresis, and

treating this DNA with Hinfl then alkaline phosphatase as described
above. The Hinfl junction fragment was purified from 'acrylamide
gels,'_ end labelled with 3213, cleaved with Hhal, and finally electro-
phoresed on a 5% acrylamide gel in order to obtain DNA uniquely
end labelled at the Hinfl site proximal to the junction site. After
recovery of end labelled fragments they were chemically cleaved
then dlectrophoresed on a 20% sequencing gel, shown in panel A for
pHE16 and in panel C for pHE15. |

Top. The DNA sequence of Ad5 DNA in E1A between 1250-bp
and 1330-bp (lower sequence), showing the 9-bp duplicated "target”
sequence (underlined) for Tn5 insertion in mutants pHE1l6 and
pHEI15. The sequence above illustrates the structure of the left and
right junction for each of these mutants, showing the 9-bp target
sequence and 6-bp of the left and right termini of TnS5. Shaded
regions represent Tn5 sequences.

.



Minr | Xba|

—_ —_——
A

A e . ————ra— — ———— —— —— ————
GAACCGGAG crmr AACCGGAG ATCCTIGAG MMCLGMCCTGAGA
CTTGGCCTCSA ‘._.?ucrccwcccc*rc - TAGGACTC i ABTCITAGGACTCT -

272 - 1310‘ N
. 15
. 12603 1280

oo 1230
————TGAGCCCGAG CCAGAACCGG AGCCTGCAAG ACCTACCCGE CGTCCTAAAA TGGCGCCTGE TATCCTGAGA CQ(CCCGACAT-——-

___..AC?CGGGCTC GGTCTT’GGCC TCGGACGTTC TGGATGGGCG GLAGGATTTT ACCGCGGACC ATAGGACTCT GCGGGCTGTA___

R e T TR

G .
g .
C g
T A
[ c
G G
G A
T T
o A
.,
T G
G G
A
G cl
C , A
c T
T
1212 C 1320 T S
. c ~‘* .
a
A
c
C
‘ G
T T T

{
'




98

G \,‘ chemical cleavage as described in the legend to Figure 16 the products were
‘ resolved on sequencing gels as shown in Figure 16. Using this sequencing strategy
qnly-_fqn_e DNA strand for each of these mutants was sequenced. However, the
observed sequences are cotasxstent with the corresponding regions of the published
sequence of Ad5 (T_ooze, 1981) and the ends of Tn5 (Auerswald et al,, 1981), and
can be interpreted unambiguoﬁsl}r. “The sequence analysis shown in Figure 16
eeveals that for both mutants Tn5 transposition generated a 9-bp direct repeat of
plasmid DNA sequences at the site ef insertion, consistent with puh\lﬁished‘ obser-
vatione on Tn5 transposition (Scheller, 1980). , .
| The two mutants pHE15 and pHE16 analysed in Figure 16 r@sent
unique isolates with Tn5 mapping within 50-bp of each other just downstream of
the 3' splice acceptor site common to all 3 ELA mRNAs (see Figure 19). Although
the insertion sites in pXC15 and pXC16 (derived from pHE::TPS mutants as shown
in Figure 15A) were not eequenced, it can be assumed that there has been no
lrearrangement of To5 in these derivatives since a ‘restriction.analj(sis of these
'plasﬁids shown in Figure 15B give.s the expected fragments. s
| The 1ocat1on of Tn5 in the 5 remaining mutants sequenced (pHE14,
pXC3, pXC4, pXC6 and pXC'?) was determmed as shown in F1gure 17. The strat--'f
egy for sequenemg thef ui,sertmn site in these mutants is Eescrxbed in the legemi
to Figure 17, and depieted in the cartoon in this fig@e. For all mutants
sequenced, Tn5 maps within 200-bp of the predicted location from the restriction
enzyme analysis presented in Figures 14 and 15, and no discrepencies were
detected for the corresponding regions of the published sequence of Ac_iS or Tn5.
For the mutants analysed in Figg;e 17, only one junction (either left or rt) was
Vseq.uenced, and 1t is assumed that the upsequegced junction for -each of these

mutants would also contain the 9-bp duplication of target sequences known to be
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generated by Tn5 transposition {Schaller,1978) and directly demonstrated for
’pHE15 and pHE16 (Eigure 16). Four of the El mutants that are characterized m
Chapter V (pHE12, pHE13, pXC2 and pXC5) were not mappe& by DNA sequencing.

The Ad5 DNA sequences at and surrounding the target.site for TnS‘
insertion in the 7 mutants sequenced is shown in Figure 18. This figure represents
the 9-bp target site ::luplicated during transposition in bold face, and shows Ad5
sequences for 40-bp bracketing the insertion site., Analysis of these target DNA
sequences revealed no seciuem:e specificity for Tn% insertion, as will be discussed

further in Section 4.3.1. A summary of the location of Tn5 in the E1 mutants

with respect to viral transcripts is presented below.

-

426 Su‘mmary of Tﬁs mutants mapping in E1
Figure 19 summarizes the location of the 11 pXC::Tn5 mutants characterized for.
transforming, aeQity in Chapter V. Four of these mﬁtants (pXC12, pXC14,. pXCb,
and pXC7) are located in nontranslated regions of El. The plasmid pXC12 mapped
g\_y\lestricti'on analysis to the region of the E1A promester, although sequencing
would be required to rule out the possibility that it actually maps within the
amino-tetminal region of these products. Two mutants, pXCl4 and pXC6, are
located wiiéhin intervening sequences spliced cut of messages«from ElA an.d ElB,
respectively. The fourth mutant, pXC7, is located between the poly(A) éddition
sequence AAUAAA and the wild type poly(A) addition site at che 3" end ot: E1lB
transcripts. |
For the mutants mapﬁingr within E! protein coding seque;x_ces
(pXéZ, pXC13, pXC15, pXClé, pXC3 ﬁnd pXC+), insertion of Tn5 introduces a
stop codon mappiﬁg in the ends of Ta5 downstream from the site of insertion, For

mutants pXC15 and pXC16, this results in the truncation of the E1A 12s and 13s
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Figure 17. DNA sequence analysis of pHEl4, pXC3, pXC4,
pXCéb and pXC7. The strategy used to sequence one junction site
only for each of pHEl4, pXC3, pXC4, pXCéb and pXC7 was to

isolate DNA uniquely end labelled at the restriction site indicated

for each mutant in the top cartoon, using the approaches outlined in
the legend to Figure 16 for pHE1S5 and pHEl6. End labelled DNA
was then chemically cleaved as described in the legend to Figure 7
and electrophoresed on 6% sequencing gels (14L, 7R) or on 20%
sequencing gels (3L, 4R, 6L) as described. The 9-bp target site is
marked "for each mutant by vertical bars on the sequencing t;acts,
and the point- of insertion in Ad5 DNA is indicted. Extra bands in
panel 3L are_cleava'.ge products from ATP, since this mutant ‘was
sequenced from an end labelled nucleotide within the 9-bp repeat. L
and R refer to the junction of each mutant which was sequenced.
The top cartoon illustrates which of the 11-El mutants shown, in

Figure 15 have been-mapped by restriction analysis (horiw/bar

attached to circle) and mapped by DNA sequence analysis farrow
attached t‘@%ircle).
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pXC3 AAACCCATCTGAGCGGGGGE | ACCTGLTGGATITICTGGCCATGCATCT
pXCh TACCAACCTTATCCTACACGHTGTAAGCT TCTATGGGTTTAACAATACC
pXC6 TAAGGTGGGGGTCTTATGTAG[TH TG AT CTGTTTTGCAGCAGCCGCCG
pXC7 TAAATAAAAAACCAGACTCTGT T TGRAT T TGGAT CAAGCAAGTGTCTTG
pHE14 " GTAAGTGAAAATTATGGGCAGR]GEGTGATAGAGTGGTGGGTITGGTGIG
pHE1S GTCCTAAAATGGCGCCTGCTAT CCTGAGACGCCCGACATCACCTGTGTC
pHEL6 CTGAGCCTGAGCCCGAGCCAGAACCGRARCCTGCAAGACCTACCCGCCG
¥
Figure 18: AdS.DNA sequences at the site of Tn5 insertion.

The sequences of the 9-bp duplicated "target” sequence are shown in bold face for
each mutant sequenced, with surrounding Ad5 sequences shown in small script.
Five mutants were sequenced at one junction site only {Figure 17), while two
mutants (pHE15 and pHE16) were sequenced at both left and right junction sites
(Figure 16}, For all insertion sites sequenced, only one DNA strand was
sequenced.
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Figure 19 Summary of eleven pXC::Tn5 mutant plasmids.

Location o.f Tn5 mutant relative to the El transcription units. Top:
transcription map of El (see legend to Figure 2). Bottom: mutants
are identified by the numbers in circles and are positioned by
horizontal bars (for those mapped by restriction enzyme analysis)
and by arrows (fér those mutants mapped by DNA sequence
analysis). For mutants that have been sc;_quenCed, the 9-bp
duplicated Ad5 target site sequence is shown in upper case (boxed),
and for those which map within coding sequences the juxtaposed Tn5
sequences (lower case) are included up to the first in phase nonsense
codon (underlined). The predicted sizes of truncated polypeptides
are shown next to the size of the theoretical wild type product for
each termination mutant. Mutant pXC? maps 21-bp downstream
from the AAUAAA polyadenylation signal in EIB and 16-bp
upstream from the wild type poly(A) addition site. Mutants pXC14
and pXCé map within intervening sequences for the E1A-13s and the
E1B-22s mRNAs, respectively.
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products by 54 and 69 codons, respectively. In the case of pXC3, Tn5 inserted
downstream of the AUG for ti;e 55k protein initiation and therefore would affect
55k, 21k and URF10 translation products. For the 21k protein, an amber mutatién
decreases the size of the predicted product from 1?6 aa to 121 amine acids, while
- the 55k protein would be severly truncated (22 amine acids). For pXC4, which
maps within the 13s intron in E1B, 55k would be the c:_nly product predicted to be
truncated, from 496 to 271 amino acids. The exact position of Tn5 was not deter-
mined for the two E1A mutants pXC2 and pXC13.

It n15 possible to predict the structures of the carboxy termini of each
altered E1 polypeptide in these mutants based on the DNA sequence of the.ends -
of Tn5. Thus for the two E1A products altered in pXC15 and pXC16 as well a5 for
‘the Elb 21k product altered in pXC3, ti;e truncated product should have a com-
mon carboxy-terminal sequence X-leu-thr-leu-ilu-his-lys-COOH. For Both pXC3
and pXC4, the carboxy terminal sequences of the truncated 55k product would be

X-ala-asp -ser-tyr-thr -gln-val-ala -ser-COQH.

4.2.7 Plasmids derived from Tnd insertion mutants

Mr L

One objective of pXCl mutagenesis was to rescue mutant plasmid sequences into
full length viral DNA. However, the packaging constraints for Ad5 vi;rions have
not been rigorously defined and it was not known if pXFZ::TnS mutants could be
directly rescued into virus. Studies on adeno-SV40 hybrid viruses (reviewed in
Tooze, 1931) suggest an upper limit of about 38-kb for virion DNA. Addition of
Tn5 {5.7-kb) to wt viral DNA (36-kbp) would amount to a 16% increase in genome
size which p;:obably exceeds the packaging constra‘ints of Ad5 virions. It was

anticipated that pXC::Tn5 plasmids would have to be altered in order to rescue

these mutations into virus. This section describes (A) the construction of
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pXC:iTn5 deletion-insertion plasmids designed for use in defining the packaging
constraints of Ad5 virions, and (B} construction of pHE::Tn5 derivatives contain-

ing the HSV-TK gene.

A Insertion~deletion mutants

A series of insertion—deletion mutants were constructed starting from the
pXC::TnSV plasmids shqwn in Figure 14, These derivaﬁve plasmids, shown in
Figure 20, were constructed by removal of Bglll restriction fgagments from the
parental plasmid as described in the legend to Figure 20. The resulting plasmids
have net size increases relative to pXCl ranging from -1000-bp to +3450-bp, and
should serve useful for investigations on the packaging constraints of Ad5 virions.
Since these plasmids.'have deleted various lengths c;f Ad5 DNA in addition to the
insertion of Tn5 sequences, the nai:ure of the El sequence alterations is complex.
Hence the effect of these substitutions on viral gene expression would be difficult
to interpret in light of the structure ofﬁgl in resulting mutant virus. At the pres-

ent time none of these plasmids have been rescued into viral DNA sequences.

B. Palindromic plasmids

Because Tn5 coﬁtains a unique region encoding neo® bordered by 1.5-kbp inverted
repeat sequences, in vitro deletion of the center of Tn5, using restriction
enzymes such as Hpal, Xhol, or Bglll, would produce a large palindrome on sub-
sequent ligation. This approach to reducing the size of inserts in pXC::Tn5 plas-
mids would have two.adv;ntages. First, the size of the insert could be defined by
choice of eﬁdonuclease used to cleave plasmid DNA and a range of insertion sizes
could conceivably be generated from any one mutant. Secondly, these derivatives
would maintain a point insertioﬁ mutation in the tailored constructs, in contrast

to the more complex substitution mutants described above. However, several
' 4
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Fi'gure. 20:  Insertion-deletion mutants derived from pXC::Tn5

plasmids.

Representation of plasmids derived from pXC1 by digestion with Bglll followed by
ligation with T4 DNA ligase then'cloning in LE392. Single lines represent pBR322
sequences; open box: Ad5 sequences; shaded box: Tn5 sequences. Open triangles
represent HindIll sites; closed triangles represent Bgll sites. Numbers ahove each
pXC::Tn5 mutant represent the location of Tn5 in Ad5 sequences. Numbers to
the right of each mutant represent the net size increase of derivative plasmids
relative to pXCl. Arrows represent the extent of the deletion from the parent
plasmid.
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attempts at cloning such palindromes in LE392 were unsucessful, consistent with
recent reports showing that hrée palindromes are nonviable in E.coli (Lilley,
1981; Collins, 1980; Collins et al., 1982). Thé use of plasmids containing Tn5 as
cloning vehicles based on the lethality of palindromic sequences in plasmids has

recently been described (Hagan and Warren, 1982).

C. Substitution mutants: pHE142, pHE144

Another appi'oach used to conmstruct dex;ivatives of Tn5 mutants with "package-
able" inserts is shown in Figure 21. In this strategy, the insert size of pHE1l4 -Was
reduced by replacing most of Tn5 sequences with the HSV-1 TK gene. The 2-kbp
HSV-TK Puvll fragment from pTK173 (shown in Figure 9) was isolated by agarose
gel electrophoresis and ligated to Hpal d{gested pHE14 DNA as described in the
legend to Figure 21. Transfbrmation of LE392 gave Amp" colonies at an efficien-
cy of 12103 colonies/ug input vector DNA, 85% of which (69/80 colonies
screened) were Kan®, and 75% (9/12) of Amp® Kan® colonies contained the TK
gene in either orientation as shown in Figure 21.

The plasmids pHE142 and pHE144 represent interesting derivatives of
pHE14, s'ince they contain a selectable eukaryotic gene‘(TK) and ‘their. net inser-
tion size (approximately 2.4-kbp) is within the packaging .constraints of Ad5
virions. Derivativés of these plasmids have recently been rescued into Ad5 viral

DNA (Yousef Haj-Ahmad, unpublished results).

4.3 Discussion
The results presented above demonstrate that Tn5 can be used to generate inser-
tion mutants of cloned eukaryotic DNA. A number of interesting inserticn

mutants mapping in Ad5 El sequences were constructed and characterized, and

LY
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Figure 21. Construction of pHE14Z2, pHEl44. The 2-kbp
HSV-TK gene was isolated from pTK173 DNA by agarose gel elec-
trophoresis (Section 2.4.5) and ligated to Hpal digested pHE14 DNA.
After transformation of E.coli LE392 with ligated DNA, Amp" colo-
nies were screened by digestion of plasmid DNA with EcoRI-for
clones containing the TK gene inserted clockwise (pHE144) and
counterclockwise (pHE142) in pHEI4.
| | #
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~ the biological activity of these pXC:uTn5 insertion plasmids is E:Ea;mined in
Chapter V. The above results have also contributed to the '-ﬁ.rrxderstanding of the
process of Tn5 transposition in E.‘coli, and the following sections discuss these

results in terms of the mechanism and specificity of Tn5 transposition.

4.3.1 'Target site specificity for Tn5 insertion
The bNA sequences shown in Figure 18 represent the largest library of Tn5 inser-
tion sites analyséd to date. Several conclusions can be drawn from this data
regarding the DNA sequence specificity of Ta5 insertion. — .
< Itis évident from Figﬁre 18 that there is no consensus target sequence‘
either at or surrounding the site of Tn5 insertion. This is in c;)ntrast to the sym-
metrical 6-bp sequence which is the t_argét site determtining ’fnlO insertion spé-—
‘cificity (Halling and Kleckner, 1982). It is also evident frém Figure 18 that the
region surrounding the site of Tn5 inserton is not par€f®ularly A+T rich
(49% A+T), as found at the site of insertion for Tn3, Tn9 and IS‘l tTu gnd Cohen,
1980; Galas et al., 198Q§ Meyer et al,, 1980}, In fact, one region of pXCl (thé ;
intron of the 13s mRNA from El1A) is 85% A+T (To_ozc—_z_, 1981) yet m;ine‘ of the 57
pXC::Tn5 insertions mapped in this region. Thus A+T rich séqu.;nces are not fav-

oured siteSs of Tn5 transposition.

ups have reported limited sequence homologies between the

Several g::i
molecular of i iSertion sequences, such as Tné and Tn3, and thei:;' t.arget sites .
of insertion '(Galas et al., 1980; Tu and Cohen, 1980; Saédler et al., 1981). Bossi
and Ciampi (1982) examined the sequences at the site of 3 Tn5 insertions in the
histidine operon of Salmonella, and reported -a. .weak' correspondence {7/ llZ matcﬁ—
es) between sequences near the insertion sites and a region of Tn5 from 15 to

A
26-bp from the molecular ends. A computer search for homologies between the
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‘'ends of Tn5 and insertion sites presented in Figure 18 was performed using the

homology search program (developed by Ray Wu) with help from J.R.Smiley.
Setting the minimum homology limit at 40% (demanding at least 4/10 matches to
score homology), the program searched for matches between the sequences pre-

sented in Figure 18 and the first 50-bp at the ends of Tn5. No region of Tn5

~examined showed consistent homologies with target sequences, and no striking

mat;hss were found. In fact, at the level of homology searched there were as

‘many matches made between the ends of Tn5 and randomly chosen pBR322

-

sequences as found when comparing Tn5 with the target sites shown in Figure 18.

Thus these results argue ‘féainst any role of target sequence homoclogies for Tn3

insertion specificity. o

Berg et al (1983) have similarly analysed the specificity of Tn5 inser~

tion into the Tet” gene of pBR322. -Of 75 insertions examined, 47 mapped to five

¥

"hotspots" located in the first 300-bp of the 1250-bp Tetf gene. DNA sequence
L] .

analysis of these 5 target sites revealed no sequefice specificity, consistent with
. \ .
the results presented above. Their analysis revealed that a GC base pair occupies

position one agd(&osition nine in the duplicafed 9-bp target sequén'ce_ of each hot-

-

spot examined, suggesting a GC cutting preférem_:e during #fTn5 transposition as

found at the insertion sites of Tn9 (Galas et al., 1980). However, from the results

' présented in Figure 18 it is clear that a GC cutting preference is ho\ﬂ_an absolute

T

requirement for Tn5 inSQrtio_;l, since au.A;I‘ base pair occurs at least once in posi~ .
tions 1 and 9 in most sites analysed in Figure 18, and one site (pXC15% has an AT
base pair at both ends of the 9-bp repeat. Thus it can be concluded that while a

GC base pair at bositidns 1 and 9 may help define preferred targets for Tn5 tran-

sposition this is by no means a prerequisite for Tn5 insertion.

& / ,

Ve



113 .

Taken togethexf, the above observations argue against any clear DNA‘
sequence specificity for Tn5 insertioo. From the results presented in Figure 13,‘
however, it appears that some mechanism is operative in directing Tn5 inset-tions
to preferred regions. Several other groups have reported.'nonrando‘m insertioﬁ oE
- TFn5 _(Shaw and Berg, 1979; Berg et al., 1980; Miller et al., 1980). Since this
observation o;nnot be explained on the basis of DNA sequences directing Tn5 to
the site of insertion, some other mechanism must be invoked to account for pref-
erential insertion. As will be argued in tile following sections, it is possible that
Tn5 transpositon is stimulated by transcription of target DNA sequences, and that
a fortuitous promoter io Ad5 E1B sequences is responsible for the distribution of

insertions seen in Figure 13.

4.3.2 - Mechanism of Tn5 transposition .

Tn5 shows nonrandom orientation when inserting downstream from active pro:

moters. Berg et al (1982b; 1983) found that IS50R mapped closest. to the prgmoter

in 19 of 23 1ndenendent insertions into the Amp" gene of pBR322 whereas in- the

Tet™ gene both orientations were equally frequent. ‘Because Amp® is transcribed

more strongly than Tet in pBR322 (Stuber and Bu_]ard 1981) this observation

suggestsﬁhat transcrlptlon of the target ‘molecule may play a role in controlling |
trainspos:tlon. In support of this, when the very strong M13 gene Il promoter is

placed upstream fron_l. the Tet™ gene of pBR322, IS50R preferentially maps closest

L=

" to this promoter after Tn5 transposition (Berg et al., 1982b). Thus trénscriptional

-

o
-actnnty affects the process of Tn5 transposztmn.

L
T In addition, the IS50R encoded transposase of Tn5 {Rothstein et al.,
*1980) acts only in cis (Berg et al., 1982b}, suggesting that newly translated trans-

posase protein envelopes the DNA as it is being made. These observations led
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Berg to éropose a "donut" ltinodei for Tn5 transposition (see diagram), in which
Bascent transposasé brotein wraps around adiacent DNA immediately following
coupled transcription and translation. Interaction between transposase adjacent to
the ends of IS50R and the target DNA, possibly facilitated by transient denatura-
t_ion_at thg site of transcription on the target DNA molecule; results in the pref-
erential insertion of IS50R closest to the p::omoter. After initiating insertion of

Tn5 at the right end, f.ransposase then feeds through Tn5 DNA until in comes to

the end of IS50L and completes the process of Tn5 transposition (Berg et al.,

1982h).

An analysis of 35 pXC::Tn5 plasmids using the endonuclease Smal and
Hde[I (Figure 13) showed that Tn5 was nonrandomly oriented in these plasmids.
In the 50Q0-bp region of pfeferred insertion in E1B sequences, 7 out of 8 inserts
(8_8%) Seré in the riglhtw_ard orientation (ISS50R closest to tl}e left end of Ad5).
For inserts mapping in the 26?’.0-—bp Pvull band of pXCl, m contrast, the crienta-
tion of Tn5 was less "polarized‘ with 9/15 insertions (60%) in the rightward orien-
tation (E%gure 13). Thus the region of pXC1l which has an overrepresentation of

Tn5 insertions also displays a preferential orientation, with ISS0R mapping closest

to the E1A region in pXC1l. These observations support the concept that Tab

insertions show nonrandom' orientation (Berg et al., 1982b), and suggest that a

promoter located close to 2500-bp in Ad5 EIB sequences oriented rightward
s N o . .
(clockwise in pXCl) was actively directing Tn5 transposition into this preferred -

region of pXCl. o (ﬂg
: . . J
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The donut model for transposase action. Transposase is postulated to
bind €o and wrap around the DNA molecule containing IS50R, during or
following coupled transcription and translation. It is able to move
along the IS50R containing molecule, and thus act on IS50L. Transposase
can not act on IS50 elements present on separate DNA molecules. The
site on transposase used for binding to target.DNA, which is not
specific for any garticulér DNA sequence, is postulated to lie om an
outer surface of the protein. A possible role for RNA polymerase
(designated P) or transcription in the target DNA is presented.

From Berg et al., Stadler Symposium, Vol.l4 (1982)
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433 Preferréd Tn5 insertion downstream from a promaoter
Since the target for Tn5 mutagenesis in this work is from a eukaryotic source, it
was anticipated that this DNA would be transcriptionally silent in E.coli.
However, indepen&ént evidence demonstrated the presénce of a strong fortuitous
prokaryotic promoter within E1B sequences in pXCl. Dr.Graham has constructed
a plasmid, pFGé66,. containing-the promoterléss lacZ gene from plasmid pLG400
(Guarente et al., 1980) fusréd to the HdeII site in E1B. This plasmid contains Ad5
DI:TA (22-2804-bp) immediately 5' td the lacZ coding region, with the lacZ coding
q;eg'ion in phase with the single épen reading frame in this region of Ad5.
 Surprisingly, pFGé66 Aexpressed high levels of B-galactasidase activity in E.coli
| (80% of induced levels of the wild-type lac operon, J.Waye perscnal communica-
tion), suggesting- that adenoviral sequences were able to promote transcription in
-This promoter a;tivity was mapped within Ad5 seciuencgs of pFG66. A
derivative of this plasmid lacking Ad5 DNPA between the Kpnl site (2052-bp} and
the HdeII site (2804-bp) was constructed ‘by J.Wayé. This derivative has no
: détectable B-galactasidase actiyit';r, mapping the promoter to this region of the
Ad5 sequences (Fhe shaded region in Figure 13). Analysis of the DNA sequence m
'this region of pXCl revealed an area with striking ;greement with the consensus
E.coli RNA polymerase promoter sequence proposed by Scherer et al'(1978), with
a predicted 5' end of transcribed RNA mapping at 2698-bp in pXCl and . with a
potentiél ribosome binding site downstream from this site (J.Waye, personal com-
munication). 'I'i'ie existence of a fortuitous promoter sequence upstream f{rom
the preferred ;‘egion of Tn5 insertion in pXCl, and the nonrandom orienfa_tion of

Tn5 in the region immediately downstream from this promoter, supports the sug-

gestion that transcription may stimulate Tn5 transposition (Berg et al., 1982b). It
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N
is r_:onceivabie _that transcription transiently opens up the DNA helix faci]itatihg
‘transposition, analogous to ‘the role of host ‘chromosomal replication forks during
transposition by bacteriophage Mu (Fitts and Taylor, 1980) or of transient melting
at A+’i‘ rich regions postulated %sh important for Tn3 transposition (Tu and Cohen,
1980). |

Sasakawa et al (1982) reported that transcription impinging on the ends
of IS50 elements inhibits further transposition. The transposition frequency of
IS50L, is 8-fold lower than that of IS50R, presumably because transcription of the
neo” gene initiating within ISS50L interferes with the action of the transposasé on
the end of IS50L (S.asak.awa et al., 1982). Thus, Tn5 apears to have evolved a
mecha.ﬁism of transcriptional!_';egulatiou of transposition. Transcription in a target
DNA molecule serves to both stimulate and direct the oﬁentation of Tn5 inser-
tion. In addition once Tn5 is inserted downstream from an active promoter any

further transposition is repressed, a process which may serve to decrease the fre-

quency of IS50 and Tn5 induced insertional mutations in these cells.

4.4 Summary .

A number of obse‘rwlrations have been described fn -this chapter, and they can be

summarized as follows:

1. First? it is cleér from the above that Tn5 can be used as an insertional
mutage:'l for cloned eukaryotic genes. The ability to manipulate the size
of the insertioms in such plasmids also makes this a us;eful system for
genetic engineering o;f cloned DNA, as shown by the comstruction of a
variety of insertion-deletion plasmids from pXC::TnS mutants (Figure 20).

2. Tnb5 transposition is apparently n§nrandom with respect to the target

DNA molecule, and seems to preferentially insert downstream from an

active transcriptional promoter sequence.
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The orientation of Ta5 i'nsértion downstream from active promoters is
nonrandom, with ISS0R fnapping closest to the promoter region in most
cases. This may indicate that the cis-acting transposase protein seeks
out transiently denatured regions to initiate franspositign as first sug-

gested by Berg et al (1982b),

N



Chapter V

Celil Transformation

5.1 Introduction

As outlined in Chapter |, one of the major objectives of this work was
to identify the adenovirus genes encoded in early region El‘responsible for cell
transformation. This' chapter describes the morphological transformation of pri-
mary rodent cells using the plasmids described in Chapters Ill and IV. As dis- .
cussed by van der Eb and Graham (1980), the transforming activity of adenovirus
'DNA and DNA- fragments can be assayed on a v.afi_éty of cell types. For most
transformation experiments, rat and hamster cells have been used because of
their high transforming efficiency and Ic.yw background of spontaneous transfor-
mants. | ‘- -

' It is important to recognize that interpretation of results of tran.sfor-
mation assays depends on the cell syStem used. For ex_ample, different results
are seen for transformation of primary cells than for transformation of immor-
talized cells (Land et al., 1983; Ruley, 1983}, In additiqg, it is im'porté.nt to con~
sider growth conditions used for selection of transformants, since different media
(high vrs low calcium concentrations) select for partial (Houweling et al., 1980) or
for full morphological trhnéformants (van der Eb et al., 1977). The transforn;xan—
- tion assays described here use primary rodent (baby rat and baby hamster kidftey)
cells, selecting for morpholoéical trafffbrmants in medium containing low calci-
um ions (Joklik's MEM) supplemented with 5% horse serum. Under these condi-
tions untransformed fibroblasts are nonviable, and only morphologically trans-

b
S
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formed cells can survive. These cells are phenotypically similar to cells explanted
from viral induced tumors (reviewed by Graham, 1983), and it can be assumed
that this assay is a reasonable in vitro analogue to in vivo oncogedicity by human

adenovirus'.

%
5.2 Results

5.2.1 BRK Transformation; dt?se response

As discussed in Section 3.2.2, the plasmid pXCl is capable of transforming prima-
ry baby rat kidneyA(BRK‘) cells, Examples of transformed cell foci can be seen in
Figure 23. In this assay transformed cells expand as visible colonies of small epi-
thelioid cells, and the background of non-transformed fibroblastic cells lift off
the dishes after 7-10 days. Transformed foci were usually counted by eye, and the
epithelioid morphology of transformed cells was confirmed by microscope exami-
nation of dishes sta.ined with crystal violet after 15 days (Section 2.3.5).

The dose-response for transformation .of BRX cells with pXCl1 is .shown
in Figure 22A. The curve is linear over the range of plasmid DNA concentrations
testéd, and.continues linear up to 10 ug per dish (not shown) with a specific
activity of approximately 5 colonies per pg plasmid. This represents one trans-
formant per 106 cells per ug plasmid DNA (1011 molecules of pXC1). The absence
of a plateau effect over this concentration range indicates that this aésay is DNA
limited. Presumably rat higher DNA concentrations a saturation ievwmd be
observed representing the number of "competent” ceils that are able to take up
DNA, as has been seen in TK transformation experiments (Wigler et al., 1979L
All transformation experiments reported in this work were done with covalently

closed circular plasmid DNA. No attempt was made to quantify the effect of lin-

i



Figure 22. BRK transformation: dose response. Primary baby
rat kidney cells (BRK} were established in monolayer culture as
described in Section 2.3.4. When approximately 80% confluent
{ca.48 hrs), plasmid DNA was added using the calcium technique as
described in Section 2.3.5, and the DNA coprecipitate was left on
the cells for 20 hrs during which time the monolayer became 100%
confluent. Cells were exposed to selective medium {(Joklik's MEM
plus 5% horse serum) two days later, and the medium was changed

every 3 days. Dishes were stained and counted for foci on day 20. A:
AdS5 plasmids pXCl, pHGIl, pCDl; B: pXC:uTnd mutants pXCe, -

pXC3, pXC4, pXC5.
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ear vrs circular plasmid on transforming efficiency, since previous studies on TK
transformation of mouse L cells indicated that circular plasmid DNA transformed

cells as efficiently as did linear plasmid DNA (Grakam et al.,, 1980).

522 Transformation with pXC::Tn5 plasmids
Transformation of BRK cells with several representative Tn5 insertion mutants is
shown in Figure 22B, and the results of a number of experiments are summarized
in Table 5.1. Again the dose response is linéa,r and the values in Table 5.1 repre-
sent data compiled from a number of dishes assaygd at from 1 to 20 ug plasmid
DNA per dish for each experiment. The plas;:lid pXC1 transformed in these
experiments with an efficiency of 5 to 15 colonies per ugv plasmid DNA. The vari-
ability between experiments is due to a numbgr of factors, including the density
and growth rate of the primary cells at the time that the DNA caleium copreci-
pitate was added, and the morphology of the précipitate. Untfeated control dish-
es do pet give rise to foci,.and spontaneous mofphological transformants of either
BRX or BHK cglls were never observed under t_hé sélective conditicns useif in this.
assa’;. The results of transférmation experiménts using El containing plasmids and
the Tn5 insertion mutant plasmids shown in f‘igure 19 can be summarized as fol-
lows: ’
1. All E1A insertion mutant .plasmi;is are transformation negative oﬁ BRK
cells (Figure 22 and Table 5.1). In addition, the E1B plasmid pHC1 which)
deletes ELA sequences is also trausfo;mg,t_io;i defective (Table 5.2). These
results indicate that E1A is needed for DNA mediated 'transftj)rmation.
However, these results cannot distinguish between a c:lirect A}i‘equ'irement

for an E1A encoded oncogene required for the maintenance of cell trans-

formation, or an indirect requirement for the E1A encoded activator of
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Table 5.1: BRK Transformation: pXC::Tn5 Plasmids

plasmid

- (colonies per ug plasmid DNA)

experiﬁent _ -
1 2 3 4 5 6 X+ SEM

pXCl

pXCl2
pXCl3
pXC2

pXCl4
pXCl5
pXCl6

pXC3
pXCh
pXCé
pXC7

pCD1

control

5.2 7.6 14.9
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Values represeﬁt the average from 4 (experiments 2,5,6), 6 (expt.l)
and 8 (expt.3,4) dishes assayed at from 1 to 10 ug plasmid DNA per
dish. Values are normalized to the size of pXCl (IO—kbﬁT.‘ '
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E1B gene expression as first proposed by Berk et ‘al (1979). This will be

‘dealt with further in the Discussion.

Since pX(C2Z, pXC1i2 and pX¢13 are transformation negative on BRK cells,
and they maﬁ downstream of the l-strand 23.2k URF11 product, it is
unlikely that this product is the sole E1A function involved in transfor-
mation. This conclusion was substantiated by traﬁsformation with pXC38_6
as shown in Table 5.2. This plasmid has a decanucleo?i}jde insertioﬁ which
alters the reading frame (:;f TJRFII but does not‘-‘ affect the R-st_.rami
transcripts (discussed in ChaEfer 1), and transformed with efficiencies
comparable to pXC1..Thus, the etsential products for transformation ol
BRK cells probably are encoded by R-strand transcripts of EIA.

The presence of Tn5 in lthe‘ prﬁmotet—proximal region of EIB (pxC3)
drasficall-iy, educes the-transforming activity of’ this DNA (Figqx:é 228,

Table 5.1), indicating that this region is required for transformation. The

. absolute requirement for E1A sequences mapping between 5% and 8% is

-further shown ﬂusing the plasmid pCD1 which deletes all of this region of

E1B and is transformation n.eg.at'ive on@ﬁK cells (Figure 22A, Table 5.1).
Since pHG1 (0-8%) can transform, this data demonstrates that the region
between 5% and 8% encoding the Mr=21,000 tumor antigen is essential

for transformation.

" In contrast, the presence of Tn5 sequences mapping in the promoter-

distal region of ElB, as in pXC4, pXC5, pXCh and pXC7, did udt affect

the transforming acﬁivity of these plasmids {(Figure 22, Table 5.1). These

" results indicate that viral sequences to the right of 8% are not required

for DNA mediated transformation. This is substantiated by transforma-

‘tion with pHG1 which contains only 0-8% sequences and transforms with
. e
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an efficiency equivalent to_pXCl (Figure 22A), and confirms previous -

‘v data using DNA fragments i:'_aoIated from viral DNA (Graham et al.,

1974a, 1974b; van der Eb et al., 1977).

\ Table 5.2: BRK Transformation: E1 Plasmids
plasmid ) Ad>5 - pla.t:esa ug DNA - colonies effJ'.c::l‘.encyllj
pXcl El 3 6.9 46 6.7
pXC386 El 10 38.5 95 - 2.5
pHG1 E1A,21k 3 10,5 40 4T
pCD1 ELA 6 63.0 0 d D
_PHEL ElA 3 " 45.0 0 0 »
pHCL, - EIB ' 75.0 -
- a_numbe.i’ of 60 ‘mm plates assayed
colonies per ug plasmid DNA
4
—_— . ‘E Y
ye s {i
523 BRK Transformaton: Selection Regimens }

l\
7 i

The results of transformation assays presented above Indicate that viral products
. . ) S

" from both E1A and EIB are essential for morphologicél transformation of BRK

cells. In these experiments transformants were selected in low calcium medium

(Joklik's MEM) supplemented with 5% horse serum. Houweling et al (1980) have
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repdrted the partial transformation (immortalization) of BRK cells with E1A

alone when transformants were selected in high ‘calcium medium supplemented

with 10% fetal bovine serum. It was therefore of interest to determine whether

the high calcium medium or the high serum supplement (10% FCS) was required

[

to achieve transformation.with E1A alone.

Figure' 23 shows the results of a transformation assay with BRK cells

selected with either Jokhks or alpha MEM supplemented w1th 5% horse or 10%

'fetal bovine serum. As can be seen in the control dishes in Flgure 23, eXPosure of
BRK cells to strmgent selection condltmns (Jokhk's MEM plus 5% HS) ehmmates
the cell monolayer within 2 weeks. In contrast, mcul,_)atlon with alpha MEM plus
10% fetal calf sén}m results in the persisten'/c_;é of pﬁiméu.-y B_RK cells. It should be
emphasized tha.t"mor.pholcgical transférmants aré not observed in cpgfl:rc;tl dishes

under any of the selective conditions used.

The results presented in Figure 23 and summarxzed in Table 5.3 agam

demonstrate that, when selective medmm contains 5% horse serum, the minimum

transforming fragment of Ad5 DNA was approx1mately 0-8% (pHGI).
Interestingly, no apprec1ab1e dif ference was observed in transformatlon eff1c1ency
‘w1th PpXC1l when selection medium was eitheralpha orJoklik‘sMEM (no:-mal and

low calcium medium, res.pectively) wi_th_ 5% harse serum (Table 5.3)

In marked contrast, however, when transformants were selected in

medium supplemented with 10% fgtal bovine serum rather than 5% horse serum,

it was found that plasmids ‘containing only E1A were able to morxpfologically

transform primary BRK cells (Fi@hfez'”23 and Table 5.3). The efficiency of trans-

formatlon ‘with ElA plasmids was shghtly higher with alpha MEM than with _

Jokhk's MEM, and was reduced apprommately 10 fold relatlve to transformatlon

with pXCl (Table 5.3). ElA transfogmed colonies resemble\*rans_formed cells

&

LN



Figure 23. BRK transformation: selection conditions. Primary

BRX cells established as described in the legend to Figire 23 were

transfected with plasmids containing either E1 (pXC1,pHG1) or

containing ElA (pCD1). Cells were exposed to the DNA

e“*:a-!\'-«

coprecipitate;‘f-c;;‘_:c'.b7 hrs, then nonsélective medium (aipha MEM - -

plus 10% fetal calf serum, FCS) Wed. After 2 days the cells

_ were refed with the indicated medium® (alpha or Joklilk's MEM)
supplemented with either. 5% horse serum (HS) or 10% FCS, and

refed twice weekly. Dishes were stained after 15 days.
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Table 5.3: - Trans.for'mationn of BRK cells: Selection Criteria
it
=7
. . b
{Colonies per dish)
7 _
Selection - Plasmid DNA
Medium Serum” control E1A _ EIA+EIB
Joklik's MEM 5% HS Q,0,0,0 ;Q,0,0,0 77,67
. . L ) ..
alpha MEM 5% HS 0,0,0,0. 0,0,0,0 .115,67
- Joklik's MEM  10% FCS  0,0,0,0 1,3,2,1 82,44
N ,
2 . X .
alpha MEM 10% EES 0,0,0,0 13,4,5,8" 70,74
a) serum supplement either 5% horse (HS) %10/ fetal bovine
serum £o indicated medium. "
’9 b) number Qf transformed foci per 60 mm giish.‘
o : . / :
o from pXCl treated dishes in both cell morphology (epitheloid) and colony shape
= ‘ - - .

-

(dense, round colonies). These results suggest that a factor! present in fetal
bovine serum but not in horse serum can replacé the requirement for E1R
sequences for morphological transformation of BRK cells. The imblications of

these findings are discussed below.

et T



. 131

5.2.4 . 8HK transformatian
x .
Al TnS insertion mutants

‘//:’/ Transformation with pXC::TnS mutants was also investigated in primary baby

N hamster; kidney cells 55 shown in Table 5.4. The initial objective of this work was

. -
~

to

-

sfa!:: ish a library of traﬁsformed cell lines containing these plasmids in order >
to si (}) the integration of plasmid DNA, (2) the expression of E1l mRNA and »
proteins in these cells, and (3) the tumorgenicity of cells transformed with dif-
ferent plasmids. The results presentéd bélow examine the efficiency c;f fransfor—
- mation of BI-IK cells with pXC::Tn5 plasmids. - -
Table 5.4 summari‘zes the results of three expérimeﬁts studyir.;g BHK’
transformation with pXC::Tn5 plasmids. Selegtive medium for uth_ese experiments »§
was Joklik's MEM supp’lgment'éd with 5% horse serum. - As with BRK cells, p’XCII
- gave approximately 5 transformants per ug plasmid ]?NA. Transformants are- .-. o« \
observed as foci growin;g on a mqnolayer o_f unti:.ansformed_prima}:y r..:ells (which
detach in selective mediurﬁ after a period of appréiimately 3 weeks). Colonies

were generally counted by microscopic examination without staining dishes, and-

were maintained m culture in order to establish cell lines. In cases wh%se no colr (x .
/£

onies could be detected the plates were stained and s;cored for foci routinely bf . g
day 21 post transfection. The results in Table-H4 <':an' be summarized as follows:
1. '}‘nS mutants mapping in EIIA a’re" capable of transforminé BHK cells.
I;’iasmids pXC12, pXC13, pXC1l5 and pXC.lt': all showed rsziuced but noh-_
. zero transformj@g gctivity.- In”:‘gontras?, pXC14 transformed BHK cells at Far,

~ a slightly enhanced level compared to pXCl.
2. As with BRK cell tran;formation, the promoter-distal region of EIB was .
not’ required for DNA transforma_tibn of‘ BHK cells since pXC4, -pXCS,
_pxCB and pXCé “transformed with -ef;;}cien;ies cﬁ&:p&rable ‘t“? pXCl. }
s

,
it
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Table 5.4: BHK Transformation: pXC::Tn5 Plasmids

Q.
I

(Colonies per ug plasmid-DNA)2

L3

-

‘ experiment
: Ry . —
plasmid B! e T 3 X * sEM
pXCl - 4.0 6.7 - 5.6 1.20
pXCl2 - 3.4 .0 0.9 2.2 £ 1.20
pXxCl3 - 0 0.2 0.1 .09
pXC2 0 .- - 0
pXCl4 - 19.1 5.0 12+ 7.07
pXC15 - - 0.9 0.5 0.7 % .21
pXC16 - 1.3 0.2 TI5 % .57
pXC3 o 0 o - 0
pXCé ‘ 3.3 2.5 3.0 2.9 .23
pXC6 w5 12.4 - 10 * 2,40
pXC7 10.2 - 9.4 - 9.8 % .04
™ .

pCD1 - - 0

control

o O

L]
/"o

()

a) *values normalized to the size of pXCl (lO-kbp)'

e
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The insertion mﬁ"ﬁgﬁt pXG3 on the other hand was transformation defec-

) 3 4
tive in BHK cel¥ as was the E1B deletion plasmid pCD1, indicating again
that the promoter-proximal E1B sequences are essential for DNA medi-
ated transformation.

Table 5.5 summaﬁz'es the results of transformation of both BRK and

§

BHK cells with these plasmids. The values for transformation éfficiency {colonies

per g plasmid DNA) were averaged for the data presented in Tables 5.1 and 5.4

and are expreésed as a fraction of the efficiency of pXC1 DNA in these same

experiments. These values can be taken as an estimate of the efficiency of trans-

formation by mutant plasmids relative to wild type plasr;:lid DNA, and-‘serve to

highlight the results presented above:

1.

The E1A mutants used in these studies were transformation negative on
BRK cells. In contrast, most El1A mutants had approximately 10-fold
reduced transforming activity on BHKI cells, but were not absolutely

deficient for BHK transformation. S S

pXCl4, with Tn5 inserted within the intron of the E1A 13s mRNA had

2

approximately two-fold enhanced transforming efficiency on BHK cells.

pXC3, with Tn5 inserted in the Mr 21,000 E1B coding sequences, was

defective for BHK transformation and had drastically reduced transform-

ing activity on BRK cells.

-

The promoter-distal E1B mutants pXC4, pXCS5, pXCéb and pXC7 had

trénsfor;ming efficiencies comparab%é to pXCl. e

<
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RS
Table 5.5: Transformation of Rodent cells with pXC::Tn5 Plasmids.
L
f
Efficiency (colonies per ug)a
b
plasmid BRK ' ", BHK
pXcl 1.0 1.0
rd .
pXC12 0 340 117
pXC13 , 0 .02 *.02
pXC2Z 0 -
pXClé4 0 1.9 *.95.
pXC15 0 .11, *.02
pXClé 0 12 +.08
pXC3 .05 *.02 0
pXC4 0.4 *.11 0.6 *.13
- pXC6 0.5 *.12 1.9 *.01
pXC7 1.0 £.30 2.0 *.58
control 0 0
W

1]
- a) values represent the average of 6 (BRK) and 3 (BHK)
o : experiments expressed relative to the efficiency of’
) pXCl as described in the text, and are normalized to
o the size of pXCl (1Q~kbp).
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B. Cell lines

A pumber of hamster cell_ lines were established during the course. of this work, as
listed in Table 5.6. In ;erer to expedite the process of establishing this Iibrary of -
'transformed lines, dishes contammg transformed foci were ‘trypsm:.zed w1thout

' c.lomng mchxndual coIomes, and then passaged in flasks until ahquots from these
cultures c_ou.ld be frozen away in liquid nitrogen. Cell lines are named after the
plasmid used to transform the initial dish, ‘such as the pXC14 transformed ham-

ster lines HXC142 and HXC14b. S | Y

" “Pable 5.6: Ad5 Transformed BHK Cell Lines

f:
line plasmid expt. colonies®
5
HXCl2a  pXCl2 346 3
| HXCl4a  pXCl4 373 - 7
. o HXCl4éb  pXClé 373

& . .

HXC6a pXC6 296 1P

HXC6b pXC6 346 3

HXC6c pXCh 346 14

HXC6d pXC6 - 373 8"
HXC7a .  pXC7 346 7V

HXC7c pXC7 346 5

g humber of colonies in-original- 60 mm dish
k bcllonal' cell line
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Chapter V1 '

Discussion

Adenovirus early region I is both necessary and suffii::‘ient for DNAV mediéted
oncogemc transformanon Identifying and charactenzmg the functions of the
adenoms oncogenes encoded in El is paramount to our unﬁerstandmg of the
mechanisms of cell transformation. The above transformation results.have helped
to c_lef'me the adenovirus encoded oncogengs; and I will summarize these resu_lt; in

the context of recent literature, with reference to the E1A (Section 6.1) and the

E1B (Section 6.2) encoded functions as shown in Figure 2.

6.1 : Tréhsfé;maiion functions encoded 'inr E1A
As chscussed in Chapter |, ElA is requued for expression of all other viral early
regions (Jones and Shenk, 19791: Berk et al., 1979) mcludmg two regions that are
reqmred for m1t1at1ou of transformatlon by virus, reglon E1B (group O-hr mutants, :
* Graham et al.,,1978) and reglon EZB {(N-group mutants, Williams et al., 1974).

Berk et al (1979). first proposed that the requirement for an ElA functmn in
transformation may only'be to activate expression of these other earlly regions.
However, reéults from studies }vith group I hr viruses, reviewed in Chapter I, sug-
gest that a;n EIA.function_ is also reciuired for expression of tﬂﬁe full ?:ransforrnéd

phenotype {Graham et al., 1978; Ruben et al., 1982]. Thus E1A encodeé at least

two 'separéte functions involved in cell transformation.
4

I LA
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611 ' R-sq'srand transcripts are required for transformatidh )
The rraﬁeforfrfation results with E1A mutants .presenteri. in Secrfen 522 demonj :
- ‘stra__l;e that ElA is r.eces;a.ry for transformation of prirrary BRK ceils, as has been
previously demonstrated with the hrl mutant viruses (Graham et al., ];9’78)_, with "
the deletion mutant virus di312 (Jon.es‘a.rfd Shenk, 1979a),. and'more' r_ecerxtly with
E\IIA cold sensitive,_(cs) mutants (Ho et al., 1982). EIA encode's; rhre_e possible
geneg ﬂproducts,including the r-strand 12s and 13s transcripts and the putative
I-strand 'URFll'gene product (Figure 2). Three lines of evidehce indicate that
URF11 is not reqmred for transformation. | v 7 | |
- Fu:st, there has been no report to date of e1ther a mRNA transcnpt or
a pro;tein product from URFll either in Iytic:ally infected cells' or.in transformed
celis. Secondly, the frame shift deletion mutant Ad5d1311 (Jones and Shenk
1978) lacks nucledtides 1280-1340-bp in EIA affectmg both the C-terminal exon +
of r-strand transcripts and URF11 on the l-strand, yet transforms like wﬂd—type /
(Jones and Shenk, 1979b). Finally, the plasmid pXC386 w1th a decanucleo-
t1de insert affectmg only the URF11 readmg frame of E1A (Flgure 9) transforms
with wﬂd—type levels (Table 5.2). Thus this I-strand coding sequence is not

required for cell transfoymation, and as yet no function has been assigned to this

region during the lytic

612  Role of the 12s an¥f 13s E1A transcripts

) The r-strand of E1A encodes two products, 12s and 13s mRNAs, transleted‘ in the
same reading frame to generate related products differing enly by the presence
of 46 arﬁino' acids uﬁiqﬁe to' the larger (13s) .product. (Figure 2). Post-translational

modification of these two products gives rise to two families of discrete, related

prbducte from these mRNAs (Smart et al., 1981; Rowe et al., 1983b). The differ-
. 2 . -
<
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ences between these two families of protein products may have functional signif-
icance, since only the 13s products are detected with antitumor antiserum even

though both 12s and 13s products are prese'nt in transformed .cells (Rowe et al..,‘

1983b),

: " The roles of the 125 and 13s products in lytic infection and transfor-

mation have been elucidated by construction of mutaats that are defectwe in the
synthesis of one or the other product. Montell et al (1982) constructed a virus
pm975 defective in splicing of the ElA—l_Zs mRNA but’ wild-type for production of
the E1A-13s mRNA (descﬁbed in Chapter 1). This virus is -Wﬂd‘—t'ype for vgrowth on
Hela cells (Montell et al, 1982.) but defective for lytlc infection of growth.
arrgsted human cells (Montell et al., 1-984). Thus the E1A-13s produc:t_ alone is
sufflc?ent to u:ut:ate lytlc &ction under normal cell culture conditions, but the '
12s product is also requu-ed for mfectmn of quxescent cells. | | '”\\
_ Montell et al {1984) have charactenzed the transforming actiﬁty of |
pm975 as well as a second mutant, ‘d11500 (wild-type for the E1A-12s mRNA but

e

defective i éfplicing of the 13s u_:B?NA). Their resu_lts sﬁggest that both 125 and
13s products are re:lun-ed to produce the fully transformed phenotype, mdepen—

dent of the role of EIA products in activating E1B geue expre’sszon They also-

report that_ transformatmn with d11500 {expressing anly the E1A-12s mRNA) is
v cold S.ensitive (M‘ontell et z_a.I., 1984) as-l-la.s been found.with fhe ElA—13s mutant
hrl (Hc_{ et* al., 1982; Babiss et al., 1983). Thus El—ﬁ encooes two'functions_
requixjed;"\:for transformation, the 13s mRN.A’ product eeqiiired for expression of '

other early regions and for full transformation, and the 12s mRNA product {cold-

. sensitive} required for complete transformation.

-

. 4 - v o '
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6.1.3 Sypertransforniing mutants
Results from several groups suggest that mutations affectmg the E1A-13s mRNA
product actually increase the efflv:}ency of transformation by adenovn:-us It is

difficult to assessthe role of the 13s product in Atransformatmn however, since

mutations affecting this function necessarilz alter the expression of other viral

- early genes required for the initiation of transformation by virus. For example,

the E1A-13s mutant in500 described {é Chapter I (see Figure 24) expresses normal

levels of EI_B mRNA but expression of E2 is severely reduced and thus the téa._ps—

formation defective phenotype of in500 (Carlock and Jones, 1981) may be due to

lack of expression of the E2B polymerase required for initiation of transforma-
tiov The mutant hr440 described in Chaptéf | is also transformation negative on

BRK cells, both as virus and viral DNA (Solnick and Anderson, 1982). The defec—

-tlve transformmg phenotype of thxs virus is therefore not due to the lack of

eupressmn of EZ by hr440 since EZ is not- req_uu-ed‘m " DNA medlated transfor-

) mation assay. Since hr440 has mutatmns altering E1A gene products {Figure 24)

yet s able to express normal leve;S* of E'IVB,‘ this transformation defect supports
pre us'conclusidns thaf botL ElA a:t; E1B encode'separaté func:tions required
for complete transformation (Solnick and Anderson, '1982).

éolnick’ and Anderson (198_2). constructed a better defined mutant (d1A)
by insertiﬁg a 330-bp DNA fragmt‘a;.ﬁ: (SﬁlaI to Xbal) frcom br440 in the comparable

sites m ElA from wild type (d1309) DNA. This 330-bp segment contains one mis-

‘sense codon to ‘the left of the 13s 5 sphce site {F1gure 24), and the resulting

13

mutant has slightly __rAeduced infectivi'ty'on HueLa.cells.le_ve_\jg-:r, the alteration

does not affect transformatidn. In'fact, the transforming efficiency with dlA is

. . . . »
proportional ta input moi (Solnick and Anderson, 1982), whereas an inverse corre-

( lation is found when wild type vi;ﬁs is used. This suggests that the partial mutant

LI 2



W

140
<
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" Figure 24: E1A-13s mutants.

Left: representation of the N-terminal exon of ElA, Top structure shows wild
type (d1309) mRNAs, including the initiation codon (560-bp), the sequence at the
5'-splice site for 12s mRNA (974-bp) and the 13s mRNA (1112-bp), and the wild-
tyPelsequences that are altered in various mutants depicted below. Numbers’

within the boxes represent translation reading frames.

Right: phenotype of

mutants including virus titers on HeLa and 293-cells, levels of early region gene
expression in Hela, cells (wild type=[+], nondetected=[-], decreased={+]), and

transforming activity of viruses relative to wild type (see text).
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phenotype of dlA majr' reduce the cytopathic effeets of this virus, allow—ing a
h1gher transformmg efflclency in BRK cells. This may also explain why mutants
hrl (Graham et al., 1978; Bdbiss et al., 1983) and d11500 (‘Vlontell et al., 1984)
" ‘transform BRK cells with increased frequenc1es compared to wﬂd—type virus. ’
| Since hrl has at least one sequence alteratmn affectmg the 13s prod-
Huct (Figure 24) in the region removed from the 12s product (Ricciardi et al.,
1981), it also may have red.uced cytotoxicity in BRK cells allowing a greater
number of tra.nsformants to survive (Ruben et al., 1982) The observation that-
brl transformed BRK cells are abnormg\l in that they are difficult to establish ds
transformed cell lines (Graham et al., 1978) suggests“that the mutations in hel
. has altered an EIA.funetion involved in immoetalization of primary cells. The
o'bseEVati‘on-that 00 transformee cells are\ldefecti\‘re in anchorage. iedependent
grewth (Montell et al., 1984) further su%gesfs that the.'E1A~13s'produc:t is
'.wrequi.red for the fuilY transformed pﬁenotype. ~Hewever, -the abo ser\-ratioizs.\\ )
suggest that mutations 'affectihg 13s ::edur:e’ viral cytotoxicity and ‘thereby

increase the fx:equency of transformation. Thus the E1A-13s protein appears to be

L

multifunctional in transformation.

614 " - E1A Function: immortalization -
Houweling et al (1980) have shown that the E1IA DNA fragment alone can induce
a partial transformation, or immortalization, of BRK cells. A similar incomplete

I

~ transformation with the E1B deletion virus d1313 has been reported. both on the
rat 3?12“‘re'mbryo cell line {Shiroki et al., 1981) and on primary BRK cells at high
multiplicities of infectioe' (Mak and Mak, 1982 Also, several viral and cellu/lér ‘

transformu;g genes, Whlch can transform . 1mmortal cell lines such as NIH 3T3

cells but not pnmary cells, have been shown to complement ElA in transforrna-

.
P
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tion of pnma,ry BRK ce].ls (Ruley, 1983; Land et al., 1983) This suggests that
ElA alters pnmary cells such that they can be fully transformed by‘,oncogenes'
from a second complementation group. These observations are consnstent with
the conclusion that E1A and other complementing oncogenes induce an immortal-
‘ ization of primary ceils.

_-Other oncogenes whiéh fall into "the ElA c"o‘;nplementa’tion group;
including Polyoma large-T antigen and c-myc (Ruley,1983), encode proteins local- .
jzed in infected and transformed ce}l nuclel (Donner et al., 1982 ‘Abrams etsal.,
©1982; Ito et al., -1977;_ﬂdman et al. 1983) as is E1A (Rowe et al. 1983¢;
F eldman;ind I:;evihs, 1983). These observations are consistent mth the hypothe—
sis tl;at itﬁmortalizaiion is a consequence-of EIA activation of cellular gene
expressmn. Cellular genes act1vated by transformation may include functions
shown to be induced durmg adenomus infection of both permlsswe and nonper-
missive cells, such as dellular_ thyrqidine ‘kinase and DNA synthesis, heat shock
proteins, abnorﬁ;al -mitéses, and chromosomal aberfatipns (Cheéthém aﬁd Bellett,-
1982; Béllet et al,, 1982a b;;Nevins, 1982- Braitﬁwaite et al., 1983), ElA of Adl2 R

— :
(but not Ad5) has also :ecently been shown to switch off expressmn of class I
major hlstocompatlblhty antigens in transformed rat cells (Schrier et al., 1983).
’I'h1s phenomenon may account for the higher tumor1gen1c1ty of group A adenovi-
ruses (Table 1.1}, since by sthchmg off this locug these transformed cells may be
able to avoid‘I‘-cell‘immunity in the host (Bernards et al., 1983).
Thus it is possible that one class of viral oncogenes, r'e.pr'e.%ented by
ElA, “can r'egula;:e cellular gene expression and thereby cause cell immortaliza-
tion. It is likely that the function of EiA in immortalization is intziinsic to its role
 in regulating viral and ‘ce]lular gene expression during lytic infection. by adenovi-

&
rus.
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6.1.5 Functional domain of E1A @ .
w
!
Several lines of evidence mdlcate the functional domain of E1A protems is

1ocated¥§x the N-termmal exon of both the 12s and 13s products. As discussad
above,*the mutant d1311 lacks the C-terminal exon of EIA due to a frame shift
deletion at 1280-bp, yet.is :alble to transform .;:ells (:Iones and Shenk, ié?Qa). In:
) a:iditiog, both dl1311 and the ia:ger deletion mutant d1313; which lacks most of thé
| C-terminal exon of E1A as well as E1B sequences (Figure 2),';et;:'ﬁréss_RNA from
all other early regions (Jones and Shenk, 1979b). Finally, both Shiroki et al (1981)
, and Mak and Mak (1982) have shown that diI313 retains the E1A immortalization
fun;tion. Therefore the C—tefminal exon of E1A is not .requiréd for either trans-
formation orzgené expr'ession.l 'I'hle function of this coding region in EIA_ is ﬁot

clear at present.

6.1.6 | Nonequivalence of QHK and BRK cell transformation

The results presented in Section 5.2.4 suggést that. BHK cells may not have an
absolute Eequirement for a. funétional. ElA oncogene for ‘t‘ransformat“ion. In paral-
lel experiments. the DNA precipitates from each of these E1A mutants was able
| to transform BHK cells, albeit at approxiggxely 1_0—fold reduced levels compared
to pXC1 (Table 5.5). Thes:e résults raise the issue:of the :;ature of primary B.HK
“cells. It 1s possible that these cells are partially transformed by the process of
tissue cﬁlture, and therefore are sim_ilér to immortal céll lines such as NIH 3T3
cells which can be transforrﬁed by Polfcrﬁa middle-T and by c-ras, two oncogenés
which fall into the same complemention group as E1B (Ruley, 1983; Land &t al.,
1983)

The obseriration that pXCl4 transforms BHK cells with efficiencies

comparable to pXCl, whereas it is unable to transform BRK cells (Table 5.
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points to a difference in these two cell types. Since Tn5 is located in the
E1A-13s intron in pXCl4, ki possible that BHK ce';lfls are able to remove Tn5
sequence‘s' from ElA transcripts _by- mRNA processing, while BRK cells are unable
to properly splice such‘ a hybrid transcript. Although no attempt ha_s been made

to examine RNA processing in pXCl4 transformied cells in this work, this is an

intriguing observation that deserves further examination.

6.2 Functions -encodeii in E1B = . J

6.2.1 §5k: initiation (integratidn function?)
The transformation results presented in Tablé S.S\dz\gstrate tha.t functions
encoded in the promote:r distal region of E1B are not rg;{uire¢ for transformation,
éonfirming 'previoﬁs observations using isolated viral D.NA fragments (Grahz;lm et
é.l., 1974a, 1974b; van der Eb et al.? 19‘77‘). Howeirer, group [ mutant hr viruses
(Harrison et al., 1977) are transformation negative on BRK cells (Graham et al.,
1978), and their only known defect mapé to this carboxy-terminal region of E1B
(Galos et Ial., .1980) affecting the synthesis of the E1B 22s mRNA product 55k,
Seen on SDS-PAGE as 581{ (Lassam et al., 197%a; Ross et al., 1980). This contrar-_ _
diction (t_ransformaticn_ with HindII-G D;\IA but not with hrll virions) mafﬁgéu o
more appar_exit than real, . however, siﬁce hrll viral DNA is able to transform BRK
cells (Rowe ax:;d Graham, 1983).

The apparent contradiction may actually reveal a d_ifferénce in trans-
formation assaysf-_ For example, transformation with vi'riolns coulfi induce cvto-
pathic effects in infected cells, an effect which may ba avoided m DNA trans-

fection experiments due to shearing of the viral DNA. A second explanation may

be that during DNA transfection experiments more copies bf viral DNA are

)
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delivered to competent cells (input of 3x1010 cepie(p: ug viral D\Mthan are -
delivered to infected ;:ells in a fypical ﬁrioﬁransforhlatioﬁ experiméﬁ\; (usual
moi<], rep}'esenting 25~50 ﬁ;ffic,lés pej&gell or }?\%gies of viral DNA per dish).
| A third possibility is  that this observation reflects a different mecha-
nism of stable integration of viral DNA into the :.ra.nsformed cell chromosome.
During DNA transfectioﬁ e}fp’eriments the DNA integrates after forﬁatidn of high
molecular weight "peckgiospmes", or co-ncatameric structures involving both
transforming and carrier DNA (Wigler et al., 1979). This may be in contrast to an
active "integration” function, defective in hrll virus (ie 55k), that might be

required for integration during an adenovirus infection (Graham et 4%, 1983), as

discussed in Chapter 1. ' - -

To date there is no direct evidence that adenoviffis has an integrative

-or proviral stage of infection in tissue culture. However, the mechanism of per-

sistent infections in man ‘with this virus is not understood, and an integrative
phase is an intriguing possibility.

o

6.2.2 21k: maintenance of transformation
The results of transformation experiments presented'in Section 5.2.2 demonstrate ™
that the N-terminal region of E1B is essential for transformation. There are

three possible genes in this region of E1B, Qe 13s product (21k), the N-té;:ﬁ':ina.l

~ portion of the 22s mRNA product {55k), and the'p'utative l-strand encoded URFI0

(see Figure 19). Support for the argument that the 21k product is required for

transformation comes from the observations of Matsuo et al {1982) that this pro-

o

o

tein is present in all Ad5 transformed cell lines.

_ Since the insertion in pXC3 is located 13 codons past the initiation
bafore a nonsense
ES A

Y
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“triplet, the 55k gene product woxild _be severly truncated in this mutant if made at

all. In bohh\the 21k and the URF11 reading frames, the mutation in pXC3 inter-
rupts C- termmal sequences, and thus if translated could concewably produce a
tru.Pcated product with residual actnnty This -/ce&l»z}. explain Why pXC3 has
reduced but nonzero transforming activity, while pHEl and pCD1 are completely
transformatlon ueég.tlve. -

Recently, Chinnadurai (1983) locahzed the mutations.in two AdZ large

plaque (ip) mutants, 1p3 and 1p5. Both have hydroxylamme mdurid base subst1tu-

tlons, affectmg the EIB}M{ profein (Ip3) and affecting the E1B-21k, 55k, and .

URF10 (1p5), and both mutants are defective for transformation of the 3Y1 rat

‘,embrydr-cell line (Chinnadurai, 1983). Interestingly, the mutation in 'l'p.3 causes

IS

only a conservative substitution (valine for alamine) at positioﬁn 1718 immediatly

adjacent to the N-terminus of 21k. DNA sequence analysis of this region of Ad5
. , X N .
(Bos et al., 1981) and Ad2 (Gingeras et al., 1?82) reveal that while the C-terminal

conserved. These observations support the conclusion that thé N-terminus of 21k

is an important functional domain involved in transtormation.

\

6.2.3 Expression of hybrid g@nes in transformed cells

If as argued above The E1B-21k protein is required for cell transformation, then 7

N I o '

'thygene must be expressed as a hybrid mRNA transcript in cells transformed :
w1th the . HdeII—G DNA fragment since this DNA fragment does not contain the )

viral processmg s1gnals for the 3 splice accepfirlf ge or the\\polytﬁu ) addition

mvolved in RNA maturat1d¥$F1gure 8k Itis probable that the mtegrated DNA in’

transformed cells uses cellular 3' processmg signals for/expressmn of this protem

This has been recently demonstrated for three cell lines transformed by the ¢

/

&

portion of 21k 'ﬂowﬁ%cid substitutions, the N-terminal region” is highly

-t
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HindI-G fragment (Klessig et al, 198
select for cells in which viral majatenance genes have stably integrated into a

.
. Presumably transformation assays

cellular chromosome suchAthat_theKira.l informaEion can be expreése&.

An extgnsion of this argument is that cells transformed by pXC:uTaS
plasmids ﬁnay expresg hybrid trgnscripts, allo.v.viing the é;pression' of the viral
-eandEd gene products. Although insertion of Tn5 into thes-e ‘plasmids introduces . /_-

nonsense codons immediately downstream from the site_of insertion, it is got\

clear what other transcripticnal, proées g; or trans];ational si_gnals‘ may be pres-
ent in this bezc:.‘.cfx-ll "D‘NA_. sequence. "l'hus i’ 'is likewise not c}éai what effect
these insertions \;Ln have on transcription or processing of viral genes in trans-
formed cells. Since pXC3 transforms BRK cells, althou%h at a very much :‘-eduCed
lﬁ_a‘vel'qompa_rgd'to pXCl1 (Té.ble 5.4), it is possible that these rare transformants

represent even\i_iﬁ which the plasmid DNA integrated upstream from cellular

RNA processing signals allowing expression of E1B sequences.

6.2:4 E1B relieves serum dependency of primary cells

The results presented in Section 5.2.3 suggest that one E1B function during gghl
transformation is to relievé a serfim dependéncy of the untransformed cell. As
shown in Table 5.4 and Figure (23, mo:‘pholdgical_tfansform-ants were obtained
after transforma}tion'wifh ElA plasmids only when selection_m‘idium was supple-
mented with 10% ‘f'etal bé:ri;e serum. The ElA transforméci cells s:i;own in
Figure 23 appear morphologically‘transforméd, but when these cells are e_xpanded "
as cell lines they a{? mgre fibro?lastic; than cells tranﬁfo;méa by all of El (FI:G
personal -.communication). Therefore it is also ;znssible that the E1B function is

also responsible - fopf morphological _alteration of the transformed cell.

Rassoulzadegan et al {1982) have reported that the polyoma large T tumor anti-
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gen lacks intrinsic oncogenic potential but can relieve the serum dependency of

both normal and transformed cells. Thus it appears that viral transformed cells
express .a viral encoded function which is a gommnént present in serum and is
required for cell growth. . . ' ) J

. It is possible that this function present in sera is a mitogenic growth
factor, @ogom to Platelet Derived Growth Factor (FDGF). Evidence for this

first came from the observation Hy Scher et al (1978) that the loss of se;u’m

dependency or the requi e?ent for PDGF is a necessary, although msufhc‘th\,
steplm gn: malignant trans%rmatmn of flbroblasts. PDGF is a peptide hormone
involved in regulating the mitotic cycle of connmective tissue cells (see Stiles,
1983), and has recently been shown to be activély transcribed in some buman sar-
comas (Eva et al.,_\11-982). Evidence that PDGF ma{r be directly inv:)hlred_ in malig-
nant’ trans_formation is 'provided by recent reports (Waterfield et al., 1983;
Doolittle et al., 1983) that the oncogene transduced by the simian sarcomsa virus

(v-sis) is the structural gene for PDGF.

Thus it appears that a second class of oncogenes active in mali?ﬁant

cells, and transduced by oncogenic viruses, are involved in regulating the mitotic -

cycle. It may be that the DNA tumor viruses such as Polyoma and adenovirus

encode their own polypeptide regulating the cell cycle, which may increase

replicate virus. The presence of these genes in the transformed cell therefore

would increase the reﬁlicat'ive'capacity of these cells, one hallmark of a malig-

nancy. <

mitotic activity in infected cells and thereby increase the cellular capacity to

AT
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6.3 Summary P |
Adenovirus encodes several functioms involvéd in oncogenic' transformation,
including functions required for both injtiation and maiﬁtenance of the trans-
formed state. The E1A-13s product is required for viral gene expression {Berk et
al., 1979; Ri’ccia.rd.i et al., 1981; Montezl)( al., 1982). This gene product activates
expreésiou of two othe:: early gehes, the ElB—ZZs\product (58k) and the EZB
N-group product ,(DNAKpolymerase) that are possibly involved in integration of

viral DNA into the host cell chromosome during transformation. However, only

‘the left end 8% (early regions ElA, E1B) are required for maintenance of the

tz-sms')for:l:nc;(—.‘rf state, {and thié. region is sufficient for transformation in a
DNA-mediated assay. The objective Bf this StI.Id]; ;Afé.s to identify those regions of
El necessary for DNA—mediateci transformation. The a.ﬁproacﬁ takén was to con-
struct recombinant plasmids containing all or portions of El (Chapter ll}, and E1
plasmids containing defined mutafions using the prokaryotic ::aﬁsposable elemenE
Tn5 (Chapter 1V), and to characterize the transforming activity of recombinant
plasmids on primary rode:-1t célls (Cl'gapter'v). | |

-

The results presented in this study demoastrate the usefulness of pr.:o—

karyotic tramsposable ele'ments as insertional*mutatagens for clbned eukaryoti’t':;

genes. The transposon Tn5 was used to define the coding regions of El onCOgelnes,

and this technique could conceivably be applied to gene mapping for any system .

" which ha.s a biological assay. The ablhty to define the site of insertion of Tn5 by

DNA, sequence analy51s perrmts the interpretation of ‘the phenotvpe of these
mutants. e
=] | _
Results presented in Chapter IV have demoanstrated several interesting
phenomenon associated with Tn5 transposition. It was found that Tn5 preferably

inserts downstream from a prokaryotic promoter sequence fortuitously located in
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adenovirus t?pe 5 E1B sequences. In addition, the orientation of-Tn5 doy_n-stream
from this promoter sequencé was found to,be’no—nra.zidom, with the end of Tn5

— e

encoding the cis-acting.transposase protein (IS50R) located nearest the promoter.

‘Thesé results support the "donut" model of Tn5 transposition ém’ﬁosed by Berg

(1982b), and suggest that transposase seeks out transiently denatured regions
(transcriptionaly active regions) on target DNA molecules to initiate transposi--
tion. . |

sThe mgrph;:zlqgical tlré.nsformation results presente& in Chapter V have
demonstrated (1) the requirement for r-strand E1<6; transcripts in tfansformation,
(2) the requiremérlt for E1B sequences and the replacement ¢f this requirement
with serum supplements, apd (3) the nonidentity 6f primary BHK and BRK cell
transformation assays. These results‘_t_l‘ax{e_ coniributgd to defix)ﬁng the adenovirus

!

genes required for cell transformation. What remains to be /ﬁetermined are the

biological properties of these gene products which allow them to bring about the

immortality and unlimited proliferative capacity of transformed:gefls.

Q!
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