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ABSTRACT

This thesis describes studies designed to develop and utilize

human adenovirus type Sr‘(AdS) as a cloning and expression vector in
mammalian _cells. The éxperimental approach take; in this work-was
first ‘to determine the limits on the amount of DNA which could be
| packaged into virion  capsid. To this end I.have used’mutants of AdS
derived from ineertion of ; nacrerial transposable element (Tn5)} into
tne |1efr end (the transfnrming-region) of the viral genome. Attempts
to rescue variois ’siZEQ' derivntives of these TnS insertion mutants
‘into full lengeh infectious AdS DNA indicated that not more than abouy
2 kb of dnsert DﬁA =cnu1d: be rescued in this way.. To extend this
1imit, ‘a heipér;independent ndS cloning vector has been conetructed in
;wnicn ﬁmnét :bf.‘enr1§f region"B (E3), from map co-ordinites 78.5‘te
:.éh;7,. an& !eesentiallyl eii of early region 1 (El), fron ifo'—'idié,;
o have-ibeen neleren. Ej is-non-essential fnr adenoviruslreplicntinn i“
euituren' cells and El is non-essential when the yirus is propagated in
293 ceila which constitutively express tne ,pl;geneeprodupts., The.,f
- resulting new ;riru_s,' dIE1,3 was about S35 frb‘-shalrte"r' than vt Ads’ ax_i_q
.,rﬁéreédré ganuid: fen‘;ble to accept-up to, 7 5 kb in foreign DNA. Ta
‘test the 'usefulneas: of nhis veetor,_the Herpes Simplex Virus type 1
ql(nsoml) thymidine kinase gene (tk) along with its regulatory sequencee

’

aas inserted into the- unique' Xbai' site df dIEl 3 (at map position

‘.78 5/84 7).} The- resulting recombinant virus. Adtk, expreseed the HSV’_,

tk at a low level (as compared to levels induced by HSV 1) in infected{x

L

.



cells; Thowever, tk‘expression was matkedly enhanced when Adtk infectéd

cells were . super—-infected with a tk mutant of HSV. Furthermore,

the Adtk virus efficiently ‘t?ansformed tk  mouse cells (line K&

and its progenitor the LTA) to the it phenotype. At a low i’.
efficiency, 1t was also possible to transform tk  human cells - —
(line 1[43), and tk+ transformants of.Poth mouse and human origin

_'have bé‘n established as ﬁermanent lines. .
. ' . {

Lastly, during .construct;on of dlEl,3, we isoclated a variant,
dlEl,3~1, which had a direct repeat of viral DNA terminal sequences

. attacheg¢ to the left end.of'the genome. -Analysis of this variant wi;h_;
’C; . ! ! . ] o .
restriction enzymes and by hybridizatlon- of- Southern blots with

sﬁeéific 'probes indicated that- the_ext}g termiﬁal segment contained
> the left 2-61%(950 bp) of AdSljgined to 352 bp of pBRéZZ_which in turn .
was linked to the lefr end _(minus- 21 b’pf);}o'fA dlEl,3. During
replication of d1E1,3-1 the Jéxtra"cerminaﬁ;;;égmenﬁ. was lEouﬁd to
-tréqsfér‘ to éﬁe-r}ghq eﬁd“bf'the gencme resultipg?in a second variant,
&1Ei,3féf; #aQing 'aﬁp}iﬁgped;'terﬁinai ;eqheéces“at;both ends Qf Fﬁer
:‘vtralllggnoqe. .91?1;3f2‘ Qaq shown'to_fAVéFt.back to d1lE1,3~1 at high. -

o fl;e'q‘ug:m:-'y:- Ait_:vhoﬁ_gh'-".évid.eﬁc'e_-.wa.s‘ ob-;_a'li_ngd. ii':d';ca:fi.ng thac'th;éicttaj
.,ﬁ .s;éméntiiééuLd. be‘}ps;'?;6@;fhgLlef;‘eﬁ@_a;]lo@’f}q&u;nc;;‘sﬁénpangou&
' ;Edtéﬁpé? ﬁhlch:‘h54- ioqt"?;;gct_ repéééﬁ. Erqéﬂ_bqth‘.yﬁds were ;évg£”

.iéqia?éa;‘ ;ItG ?aé,' ﬁbwgver; lpo;;iblé, to .femdvg tﬁe:erp; térq#ﬁa1.,_T
:}ééeaé;,Oﬁ" aiEf;3-i ‘py 1éiepg;ée.”wiéﬁ:‘g;.rést;tcéggﬁ. eazymé,and.téé;f
‘-_‘iis;iéte' quI,j cqﬁiéfhiﬁgﬁiggz ;;rﬁiﬁil‘ ?ﬁé.rpgrféﬁégmg;ts.ocqﬁ:;iné?' 
;ﬂ;tshu}ipg'xgépligatigé: éf__diEi:B;;.aﬁé-giélt3—é_ﬁéy_he éh; égnséqggnde;

ﬁof-fhé mode of replic;tioﬁ‘-qf Aas'dNA,.' l L
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CHAPTER 1: INTRODUCTION

1.1 Discovéry and Epldemiology of Adenoviruses

Adenoviruses were? discovered over three decades ago by Rowe et .

al. '(1953), and the first pfétotypes were'isolated Bhortiy aft?rwafds:f

from human adenoid tissues (Enders et.al., 195@), from wﬁ?dhﬁtheif -

name was derived. They are ubiquitous agents, - and one or;moré : o

serotypes will have 'infected most individuals by the age of IS5.

Ciinically, they appear to cause mild respirétory and gaatrointestinal ,

o

infections, occasional _epidemics of acute .respiratory' diséaée_riﬁ :

military recruits, and outbreaks of bronchiblifis -.among -children; - .

.

certain ~ serotypes have also been shown to causé-keratdconjhnttibifié; L

(Table 1.1; reviewed by Straus, 1984).°' The adénoviruaes'géinédfmuch‘

attention when Trentin et al. (1962) reported tumor formation after .

injection of a newborn hamster with one member of .these ggénts. Work

A . o
on adenoviruses in subsequent years led to major advances in the field

of virology, molecular biology and mammalian cell transformation; * -

recently, they are being wused as geéne transfer vectors in mamma¥ian'

cells. This chapter will summarize our: current‘,know1e4gelof-thé-.‘f“

molecular biology of adenoviruses and- viral vectors, ﬁnﬂ_'thefr';,'

possible wuse in mammalian cells as a prelude to a description of ﬁy:f

studies aimed at developing human adénovirus type 5 into a-cloning and



Table 1--]-

Y wkan AUENOYRUS HOHOLOGY CLASSES

. Hemag- -
: . glutina- Lo _ .
Representative tion | T DHA - . Oncogenfcity. L St
Class Serotypes Group *  llosolagy + 16+ C in Rodents " Target Tissve - :Epddemiology
. . . - . . . - L . P T N s
A 12, 18, 31 1 3 48-69% 48 -~ . high = .. gastrointestinal - : cryptic gastrointes-.
. b §-20% o) : tract : _tinal infaction
¢ 50-4Gx L : T
B . 3,7, 1.2 I a 89-94% 513 - weak --. _ pharynx. lungs __acute epidemic.
s ’ . ol b- 9-20% . - {upper & Tower 1nrect|un
c 50-80% i -respiratory tract}-
herorrhagic :ystltls
(lower urinary:tract)
. " ‘ cnnJunctIvlts -(eye)
C I;.é; 5, 6 I . a 99-iuoz 119 T . pharynx- (upper ] laténtthroat
” b 10-15% o respiratory tract) infection; cryptlc
¢ 50-801 : © o - qastroidtestinal
: . f L Infectinn \
0 8 9,19 It a 94-99¢ 58% nil keratocunjunctlvitls acute epivenic
. b 4 -231 . {eye) . . tnfection ’
. .. M . . T
£ 4 i1 SHY -ntt upper resplratnry
o lract
F. EA nil - gastraintestinal enteritis-agsociated
- 'tract enteric fnfection ..
* 1. Complete agglutination of mnkey erythro:ytes. II. Conplete agglutinatipn &f rat e hryucytes. TH, Partial
agglu!lnar.ion of rat erthrocytes; |1V, Hinimal agglutlnqtion response. . - . .
voa. Hnnnlogy of nembers of same group; b, mmnlogy of members of different groups; c. INA sgquence.

'homlogy of members of different groups (0 4. 5 map, unfts and 15- I]’ rnap units

_Reprinted from Sanbrook e_

(1931)



expression vector {n mammalian qells,‘ énd at developing efficient
"methods for insertion ﬁf_genes fnto adenovirus DNA.

-

1.2 Adéno&iruses'

1.2.1 Classification
' The qdeno;;;;é family comﬁrises oveF'BOIBérotypes,-bf which‘39
are human isolates’ and the rest are of animal origin. Based on at
least fouf different criteria, the human serotypes‘ havé beeﬁ
classified ingo ;ix different groups ,(Table i:ll- "The most Q;delyA
used subgrouping scheme is based on Lﬁe aBility of specific;sérotyées,
to. partially or completely'ﬁehagglucinate rhésus or rat erythrocytes

-L(Rosen, "1960). Other classificatign .séhémgs have been .Qasqd -on

| . ‘ na aqﬂ

'y
Green, 1965), genome homology. (Green et "al., "1979), morphology

oncogéniciﬁy' {Green, 1970), -percentage, of G and C content (P

(Norrby, 1969) and on restriction ;endonﬁbleaée' cleavage patte}né
(wédell et al;t 1980) .- 0f ‘the 39 human serotypes, adeﬁovirus type 2
- and type /5 (Ad2 and Ad5) are thé wmost intensively studied, and

therefore the remainder of this section will focus on them.

‘1.z.zﬁ Géuope_étfpétute:qnd Orgaqi;;tioh"‘
';rhe 'geébﬁe oé'ﬁadep;viru;és. is a linea}'doubIQAStranded DNA .
#_ﬁélécgle fanging"iﬁJ size from 30 to 36 kb. -fiéhré 1.1 shogs the
- ﬁgiﬁciﬁéll trénscfiptiggal_ grganiiation ‘of: the Ad2 génope; which is
. tgeﬁgr;l}y very siﬁiléé for'diffgfent_adeno sérqtypes. It éonéists,;f.
séverai ﬁon—cgntiguo&s b}dcgs.lbf. eariy gehésl(cranscfibed ;arly'in

: ;ﬁfecti;h? ;nd one majbr_-lacéitrgﬁscribtio; unit'(exprgss;dtlate in
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Figdre . 1-1 . V'A sehematie drauidg, showing cthe 'prineipal
transcriptdonal otgenizatiqn . of ‘the Ad2 genome. The geneme' is
subdivfﬁed dinto 106 map units :(mu). The r-etrand and ‘l-strand are
) . . o . .
trdnsc?ibed info RNA dright— and 1eft4uerd) respeetiVely. Arrow heads
show .the 3{ pel&adenylation Eites while the promoters‘are indicatedvby
_brackets. Lers iﬁ ‘arreus_ represent intervening sequences in the, RNA,
trenseripts; fthe' early RNA's are indicated as Ela Elb, E2a, EZb E3
and ,E&,“whereas the 1ate RNA's are designated by Ll, L2 L3 Lh, and':
,ﬁSi Proteins are designated by their molecular weights in Kilodaltons .
(Kdif or by Roman numerals. Also shown are the three segments which are
spliced to form the. tripartite leader (1,2,3) and the VA-RNA T and II.

modified from Tooze (1981)
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infection). All of the adenovirus serotypes studied so far contain a
short (102 to 164 bp) inverted terminal repetition (ITR) {Garon et

al., 1972; Wolfson ‘and Dressler, 1972* Van Ormondt et al,, 1978;

-~ -

~Steenbergh and Sussenbach, 1979, Shinagaua and Padmanabham, 1980) . In

—

addition, a 55 Kd protein is covalently attached to. each kN end of the
adenovirus genome (Robinson et ali:, 1973; ~Rekosh et al.,h 1977;
‘Desiderio- and Kelly, 1981) Lastly, by convention, the adenovirua

genome is ~divided into 1eft and right halves based on its GC content,

and the strand trsnscribed to the .right is called the r—q;rand whereas

the leftbard transcribed etrand 'iS‘ designated as the l-strand; the

: genome has .been further divided into 100 map units (mu) from left to

N K
- right as illustrated in Fig 1 1. - ..ﬁf L rh . S
S12:3. The Lytic Cytle A SR

_ The“ .vast . majority of ™ studies “on “the . 1ytie. cycle‘ of

L)

" adenoviruses 'freviewed by -Toozé 1981" and Sharp; 198&) have been

'.cerried out, fn Ad2 ot Ad>5 infected human cell lines (KB or. HeLa) in.
‘cuiture.f ;The productive cycle (Fig. I. 2) is initiated when the’ viral

'DNA :eaehes the infected cell nucleus, approximately half an hour post‘

—

.‘&dsqrption. Transchiption Erom early regions Ela, Elb, E3 ‘ldcated on ce

.'theu’r‘lstrend)-'.and EZa, E2b and E4 (on the l—strand) comménces in a
R i

-'defined .ordet prior to the. onset of viral DNA replication (Fig. l 2),

'Tra scripts frpm: Ela (pre-early), and the promoter proximal segment

ILi) of the major late prother have been detected as early as 45.

minutes postinfection (pi) followed by those of early regions Elb E2

(from ;a promoter located at map position 75) E3 and E4 at about 1:5 to

) ‘hr' (Jones and’ Shenk 1979b Berk et al., 1979; Nevins, 1981).
. ot .

v

J
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-

. all-.’, 1971); ( 4 ) virion pro.téin (hexon antigen méasured by complen'zen't:.

' v

. fixation; ¢ l')_]5_1(prA binding pFotgip. _(lieprinteci from Tooze.'lé&l-)-:

.



" All the viral genes are transcribed by the cellular RNA polymeraae‘l[,

. . Y " * ’
except for the virus~associated (VA) RNAT and VA-RNAII, which are

¥y .
.transgribed by RNA~polymerase I1I. Each of these: primary trunscripts
gives rise to a family of mRNA specles upon RNA splicing (Fig. l l). a
mechanism found 4in all higher eukaryotes (Breathnack and ChembOn;

R

1981) and first detected in the adenovirus system (Chow et al.. 1977;

Kitchingman et“al., 1977; Berget et al., 15»7). All of these early&rn

. mRNAs are translated to give rise to early proteins (the function of

the early produéts will be discussed subsequently), with the so0le

exception of the VArRNAZand the Ll transcript. Aoproximately'sii to

elght hours post infection, with the onéet of. viral DNA'replication,

transcriptioni from all the early regions increases three to tenfold.,'

- . i

'This increase, is thought to be .die to the augmentation in the number

~of templates (Shaw and Ziff 1982)

- _Viral ‘DNA replication (reviewed by Challberg and Kelly, 1982

- kelly, l98h' and described in more detail in chapter 6) proceeds by a

. 1

‘semi-conservative, strand-displacement mechanism, initiating at. either

" end .AE “the genome, and reaches ifb maximum rate at about 19 hr, pi

(Fig. 172, dnd 1.3). By 26, approximately 105-10" prdgeny '

. yiral-fgenomee\ifrf‘-made,‘ of which only about;;ZDZ are gltimécely

pecteged into rital particles (Green 'e' ;al} B 1970} Viral “DNA
’ reolication (Fig. l 3) requires three l-strand encoded early proteins.

These -are the EZa encoded 72 Kilodalton (kd) DNA binding protein (DBP)
. (Ehow :et'ral., 19793, -Lewis et ala,, 1976), the E2b encoded 87 Kd
pre terminal proteins (plP) (Stillman et als, 1981"Alestromret al.,

11982' Gingeras 'et al. 1982, Smart and Stillman, 1982) and the E2b

Vencoded viral . DNA. polymerase (1&0 Kd) (Stillman et al., 1982a; Lichy

i



: 1976) in which synthesis of  a. new . strand displaces one parental_

. dispiscedl during 'the' first step in synthesis c0u1d obviously form -an’

'_double-stranded sequence (b) A similar displacement mechanism in uhich

€ -

.‘J“: )

New 0 + dCTP

prolein
AN
\JDL chPmiem o
ProicinG

Atl as primer
ISW tirand adc

ilFiéure S 1-3 (a) A model of synthesis of adenoviral DNA (Daniell

?strand. If the sequences of the inverted terminal repetition base-pair

1

-to 'form the panhandle intermediate shown then the double-stranded

T panhandle -has the ‘same 'termihal structure as parental viral DNA'and 2

will presumably be recogpized by the enzyme complex responsible for

initiation of’ viral HNA synthesia. Altﬁough not shown here, r—strands'

ar

_-..‘_
r .

“the possible 'role of the’ 5‘—terminal protein in initiation of .

-

.sdenoviral DNA synthesis is illustrated (redrawn from Rekosh ets sl.,-

.. '—--.,-
1977) (Reprinted from Tooae, 1980)-.. o -

)

analogous: : panhandle intermediate, : with .7the»' same terminalf
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et al., 1982), Daughter strands ere initiated at or near the: terming

"and ure' presumably primed by a dCTP residue, covalently linked to the

pTP . (Rekesh et al., 1977 Pincus et al., 1981). The DBP appeas to be

wmultl ° -functional. Firstly, it s involved in initiation and

.‘elongntion (van der Vliet and Sussenbech 1975; Van der Vliet et al.y
i971§- Horw;tz,' 1978), and secondly, in the down-regulation of its own .'
,ae 'well ae other’ early gene expression, presumably by decreasing -mRNA
‘steoifity (Babich’ andt Nevins, 1981, Nevins and Winkler, 1980 Carter

_“and Blanton, 197aa; l978b)-

With the ;onset- of viral DNA -replication, the trenscription

i “pattern  from _ E2 and the mejor 'late promotér (MLP) changes.

Transcription of. the E}‘reﬁicn switches to a second promoter located'

at ‘map position 72. ° On 'tne other hand, transcripts from the HLP

which--ndémally terminate at map position 40 early in infection (Lewis

.and Mathews, 1980,. “Shaw’ and‘fiff 1980; Akusjarvi and Pereson, 1981)

‘extend ‘to include the- encire = strand following the onset ofﬁDNA

~

.-

trénscripts'_are“ jaiﬁéé"¢6' ; common tripartite leader sequence, withr
.eecn” primdry' transcript giving rise to one of five families of late-
' nﬁNAileach ﬁithe a comnonw 3" terminus generated by endonucleolytic
cleauege and - polyadenylation within the primary tranacript (Fraser et
:el.;‘ 1979 Shaw ‘and Ziff 1980) " The tripartite leader encompasses.[
Q'20$ nucleotides of 5" untranslated messages,‘ including a sequencet
. anelogous " to the Shine—Dalgarno (1974) sequence in prokaryotes (Tooze,
:'198l);“f'5-' Eourth : leader segment known as the' "i"_ leader is

incorporeted_"into .some 'mRNAs (Chow et 811,: 19}95;"Akusjarvi_and'

ljreplication ‘.(Fraser et .el.wi 1979) Upon processing, these 1ongh.'

' Persson, 1981). " Maximal  rates of late protein synthesis occur at‘f'



approxipately 15 hours p{ (Russell and Skehel, 1972; Walter and
Malzel, 1974). During the late phase, messages with the tripartite
leader are prefereﬁtialty translated, and the relative .rate of their
translation ‘is directly proportional to the abundance of the hRNA 1n
the infected cells® cytoplaem (Lawrence and qacksoﬁ,-1982).

The low melecular welfht non—translated ‘RNAs, VA—RNAI_and
yAfRNAIi‘ accumulate te ~very high levels‘ dpripg the late phaee'of
infection. }t' has " been suggested (Mathews, 1980) that tﬁe VA-RNAs
play a role _in. the RNA splicing teaetiqn by ‘acting ‘as an adaptor, py.
" binding tol the 5' and 3° sequences of exens 1eaeiqg to the formation
of - a 'loop, thpa faciliteting Jsuhaeqpentl &%eaﬁege apd'.ligation
-:teactions. Recently; -howeyer, Thimmappaya.”et‘ el.(iéaz):have:shown:_
thpt ;a putant viruﬁ laekingl VA—RNKi ues'.defettive_.totletficieht.”
‘Fr85514t1°“f of lete yital,mRNA, aﬁd‘oniy 1/20th‘of wt levéle-ofplete‘
ptoteiﬁs were synthesized. - On -the other ‘hand; a muthnt. virusn
defective"ip -VA~RNAII ‘grew as well.ae'the bt.vifue.v This led to the

"proposition. that the VA—RNAI is eseeﬁffﬁl\{gr efficient translation of

'\1ate mRNA. . How the VA—RNAI exerts such an effect is .not clear as yet,

—

1.2.3.1 Virus Assembly and Phckaéing Constraints ;
The assembly of virions (reviewed by Philipson, 1984) /commences
et epouc‘ 12 to lS_‘hours‘ post infection in the nuclel of iﬁfected:

";celle; .The precees by“‘whieh' the structural polypeptides ate put‘

"’togethet"has ;n - yet. been well characterized. ﬁpalysis of viral DNA .
Co .

sequences asaociated with particles of densities 1ntermediate betweeﬁ .

empty - ene .complete virions“-suggested. thet -packaging of the viral
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fenome proceeds with left end polarity (Tibbetts, 1977; Hammutskjold

and Weinberg, 1980; Hearing and Shenk._'l983) into a preformed,

immature, {sometric capsid (Sundquist et al., 1973; Edvardsson et al.,
1976). Maturation of wvirions .requires the proteolytic cleavage of -

several virion components; these are ipVI; pVIi;: pVII1 and . the

preterminal protein (Weber, 1976).

One of the fundamental .structures“of ‘all virions.is their

'capsid which encloses the - nucleic'.pcid; 'Capsids ‘are made un of

identical protein subunite.‘ ,There_ are two ways in which identical

asymmetrical subunits' can’ be. essembled to build stable, regular

capsids: - "helical or . isometric ' assemblies.", In 1the_ case of

adenovirusee, the capsid is isometric (an icosahedron) ‘ The stability

" of the Einal assemhly depends 1arge1y on the numher and strength of
the bonds betwegn the aubunits in the capsid, and the internal volume

of the capsids is rarely much greater than the volume of the genome it

must hold. Viewed in these terms, the tolerance for packaging greater.

‘amounts of‘ nucleic ‘acid than the viral genome size is rather limited-
.when :;he' isometric cadsids are considered Analysis of the genomicf
: size: of various adenovirus mutants has suggested that with reBpect to

_the -1ower limit there seems to' be no extreme constraint since a -

number of.. deletions have been isolated or constructed that range Erom‘

. as little- as a few base pairs (reviewed by Young et, al., 1984) to -as
. much- as 5 S Kb 'nrf about lSZ- of the viral genome (this thesis)
'Furthermore,a_a._defective ‘adeno SVAO hybrid has been isolated with a

“net deletion of 12 Kb or 331 of the viral genome (Tooze, 1981)

'fIn contraet, there aeem .to, be severe conetraints on-the

‘fmaximum size, of ha DNA»molecule'which:can,be accommodated*pithin the
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virion. This .conclusion 1is supported by the following observations:
‘firet, 1insertions of SV40 DNA sequences in SV40-Adeno hybrids have

resulted .in  concomitant deletion of adeno sequences (usually in early

regidﬁ- 3) such that the net change 1n viral DNA‘size is relatiﬁely
small (reviewed by Tooze:\ 1981; Klessig, :1984). Jones and Shenk
(1978) have isolated several substitutions and insertion éubaﬁts that
resultéd "In a net insertion of about 0.4 to 1.7 Kb or 1.2 to 4.7%. On
the other hand, Graham (1984b) has_succeeded in inserting up to 2.2 Kb
,or. 6% into an AdS mutant (d1309); this currently represents éhe
. m%ximum amount of DNA that has been -auccessfully packaged * into
Infectious Ad5 virions. Generally it has been observed that isometric
capsids can package only up £5 about 5% over the.normal genohic size,-
a finding which 1s well documénted‘for the lambdoid bactepiophages.ﬁ
(Hendrix et al., 1982). . In contrast to 'yiyuses bithzicosahedral
capsids, viruses lacking‘ icosahedral symmetry such ;s poxviruses
(Dales and Pogo, 1581) fcan _package more than 5# over and abqu thg:
normal’ genomic'-size. For instance Smich and Moss (1985) have
succeeded - in inserting 24.7 Kb into the'vécéinia Qifus genome (187 - Kb} '

or 13.2X.

1.2.3:2 Host-Cell Hetaboli;i'Duriqg:Infection'

Infection with an adenovirus causes a'seVeré‘inhibition of host
cell protein ané DNA.Byﬁtﬁésis-ﬁbinsbe;g et alf, 1967;5Pina'éné Green,'
1969).  This sélective. inhibition is cbincident .with the onset of
viral DHAuf%plicétféﬁ, ;térting'p to 8 hr pi énd 4;-virtualiyicomp1e;e
by A2 he aftér ipfect;on. On thg_'otﬁer hgnd,: ‘the host ‘céll

transcription machiﬁemy is not -inhibited ahd_cellular RNA accumulates’
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in the nucleus during infectiqn suggesting a preferential transport of
“wiral - mRNA -“to the cytoplasm (Price and Penman, 1972; McGuire et al.,
1972). Thus, adenoviruses seem Lo rely on an efficient mechanism to
‘reditect the host cell machinery to the synthesis of their

macromolecules.

-
>

1.2.4 EarI!.RegioP Gene Product Punctions

1.2.4.1 Early Region 1

Figure i-4 summarizes the genetic and physical-map of early
' region 1 (El); iEs structure and t;anseription map have been reviewed
by Tooze (198l), Graham et al.(1983), and Sharp (1984). EI which maps
to the left-most end of the genome (1.3 to 1l.1 map units) on the
r-strand contains two independently promoted early transcription
units: Ela and Elb. As is the case with adenovirus transcripts in
general, the use of ﬁhe coding capacity of this reg;on is maximized by
th; process of RNA splicing to generate multiple mRNA species.

Ela encodes 3 mRNAs, 98, 12s and 13s; all three mRNAs share a
common 5' cap site (located at position 499 from the left end) and a
3 poiy. (A) addition- site (posigioned_at 1609 bp Erom the }eft end)
'and- differ only in “@fhe size of the interveﬁing sequences removed by

~

splicing. Based on the DNA sequence, the 13s and 125 messages should

theoretically generate two praoteins, 289 and 243 amino acids long (MW
‘32 Kd and 26 Kdrrespectively), differing only in the presence of a 46
amino acid segment unique to the larger protein. Viral proteins- in

_general, apd those encoded by El in particular, have been identified

by using"g'lvariety of techniques (re&iewed by Graham et al., 1983,

i
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Figugq, 1-4 Organization of early region El. Géﬁeti; and physical

. map of the‘ left end .11.52 of El from group C adenoviriises. po:
r—strand~ transcripts: open tramslation reading frames “l, 2 and 5,
represented by open, lclosed, 'gnq'hatched bérs.respecﬁivéiy. Bottdm; -
Unassigned reading fraﬁes URFIO’ and- URF1l représent two igrge open
reading frames on the.l-strand. Theoretical molecular weights fgf El
proteins are indicated in brackets,_also 1ndicated below aré seﬁe}al

" El mutants of AdS (reprinted from Graham, 1984a).

AN



l98&a). including . immunoprecipitetion of l viral | antigens‘;ffom
transformed or infected cells using antisera f rom tunor.'beering :
animals or sera ralsed against eynthetic polypepcides."Theee studies:
Aheve 4ndicated that the 125 and 135 messages give rise to families of
écidic nroheins (Smart ‘et al., .1981" Rowe et.alf; 1983)‘ the lZs‘n
generates’ eﬁ least 3_ proceins, one major (Mw = 50° Kd) and tuO minor
species (M = 45 Kd and 35 Kd), and similarly, the 13s generacea one .
major (Sé .Kdd and tno‘ minor Species (48 5 "Kd- and 37 5 Kd) . At.:‘i
'present, _it is not. clear ‘what is the biological significance of these .
mnltiple" sbecies}l"nor, which posc translatanal modification .isi
resnonsihle Eor'hthie: heterogeneity.' In cpntrast to the very early‘
appearanoe‘ nf- the :123‘ andﬂ‘lés, the Ela 9s. mRNA is detected late inli

' infeccion and its translation generates a b.l Kd protein (Virtanen and‘

[

v

Petterson,‘1983).

' . Transcription of Elb gives fise.CO-a‘eingle eerly tfanécnipfs. o

nhe :ptocessingg*di whiEh éenecaees :tqo messaées with sedimentation
‘ coefficients of Zze"and lJS;-again wich.common S' and 3':ends; Both;n'
ofl these messages encode a theoretical 21 Kd protein (often n“ierred_
Ahto as 19.K) initia:ing Efom the Eirst AUG in reading frame l.. The'zzs‘
[ message also encodes]a 55 Kd\protein (known as 58 K) in reading frame ;
- . .
’.3, starting from an internal AUG (position 2017) (Lassam et al., 1979 T

. . . s

* Green: et ‘al., 1979, Yee _'ec al., 1983" Rowe ‘st al-, 198&) The
T relecive amounts of these two messages change during “the lytic cycle,."
.'uith Vyery 11:£1e of the i3s soeciee. present -earlyf_and abundanti
- amounts * present lace in infection (Spectof et'ali; i9]é;'ﬂilsonxet'

l al., 1979; Wilson and Darnelll 1981)  More recently, however,'

Anderson et (198&) have identified two additional proteins (a 16 -
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Kd. .and- a 18 Kd), which appear to have the pame amino ‘end as the 58 K
orotein .(Anderson et al., 1984). While the role of the 19' K and’ the
58 K'_proteins-.in_ mammalian 'cell transformation is well established
freviewed recently‘hy.ﬁranton ef-all,-1985),‘their functien.as-well as.
thej function of the two newly identified polypeptides (the 16 and 18

‘ Kd) during the lytic cycle remain ‘unclear. .

- However,v the El -proteins‘;are known to he involved{in the
‘oncogenic- transformation of. mammalian cells bv.adenovireses (reviewed
by Graham, 1984a, Branton et alf, 1985) . In addition, the‘54 and more
.precisely._the Ela gene product(s) -are required for the activation of

" ‘most, AE not’ all, of the remaining viral genes (reviewed by Logan and

Shenk,' 1982; Sharp, 1984).- Regulation by the-Ela proteinS'was first'

" detected by Berk et al. (1979) and Jones and Shenk (1979a,b) during

.the--characténization of Ad5 host rangé mutants.. These and other ‘El°
”f'mdtants (reviewed by YOung et al‘, 1986) grow as well as the wild type
~'Q1ru;'fiﬁ cells constitutively expregsing El gene products (293 cells,l
lGrahaﬁ. et al., 1977 Aiello et alv, 1979 Spector et al., 1980), but
grow very poorly in other cultured human cell lines such as HeLa. i
‘ One .orl.more .of ‘the Ela gene products facilitate expression of
‘slﬁjf'tz, E3," E4 and 8 mRNAs. This was indicated by the analysie of-
._steadv Istate levels of mRNA in virus infected HeLa cells (Berk et al.
'19§9;: Jonés and Shenk 1979b). Viruses .with mutationS‘within Ela.
lnrodnced 'dramatically reduced levels of all other early'mRNAs and, as
.exoected} ;the' proteins encoded by these eatly: messages~were also_.
-reduded (Ross et. al.,‘ 1980), Nonetheless, the Ela products are noe

labsolutely "required for- “the "eXpreasion. of  .the other ’viral

transcription units.‘ Nornal virus ylelds are produced when HeLa cells.

. r



18

are infected at high multlplicitles (over 500 plaque forming units.per'
cell) with Eln mutants (Shenk et al., 1980). and even at low,
multipllcities. . These mutants"nre' capable »of 'growth after long
periods of time as compared to the wild type (Nevinq, 1981) It seemsf
’clear'lthat control by Ela occurs et the- level of - transcription
"lnltiation but beyond this, the mechanism remains obscure.

A third independently promoted region in El is located on the
.rFStrand‘-atﬂ "3' end of Elb (9 7 to 11 2 mu). A 95 unspliced mRNA_

' is transcribed Erom a promoter (positioned at 35&6) lying within the

A'intron ‘common 'to both the 'l3s “and 225 Elb messages. This messagef

,_vahares' the 13'- poly (A) site with the Elb transcripts (position &061)

and -encodes polypeptide IX . (Alestrom et _al., 1980) Although the:’

'entire coding sequence ‘or protein IX is present in both the 135 and
223'_messages, protein‘ Ix fs not made Erom either of theSe meosages.
Protein'le_ is . a minor constituent of the adenovirus capsid (Anderson

‘et -al., 1973} it ‘is expressed at an intermediate time after infection‘

-

and is found o‘ be associated with the hexons that constitute the:
adenoyirus icosahedron capsid (Maizel et al., 1968b EVeritt et al.,.'.
hl§73é“' Boulanger et (1979), -arid OOStrum and - Burnett (1985) haves.
estimated; that there are about 280 protein IX. molecules per virion,:‘
'_and }that 'théy"are located within the large cavities created by . hexon‘
~molecules symmetrically arranged on each facet (Fig. 1. 5) ihereﬁore,
1 . hes. been‘ suggested that protein IX‘ plays.la_ cementing ;(6;
.'stebilizlng) ‘role in_fthe' capsid 'structure.(éveritt et‘alzq 1975).
'Nonetheless;"deletion fmutants of AdS have been described that are 3
';capable ,ot assembllng virus particles despite the absence of protein

(Colby and Shenk 1981) Hutant virions are, however, heat labile,
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Figure' 1=5° ﬂAdenovirus,'prdteihsl: “Oh  the. 'left is'hn'{déalized.-~

v

. eicctrobhéretic ‘5épa;étion of ‘the vi;ipﬁ progeiqs; " On Ehé.right is a
proéhgtﬁcgl ﬁodélz of the 6ifi0n,”gaa tﬁél}oéa;ipa pg,ité‘proﬁeﬁns aﬁ f
the. phvgjclé.  Profeibéfv énd-y[&fxpréségé‘in‘éiﬁoléc.}htig.d} l:tﬁ 55 
are internal (c;re}_Baglq'boiypeptides. ' L

(A) Schematic view aof a vertical ‘section 6f the virion, with the

" various proteins'indicated bx'Romqn,numeralsJ

§B)'5A vertical section through § group of nine hexons showing the

-tentative location of proteins VI, VILL, and. IX. | ¢ 0 T
‘ S FETS T |
(C) - A horizontal view. from the outside of the group of nine
. . S ‘ _ o
hexons ‘showing the-tentative location of proteins VI and IX.

(B) ‘A nmaghification of. the :peripéngonalj.region - showing Ehé
proteins I (hexonl,;-ILll {penton :basé);.llld,'Iv.(fﬁber), and VI.

Reprinted from Luria et al. (1978). . .
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thus "rginforéing -thé, 1Aea, that »nrotein 1 s invélved in the
maintenancé': of ~the -adendvirnb "oopoid 'struotnre} .posoibly- by
atrengthening the bonds beLween rhe hexen cupBOmera. .“: . S |

: ‘\\‘ ' ‘ . E
. l 2 4.2 Early Region 2 .
Early region 2 (EZ) 1s located between map oooréin;:;o 75 and 11
"oni-the. ‘1= strand (Fig. 1. 2) ' Transcription from this region initiatesi
‘From. two 'alternative promotero.-‘at 75 map units ‘early-in the lytic;
éyclé,' and:'ér maP coordinnres 72 late ‘in infection (Chow et al.,-f
1979b)t- If‘ is,‘not clear why diEEerent pronoters are used before and‘
'after“the onget. of viral DNA replication._ E2 has been subdivided into
two, regiono, E?a and E2b.  -E2a encodes a 72 Kd DNA—binding protein- »
‘uhéfeégi'zzbj gncodeol ﬁwd, polypeptides, 'th '87 Kd precursor Eor the:
,tgrninal>.prdtein;.sand :che viral DNA polymerase_ (Stillman et al.,
-L9él)- ) t2,~ thorofdre; appeors ‘to resemble an operqn for proteins"
'_inVOlved in viral DNA replication.‘ The funcrion of the ‘E2 products‘

“has " been’ discussed in detail along with viral DNA‘;eplication (earlier'h

in this section and‘in,chap;erz6). e

ri_1 2.6.3 Early Region 3
Early reglon .' (E3) is located becueen nap coordinates 76 6 and::
oé;o on the r—strand and encodes at 1ea5t eight mRNA SPecies (Chow et.
”ql.,j 1979b Ki:chingman and Westphal 1980 Persson et al., 1980)
All "of. the E3 messages share a common 5' leader: (from map coordinates
. iﬁ76-6 ‘to 77 6) joined to.an acceptor site at map posicion 78 6 whereaslw
the 3' "ends ' of these- transcripts vary' (see Fig. 1—6; reviewgd by

. Snssenbdch,j 1984). Furthermore, nocleotidé-sequéncé analysis of this '
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"region. (Herisse et al., 1980) revealed ‘that a TATA box‘as 1ocated at’
) . ’
'mnp position 76 9, and that two poly (A) addition sices are, located at
'lmsp‘_coordinates 82.6 snd at 85.6 (Cladsrds’und WDidw 1985; Cladarss etr
";;1.,:19355, - o ; | |
In . light ‘of the.large.nnmbérs of messages assigned‘to'EB-'it‘is‘
.--gnrpriginglxthst 'thds 'fsr_'only tho' proteins have been'identified
‘fnsmely“a: lh Kd 'protein- and a 19 Kd. glycoprotein (revieuedv-byJ
Pettersson, l98t).ll An additional 14 5 Kd polypeptide lias also been;
fassigned to E3 but it ig unclear whether the 14 and. 14. 5 Kd proteins
: sre structurally related or not (Persson et al., 19805 Furthermbre;
' _DﬁA fseduence analysis has :reyealed fthe: exietence of several open."'
"trenslstional _.readingvl'frames .-which could‘ theoretically encode'.'
.‘polypeptides"greater‘ thsn 10 Kd (Herisse ‘and Galibert, 19813 Herisse"
.et sl., 1980, Cladaras and Wold, 1985, Cladaras et al., 1985)
Immunoprecipitation witha-a monospecific-serum against'the‘lb-_s
Kd”'glycoprotein_ and the 14 Kd polypeptide revealed that the synthesis N
:‘o thse products begins 2. hr after infection, and achieves 2 maximali_;
rate . =6 hrs post infection,; and later declines.- Iv has been'
'proposed; that‘ the'. 19 Kd glycoprotein is associated with the cIass T
,-najor‘ .histocompatibility antigens _ini transformed cells snd;-ini
lproductive' infectibn, (Kvist et al., 19785 Signas et al., l982)-'.lhis
shggestion is Eased.on the fact thst antisera against'either the 19 Kd
or . the Heavy Chain of class 1 histocpmpstibility antigens ‘precipitatef'
a _complex betueen the two :conponents._ Furthermore,. it .has been -
g proposed that this ‘form .df -interaction vforms. the. basis for the
recognition - of adenovirus infected :cells' by .cytotoiic'_T.‘cells

‘h'(reviewed by ?ettersson,wvléab)l The_lklKd'protein'is_located‘in the A
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}heavy black bars. - The gaps indicate regions uhere differences exisb

',‘re.p‘r'es‘enlt: .o‘nen, ‘ readli’ng .'.tr‘an.les. (ORFs) "fnr' nrbteins that are conaerved
- in bdt'h_ r.v-.l'ruses". -black .ba‘rs are detected proteins whereas stippled.
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Ibetue_en. A_,d2 -and 1Ad5, jI'h_e ._bar's_.-' above -and "belov the DNA sequence:
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’ selective advantage for growth or persiatence in vivo._f‘

_l 2 4. 4 Early Region 4

tytoplasm and. 1s completcly unrelated to the 19 Kd glycoprotein,‘the

1two producth are encoded by non overlappiny regions of E3._ _

In. épite of hll. the "above, E3 nppears to be dispenapble for

virus ‘growth ~ in vitro ) since viruses lacking all or most of EJ are

;'still ‘'viable -and able Lo replicate-in-cultured Eella (Tooze,'IQBIF
"~ Berknér and Sharp, 1933 Rleségg, 1984; Safto et al., 1985; and in
this work). - Hoﬁever, the fact that this region. remaina undeleted in

'natural adenovirus '-populations, suggests that it may_ eonfer_ a

r
.-

Early region '(EQ) -‘s-‘located on the'leatrand‘at"fhe extremee

- d

right end of the viral genome between map positions 91 3 and 99 O.AJA..

’ 1arge number of mRNAs have been identified by EM and nuclease—Sl

analyses' ‘all"mRNAa- appear . to have common 5‘ and 3' sequences. but

..;differ in .the:_location‘.of: aplipe sites (Berk and Sharp._l978)
‘Tranalatioh: of_ttheae‘ mRNAs 'gidee rise to 8 polypeptides ranging in}
.eiee‘“tron_llltotdﬁ;kd. Hutant viruses with 1esions in E& appear to be
'.deﬁectibe' in their expression of certain late prdteins,'suggeating

fthat ‘B4 . might ..be, invol&ed in _e regulation of some late geneS'.

(reviewed by Sussénbach

viruses' defective in one of E4: gene products (a 24 KE polypeptide)

.'appear' to be deficient 'in. shutting ofE the host cells protein-
,'synthesis (Challberg and Ketner, 1981) the phenotype of” this mutant
| }eééap1éé the Elb mutant described by Babiss and- Ginoberg (198k)-u:
::éarnow .et al.. (1982) have shown that the Elb 58 ‘Kd protein forms a.

--fphysioal complex wibh h 24 Kd EA polypeptide, during productive

.984 Pettersson, 1984) In addition,_mutant

-,



A 24

.

infection of HeLa cells with Ad5; npparently,-thrBAphysical complex

bcgweenr the two proteins may‘.mgdiﬂte lthé éfficient shutoff of the
host's érotein syﬁthesis.(Babiss and Ginsberg; L?Bh)-
. S . .
1.3 lGene Transfer Into-Mammalian Cells
‘ »MuEhA of our current knowledge on eﬁkarfocic gene eXpreésioq can
;ﬁé atﬁribuced directly to our ability to isolate and manipulate in
XiEEQ .'gbe genetic information, and subsequently 1ntr6dﬁce‘aitered'DNA
L-B;gk iﬁgo'- the cellular genomé. At present there are several
 ;egﬁniqués_‘avai1ab1e for transferring genes into mammqliah.ceils (for
‘_:',r§¥ieu.léee Gldiman, 1982; Watson et alﬁqti983; Anderséniéﬁgaﬁ;‘old and

Primrose, 1985). These are: 1) .fusion of DNA-loaded mewbranous

.

1'vegfcles' such as liposomes; this technique is the least-ﬁell developed

.

"~ for DNA ‘transfer . and will \“not be discussed further; 2)

'.:'eleCErbppration; 3) microindection; 4)  the calgiuﬁ phosphate

‘té;hniq;é}ixand recently 5) viral based vectors. | Each. of these
;é@ﬁniqﬁés is valuable for cerFaip typés of experiﬁehgé but_none can
. ?éf'zge Lgmployed‘ to :qfficiently, 4eliyer a gene ‘i;tb-,a sPecifiﬁ
;'dhfbmqédmal- siﬁe_ in a target mamﬁa};hn'cell. ‘Eiec;rdbor;tion (Neuman

C-et  al., .1982) which :is a rgléfivaly new ,pr&Eéddre,-involves the
. : T o ." M ‘» . .‘— . K oL ’ - . - . ; . ' ]
transport - of  DNA d;rectly\gcross:a_celx membrane made permeable by an

electric’ -current. ‘It haéf’bee:{;gsgd‘to.tfadsfér a variety of genes

“into ‘a number of different cells in vitro. including’ the immunoglobulin

-

K gene .into B (cells: (Neuman et al.; 1982; Brins;er.gc ai€, 1983). .~

i

Hidroihjgction, on the" dtbgr, hand, -hab”ﬁeen‘most often uséd,‘for'a-‘

.ﬁuﬁbér: of  ‘years, - for the 7traﬁsf§t.-Qf.'gené5 ,into fertilized eggs

" (Gordon énd'Rughle;:19815'Waéﬁer;Ft;él,, L§8ia;'Palmiter>gffai:;il982,
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1983). However, "in spite =»f the success of microinjection, this
technique has its limitatione; Firstly, only one cell at a time can be

injected, ‘thus treatment of very large numbers of ' cells (eg for

biochemical' studiee)' becomee anlimposaiblevtask.‘ Secondly;.treatment‘
‘of fertiiized eggs_ oy microinjeccion-can produce deleterious:effectsri
.because, as -.snated; previousi;3 tnere_ is 'no.controi over where the'
in}ectedﬂ-bﬁhl Qiil integrate' in the ‘genome (Lacy et al., 1933)J
t Thirdly; . sucn‘:‘d .‘oroccdure ‘ requires -some fairly sophisticated
feguioment,' dndr>e*teheivet oractice lin>>ordér to master this tedioue_
"tecnnique; :f-' k . ‘
"tTne~ fourth mode of éene transfer, is via the celcium phosphate
. procedure ‘of Graham ‘and Van der Eb (1973) This technique is well
.eqtetlished’ kGraham et el 1980 Graham and Bacchetti 1983 McKinnon
"andj'érénam;‘ [9865; and is by far the MOst ~widely. used procedure, it
: continnee‘ to: be - the :method ‘of choice for most gene transfers .into
;.mdmmalien celis"in“ vitro;d: A large number ot genes' ‘have - been
.,tranaferred using this technique,‘including the herpes simplex TK .gene
:(BacChetti‘ and Graham,l 1977 Wiglers et al., 19773 Graham et_al.,
- 1980), t:he m_mt gene (Cline ‘et al., 1980; Kaufman and‘Sharp,, i1982;

-

. Carr et- al:, .1983) and- the nécr gene (Cglbere-Garapin et 81;.

1981; Southern and Berg)\i982); to name a few. The efficiency of the.' ,

S orocess‘ varies considerably with the type oE recipient cells (Graham-
'et‘ él-._ 1980), and attempts to - obtain transfected _cells,without

. selective ’pressure have generally failed. The major disadvantage of

' this procedure, : however,_ iS'(*itB inefficiencyti Under opt!mal

" canditidns, one: cell’ 4n _.103 to‘,LOA“_can be transformed in

'monolnyer,' and‘ an_ - even’ lower ‘efficiency 'is.obtained.with:cells'in
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suspension  {only about one cell 1in lO?_ or 10'. becomes

transformed) (Carr et al., 1983). .Nonethelese, the calcium phosphate
technique continues to. be the most frequently used method for all gene

transfers into mammalian ceils in vitro,‘nnd it has been an jimportant

‘tool -in’ much of ‘the development and construction of eukaryotic viral
'vectors;. its - practical use in gene therapy, however, still rem%ins to

be demonstrated. Therefore, .in order to develop a new,approach-for

delivering genes - efficiently both in vitro and in Vivo', and into

~cells which arej refractory to other methoda, viral-basedrvectora are
:receiviné considerable attention.‘Recombinant Viral vectors mayvoffer'
rlseveral‘~.edvantages_ oner .the physical andv biochemical procedures
‘ deécribedJlebone. Among these advantages are a high efficiency of gened
tranefer_'in 'nitro_ » and possibly in vivo ;- secondly, the ability to -
L introduce one " to . many  copies of a gene per cell. Thus, viral based

.vectors 'nota only would facilitate studies -on. gene expression but also

:

"might imprOVe the prospects‘ffor gene therapy. and bring ~the ¥

: ‘1.3;!d Stddies‘on Gene Expresoion‘ o . S

='Somé- viruﬂes‘ lack an in vitro propagation system "examples are:

_‘-the human papilloma viruses {HPV) and the hepatitis B t;\pses (HBV)

— ,--‘..‘

»Therefore, most of "the: knowledge E ;their genomic st:ucture and

l

_functions ’cones tromr_the analysis of viral DNA cloned in bacteria-
..(,'i‘:iol}.ais' ec ,'al.:; ' .1-98‘1'; ,' Kleid et al., 1931, Hill ot al., 1982) To‘-
'.study gene expression on episomally and actively replicating molecules
fthat might lmimic more‘ closely Lt. -in:vivo'situotions,-virus based:

. 6ectors _offer distinct adyantageé over the. previously mentioned



procedures for the Ffunctional- analysis of eukaryotic genes (Will er
al., 1984; Shih et “al., 1984; Cochran et al., 1985; Davis et al,,
o ‘
1985).
In addition, the encapsidated pseudovirus will infect rapidly and

. reproduclbly the great majority of - the infected cell populations, and
with. viral 1nfection it is possible to ensure’ that e;ch host cqll has
a few to many copies of the foreign gene (Frankel et al., 1985; Asano
et al.,- 1985); Moreover; dince theymolecnlar Biology of DNA'and RNA
tumor .viruscs' is ex;cnaively stndied their Iife cycle is well- known
,and; depending on the infected hoac cells, they could either replicate.
or integrate 1nto the host genome (reviewed by Tooze. 1981' Welsgs et
'al., 1982). Therefore,_ a viral vector carrying a given gene can be.
used- to eicher ~establish’ transformed cell iines that'expresa the
desired protein, or be employed to overexpress that protein. upon lytic .
}nfection' of permissive cells (Van Doren-and Gluzman, 1984 Van Doren
.EE, al., 198& Emerman and Temin, 198&' Berkner and Sharp. 1984 - 1985;

) Yamada et al., 1985)

1.3.2 Gene Therapy
Gene therapy is 'the. correction of"a genetic defect by introducing
a . normal_ gene.into an organism, such‘a procedure‘may be within reach, N
' ;hankgl to" Yi;al based vectors (reviened'bg Andergon; 1984;_Kdla£a,
' 1982). "in reéenc ‘years gene‘thcrapy-haé been cafried ouc_with some
Isnccesé in ﬁrosoghila ‘(Sp:adling_ and Rubgn, 1982),‘-dnd in mice
kHdnner et 51;, 1984). '?Thene are a number of advantages of vectors-

derived. from v1ruses. Firstly, up to IOOZ of cells can be infecced

whether im, suapension or in a monolayer. Secondly, under-approprfate

IS
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i conditions the DNA of such viral vectors can integrate as a single
T\\\h:jfifﬂgt 4 single albeit randém site (reviewed by Panaganiban, 1985;
Van De} Putten, 1935), whereas the previously described techniques
“often ;esult in the ‘insercion of mult;ple copies {Abraham et al.,
.1982; Miller and Temin, 1983). Thirdly, it‘ is often possible to
-engin;ér the vector so that inféqtion and long term harboring of :the

—_—

vector can be accompli?hed without harming the host cells, ’Using
- ‘ - .

retrovirus .based vectors, several groups havé‘succeséfully transferred
functional 'genés (neomycin,‘neomyhin and the dihydreofolate reductase)
into mousé hematopoigtic progenitor‘féélls (joyner et al., 1983;
w1liiams ete al .. 1984).  However, as to how soon reliable gene

. thefapy might be ;;ailable for the treatment of some human genetic
‘diseases depends to a. large édxtent’ on the development of suitable
deliferﬁ; systems;l' Uleimatg}ytipn ideal vector not only would have to
'be- stablé but also ° tissue speqific, and site specific. 1In othe?
words, it sﬁouid deliver the DNA ‘to a predetermined chromosomal sicé.'-
Thué, much ﬁork must be done before these goals can be met. While

' [prospec;s for 'humani gene the;apy migﬁt¢ be premature, the possible.
appiication' of virai. based‘vectors in the development of recomhinaﬁt

vaceines is not.

1.3.3 Vaccines ,
One 'exciting‘ possibility within reach of clinical application
is ‘the use of vfrus-ﬁasea vectors to geﬁerate specific immunity (Brown
et .51.,, 1986). For inatance, a gene‘encpding a major surface antigen
for ichg‘hepakitis ﬁ’virus c;n bé introducea into a viral based vector.

’Animalg inoculated with such hybtid‘viruses should be able to produce
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antlbodies . apgainst the heputitiﬂ B virus' surface antlgen,’
consequently, conferring Iimmunity against the hepatitis B virus.

Genetlcally engineered vaccines are especially nttrnctive: for the
control of diseases caused by viruses or other pathogens which do not
grov ot grow poorly in tissue culture, and tor viruses with oncogenic
potential. Perhaps the mogt important espect of this technology lies
in the ability to produce antigens without the tequirenents to culture
infeetious pathogenic aéents or Ato have the completelvirel genetic

information present.

Problems encountered with conventionally prepared viral vaccines
A

"are: firstly, ensuring actenuation of the vaccine virus strain, of

ensuriné' a complete Rilling of the vi us in the case of killed virus 1
vaccines and secondly, ensuring that al potentially oncogenic genecic
materials are removed. "Thirdly, some-\viruses either do not grow in
tissue culture such as the hepatitis B\virus, or cannot be grown to
titres high- enough to provide a sufficient antigenic mass Eor
effective wvaccination, such as for the foot-—-and-mouth disease virus.
All or at least -most bf the above problems can be_obviated.when
genetically engineered vEccines 'ere used (Old and Primrose, 19855.

The main problem that might be associated with-recombinant vaccines

(Bittle et al., 1982), is the cloning of a suiteble‘immunogenic

‘polypeptide into a viral -vector and exbression'in'such'a-qaylthat e -

maximal and long lasting immunity is achieved.
Vaccinia and  related pox viruses "have been used to immunize
against smallpox for almost 'two centuries, and have been enormously

successful in controlling emallpox. Recently, a number of lahoratories

have begun to use vaccinia to develop vaccines agafnst diseases caused
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by viruses such as hepntitis B (Smith et. al., 1983}, influenza
roa

(Panlcali et al., 1983) and HSV (Paoletti et al:, 1'984}. The basic

strategy is as follows: firstly, the gene to which immunicy is sought

{(e.g. the glycaoprotein D gene of HSV 1) is 1nserted into a plasmid
- i

"underv control of a vaccinia virus promoter, then is rescued i?to the

" vaccinia virus genowme by in wvivo homologous recomb nation (as

described subsequently, In sEbtinn 1.4.2). The efficacy of the

recombinant vaccinia as - an HSV. immunogen was tested by inoculating

' mice iatraperitoneally, and ‘ighﬁﬂqﬁﬁﬁCiY} challenging .By' the same
route with‘ HSV~1; It was found tiat 100X of vaccinated mice survived
as ,compafed to 45%. of' the zunvaccinated coentrols (Paoletti et al.,
‘ 1984).IIWhi1e recombinant lVaccinia has . efficacy in protecting vmice
vagainst Hsv-i challenge, the question is whether™this type of vacc{pe
would be - effective in humans, since many people have alcready been
exposed to this virus vector by vaccination against smallpox.

There may in “any case be advantages in the use. of a.variety of
‘different vaccinaEion strateéies for different agente' since it is
:unlikely _that a‘ single vector would suffice to immunize against many"
’ agenfs. Thenefore,. other viral based .vectors a;elcurrently under
ractive cnneideration, such as 3the adendviruses.: 'Sinee . the eafly

1970'9,_ a‘ biualentl.(Adé land"7) live, enteric vaccine -nas been
regularly ;usédabby -the.’mjlitary around the world with demonscratedf_;
safety .and'_efficacij'nn nan'daverage ‘the live enteric vaccines have: :
redueed adenb;ifuse 1;22:fion in recruits by over 802 (deondson et B

-~

al., ‘1966 Smith et al-, 1970; Top et al., 1971).
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'l:k Current State of Develop-enc‘of Viral Booed‘Vectoro

‘ ﬁ? ootlioed above, the _oevelopment_of muomaliad vf:ua vecoofs
hos._been motieated oy orvariety of ioterests; 'Mosoiof.theoe inferesfs‘
}elute‘ to ohe_ prospect of reint:oducing c1oned geoeo intovporficular
cell ' types in order‘xo eithe%‘sCudy'gene‘expreésion,,o; to.oo:rect a.
'genetio- dioéase  or‘.to :ooe chesej veoﬁoroﬂ to genetiéally engineeF‘
voccines; 'Io ‘addition, with_jtﬁe reqoénicion' that :a jnomber of
roioiogiqally | énd.o comoeociélly_l- ioporoantf VIoroteLns_ Areouioei
.postranélétioqal_.mooificatio%\ uoiqoe to‘ahioal cello;.theoe aioo'oas
been :conside%oble"Lntereso in‘oheAuse‘of mammalian yectoré to proooce'
high levels of gene products in animal cells. Viralﬂbased Qeccors oan
-be . classified wunder two groups, che retroviros baoed “vectors and the

DNA virus based vectors;

Le4-1 Retroviruo Vectors

. Recrovifuses afe single-stranded RNA viruses. The details of
the oetroviruo life c&cle have“been~.reeieued recently (Vormus and
Soanotrom;.-l9§2;‘kisseo et al., 1983). 3rieELy,-ouring infeotion,_the
viral RNA acts' as: of‘cemolate_ for tﬁe'oeyeroe tf;osoriooioo of 'the N

genetig ‘information into double—stranded.DNA.'.This DNA with its long

terminaf repeats‘ (LTR'B) ean_ in£égrace as ‘a single copy (called

provifooj"at, a random location in the host genome. The host cell RNA

polfoerase Etransoribes hA proviral DNAE a portion of the transcript'

nio -ofanslaoeoo to give the viral proteins required Eor the generacion
>"I of viral progeny, and.the other portion.is'packaged as genomic RNA.

Viral particles bud of £, from the host cell and can then reinfect other

‘- cells.



ﬁaﬂéd 5ﬁ‘ the observation of a ﬁphber.oﬁ'nqtdrnily'occurring‘
‘défeciivq .viruseé as Qell as f%om eiperiméntél studiég;_{t;is known
: that -almost all of the régiﬁn; encdﬁing‘;irai_éré?éinq (gagt,pqlf, aﬁd
'env.).-éaﬁ be substituted by foreign DNA ‘égqueﬁcééi Secondly, éHe
‘iﬁéeétion and long term harbouring oﬁjthé-y;ruélusuélly‘éoes.not hérm:
ﬁhe"hosf cells.. Thi?dly,:.ret?oﬁi¥uae§: hafe a.bpdgd hoéF ;aﬁge 132
ilizé and . in viQé . "Tﬁese‘ agpects maké‘retrovir&ggslaﬁtfégtivei
: vécgprg_:for‘ thé dellvery- of‘-expgéﬁdus- DNA 1ncq_vertéb§até célls.
.Va;ious'.lab;rqtofi;q ‘hg;e used reﬁrovifugeé Eo%{the deiivéry ;f’geﬁesl
iq;b méﬁmalian--éells in'vftro :(Pérkins e;.al.; 1983 Shiﬁotéhﬁo_én&.
‘ Temi'n‘;. 1981; Tabin et .ali, .1982; 'Hei".gt"all. , '1931;_ Jﬁ-y.per; et a'.l_'-.'_‘
"1983; Bandyopédhyai and Temip, iSBAa,.b;‘Befgeq and Befﬁsée{h, 1;85,
to name a few). l | .
The ggnéral approach is as Eoiiowg: initia}ly. cﬁe‘provirql
DNA for  the  desired rettb%irus. (commonlyr elther Maloney murine
leukemia ,vifug (MAHLV} 6r mufine sarcoma virus (ﬁSV)) is isolateﬁ‘aﬁd .
cloned into. a suitablg p;asmid;.s';lbseqﬁentlylr, 'Fhe vifai genes (gag., a
pol,,l‘gnd ‘eny.)- are replaced with. a foreign DNA of choice. This
chimeric ;ﬁonsgrﬁct is uséditol;ranéfect cells (usually NIH 3T3) bQ‘Eﬁel
"cﬁlcium .phosphate 'teghniqﬁg‘(Graham,and Van der Eb, 1973). ?ollowing
tnfection Qiﬁh i wt ﬁél?er .Yipus,‘l?nfecﬁiduél v&fal'ipéftiﬁle;
possessing both'lthé vpetfq;irél vegtor and the hélpé; virus will bﬁd
V'o_.ff‘i..r_ltg tﬁe‘_.m‘e.d‘ia. | |
. -An’ improvéméﬁtloﬁ?Fhip'prqcedure Q;s_tnt:oduced by ‘Mann et'ai-.
(19835.-' Hfhéy'_coqsirggpea a ﬁglpgr Qi;ﬁs_-lackiﬁg the packagingf
;eiuéﬁéé';(qj_), ,wﬁ#ﬁh-’?aé_yfhds c;paSIe'of éroduéing all of the
vi?dlivbfoteiné_ ﬁuf'dpt'éécgégihg_its 6w£ ggnbhei‘ In order tb_dselﬁﬁé
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‘(P'.heiner .virnq most efficientiy. a line"oE'NIH T3 cellq.waq‘
estnblishee with ‘the helper proviral DNA permanently intevrated (Mann
et cal., " 1981).. - Transfection of this cell line (called ¢/-2) with the
retrovirar vectqr DNA resules ﬁB hr 'lnter.,in' the relense bf’the
“retrqviral.-vecfdrl with"che‘ packaging. seeuence 'in 'tne,snnernarant"
- (Williams ee ai., 1984).- o o
‘ ‘Ennerinental- eviﬁenee indieates than retroviruses can be used
es A  reasonab1y efficient delivery sYstem.' Honever,‘q major drewback-“
f qf' this .system-is-that the‘retroviruses tend tp_}gteflj'er'ﬁere1311§
deletei. qr‘ reerrange inserted sequences dnring virus replieétien
.(Bannyopedhyer and . Temin, 19848 b _ Emerman and Temin, 1984)
additipn;.‘withvlregardn ro- pofenti?l_ application in.gene therapy and:
‘:receﬁbinaht :_veceineé;'fretroViruees -carry strong outward direcfed:

‘promoterSu in"their flong. terminal ’repqus (LTRs) “which can cause

neoplasgié tra _rmetibn' by 'a promoter insertion mechanism (Fung et
al,f'-198i;.‘H Gerﬁ: et al;; 1981' Neel et’ al., 1981, Payne et al.,
1981).1 -The;e. 'raﬁbacks might limit the usefulness oE the retrovirus
- Sased ;reetqrs,_ enefpre, _other viruses are pfesantly under ac;iye )

consideration.

) 42 DA V4 rus. Vecrars
Virneesl,snehmlas —5040; have 'been :émpleyed- ae‘gene-tnansfef
:.Qeefers Ifon‘ éereral. ;eers- (Hulligan et al., 1979 Hamer and Leder,'
1979) but in recent years other viruses, such as the bovine napillomaf'
.virus (BPV) ’ vaccinia,' adeno—associaced .viruses -and’ herpes aimple&,

.'-viruses- have’ bEen similarl& 'used (for review see Gluzman,.1982 Old '

. and Prim;ose; 1985): -
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A number oE laboratories huve investipated the possibility of

,
H

; using’ SVAO .as a cloning vector' through construction procedures.

involﬁing_ recombinant . DNA aporoaches,(review by Elder, 1981). In the .

Tirst anproach, a portion of the 1ate region of SV&O was’ replaced by

presence of a helper virus uith a ts mutation in the early genes (Goff :

foreign-'DNA‘ and’ the chimeric virus molecule was propagated in. thef

and Berg,: 1976; Mulligan et al., 1979) CIn a variation of the above

:prooagated along with the' WL SV40 helper virus (Ganem et al., 1976

fIn contrast to-SV40 transformed cells, BPV: (reviewed in Tooze,r

_procednre. foreign DNA was linked to a subset of viral DNA sequencesi

.specifying “cis replication Eunctions and the recombinant DNA was also .

1981) transformed cells contain the viral genome extra- chromosomally.

”‘genes of potential interest of ten exceed the size limit of several Kb

logical to develop virus‘ vectors derived Erom larger DNA—containing:

" aninal . viruses. such as HSV and vaccinia. ~'

&

‘The' relatively sm311 sizes of SV&O BPV Ad and retroviruaes~-"

nave . fscilitated the in',vitro‘ construction iand manipulation .of'

¥

. recombinant .DNA moleeulee. --Although genetic engineering of large

~in -cells id a non—integrated manner. However, because many eukaryotic'

'f.tbat could be‘.accommodated within the SVAO or BPY virion, it seemed

virnsee_ is more diffieult in- vitro “and . in vivo procedures have'

‘been dereloped Eor the ineertion of foreign DNA into ‘the’ large 187 Kb

vaccinia rirus',genome. Moss et "al. (1983) construeted a plasmid that

-

genes and selection for the recombinant virus. Expression is achieved -

4

’

" facilitates the frontine insertion and general expression of foreign~

:_so. that BPV based vectors may prove to be useful. for maintaining genes.. -
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by fusing. foreign' ptotein—coding sequenCee'to the.vacetnia virus tk

premoter. Snbsequent' to infection with wt vaccinia vlrue,_the cells

are transfec{ed with the chimeric plasmid and the_tk recombinant L

v1rusee. that hre'_generated _by, homologoua recambinetion_ with' the

”endegenoue -vaccinia tk- gene, are selected in the preeence of BudR.in
' ‘lh3 cells I(tk-cell line) (Mackett et al., 1982; Moss et al.,

o 1953)

1

_.' Vaccinia virus based vectors appear to have several advantages

over other eukaryotlc vectors. ~Most noteworthy is that recombinant-

Qirne .infectivity is not impaired by insertihn and expression of

‘foreignd.génes in cdntrast to defea{ive SV&B, BPV, retrovirus vectors,

end :te 'some adeno—hased vectore,(Hulligan‘et 51., 1979; Wel-et 81;;
:198£;- Thummel et al., 19815 Solnick 19815. HoweVer, since this virus h
'redlicates, in. the_ cytoplasm of infected cells (Mosé 1978' Dales and,

; Pogb:"lBBI) it cannot be used for delivery of genes into the nucleus

:in vitro- or. inﬁyivo.

»
Lastly,_ recent years have seen the use of HSV- derived vectors.;

vThe-.efficient introduction foreign DNA sequences into'eucarydtic-
-Celle was initially demonstrated with a recombinant plasmid (amplicon)
'ef ‘an’ overall size of 'é‘ ‘10. Kb containing two HSV—derived cls
‘replicatibn:'functions ‘as well -as bacterial plasmid DNA sequences'
.QSrenkeL”.et '51., 1982 Spaete and Frenkel 1982 Stow, 1982; Barnett'
‘et,_al;;_ f983" Stow and McMonagle, 198ﬁ Kwang and Frenkel' 1984)

-Coﬁtransfectien of cells uith §his chimeric plasmid together with the?r

helper virue DNA resulted in the. genexation of virus etocke containing.;

) defective virus genomes derived from the 1nput chimeric plasmid in’

addition the helper virus- genome._ The packaged chimeric defective -

-
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genomes ‘we“r.e. siml ler- to Cl;e .helper vi-rus D.NAin ,ové'rai-i slze (-150 kb)
ihut consisted hof'multipie-reiteretibns ot the‘nmplicon:eeduences.h In:
- a .second iagproaeh.r eimilar to that‘deectibed above to .cescue foreinn
,DﬁA .sequences: into Athe uaccinia .virue, 'and ‘to: Smileys procedure
'»(sﬁ;ié}, 1980) the hepatitis h virus surface antigen has been rescued'
. end';enpressed in HSY (Shih et al., 1984). The major drawback oE such',
Ja.'vector 'e}stem, steis fron the fact that An the first approach thel
. veetdr is defective and therefore contapination‘ with W HSV' 1s
funavoidahie- -in .gny'.ease,:herpes viruses are causes. of ahvariety.of.
serioua' dieeesee'lin. huneﬁs‘ond in some cqses‘hevexheen iqpliéétﬂa.as
“eauses"Vof :malignancies "(for ﬂreeent‘ review see jRayis, 1585);
.CoheeQuently} the ,uae of _sudh- anveetor-syetem will be considerably
,tipitedz- ‘Recently;.- howeuer,v' a' humher . oE'. 1aboratoriee_ have
jipvestigeted--the'-POSSible ;use .of.edénovirusee ee.Eionihg.vectort ihf

hammelian cells.

1.4, 3 Adenovirus Vector Syate-s:

Adenoviruaes are partidularly well suited as gene transfer ..

"vectors in -mammelian- cells Eor. severel reasons..Firstly, they are‘
" widely studied and well characterized (c f. Ginsberg, 1984), seeondly.
.'thej- are easy to grow .and manipulate, and they exhibit a broad host

.

' frange -in"vivoA and “in . vitro‘ thirdly. copious amounts of virus and.’

viral gene 'products can be produced in. Iytically infected cells. In"'"

additionk 'beeause only a small portion of the viral genome appears toi'
;he required in cis for- replication and packaging (Tboze, 1981,;

‘Challberg and Kelly, 13825 Pearson et 81., 1983 Hearing and Shenk,
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1983), adenovirus derlived vectors may _uIEimetely offer excellent

'potentialr for the suhstitution of'iargeAfrngmentslonee cell lines have

“been deVEloped'whith can ‘provide most of the essential viral EUnotiona

in trans. Moreover, most adenovirus infections are ralatively mild
a N . . .

. (Streué. 1984) and nolndenovirue hes been imnlicated in.the'ettology

of any ‘cancer. either in'enlmdla'of_ihamena Many of.theéé-ond other

' _nronertieet'offer distinct ‘édvuntages for ladenovdruses_over vectors
.derived‘ from fother DNA viruseﬂIor'from-retrouirugesJ-‘In phtticulér, .

Twith 'regard to potential 'épplication in»'gene therapy “(review by.
_Anderson, 1984) it 15 important that adenovirus-based vectors, unlike- f

i

" those- derived .from retroviruses, do not;carry strong outwardrdirected

- ' N - -
-]

promoters like the retroVirus 8 1ong terminal repeats.-

'Téd general 'approaches' have been tried in the development ofi
.these vectdrs. ‘ In. the'-first approach taken by Solnick (1981). and
'Thummel uet (1981 1982,\1983) the general strategy was’ to replace'

- in vitro a segment of the adenovirus genome with a DNA segment such as

a promoter 1ess SV&O early region placed under the control of an adenog

.'promoter._. In. order tto ‘select Tor,‘the hybrid .virus’ in 'a mixed

' f'population, Iéd&éﬁeagé Jwas' taken of the ability of the SV&O T antigen

o -heip adenovirusr growth in monkey-cells. Four hybrids have been |

isofoted ‘in this way and ‘thelr genome structures determined. " 1In. some

"ﬂ hybrids'.the‘ SV40 Qearly region .and " the Adz MLP were “in the same: - .

-

- ‘orientation‘ and, " as exbected. the,large T and small t antigens were”

~ expressed from thelﬁLﬁ;_'In‘the aining hybrids, the 5V40 sequences,
' . .‘ . .\ . t. ' -. o - .-. A
“were - in. the boposite- orientation- to. the HLP,_ ‘but still the SVAO

R

j.“antigensﬁ were >expreaaed from the EZ ‘and : 54 promoters (Solnick 1981;5

- Thummel et‘.alf,_ 1981, 1982,' 19830. Using this basic‘ procedure
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{outlined above), Solnick (l?ﬂl). Thummellet al. (1981, 1982, 1983).
nno Mansaur etA al. (1985) uere able to rescue and overexpress the

three polyoma  virus tumor untigens, and recently, Yamada et al. (1985)

vwere able  to overexpress the HSV tk gene, However,_this approach-

_ &ielas..defective recombinant viruses. ﬁhich, therefore, 'hsve,to:be N

.fgrown.in_the prcsence_ot a wt helper virus,

’

An - alternative -approach taken - by seversl.'groups to Hevelop'

adenovirus-based '-uector 'systems relies on deleting non—essential"i

'sequences' from. the adenovirus genome,‘nsmely EL- and E3. - As mentioned; '

'previously, E3 . 1s not essential for ‘virus growth in cell culture"

sonditions' and'sEl is dispensable when che viras® is propagated in the f:

humsn cell line 293." Thus, viruses lacking either Ed (Van Doren et'

ali; ' 1984)° or E3 (Berkner and Sharp, 1983; Saito et al.,.1985 this

\

'thesis) or- both (this thesis) grow very uell in 293 cells- Lastly,’.

' some of" the- advantages 'of 'these vectors are 'that they ere.'

. ’ .
helper—independent easy to manipulate and at present the adenovector‘."‘

' dlEl, 3 (described in this thesis), which is 5 5 Kb shorter than the wt .

virus, should be able to accept up to 7 5 Kb in foreign DNA.'u

. '

1.5 Purpqse of Investigation e '..”,‘“ ~

The aim of this work was t5 explore the use ‘of human adenovirus -

. type . 5 -as a cloning vector in mammalian cells. The approach taken has.

b3

'been 'firstly to determine the: upper limit on the’ size of.. the DNA

molecule :thst can. be successfully packaéed into infectious virions,

‘isecondly;i'to delete ,the non—essential regions (E , 53) of the AdS

genome, ' and - thirqu;- to test the usefulness of- the newly constructed

'_veétor"(dlEle).‘ by - inserting into ic theu herpes 'simplex virus

Al
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‘thymidine kinase fene, - and éxamining: 1) tk expression and 2) the

ebility of the 'ndeno vector to transform tk mammalian cells to

'

4 .
. the tk_ phenotype. Lastly, an 1ndirect1y relnted projecc involved

étudies ‘on the effect of additional embedded inverted terminal repeaté'

on viral DNA replication and. genome stability.



40

'CHAPTER I1: 'MATERIALS AND METHODS - g

2.1 Radiochemicals R
The 'radiochemicals used in this work wereC(—32P-dCTP and
S 32 '3
ﬁf P"ATP P-labelled orthophosphoric acid H thymidine,

u and C—thymidine, all were purchased from Ameroham or NEN. L
2.2 Mammalian ‘Cell. Culture

2.2:1 télle-end Viruses »
| -wild type ‘(wt) Ad5 (Harrison et al., 1978) and mutant d1309J
(Jonee and Shenk, 19795) were grown in HeLa ‘ot KB cells “and’ titrated'
‘n V293 ’cells as described previously (Graham et al. 1977). Newly
constructed Ad5 insertion, deletion, and Bubs:itution mutants were
R : ’- .
propagated " and titrated on 293 cells, This cell, 1ine was maintained.-
in Joklik's_ modified "mediun aupplemented with 0% horse serum (HS).
Tne tkf human cell line 143 (obtained from K. Huebner and C; Croce
and . described A;n .Bacchetti and Grehan, ‘1977) eas_'grown: in
_alpharminimum essential.' mediun (HEM) (Stenners etl_ai-;' 1971)lx ’
' supplemented with 10% fetal bovine serum. Herpes aimplex virus type !i
(HSV-I) ‘strain KOS and a tk mutant of - Hsv—l lacking 875 bp of tk

‘

coding sequences (Smiley, 1980) were g gift from J.- Smiley._
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2.2.2 ‘Viral Growth and Purification of Viral DNA. .
- To prepare purified 'virusp infected (as destribed in the

tollowing ‘sections) ' cell ' monolayers were scraped at _&8 hrs
- postinfection in phosphateﬂbuffered saline lacking Ca ‘ add.
' lMg++.‘(PBS__) “into i50 ml Corning tubes, pelleted at 1000 rpm
for 20 min and resuspended in 1 ml (per 150 mm dish) of 15 mM Tris ph
BJ_' The cells uere sonieated for 60 sec (Biosonic IIi setting 35, 10
sec. bursts) then 1.8 ml of saturated CsCl wag added to every 3.2 ml-of
' sonicated cells} Virus particles were - banded at 35 000 rpm for 20 nf
at AOC.l' Viral bands were collected by puncturing the slde of the
‘tube with a 21 gauge needle, pooled, and rebanded in CsCl as described
noovee ihe final banded virus was dialyzed extensively against 50 mM
i Tris~ HC1 (pH 8 0). _Virdl DNA was then purified by pronase sodium
dodeéyl ‘eulfate -(pronase stock Smg/ml pretreated at 56°C for 10 |
min and 379C for ~ 60 min) 'treatment, followed' by' phenol and(
thloroform eutraction and - finally by ethanol precipitation. The DNA
‘pellet © was AreSUSpended in a minimum volume of 0-3_ ¥ NaOAC,
‘ repreoipitated'4with 2 vblumee“ oft ethanol tnen uaéhed' uith 96% |
_.ethanol dried, and finally‘resuspended in an appropriate volume of 10'

mM Tris ‘pH 7w5;‘lmM EDTA (TE buffer).

'12.2.3 tlg_ !132:Labeiiing‘and-Extraction of{Viral DNA .
. . - - . . . . . 5
- ‘Semiconflueﬁt"monoiayers' of 293 cells in SO'mm.dishes were
_infected with 5 PFU/cell oE a given virus, after 1 hr adsorption, 4 ml
“of . MEM_ supplemented with SZ HS was added to. each dish. Twenty to ’

‘twentyhfour hr. post infection. the medium was removed and 2 to 4. ml of
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phosphate free ‘HEM‘ supplemented with 5% HS and 25 uCi/ml of |
32p_labelled orthophosphoric acid was added to each dish.: After a K .
further ‘incubation of 8 to 12 hours, infected cells wefé harvested u&d
viral DNA was isolated by the Hirt extraction procedure (Hirt, 196}),
digcstéd I with appropriate restriction endonuc%ehses . and
electroﬁhorésed on | to 1.2% agarosé gels. The gels were dnigd od‘
Whatman paper under vacuum and exposed on Kodak X-omat R films XR! or

XR5.

2.2.4 Mammalian Cell DNA Purification .

. s

. : : \
Carriele "DNA used for transfection and transformed cell DNA for
Southern blot "~ hybridization analyses were isolated from cells growing
-as a monolayer {n 150 mm petri dishes. Cell monclayers were rinsed

once with PBS  and digested with 500 ug/ml pronase in 10 mM Tris

e .
(pH 7.4), 10 mM EDTA and 0.6% SDS. Cell lysates were scraped into 50

ml  Corning tubes and incubated at 37°c  for 6 to 12 hrs, then’

gently extractedf‘&ith buffer saturated phenol. After centrifugation

at 3000 rpm for 10 min the aqueous ﬁhase was extracted once withh
chlorgform:isoamyl alecohol (24:1),.dtalyzed extensively against'b.l X
$s¢C (ssc"=‘ 0.15 M NaCl, 0.015 M Na citrate ﬁH 7:0) and overnight
. against TE buffer Ffor use ;s gér;ier DNA in DNA traﬁsfection. For

Southern transfer, "DNA  was ethanol brecipitated after
R :

chldrqform:isoamyl alcohol extraction, dried, and redissolved in the

appropfiéte volume and RNAse treated. RNAse digestion was carried out

Y

at 37°%C for 20 -to 30 min using l-ug/ml of enzyme. Pancreatic

rd

RNAse A (Sigma) was dissglved in 10 mM Tris (pH 7.5) and 15 mM NaCl,

after’ heating At te IQOOC for ‘2 min in order to inactivate

+

0
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contaminating DNAses; stock solutions were aliquoted and stored at

~-20°C in a final concentraﬁién of 2 mg/ml.

2.2.5 HAlTranéfection

Transfectidn of 293 cells was ;afried_ out as described
previously by Graham and.Van der Eb (1973); except that foup to five
hours after .transfection the célls we;e gfeated Qith_glycgrol as
described by Frost and Williams '(1978), and overlaid with F11-MEM
guppleménted Qith 52 HS and 0.5% agarose. Plaques vere picked eight
to ten days.after transfection, and used to infecc 293 cells in 60 mm .
petri dishes.  When cytopathic effect_ was clearly' visible; 'thé
culfures vere l?belle& with 32p-ortﬁ9ﬁhosghate (25 uCi/ﬁl), and
infected cells' DNA was extracted one to two days latef'as descr;bed

previously, and analyzed.with appropriate restriction enzymes.

2-2.6 Viral Infection and TK Transformation Asgay . o ;\3‘~J/,-»S\

LTA , K4 or 1:2 cells were plated at densi;igs around 1.5 X s
10° cells per— 60 mm dish and were 1qfected 24 hr later. Wt Ad5,
?;EljB or Adtk were used to infect cells at hultfplicities of -t
infection ranging from 0.1 to 20 PFU/cell. Each 60 mm diéh was

infected with 0.2 ml of virus in phosphate buffered saline (PBS) at

37% ‘énd'.afﬁer 1 hr adsorption, 5 ml of MEM plus 102 fetal calf . :
serum was added. Twendy four hours later, che medium was remiisg,dﬁgf ’
Areplaced with fresh MEH supplemented with 10X FCS and HAT (15 ug/ml
hypoxanthine, 1 ug/ml aminopterin and § ug/ml thymidine (Szybalski and_
Szybalska, 1962)) and thereafter the meQium'pasvcﬁanged_every three

days. At two to three weeks postinfection, the ‘dishes were\fixed and



Hiy

stalned fér determination of transformation efficiencies, and {n some

.experiments tk+ colonies were isolated and cell lines established.
. . . :
2.3 MHeasurement of TK Activity

2.3.1 JH-Thymidine Incorporation
‘ in - order to measure thé incorporation of 3H—tsymidine iﬁ;o

repl{égtiﬁg’.vigal‘ ot cellular DNA éan indirect assa? fpr.tk abtivity)f
- cells Qerg iﬁfécted with the abproﬁriqfe‘virusés.jﬁamélf d1E1,3 or
Adtk at -10 lPFU/cell, or HSV at | PFU/cell. éupeéinfecfi;h uikh HSV
tk~ w;s' carried out 24 hrS'post Ad infecti;n. ﬁriéfiy)l;hev;eéiﬁm“

was removed, - cells were superinfected with HSV.tkT‘virug'ét‘l
- PFU/cell "in a t;tal volume éf. 0.2 ml/60 mm dish and aftér i 5r
ad;sorption at 37°c‘, 5 ml MEM with 5% HS ;,a‘s added to each dish..
Sﬁbsequéntly, cells * were pulge labélled ‘with 3HjThyﬁidine
(10Ci/ml) at Vvarious times for 2 h;sQ 7Inféctéd‘cell‘ﬁonqlayersiwefp:
rinéed ~with ‘PBS—;, then lIQSed in buffer cqncaining‘bronase and.
s;dium dodecyl ASulfaﬁe a; described previously. The nucieic\acias
were then éthanol precipitated twicéland‘dried ét.37°CAfor 1 hr; 
sdinti}iation.Afluid .was ‘added aﬁd ‘theﬁ samples  were éounteaiin“q.
stintillétibn peunter (Beckmén LS6900}. | | | |

B

2-3.2 TK Enzymatic Assay .

The enzymatic assay for tk éctiﬁ%ty'in ce{l-fre% extracts ;as
carried out as desé;ibed:_by Summer; et al. (l?]S?a iBriefly;.cgli;
ﬁonolayefa invr60 -ﬁm',dish uerg‘rinsed:onc;iuith'fﬁs_‘; tﬁgvcéilg'i :

- : o : ) ‘ o e
yére_ scraﬁed and feausbended-in 300 ul of TK ektfadtiqn buffgf‘(szmH



Tris pl 8.1; I M 2-mercaptoethanol; 0.05 mM thymidine), then
sonlcated for 90 sec (10 sec bursts) and centrifuged at t5K for 15 min

-at AOQ; The supernatant was collected, and 50 ul was mixed with

150 ul of TK assay buffer (150 mM Tris pH 7.84 16 mM MgCl,; 16 oM

CATP 25 mM NaF; 8 mM Creatine phosphate, 1 unit Creatine kinase/ml; 10

b,

ul of C thymidine/ml) and Incubated at 37 %.". Samples of 30

ul were tnken at 0 30 min, 1, .2 and 3 hr intervels, and were spotted . .

on- a DEAE 80 filter (previously saturated with 1.2 mg/ml thymidine and

. dried). ' Filtera were dried .at: 37 °c and ueshed 3 times in 1 oM

emmoniom formete .pH 3.6, 2 ‘times in water and .once i{n ethanol, and

"+ dried. ‘Scintillation fluid ‘was added and semplee'were counted .in a

e

l\;seintillation- counter.  Values obt‘:ned were normalized (to cpm[ug‘ofv'

total cellular - protein) on the basis of quantitative measurements of

- the protein cpncentfation (Lowry,il951) in ‘each sample.

.

2.4 DNA:DMA Hybridization -

2.4.1 - Southiern Blgt

DNA . samples from 143 ar Ad:kfcrahéformed cell lines (T143, TR4'
" and TLTAY ﬁere digested with various restriction endonucleases., Ten_”

to -fifteeﬁ ug of each DNA digest ‘was then electrophoresed on 0 7 to‘”

.

OiSZ'Aagarose horizontal slab gels- One or five genome equivalencs o£

: Adtk DNA per eell. wefe' miied with appropriate amounts of 143 DNA

--digested in the same way as. test DNA, and useéd as a marker. Gels uere v

run ‘at thirty to’ fifty volts overnight then treated and the- DNA was | .|

‘transferred “from the‘ gels to nitrocellulose filters (Schleicher and

' Schgell. BA. 85 R597) dceord;ngA-to_ the Southerh transfer-technigue C



(Southern, 1975). DNA-DNA hybridization was performed at 45% in .

the presence of formamide and’ dextran sulfate nccording to Wahl et al.
(1979), autoradiography was on Kodak X-Omat R films XRl or XRS-
12.4-2‘ Hybridizntion to DNA in Agarose Gels Using.OIigonucieotide an
"a‘Rrobe ‘ .
) éynthetic ’ S"mer voligonucleotides, compl@mentary to the‘ends
of _TnS to the AdS ITR or t6 the.left end of AdS were synthesized on a

. - .
SAMI automated DNA synthesizer (Biosearch)‘and uere used as probes.

OligOmero_ :were:. endfiaheiled - using l.32P4nTPI and_‘ Tq_
nolyndeleotide 'kinnse (Bethésda Research‘Laboratoriesslas:described by
haxam and Gilbert (1980). Digtsted DNA § were run on 17 agarose gels,

.stained with ethidium bromide and photographed. Ihe‘gels_uere_dried -

. onto"a‘ dialysisr membrane - and . stored dry_ at 4°C. ?rid; .t§~
hybridization,l gels"were rehydrated‘ in 2X SéC for SImin nt _raom

.dtemperature (RT) bpeéled- away _from the dialysis membrane, denatured -

"Eor 20 min at RT with 0. 15 M NaCl ‘0.4 M NaOH, and neutralized in 0 15
M NaCl, 0 5 M Tris—HCl pH 7.4 for 20 min. Hybridization was. carried .

.

out at " RT overnight in a’ 100 ml of hybridization solution {6X SSC and’
\0 SZ NPAO). . The gel membrane was then washed twice uith 100- ml of 6X
SSC. for' 10 20, min .at ‘RT, wrapped in Saran qup and exposed on Kodak

x~0mat film XR1 or XRS. '
2.5 Bacterial Cell‘Culthre and:RECoibinnnt'DN&‘Téchniques

2.5.1 " Bacterial ‘Strains . [

‘Esherichia coli’ strain LEJQZ"wnS'hsed?as a host for most of .’
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. the recombinant plasmids 'cons;rueted.‘ Its genotypc {s:" F, hsd

RS14 ‘(rg_,mk+); sup E44, sup FSB, lac Y1 or (lac 1ZY)

6, gal_ KZ'

gel TéZ,»met.Bl Erp RSS, ):; .LE§92vua§ prepared'
: bj__L.- Enquirt-‘nna 1;' ; derivative of strain’ LDBGSA (Brock et al.,
1976). "Aleb a methylation negative (dam ) E. Egli'strain GM199
wds‘-usee te construct pFGXm plasmid. lts,genpme 15{, E',;daﬁ—.-h
dam3 metB, gei K, gal 122, laé ¥1, tsx 18, SupEhé.
oo . ,
: "2.5.2 Propagation and Haineenance-of Bacgeriar'Streinf
ALlu Baeter%a .were“ groﬁnf in Luriafﬁertani (Léj proth’ﬁitﬁl
eontiﬁuousiishakirg-'fn'efther-e floor-shager incubator kéé lergevseéle
-cultures, or‘_in a shakerearh for fcurtures ofifOlml or Leée. For
eelectioe of gﬁriﬁiotie 'resistance, the'meeta ;ere»suppiedenred bi;h:.
"AJ%\\ngl of .Ampieilfin cfﬂmp; Ayerst-Leboratories) anleé Keeémyqiﬁ,:‘:
,sulphate (Kan,' S;gme)_ eqd/or‘ tetracycl;ne (Tet, éigﬁa).' Stocéeﬂof
eﬁribiétic }sglutrong (20' mg/ﬁl' of . ddHZO) eere IQCerilized' b&l'
Erltraribq T(Nalgene miilipore-Eiltere)iand.storedlar-—zooc_in Z'ml.g .

In order to obtain a clonal’ isolate of a bactertal populacion,,

'overnight liquid cuICures uere streaked on agar plates containing the

“,.~appropriate aptibiotics. © For short term storage bacteria were stored

at . 4.C. on sagar plates whereas -fo 1ong term 'storage, fresh
" overnight _cultures 'uere>-dilhted with3§n equal vdlume'df sterile 0%
‘glkceroi ‘and .2 ml aiiﬁudté werte frozen at -70°C. Viable baCCeria

' wére recovered by chawing these cultures and by transferring a 1oop of

_‘bacteria to a ltquid medium.‘ L
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2;5.3 Transformation
Trénéformation was carried out 'éssentially as described by'
Goodman énd MacDonald (}é79). lFresh overnight cultures of LE392 vere
diiﬁtedv J?lOO-iﬁra sterile éed#ﬁm without antibiotics aﬁd grown ca 1og'
i ;bhase_ (uéuélly 2.5 go 3.hrs), thenlcentrifuged at 4000 rpm for 5 min
. af: 46C; -céir pellets were resuspended in 25 ml of 75 mM
,-CaCfi,"S. mﬂ iris—HCl (pﬁ 7.6) and maintained in ice either for 20
min ot overnight. Subsequently, the bacterla were centrifuged again

. asf.gboVé.‘and_‘resuspended in 2 ml of Tris CaCl Plasmid DNA was

5"
'added and ° the bacteria were .incubated on ice for 40 to 60 min with
..inferditteﬁt shaking, then heat shoéked for 2 min at 42°C, diluted

1:10 'in‘ warm Luria broth without antibiotics, and incubated at

l.uBTOC' for " 30 ‘min. Finalij, serial dilutions (10-1. 10—2

and - 1073)_were carried out, and bacteria were plated on"Luria agar
blatgs j(;2 mi/plate) with appropriate antibiotics. Transformation

. . - _
efficiency was .routinely 1-5 x 106 colonies per ug of plasmid DNA.

fZ.S.A Aﬁal}tichl Plasmid DNA Prepar;tions
o Screéﬁing.-fof -r?combinént E}ones was essentiaily carried out .
acéording “to the; method gf_ Bifnﬁpim Lanau Doly (LQ?éi.r ‘ﬁrigfiyg :
coloﬁies‘ uere>piqied_from.agar'pla&e; and: used to fﬁocglaté 3:mi.6f LB
.plué‘ tﬁe' apppogrié;e ?ﬁ;ibiqtics, ';heq 1ncq£ated overnighé 'in: a
AShage;bééh' at; 3?°C.-"0hg' 56d‘ a’ Bélfrﬂhl of ghe ;éﬁlfqre waé-i-'
.Franéfetrea";ov a 1.5 ml'éppéndbrf.cehéfifhgg.tubéjlﬁhe‘ Sactériaiw;;é;
-cgpfrifugea-\fég 20.séc, tésuséeﬁdéd in‘100’ul';ﬁ;¥§s$zyme golufign_kSO; ].
_'mH- glﬁgqée, 110 ﬁg “EDTA, - 25_mﬂ'of Tris.Cl pHB.pl;s 5 pg)ml'lygozyme

‘-wefé'-prepéréd-‘fresh) and.  incubated for 30 min in ice. $Spheroplasts
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-were then 1y5ed -and cellular protcins were dennturcd by adding freahly

‘ prepaccd 0.2 N NaOH, 1% SDS (alkaline sos), after 5 min 150 ul of. M

Na acetate (NaOAC pH 4. 8) wvas added, and after 60 min of incubation

on. ice, the tubes vere centrifuged Eor 5 min. The' clear supernatant
fluid . was chen transferred' to -Eresh tubes containing 1 ml oE 962

. “échqhgi, After incuba;ion‘ at’” -70" °c for lO min, plasmid DNA was

' recovered by centrifngation;"the.pellen was resuspended in 100 ul of'

507 wM "Tris pH 8; l00° mM NaOAC, and reprecipitated with 2 volumes of
‘ethanol v ‘The- final pellet was washed once with 96% eChanol dried,

‘ then 'resnsbended binfSO'ul'TE;, Usually a~5.ul'aldquoc of,this plasmid

» DNA:.'solntion  wWas, ‘sufficilent for analysis by _resbriction’uenzyme

) digestion and gel electrophoresis.'
[ ' ‘ N . ’ -

2 5 5 Preparative Scale Plas-id Preparationa

For large scale -plasmid DNA purifications, cultures were grown

to mid- log phase at which time 170 ug/ml of Chloramphenicol was added '

to tnem. Extraction of plasmid DNA was once’ again performed according
co Birnboim and Doly (1979), except that the bacteria were centrifuged
at 5000 rpm.for 10 min at 4 % and resuspended in 8 ml of 1ysozyme

buffer,‘ followed by the addicion of - 16 ml of alkaline SDS then 12 ml

of 3M NaOAC as described earlier. Thé final DNA pellet was dried and

. dissolved - in _B mi of 10 oM Tris (pH 8) 1 mM EDTA plus 1 g/ml of CsCl,

cransferred 'to/ a Qeckmen-nitrocellulose tube and‘overleid with .5 ml
“:of flb"mgA per’ ml ethidium- bromide (ﬁtBr)' finally, cne tdbes‘uere
capped,‘ mixed by inversion .and centrifuged at 35 000 rpm for 48 hrs at
‘liéci‘in a fixed angle rotor (Ti 50 Beckman). Covalently closed

circular’ DNA'wae collected Erom the gradient using a‘21vgauge needle.
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The FEtBr was extracted using CﬁCl saturated 1soamy1 aleohol (usually 3

ehangES),“and the - DNA was dialyzed extensively agalnst .1X §SC, or
recovered by udding 2 3 volumes of: TE and then ethanol precip{tated.
The plasmid DNA vyileld ‘varieq frqm '.57 to l'mg per 750 ml cglture,
depending on the type of plesmid grown. ' . - '

'Aii. recqnbineqf bNA work.was carried 6ut.under 1eve1.8 biologieal.

concainment conditions as specified by the Hedical Research Council of

3

hCanada Guidelines (1980)

N

2.5.6. Restriction Endonuclease Digestions

' All. réstriction enzyme.digestionS'were7carried out at 37°C

-for ‘several hrs _or‘overnight-- The " reaction mixture contained 50 mH
KCL, ‘10 pM NaCl, 1 ug of DNA (dissolved in TE) and . 1- to 1 unit enzyme

-per ug of DNA. Enzyme 1nactivation after digescion was performed

either byh nhenor extraction er ‘by  heating, at SOOC for 20 min
excent when 'the reaction nixture was used for gei eleetrophoresis in .
ehidh‘ case the  samples were mixed w}th“(fox V/v)‘loading buffer izoi
glycerol, _ZZ- SDS, and OTSZ'bromophenol bine) end gnnedtately loaded

onto'the'gei.<

.2.5.7 DNA'Ligation

e . Ligarions .were carried out ‘either-at’ 14 °c overnight or for'

_115 to 2 hrs at RT in 10 mM HgClz. 20 mM dithiothreitol 50 M Tris-

{pH 7. 5) and 1 mM ATP with .1 . to- l units of Th DNA ligase

. (Bethesda Reeearch Laboratories) per ug of DNA.
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2.6 Gei Electrophoresie‘

- Electrophoresis> of DNA fragments through 1 to l 2% of agarose'
(Miles Laborutories) ngS was at-| to 2 volts per cm (horizontal gels)
or otl S"volts pér cm for vertical gels, 1n .a buffer consisting of 40
mM -Trié “(pH -7a§); 5. mM NaAc .énd 1 mM EDTA.‘ The samples to be:

) electrophoresed were loaded into submerged uells after the. addition of
10% " v/v stopper. ) During or after eiectrophoreeis,' the gels were
stained - using © 0.2 ~ug/m1 'of ethidium= bronide‘ (Sigmé) 'and tnen
photographed with a ‘mourited Polaroid’ 1and camera with Polaroid type 59.

‘ Eilm and a monochromatic red filter under UV.

2;6;1 Polyacrylaiide Gellﬂiectrophoresis
'The electrophoresis buffer used was elther Tris-acetate 40 mH

‘.Tris pH™ 7.9; 5 mM Nade and I mM EDTA) or Tris borate (100 mH Tris pH
7.9, 80 .mM boric acid and 1 mH EDTA)- Acrylamide stocks were filtered'
using. Nalgene - millipore filters_ and .stoned ar 4 C. Ammonium
. pereulfate stock solution‘ (10% in ddH 0) was prepared.weekly and
.'dlso‘ etored at’ AOC. Polymerization of the acrylamide solution .-

‘ catalysed by ammonium persulfate was initiated by the addition of N
:fN; 'N‘ﬂ N'—tetramethylethylene diamine (TEHED), and immediately after,
the "acrylamide' sqiution was poured into Jtnej apparatuo.‘j

Electrophorésis was ‘ét 3 to -5 volts/cm hands were viaualized for~

'phocography by UV light after EtBr staining ‘ag described earlier.'
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D 2.6.2 i-unoprecipi;atiqn ~ and ‘SDS—Pnlyacrylaeide lGel'
: Electrophoresiq‘ - |
Immunoprecipitation was cdrried dur Iae deSCribed'by“Rowe et
‘al (1983) : Briefly:f 1abe11éd 1ce11ev were washed wih PBS ard
" lysed n' l/xrl of precipitation buffer (20 mM Tris pH 7.5, 1.0% Triton
k-lOO. 'L.OZ' sodium deoxycholate. 150 wmM NaCl 0 2% SDS) per 150 mm
:dlbre V(If‘x ny-celLs).' After 20 min at 4° C, the’ cell 1yaates
‘were 'sonicated- (Blosonic 'III'setting 30)rand centrifuged ac 5000 rpd_
_for 10 min. Usually: S to 20 u1 of antiserunm and 30 ul of equilibrated.
setrled protein A—Shepharose beads Were added per ml of supernatant.
The' mixtures were then placed on a rotgfing wheel at b °c for 6 hrs‘
add idmdnoprecipitates' vere. - recovefed by. low speed cenqrifqgation.r
éuﬁseddeqtly, the precipitaces were washed chree times with equal_
volumes of_‘ washing buffer I(S%{rris pH 7.5,-250 mM LiCl, and 0.1%
Z—mercaproethanol)r and resuspended in 50 ul of loading buffer (625 mM .-
.Trié pH 6.8, 0 2z SDS 0. 1z "2- mercaptoethanol lOZ glycerol and 0.02%.
i bromophenol blue) . Einelly, ,prior_ to loading on gels,‘samples uere
' eﬁqurged_-in boiling .wager fbr. 5'-min.- The labelled proteins were:
o edalyzed by one-dimensional SDS polyacrylamide gel electrophoresis asf
previously described by Rowe et al. (1983)
B
. 2 7 Purification of DﬁA Frag-ents

) DNA restriction‘ endonuclease fragments- Qere isolated after

:ielectrophoresis on agarose cor polyacrylamide gels essentially és-.v'-

_described by Maxam and Gilbert (1980) Briefly, bands were visualized

- by UV light, and were excised uith a scalpel.' In the'case of-agerpse>_w



geis, the exclsed DNA_was eiectroeluted into 0.5 ml of electrophorestis
_buffer inside a small dialysis membrane bayg, at about 150 vclts for -
2;& hrs, then recovered by ethanol brecipitation. Small DNA
fragments were iaoiated from polyacrylamide 'éels. The gel slicel -
.. cdntdining the. desired DNA- fragment was placed An a 1.5 ml Eppendorf‘
tube and minced% in cthe presence of O .5 ml. elution‘buffer (.5 M
ammonium “acetate, 0.1 H magnesium acetate, 1 mM EDTA .fz SDS);.then‘
‘ incubated ‘at 37°C for-12"18 hrs. Subsequently, the'acrylamtde eas_
sediﬁedted' by centrifdgatidn in an Eppendorf‘ centrifuge fer 10 min. '
: The> aqueous - phase was collected and the acrylamide pellet washed.with.
300. ul of elution buffer and centrifuged again. The supernatadtc wére
pooled, filtered through glass wool, ethanol precipitated twice and 5
finally, the .DNA -pellet " was 1dried and dissolved id an apprepriate

.eoluﬁe of TE buffer.;

l



CHAPTER 1I1: PACKAGING CONSTRAINTS IN ADS

3.1 Introduction

As an approach to dete?minihg the uppe; limit on the size:ofvé‘
DNA molecule which can be sucgessfully packaéed into an adépo virion,
‘we chose to"makéﬂuse of a series of.plasﬁids‘coﬁtaining'thé leftvénﬂ‘
of Ad5 into which a bacterial Efaﬂsposa£1¢ eleménf tTﬁ5) hua bgén .‘
randomly .inserfed (HcKinnon‘.gt‘gl:‘ 1932, McKiﬁﬁon,fl?Bb), . Tn5 is- a
‘composite element Madé up of two iﬁvet;ed ?;peats,(l§34 Sp eéchi (Berg.
- et. al., 1982) surrouﬁding a.centrgl unidue regién tééﬂd bp).eh;ﬁdtng
the | Kanamycin (or neomycin5 resistance Ide;erminantl(]orggnsén ét.'
al., 1979; Beck et al., 1982). The Kan® determinant is argb'a
dominant selectable: marker in | ehkar&otié_f}cgliEV ,(quér)t .-.
.(Colbere—Garapin et -al., 1981; Southern and gérg;_1982).' The unique |

region of TnS5 also .encodes ‘s;reptomycin ;fesistaqce expressed -in .

Rhizobium melilaci (Putnoky et all, 1983).. The right repeat,_iSSOR;":.
éntodeé Boch thelpr;nsbosase protein (Rofhgteinléq ail, 1980), and thg:
'repréésor, protein (Johnéon  et,_a1H,‘i9§é; Loqe ;nd-Berg,_i983).- The”_-
1eff. repéat,‘ISSOL,‘ié identicél>§o the ISS0R excebt'for'a'single base
'pai; _ Aifference which .cagsés both premature '.téfginaéién _of

transcription of the repressor and transpasase proteins, and creates a
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prbmoter for the‘kahamycin gene (Rothsteln and Reznikoff, 1981) .
Tn% , provides a - convenient approach to study packaging
constraintq in AdS Fizstly, T 15 5.7 Kb invsize (about 16% of Ad5)

and all of its eequences dre known (Beck et al. 1982; Mazodler et al.

1985). ) Secondly, it contains sevetal eonvenient restriction enzyme

sites, allewing one to engineer various size inserts, and moreover, as

mentioned = earlier, it encodes resistance .to a dominant'selectable

) narker in” prokaryotes (Kanr) and in eukaryotes CG&lS H when
‘piaced under an appropriate ‘eukaryotic promoter). Thus, a mutant
- virus- with' an . insert. carrying the Kanr_ gene ean be used tq'

.establish various 'celi '1ines '(analdgous ‘to the 293; Gréham:etval.;

1977)¢ which 'might prove"neeful in conplenentingAvariOus regions'of

"As mentioned previously (chapter l),: there seems to'be no

'extreme-_constréiht with frespect "to . the Iower limit whereas severe

1initetion' seems to exist on the upper limit.- Theée conclusions were’

I

' based ~on data obtained Erom studies carried out on the Ad 5V40 hybrid .
-families (reviewed -in Tooze, 1981; and by Klessig, l98&).v It should
“be "borne: in mind however, tha; all oE the Ad SV&O non—defectives were

‘isolqted Erom _virus stock generated from a single plaque formed on'

nonkey cellsg and consequently may not be a. representative sample of

-;all the types- of insertions that’ can occur (Tooze 1981). Secondly,,

these non-defective hybrids were selected primarily, on the basis ofi

their _dbility_ to .grow in'monkey célls, and not on the;basis‘of their |

genoﬁic. eiie; In addition, the various substitution and insertion
mutants, that- have been isolated by Jones and Shenk (1978), all appear

to hAQE _net_insertions ranging fron about 0. &3 to 1.73, Xb (or l 2 to'



4.8% of the adeno genome). Again, these mutants were lsolated using a
biochemical procedure designed primarily to select for variants with
fewer restriction endonuclease cleavage sites than the wt populations.
Therefore, the general consensus that 5X above the genome size might
be the ‘maximum packageable size was not based on experiments
specifically designed to examine this parameter and might be
incorrect. For instance, in the Vaccinia virup, the largest fragment - .
rescued was less fhan 4 Kb (or 2.1% of the viral genome), until Sﬁith
.and Moss (1983) succeeded in inserting about a 25 Kb fragment {or
13?&1 of the viral genome). A preciserdéCerminafioﬁ of the maximum
~genomic size which could be packaged was ‘a preFequisice for the
dGVQLOpmeqt "of adeno into a cloning vector in mammalian cells
(discuséed in chapters 1 and 4).

This chapter describes the systematic and '‘deliberate attempt

: ' S
to rescue various size inserts’ derived from TnS insertion plasi}ds
using the method of Stow (1981). This section  also contains

LI

-restriction enzyme analyses of the resulting mutaats, which constitute
o ‘ " '

a:series of ingertion.and substitution mutants in the Ela of AdS.

s

3.2  Comstruction of recombinant plasmids Hiéh variable slze
idserts»

_ S “- o

The plagmid pHEl6::Tn5 (Fig. 3.1 top) contains the Ad5 Hpal
?-fr?gmepé f(frqh =21 to 1575 bp) cloned ;nto.tﬁe BamHI to Pvull regif&i‘
‘(of- fBRSﬁZ;‘TnS has been transposed into position 1272 As determined by

DNA sequencing {McKinnon, 1984). This plasmid contains 2 Xmal sites:
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Figure 3 1 ‘Construccgnn~of derivative Tn5 gnsertion plasmids. v

Top: The plasmid pHE16::Tn5 (described in the text) was digested witw}
Xmal then religated to generate the plasmid pHE1é6d. ’ )

Middle: The PvuIl fragment carrying the HSV tk gqg.xﬁas purifiéd by
gel electrophoresis and ligated to Hpal digested pﬁé}i:;;nS‘DNA' afﬁer‘
transformation of E.coli LE392 with the ligated DNA and“creening of-

colonies’ the two indicated plassids were obtained (HcKinnon. 1984).

Bottom: The plasmid pHEL6::TnS was digested with XhoI and religated,

: -
and was wused to transfocm ' E. LE392. Colgpies were replicated on

Amp or on Amp + Kan platesi' iﬁh Eétween those which are Amp

and/or Kan gesistantg . Subsequi R¥ analysis of the plasmid’ DNA
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ont’ located ,1h the udeno sequences nt poaition 1009 and the othor in
-the 'unique region of Tn5. Thus, by simply cleaving with Xmal and
relignting. the: plasmid pHElbd’ uas obtained. - The totnl Tn5 DNA'
'soQUGnce inl,this. plasmid (pHElbd) was about 3. 3 Kb, but aince there
lwae ‘a deletion of 263 bp of the adeno sequence extending from ‘the XmaI'

-

site (at . position 1009) to the TnS transposition site {at positibn'

-

'j 1272), the net insertisize in pHE16d therefore, was about 3 1 Kb.

-f~¥ Plasmids pTthl and pTK142 were constructed by McKinnon (1986)3

o

'Ias outlined in Fig. 3. 1 (middle). These plasmids contain a net insert

of 2 h Kb made up of the HSV] tk gene (PvuII fragment‘- 20&3 bp) and h
370 bp ‘of Tn5 sequences (185 bp. at either end of the tk gene)

. The pl?smid pHElG Tn5 described above.. .contains three'XhoI“

‘sites _gEigu 3.1, bottom), two located in the _arms; and the third in-

the middle of t unique region of Tn5. - By digesting pHElG Tn5 with'

Xhol." anl religating. plasmids pHElGa pHEl6b and pHElbc were obtained-

(Fig. 3., bottom) Plasmid pHElﬁa contained the leftmost arm and a

about ;half of the: unique region of TnS carrying the- Kan -gene. * .-

'The:'net  lnsert -size in pHElGa was about ) Kb. Plasmid pHElﬁb'

-

‘contained the . rightmost arm of Tn5 and again half of ‘the unique region
qf_:TnS; AWZCh a net insert of about 3 5 Kb, On the other hoﬂd the
third' plasmid pHEch,..vas presumably the by product of an in vivo

rearrangement caused by the instability of large palindromes in

'prokarYOCes (Lilley, 1981- Tollins et al., 1982). A palindrome of 970

‘bp . would “be’ generated upon in- vitro ligation of the two arms of'

- TnS at the;XhoI site. ' Restriction enzyme analysis and oligonucleotide

-

hybridizétions carried outr on pHE16c, revealed that it retained the

_ZXhol restriction enzyme sgite, and contained two inverted repeats of
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about 25} bp cach (the right inverted repeat was missing the end of
TnS), scpnrntcd by 150. bp ofluniquc-sequences; thus, pHEl6c had a net

" insert nf only ‘about 650 bp, instead of 9705p.

3.3 Rcscue'of‘Varione Eln‘Hutdnts_lnto-lnfectious Virus

Fig; : Smé _iilqstrates the'_sttateéy employed‘ for. fcscuing
.“cdrionnf'ineerts inté infectioud viful 5NA. The virus d1309 iq an Ads
ndtont- witﬁ ‘a. single Xbal site at map position 3. 8. (or 1339), but wt-
:fof ‘9iral' replication on' HeLa cells (Jones and Shenk t979a) ,The:
"vitnl (d1309) DNA was digested with' XbaI, and ClaI” (which cuts once at :
‘népr‘ coordinate é.6}v and was -used to reduce _the, background).-
‘Siniiariy, olasmid DNA (with ﬂhe insert to be.resoued) was linearized
iuith Xtal.- 'Folloying ligation of. viral.and plasmid DNA 293'ce115r
'uere' transfected -5;1 ontlined -in Materials and Hethods, and 7 to 10_
‘kdayn rlnter plnques'-wete picked and progeny-viral DNA was’ analyzed,
.ueing. diagnostic restriction enzymes and . agarose gel electrophoresis. -
:‘The rextra: DNA to the left of map* position 0 is presumably removed via.
"':af correction. mechaniam using the' right hand inverted repeat (Stow,f
j‘1982! and discussed in chapte: 6) ..Using this‘approachvthe‘foiloging_L
pla;m_iqs“ were re,sc‘uedr PHE16d; pTKI41, pTK142, PHE16a, ;iHE.lﬁt?, pHEl.6:c‘.‘

LY

and pHE144d.’ Lo L
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;?;ﬁﬁre :3;2 E%éceQuré fér,(eﬁcuingiéo}tgqn'ofifnS inségtiéns.into Adé. .

_'fhé ipléshia;_?HE/InS (a pr&tphype) was:digesiéﬂ'wiﬁh‘Xbé} then ligated co.
Xﬂp[ and _éL#I ,diéébtéd‘ d1309 .BNA (aﬁ.gasfuariént_havigg_;{single ibai:‘
si;e ac'fmg;. pogitign.§.8 &R;cﬁ is qth%rwiég u:ifbgnviral :éplicat}on‘on_.
.EeLa Akél?s;-Jgnes';ndjShgﬁk. lQJ@a’.; ClaF cuég onée:dt.mép‘pgsit}oa 2%6._
énd' Ua; ;9ed %n‘ o}def_\;& reduce, béckg;dq&d. ‘fh;4££gatipn‘mtXtdre‘w5;

. usé& ‘égl iréhgﬂeti 293 .ééllsﬂ m;noi;yers as described iH.HqEéF%alg-anJ

‘ Mefﬁddsi.' A :ueék 1agéftpiaques ﬁefé ﬁfckéd'and hn;iygbd dslpé déagno;tic:'

"Areédqiqfion lenz%ﬁes"and ‘qga}osé gel‘éiecérbphéggsis. The exp;sé'aﬁéunt'

éf AﬁNA- to :h¢’1;f€'§f éab'éosiﬁ?on Olié qgrmaily rgmoﬁeé by a.éqrre;tion

: “

. ’ : . T - S L
. mechanism using the right hand inverted - terminal repeat (see.Chapter 6

. fof detai1s):»1



TSt

" 3.4 Restrictioﬁ Enzyme Analysis -of Isoiated HﬁtanE'

. ’ * N ‘ . . 1
" Viral DNA - wag ]2P~1abeiled .and extracred aa'outlined in

Materiels 'and‘Methods. The viral DNA -was. digested with an appropriate
presttiction. enzymeé and, electrophoresed on 1% agarose. The choice of
a restriction enzyme was based on uhether the enzyme cut in the insert~
thus generatiny a new fragment '.or did not _cut the insert thus

causing a particular fragment to become 1arger in size.~

IA) Reacue of S-ail Inserts into Virus‘

'lFig. 3.3' shows _tne. XhoI restriction ‘enzyme.pattern of 7 insertinn
mutqnts. rescued using plasmid pHEch (shown in Fig. 3.1 bottom) As.'
'mentioned previously, this plasmid contained an insert of about 650 bp
'and‘ posfessed an’ XhoI enzyme site. Therefore,':gtant viruses rescued
5h§ing‘,this plasmid -were expected to eontain en extra XhoI site, and,

econSeduently;- Q[ ne fragment should have been generated upon XhoI
digesticn of these mutants.- Indeed such an extra fragment did appear

_fFf) jnst‘ beIQW"the_ XhoI‘ F—fragmentg Ihe thI Cefragment also was
expected .to‘ be smsiier':i ' size. " and: to. eomigrete with the XhoI-
D—frsgment -but it‘ was difficult to distinguish the new fragment (C )_-
from the Xhol D- fragment on this gel. Houever, since the C'—frsgmenth
should contain ‘a ‘portinn of tne right ;arm jof 'the-‘TnS insert

hybridization to alli—ner_oligonncleofide probe (Specific for the ends

-of *Tn5) was expebted to light up this band. In order to test this °

.

prediction, DNAs from tnese"mutants were cleaved ‘with Xhol .and

_electrophoresed on lZ agarose gel, stained with EtBr end photographed
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"FICUQE” é;j ‘ xholiltestriction' én;xme analyéig “of .7;inée?tionv
mﬁténts.'réstue&_fgsiﬁ% ,thé ,plasmid“pHElbc'w§¥hrq ;mallninsérp‘(Figi
-3..l1j)." ' R ‘

'Lé§e£1ed;.DNA"waé digestéaA with. Xh;I éﬁd'eléerdpﬁoresed:on'lZ:

: agérose éé1. ‘The 650 bp 1nsert contains an Xhol rescriction enzyme 3
site éonsequently,‘ a neu fragment ‘appears (arrou head F' ) and the
XhQI c- fragment becomea smaller (arrou head C ) In 1a;e 1' d1309 DNA
" digested with XhoI and run.as a marker.l In 1anes 2 *8 are the XhoI
restriction enzyme -pattern ‘af 7 insertion mutants. XhoI restriction

'enzyme sices ‘are illustrated belou for both d1309 and In35 (Hhich is a

'prototype of the remaining 6 viruses)
e
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o . . N ‘ ’ ' . : -
. B)  Rescue-of Inserts Larger than Z'Kb'

-3

b4

(Fig. 3:4," panel B) as descrlbed in Materials and Methods.

,

Subsequently, the, gel was treefed' (as described 1in Materials and

Mcthods)  ‘and hybrid@zed to the Tn5 probe. The results presented in

4

‘Fig. .3:6- (panel A)- werevlin agreement . with the.'pfediction. .The

) hybridization was very specific, in that only’ the bands corresponding

to. the Xhol C'-fragment were Llit up in.all of the mutanfa, and no’

hybridization ‘was detected 1in 't d1309 control (lane 9).'IA1though“
m

the .XhoL C;;frqéments ‘(aﬁd, to me extent the other Xhoi Eragment&{\
did ‘net appeer to comigrate as expectedlin this particular gel they
diq 80 en ‘other gels (Fig. 3. 5 and Fig. 3.6, lanes 2, 3, 4, and 5)
whee‘ abprexiﬁately equal amounts of DNA were applied in each lane.

The mutant 1n lane 3 (Fig. 3 b) however, uas an exception and seemed

to have a larger ingert than expected (by about 100 bp)

Vot

rewf

. When .pleemids éonﬁaining finserce‘ ranging in size from 2 4 Kb (d4s. in, -

. |

pTK141 and pTxlaz) to about 3.5 Kb (as in pAE16a, pHElﬁb, and pualsd)'

ware -rescued into infectious virions, ail of the mutants isolated were'

found to have rearrangements in and 5roun§"tﬁe inserts (Table 3.1).

This’_conciue;oh was ‘based- on the Eesulta of dnalysis with severél'
réstriction  enzymes - (HinILI, KpnI, ' Xbal, .Clal, ‘and. Smal) ‘and of
oligonucleotide hybridizations 'esing the Tns'.prdbé.' The HindITI

restriction  erizyme pettern- of some of these ‘mutants’ is ehown in Fig.

"3.5.- In all offch&se~Tutants the’ HindIII G- fragment should be altered.
" in \size due to inserts.‘_lndeed';hie has‘happened_(arrow heads;Pig.
*:3:5),- but " ip/ no eese was, the expected size observed. Instead of

. modified HindIlI G-fragments of .abput 6 Kb (C'= G (2.8 kb) .+ the

Ty
-
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FIGURE 3.4 . Xhol restriction en>yme-ana1ysis and oligonucleotide
hybridization 'of. insertion mutants rescued using the plasmid pHEl6ct
: (?igr };l)} Viral DNA was. digested with Xhol and electrophoresed oma
’1z »agarose gel. The gel was stained using Q.2 ug/ml ethidium bromide;
end then photographed under uv light (paneI B) Subaequently, the gel;
was dried, l treated Lasa described in Materials and Hethods 'and
'hfbridized toa lS-mer oligonucleotide specific Eor the first 15 bp of‘
'the--TnSL' FAs expected the oligonucleotide hybridized specifically to
"the ihdlf fragment. In lane 9- (panels ‘A and B) d1309 was run as a'
'nerker.;HlArtow heads indicate the location of the modified c- fragment
(cr) andl;the new Eragment F' l KhoI restriction enzyme maps for- dl309

-and In35:ere shoun below.'l
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tnsert (3.0 kb) L IS.H kb), the latter- frnhments appeﬂred to have

increaked in size only by f rom several hundred bp (Fig. 3.5, 1anes 10,

Cand 1) up to about 1.7 Kb (Fig. 3.5 lanes 9, 13, 18, and .19).. l'n.'

ddditionf - the mutants‘shown In lsnes 6 to ‘9 ; and 1[4 to 19 should all

“‘have an extra frugment, 'because the . original inscrts possessed a

;HindIIl - site (located Iin thL arm of TnS at’ position 1195) : Insteadq

only one of tagm appeared to have an extra fragment (lane 16)

The Kpnl‘ restriction enzyme' patterns“ (Fig. '3:65‘ basically

o contirmed.:the- results. obtained ‘with HindIlI digestion. Since Kpnl
“ does not-‘cuti in any of the original inserts; the KpnI H- fragment was‘
'expectEdd to be 1arger and migrate slightly below the’ Kpnl D—fragment
. in 1lanes3 10- 13 representing rescue’ from pTKl&l and pTKlﬁZ with a net
Linsert ‘ot 2 4 - Kb :or‘ just above KpnI 1 fragment for lanes 6 9 and_,
14~l§ 'containing inserts rescued from pHElGaP pHEl6b, and pHElGd with
'e‘ “net” inaert of about 3 Kb. Howevef in no -case did the modified Kpnl‘
'H fragments (ﬁ';' srrow heads, Fig. 3 6) migrate as predicted had ho .
"Tearrangements taken place during rescue. Thus', in contrast to the o
'~reed1ts obtained ﬁrom the rescue of smaller inéerts (0 7 Kb) Fig. 3 4
CT“ attempted rescue -of.. larger inserts (22& to 3.5 Kb) resulted in a .‘
'high frequency. rearrangement of the rescued DNA segment. The results.d'bfn

fron&hese analyees were aummarized in Table 3 i, The data Erom these '

experiments suggest that in no case, did ‘the observed inseqt size'

qorrespond to 'thé expected insert size]_except 'uhen ‘a 0.7 Kb was:
) . —' . Le s . “ - ’ . X ’ . N .
rescued.. )
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Figure -_3;5. Hind11l "réstriﬁtion. enzymé pattern of -va;iuﬁs
-ihsért;on ‘mutants, In lanes 1 "and 20 .are, qﬁe d1309 . HindIII

restriction _ehi}mé- pattern Vrﬁn, as’ a ‘marker;. the. HIﬁO@- ﬁindfl[ﬂ’
l?eSFrictiaﬁ iéqiyme__map is illustrated below. Inser;ion mutants were
réécﬁcdu usigg.'ﬁhg_:flasm;d PHET6c (l;nes - 2- 5), pHE16d (lanes 6— 9),
'prK}éﬁ and pTKleL (Ianes 16—13). pHElba and pHEle (laneB 14 19)
-“Af:oé_ heads point:-to the loeation oE the modified HindIII G- fragment
- ‘ .

'.gﬁicﬁ co:;g;d/_ th 1nsert. In lane 16. the inaert appears to have -a L

Hindfllléite;-
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Figure 3.6 Kpnl restriction enzyme pattern of varipus inse;;}bn

mutants. The ordér of these mutants is identical to that in Fig. 3.5.

Arrow heads poffit to the modified Kpnl H-*fragments.

I
(/]

e
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PHELAL . 7 2.4 T -

PHEl6d - 3 R S

PHEL6a - . 3.3 © T2 L

P4

Table 3.1 Summary.of Rescued Mutants. : S '“;J k

Plasnid‘ﬂxpected ingert . No. of plaque Observed insert Nq.‘of l@tnnté in
“_size (in Kb) . 1golates analyrxed  size (in Kb): -each gize ;qngeé

pHEL6c | 0.7 ' 12.

0
and - S ) o B .0
pHE142 - o F T 1
' . ) . " . . . L. 0
1
|
1

—_— ) o e e -

—_—— A = N e

PHELGD - 3.5 . . T g 0.3 .
I ' 0.6
_ 1.4
i U1

Ther»indicated; plasmids were ' rescued -as described 1in Fig. 3.2. "Plaques were

s
‘b;-l\Jb--N

- plcked and -analyzed .on agaroge " gels for the bresence of inserts as described -

earlier.” The restriction enzyme  patterns of some mutants are shown in Figs.

"3.3, 3.4, 3.5,°3.6 and 3.7. ‘A’ negative sign indicates a net deletion.

% The- difference between the sum of numb r&ff;’the last column .and in the
3rd column coctespond to we isolatesg, ' : . o

e
s

¢ » ’ . C ’. o — ’ v
. - N \ '
. - \\*\\ ) .
‘ - 3 ". ’
I : M)
) ’ - \w s, T -
) .. - IR A S
. ~ “ . ‘ - - D o
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3.5 »Staﬂility of Larger Inserts
' ‘ . . . : 4! -

The data QQscEibedg,ih the previou§ secci?ns indicated thatf
o ﬁréss réufrhnﬁeﬁgﬁté huq 'oc;ﬂrfdd 1“. and around thé inééres. Such‘
-rchtrangbmenté cauid‘-havé  ocburred’in éﬁe ery first step during ‘the,

. . . L . ™,

. _tééqutng af;‘an' inﬁert or, Vsubsequentl;‘ during replicacion of the"
lpcéoQEinané -virus; -fIn‘ the: latter case, a virus with a 1arge inqert‘
:sbqéidi be unstable and upon pasqaginé should giveé rise to new variants .

~with smaller insertb-,‘ In drder. toA test this prediction, a mutant

"Vifus‘luich, an insgrt of about 1.7 Kb was passaged 5 times in 293-~

. cells. | Subsequently, the' virus . stock was plaqued, .and 24 plaqqg.‘

e isolates wefé' examingd. The Hing;I{/;;stription enzyme patterns of 9.

of . these- isolates' are 'sh¢wﬁ. in Fié.: 3.7.. ‘1t Ls_'cléar that no_

detectable alteration occurred during- the successive passages of thel

. mutant’ virus Ln 293 _cells (the remaining 15 plaque isolates were .-
Tl -
‘identical to thdse_ shown . in Fig. 3. 7) Therefore, it appears that-

'delétions"ahd reafrangements take place early during mutant rescue.
v ’ : . s

“and that ‘once feSpqed the 1inserts and resulting viral muqants were

relaﬁively stable.



13912) " of. an AdS mubant with. an‘uinsert ‘of l 8 Kb in- Ela. The new

71

‘?1g¢ré'3.7'-SLability of‘large?tnsertd.'

ﬂinqili' restrictidn enzyme pattern of 10 plaque isolates (lanes

'HindIIl‘ G—fragmenc 1s indicated by arrou -head as G’.. The HindllI_A:
‘qesqriqtion enzyme nap of d1309 and 1nl9 are illustrated below.' Lanés”
el ,and‘-2 .are short exposure time, thus showing the doublec made up of .

the HindIII D and G'—fragments. R B

G
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3.6 Phenotype of Mutant Virus

One 'mutant from cach group (grouping 1s based on the parental

'plasmid used for reﬁcuef Lwas'ztitrated, on Hela and 293 gells. 'The

- results - in Table 3.2 suggeﬁpvtﬁat‘thesévmutanﬁé, whether substitutidn

or insertion’ mutants, ‘exhibited * 4 - host range phenotype. In other

uofds[ théif‘ titre on 293 ceilé-has'compardbleizb that ofra‘gt virus,

'

Ghéreaa titres o Hela Cells‘dere severdl.logé }ouer'thanfthat of wt.

Tbié' wasg in" égrcemént with jéxhe; ‘workers' findings (Young et al.,
1984). As expected Eoc_mucanca“défective;in the Ela region, none of
the viruses ‘prodﬁced " any :deteétéblg Ela gene products (Fig. 3.8).

This fwaq.'deterhined by meunoprectpitat16ns»pf,KB,infgttqd (with- some

.of . ﬁhe “rescied mutants) 'c¢11  lysates, using 5eéa' faiééd,againsﬁ-
.synthétic‘ 6ligobept1de5' Bpécific ’fof- bhé»amino'and"carboky Ee;minal'

ends " of thé Ela. gette nbroducps "(Fig.-3.8), (these sera.were kin@ly‘

provided 'by S.P. Yee). o I,

Cum

L G



Table, 3:.2 Titratliou of Mutant- Viru_neu. on Hela and 293 cella. '

-

. ’ K -
Pfu/ wl op

“Virus S E - - IR °  Hela’

InﬁO'_‘. o S i"735'x 169‘ R .,‘1;5uxvi05
) 1635--"_ S _'l‘ S 36w o). | - - j 1.0 x 10>
mss s x10? T ek 1ob
W6l , ‘5;?‘x_109_ S L2 xaed
?-lﬁsél (‘ | 6.1 x 107 ’ 3.5 x 10°
Iass L6 x 107 4.3 x 10°
Cosables. 143 x 10 b 2.5 x 10°
d15992 T S C ey 10?}' :

v
.

* Monolayers (in. 0 wm dishes) of, th'e'\iwndicar.ed cells were infected L

with "-2 1:.:1 'of-sefially. 1luted vin':s' stéck tn PBSH, and after 60
s . . ; . ’ N\ p . . i.

min. of absorption at 37°C , FLLI'MEM supplemented with SX.HS and
A ) . ... . ty o '
0.5% agarose was .overlajed., PR ’ )

.

App’rofcimately' 5" te 7 days later- plaques were' cointed. To aid the
visualizing of plaques on Hela cells.‘l an additional S 'ml of F11 MEM

ot (45% S, 'and ‘5% : agarocse) supplemented with neutral red { 1X final
concentrafien) was added 4 to 5 days post\fnfec;tion. o

.
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N
Pighre' 3.8 Autofedidgram of a 12% bolyacrylamide gel
‘electrophoresis- ‘o ﬁ iymunoprecipitaCes, ffdm LwE, " and Inl to. InS (Ads

'Ela insektion mutants) infected KB: cells. Infected cells were pulse-

-

labelled 'Hith 32 P—orthophospate for 2 hrs from 7 to 9 hours p. oA,

'
4 .

Labelled polypeptides ‘were immunOpredipitated with sera against the

-Ela garboxy <) and the Ela amino (N} ends. . R

LS
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3.7

“and”

1.

development . and uée of' an AdS vector as described

‘ 7 . _ ‘ . [ P
chapters. . g o C : .

80

Conc¢lusions

A number of observntions have been dcscrlbed in this chnpter.

they can be summarized as follows:

Firsr, it 1g" cleur from the nbove thnt not more than 2 Kb of extra

,DNA ‘can be packaged in an adeno capsid.

-Second, -deletions and rearrangements occurred when attempts ‘wege

'madé‘ to rescue 'lafge"insetts (over 2 Kb)."and that such

rearrangements 'were. rare when a small (1ess than 1 Kb), insert was .

Fl

rescued.

Thifd, ‘inser:é'pnce reacued-iﬁtO'viable‘firions fgmain.s;ablé and

Qnmddifiedluﬁon ahccessive‘péqsagings of'thé ﬁirqq in.293 cells.

Lastly, and as expected, all of: these ‘mutants exhibit a host range

~ -

phenotype with regard to Iytic gtowth in HeLa and 293 cells. The

studies described in thiq chap;er 'prpvidqd fthé [baqis for

n the next .
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CHAPTER LV: CONSTRUCTION OF THE AD5 d1E1,3 VECTOR

4.1 ‘Introduction

-'AdenOVltuées " are patticulatly suitablelfeej'gehe ‘traneferl
.:'Qectote “Eor-leariouev teasons .whlch have .been' discussed previouslg
':(Chanter"ll.i: The apptoach taken in our laboratory in the development
.of ah adenovlrus vector was'.lnitially to:‘determine the packaging‘
vconetteints 'oI AdS -(Cheptet 3). Date was obtalned euggeetlng thet a
'akimum. of_‘eboot' 1. 7 Kb of extra DNA could be inserted into the wild
. al genome. In order to’ increase thls limit and thus enhance.'
;the usefulness of adeno es a vector 1n mammalian lcellsi-l have
ungzttaken “the development eof é;letion mutante laekiné moet oflﬁB
(d1E3) - or 1ecking both .El and E3 (d1EI, 3) As diécossed'ln‘Chapter'lJ
eatIQ‘ region 3 appears to be non-easential-for'viros growth in all
‘types of cultored cells since vlruses lacking or defective in E3 are
still viable (Kelly and Lewis, 1973 ‘Anderson et al., 1976 Berkner
'and Sharp, )983 Saito et al., 1985 H anq uork to be presented in this
_chapter) and El 1is.net required when the virusris groun-in 293 cells
. L
Q(Gtaham et al.. 1977). Consequently, the virus vector d1El1,3 is about
S;S* Kb .shottet than wt and yet is helper independent when propagated

in 293 cells. . .The vector dlEl,3 1is about 30.5 Kb 1in size and
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therefore, theoretlcally should be able to accept Inserts of‘dp.tq 7.5
Kb - in size. This chapter deascribes - the construction qﬁd
characterization of dlE3} and dlE1,3. The data presented in this

chapter as wéll as  ih the next chapter have been published'rcccntly'

(Haj-Ahmad and’ Graham, 1986).

{.

4.2. Constructiop of d1E3 . - S -2

:Fig.__a.l illuscrafés.the strategflemployed for ché deléciéh éf
.reéion' ?3'70f-'A65; The -plasmi&.pFG?3 conﬁaiﬂ;(thé_ﬂamﬂl.BrftugﬁenE-
[(59.5-100 mu, minus 25 bp from‘;he_éxereme fiéht é;di (D.ABhuFistg,'-
) persohgl. Séqunication)] . of ‘@t'“AdS 'clopéd"iﬁto: tkg.thﬁl.site'qf
pBR122 DNA,- This piasﬁid éontainé';wé Xbal sites in ﬁhe.AdS,séquenceé'
in Iearly‘-regibn E? at map.positioﬁs 7B.5 a;d 84.7 mu. ‘Sigce the éité
at ﬁép posiﬁion_ 84.7 mu ié 1sensit;ve. to méthglatidn (Berkner and
" Sharp, 1983),‘ the plas@id pFéZB was grown in‘daéf E. Eﬂill
_belgfip; of early region BVQas theﬁ achie&ed b; cleavfng pFQZB uith,:
xbaxi folloﬁed'by 11gation, thus é%}mfﬁéting thg,séquences from 78.5 to
’34.7 mu. v?hé ;egulting‘ nevw plasmid, ﬁFGXm, contains a’uniquelkbal
site - into 'ugich ad@iﬂionall ‘foreign DNA can be inserted and
subsequentiy rescﬁed ?nto virus. The plésmid pFGdXi DNA was digested
with BamHI, and d1309 virion DNA was digested'wi;h botﬁ-B;;Hi and
EcoRI (the latter é?ﬂ?gé}én h#ﬁf&arrigd out in orQef'to decrease the :
likelihood of récoﬁs;{Cucion of d1309); after inactivation of the:

. : t .. )
restriction enzymes by heating, the digests were mixed and ligated,

and the ligation reaction mixtﬁre was used to transfécéﬁ293 cells aé



Xbal
(78.5/84.7) 1) Xbal

2) T4 ligase

BamHl EcoRI
m‘ 1:0 BamHI

-t \
- 595 76.0 100 . o A
di309 BamHI BamHI
- BamHI ,
- EcoRlI , -BamHl -~
- - T4 ligase S
" | - Transfect 293 Cells
aE3
i v
0 ) 100

Figure 4.1 Strategy for construction of dlE3.

The ,plasmid ﬁFG23 was digested with ~Xbal then reiigated
generate the plasmid pFGdx] with deletioé of mosé of E3 (dotted b
féoﬁ. map posfeions 78.5 to 84.7). Subsequently, pFGdxl was diges
with BamHl and lhgared to BamHI and EcoRT digested viral A

ligation mixture was used to trangfect 29%\ cells’ monolayers as
N . ' * ’

described in Materials and Methods.

PP gl
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s
* L

.

described in Materials and Methods. A total of 40-50 plaques were

abtained and 3 f&f these were picked and théir)structure analyzed by
restriction én?yme digestion and gel electrophoresis. All  three
iﬁoiaﬁes we;e found Lo have fhe desired structure (Fig. 6:2 , Channels
2 and §). o . — -

The EJ deletion which extends from map positions 78.5 to 84.7
rempves Che mujof parts of all 9 E3 messages leaving the promoter and
5' initiation site, the polyadenylation sites and one set of 5' and '3'
splice sites (Fig. 4.2, boftom). These signals have béen éhown to be

-

) .
utilized in vivo as determined. by Sl mapping (Berkner and Sharp, '

1983). . ¢/?

*

4

e

¢

il
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Figure 4.2 WindIII and Xbal restriction enzyme pattern of d1309,
d1E3 and.dlEde2.

The EB' deletion reduced the HindIII B-fragment size resulting in
a new fragment-(B*) migratingnslightly above the HindII1 E-fragment as

/ .
indicated by the arrow in lane 2. In lanes 1, 3, and 7 are the

HindIIT digests of d1309 DNA (run for comparison, and as a molecular

weight marker). In lanes 4, 5, and 6 are the Xbal q;gests of d1El,3,
diE3dx2- (for details of this mutant see appendix) and ' dlE3
respectively. The Xbal digests of dlE3 gave the expected 3 fragments
A, B, and C‘(ldAe 6), Qhereas d1E3dX2 gave the 2 expected"ffaéments A

and B (lane 5).

HindT11 cleavage sites are indicated above the maps, and the Xbal

(X)  sites - are 'located below the - maps, for ,the indicated viruses
(illustrated below). Also a schematic representation of the E3

tfahscfiption units ‘(from Cladaras and Wold, 1985)- is shown;: the

“shaded regions between the 2 Xbal sites represent the deleted pdrtion
- from d1E3' and d1E3dx2. _Int&ons in the E3 transcripts are represented

© by gaps. - I \ - T
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4.3 Consttuction of d1El1,3

. As mentioned previously, early regionll (Ef) ie'non—essential
when a wvirus lacking this region is grown in the 293 cell line;,which
constitutively expresses the El_‘gene products (Graham etlal., 1957;
Atello et al., 1979; Berk et al., 1979). To delete El, I followed the
strategy illustrated in Fig. 4.3. The plasmid pXC!_thch contains the
Ad5 Xhol C-fragment {0 to 15.8 mu)'ﬁinos 21 bp from the extreme left
end (Mckinnon, 1984) was partially digested with SacII which cuts at
1.0, 10.6 and 15.2 mu and religated :to generate . pXCd1l1 lacking

a

sequences between map positions'l.o and l0.6. lnfectious d1E1,3 was

generated. by co-transfecting 293 cells with pXCdll DNA and dlEB DNA

which had been digested with Clal (sinkle cut at. 2 ) mu) and treated_

briefly with §]. The S1 nuclease treatment was carried out 1n order

\
to eliminate or reduce the likelihood" of reEbnstitution of d1E3 by in

vivo ligation. Approximately eight days after transfeotion 6 plaques

were " isolated and used to infect.293_cells, Following the development

. of CPE,‘ infected ‘cell DNA was extrected ahd viral DNA analyzed using .

' restriction 'endonucleasés_ as described in Materials and Hethods. -Oﬁe'

out’ of 6 plaque isolates was found to haVe the expected deletion (Fig.

b ]

.4, Channels 2, 3 and 4) " The deletion betueen map positions 1. 0 and

10.6 temoved all of:'Ela and Elb -and .about ,halt . of the_coding .

" sequences ‘for. protein IX (see Flg. 4.4, bottom). IAs expected, dlEl,3

ﬁae a)‘hobt range for lytic growth in that it grew well in 293 .cells

‘but failed to replicate in Hela cells. '



B8

IS | _ . Sacll  Sacll
| _ B (1-0/10.6) /(15.2
_ | BamHI ) (Xho)l) BamHji
Clat . cE3 s O
= . . . . i A :i&—f——————.
2 diE3 100 1).Sacli
| . . ~ partial . _
2) T4 ligase Xhol
) , (15.8)
. ) ’
R Cotransfect =~ .
’ Pel - | 293 Cells. -
s H !
‘ oE1 - ' aE3
] - - dn,3 g
- ! | “‘r‘

.Figure & 3 Stratevy for conSCruction of dltl 3.

‘Afﬁe .plasmid pXCl containznf the leEt 15 BZ of the AdS genome was
by.' SacII (part1al. dlgestion) followed by relxgatmm&o generace

pX &11 lacklng essentLally all of El anm map p051t10ns l 0 to 10-4.
. e - -
,.'CthrénsEectton ,055‘233} cellq w1th a maxture of Cla[ dig?sted, and i

treated le3 DNA, and undiycsced pXCdll DNA ylelded dlEl 3, presumably—
A s '

M

‘by in vLVO recombination.



89

Figure 4.4 Restriction enzyme analysis of d1El,3.

In vivJ 32p_1abelled DNA was digested and electrophoresed

.

on 1X agarose gel as described in Materials and Methods. Deletion of

El removed sequences from the HindIII fragments G and E resdltingrin a

-~

fusion fragment migrating slightly ahead of the ﬁt_HiddIII foragmentf

(lane 2 arrow E'). Lanes 3 and 6 are the Xbal digests.of dIEl,3 . and
f e ST

d1309 respectively. The El deletion makes the BauwHl, fragment A

smaller, whereas the E3 deletion makes the BahHI'fragment B smallef;'

consequently, both the BamHI fragments A and B of dlEl 3 migrated

faster than their counterparts in di1309. The Xbal (x), HindIII (H) and”:

quﬁl (B) restriction enzyme naps for d1309 and dlEl 3 are illustqated

b

below, . as well as -a schematic representation of El transcription .
units. The shaded region between the two SacII sites representa thef

segment deleted from El 1in d1El,3. Introns—1n.E1,tranaqripts are;

represented by dashed lines. -  * . . o "J-V'Pf. L o
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4.4 Growth of Deletion Mutants in HeLa and 293 Cells

o The deletion mutants described ln this chaoter were all

constructed and propagated in 293 cells fAdS"transgormed human
embryonic 'kidney‘ cellg). ;The growth of these deletion mut nLs in 293

and 15 HelLa cells was comgfreo to assess their'host range phenqtypes.l'
Briefly, stocks of the indicated virusea were titrated by plaque asr y B
on both cell types (Teble A.l). The we, and d1E3 mutants did not 7
exhibit host range phenotypee; they proouced about equivalent humbers

of plaques on both cell types. This was in agreement h what has

been reported previously, ‘that early region 3 appears to ba

_nonfessential for the adenovirqg life cycle at least in cultured celly’

€
(Johes and Shenk ‘1978 1979a,b; Berkner and Sharp, 1983 Saite bt

al., 1985).‘ 4ndeed deletion of th}s region not only fails to block
viral growth in HeLa or in 293 ceiis, but on the contrary it has been
reported that a mutant lacking E3 has a growth advantage relative to .

the wt virus (Berkner and Sharp,.1983).

The virus_ dlEl 3. produced wild type levels of plaques on 293

cells but .was markedly deEEctive for growth in HeLa cells- where no

detectable Aplaques vere observed. However, ‘a multiplicity of 1 and 10

PFU per cells, were cytotoxic for HeLa' .cell monclayers but no.

.rindlvidual plaques\ were observéd'V this. was 16. agreement ‘with a

‘prev10us report (Jones and Shenk, 1979&) for a deletion mutant (d1313)

’ 1acking all of Elb and the carboxy-terninus of-Ela. f

o



Table* 3.2.

to 1x1077), this wight 'be due to cell death at the . lower dilutions.

92,

Table 4.1 Titration of deletion mutants on HeLa and 293 cells.

]
. .
Pfu/ ml on ;
e )
Virus® , : 293, - HeLa
d1EL,3 o o 2a x 10? N.0.b
d1E1b, 3 | 1.3 x 10° .~ N.D.
. 9 -9
d1E3dx2 . 2.4 x10 1.7 x 10 )
. . .
d1E3 o 3.1 x 107 . 3.4 x.a0°
: - - o
T I .9
,21309 | 1.5x 100 . 1.2 x.10
. .

.Titfation waéﬁcarried out as outlined in Materials and Methods and in

b; PLaqueS‘werélnot.detéctable“gt éuy of the dilucfons used (ixloﬁz

P . . [P . . L -

LN

e
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4:5 Growth Characteristics and ther-dlability of d1El1,3
BN

It has been reported previously that deletion of the coding
.sequences for protein IX does not prevent the replication of
adenovirus but capsids lacking protein IX are less stable than wt
virions (Colby and Shenk, 1981). Since d1El,3 lacked more‘than half

of protein IX's coding sequences, 1ts growth rate as well as its
) .

)

thermolability were examined and compared 'to wt virus. Fig. 4.6
shows the growth kinetics and cthe yield of dlEl,3,§n 293 cells as
‘ ]

compéred to dl309 (wt). No sagnificant differences were observed

between the two viruses for either parameters. Essentially, dlEl,3

grew as well as. wt in 293 cells.
- -

”Moreover,‘ in order to assess the degree of thérmolability viral

stocks 0fidlE1,3 and d1309 (wt) were diluged (10 ' to 107 ) in

PBS, ~and iﬁcubated' at. @500. Saﬁples were removed at 0 hr (ju;t

" before submerging samples in a 45°C water bath), and at 1 hr and 3
hr; : Infeétiﬁity \Q?s ﬁhen measured By plaque assay on 293 cells. 1In
agreement with Colby and ‘Shenk' (198L) findingq; dlE{,3 virions are

. more heat labile than wt virions (Fig. 4.7 ).

T

A |
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Pigure 4.6 Growth curves of 41309 (wt) and d1E1,3, in 293 cells.
Cells were infected at a mulFiplicity of 5 p}d per.cell. After
ébsorption for 60 min. at 37°C, cell monolaje;s weSe washed oncej
with PBS_—."and medium containing 5% HS was added: Cultures were

harvested at the indicated times, and the-virus titre was measured by

plaqyé assay on 293 dells.

P‘ *
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di309

d’E’v3‘1

1 2 3 Time(hr

‘Figure 4.7 Heat inactivation of d1309 (wt) and mutant d1E1,3.

L J
Virus stocks
o
bath at 45 C.
used to infect
assay.

were diluted in PBST+, and submerged in a water
Samples were removed at the indicated times and

293 cells monolayers to assess infectivity by plaque

.

‘-
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4.6 Conclusions

The data presented and ‘discussed 1in this chapter can be
summarized as followsg: .
1. I have constructed a virus lacking most of E3 (d1E3). This virus

has . a wt phegotype, and is about 2 kb shorter than wt virion and

therefore should be able to accept inserts of up to 4 kb in size.

2. A helper—independent vector (dlEl,3) which lacks ;11 of El and
most of ‘E3, was also constructed. The vector dlE1,3 exhibits a
host range phenotype with regard to grdwth on HeLa and on 293
cells. . Aithough this virus is chermoiabile, this property is not
likely to hamper its usefulness as a vector since wost biologiéal
‘experiments dare pe}formed at 37°C,‘at which temperature the
virus appears to be staEle.

3f In addici?n to its help?r—indEpéndence, the genome of d1El,3 is
about 5.5 kb shor;er than wt and should be able to theoreticallf
accept inserts of up to 7.5 kb. At present diél,3 is the only
“adenovector with such a ’capacity. Moreover, the flexibility in
cloning foreign DNA into dlEl1,3 makes it an attractiv; cloning
-vector ‘in m;mmaliap cells. 1In the next chapter data are presented
in which dlE1,3 1is used aé a vector to clone and express thé HSV

Y
TK gene in mammalian cells. | | )

Ls



CHAPTER V: _ INSERTION OF THE HSV] TK GENE INTO DLE1,3 VECTOR

’ *
5.1 Introduction

RN

The deletion mutant- AlEl,3 (described in Chapter 4) was
constructed to be u;ggf_aa//a' helper—-independent cloning vector in
mammalian cells. This :vector contains a unique Xbal site located at
the junction of map position 78.5/84.7. Thus, foreign DNA cén be
£nserted at this site by following one of three different s;rategies.
Briefly, a given EBene can be éagily inserted at the Xbal site of
pFGdX1, then rescued ' into virion DNA by following a strategy similar
to that shown in "Fig. 4.1, Alternatively, after inserting a given
gene into p¥GdX1, the newly constructed plasmid can be co-tramnsfected
along with dlE. into 293 cells thus relyingu'rgn in wvivo
recombination, similar to the approach used to construct d}El,B from
dlEl,3 and plasmid pXCdll. A thira possible strategﬁaﬁax insertion of
DNA into dlEa; involves cleavage with Xbal and trimolecular ligation
(c.f. Fig. 5.1).

In order to demonstrate the usefulﬁess of d1E1,3 as a vector,

.

I have 1ingerted into its wunique Xbal site the HSV tk gene in both

- ° )

orientations. .Tﬁe HSV tk gene was chosen for the following reasons:

it is very well characterized, and its expression is easily detectéd;
. - Lo .
3
. ‘L' .' 2

..
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in addition, it was available as a recombinant clone.
This chapter describes the conetruction and characterization

of Adtk2 (with the HSV tk gene in the’ saie orientation relative to the

deleted E3 tram$cription), and Adtk4  (with the HSV tk gene in the

‘opposite orientation relative to the deleted E3)- using two different‘

.

approaches, and 1t includes datn on. the ability of Adtk to’ transform'

tk cells to the ¢tk phenotype. Furthermore, this chapter

‘Includes results on the‘-measurement of tk enzyme activity in ‘Adtk

transformed and infected-cell'lines}

5.2. Construction of Adtk
Fig. 5;1 illustrates the’ firét _strategy employed for the
insertion of the HSV tk gene into the unique XbaI site of d1lE1,3. 1In

. N , . )
order to generate Adtk4, pTK123 (in which the two'PVuII sites flanking -

the HSV tk gene in pTK173 (McKinnon, 1984) had been replaced by XbaI"h'

sites) was cut with Xbal and ligated to XbaI digested dlEl 3 the . _f'

1igation mixture was cthen transfected ento 293-C61151' Approximately L

.

‘eight days later, plaques were picked and progeny 'viral DNA was.

anelyxed by restriction eniyne digestion. Three out of 39 plaques.

/ - -
isolated and analyzed wege found to have the tk gene inserted in the -
Xbal site (78.5/84.7); 1in ‘all three cases the tk gene was 1nverted

with respect to the direction of transcription of E3 (Fig. 5 2 lanes

2, 9, and 7, and Fig. 5.3 Channels l, 2 and 3)

..,‘,.

The construction of Adtk?2 designed to carry the tk gene 1n ‘the

second orilen on was cerried out as follows, inittally. the HSV tka'_




l) ()

EcoRl 4) pyurl EcoRi
- " 2) Xbal Linker

- o ~ pvult”
oo - . |
a3 | - ~-100 Xbal
- Xbal _ - \
-_-al.ph. - - Xbal
, \
- T4 ligase ' ‘
- Transfect 293 Cells
S Xbal »}if_bal,
0 A -
¢ Adtk w100

"

Figﬁfe 5.1 Constructton of Adtk. .
The plasmid pTKl73 contains the entite HSV- l tk gene (PvuIL
: Eragmént% gioned into’ the pBR322 a; t;\\>vu11 site. The two Pvull

sites Elanking the tk gene were converted to Xbal sites by ligat1nq

Pvull’ digested ‘pTKl73 in 'thg-'pyesence ‘of synthetic Xbal linker to

._,{ éeneréte_ pTK123q' The. tk;‘géné‘was|then_inserted.into'the unique,KbaI»

- .éi;e 'of"dlEl 3;- i f:a? ttimoletular' reaccion _iﬁ_:which-'kalZB was,

-‘"ifgeste'd with KbaI and ligated to KbaI digested le.l 3. The reSulting '

Cnew, vifu; had ‘the tk -inserted in the or;entatxon 1nd1cated,by the

-

‘arrow, 1In -addition,; the: HSV 1 tk‘ pené _was '5156 linsécted'in thé )
oppbsitef_dciéngatidn via a‘atrategy simllar to that outllned in Fig.
-:&;l,:'wﬁgte ;fhe A;kV'ués -inserted .Eirsc;into pFdeL and subsequepbly .

. }escued'intqkdlél.B.;7
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gene  was 1n§erted into tﬁe Xbal site of pFGdX1, aﬁd plasmids were
screened for one having thé ;k gene inserted in the direction of E3
ﬁransc:iptfon; The resulting new piasmid (pYHtkh) was digested with
.,BaﬁHI, ‘and the. dlEi,3 vi;ion DNA was Jigeéted'wiﬁh p;th_quHI'and
EcoRL (the_hlatter “digestion was chpriéd QUt.in oédér to de;reasé the
1ikeiihoo;d~ of reconstituting d1El,3); after ingctivatipn of the
restriction enzymes, the digests were mixed'.and .ligated, and the
‘ligation reaction mix;ure was used fo transfeﬁt 2937cells as described
in Haterials and Methods. A ltotal of 6 plaques were gﬁtained and
their: structure ana}yzéﬂ by ;estriqtiﬁﬁ eniyme digeétibn and gell
electrophoresis: Five out of the six iso}aﬁes were found to have the
deéiféd"s;ructure (one is sﬁbwn in Fig. 5.3 ianéé 4, 5 and'é),‘and one
_wés féund to bg diEl,B; tﬁis might have been duejto‘incohplete'
'_Edigeétxon qith  BamHI, EcoRIlor-both, _Most:of:the characterization of
tk .containing édenovirﬁé' @utant. ;aé done -on Adtka, Eﬁe.firS? such

isolate obtained. In the following sections,  this mutant. will be

referred tb-simply as Adtk.

4}-

.3 Phedotype of Adtg‘

3 - ‘ . -- ’.. . -. \. .
As expected, Adtk has a host range phenotype identical to its

.progéﬁitor.‘diEl,3;.(t.é.) ft érows éé wéllua; wt:on-2§3 ;élis but does
' ﬁdt grow in Hela ceils," i; was observed that whén ‘Adtk énd‘dlEl;BI
B were“érown :in .293 cells 1in a mixéd iﬁfectio;, the ratio of Ad;k to:
dlEl,é seeme& cb_'decqeﬁée hsf a funcFi&ﬁ of.passéée‘hggpefsr‘Liﬁis

might have been due to ihé difference in genomic size, (d1El,3 -being
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tFigure 5.2 ‘Restrietion enz&me,anal&sis of Adtké4.

In “vivo ‘labelled virel DNA  was digested with ‘the indicated -
enzymes and electrophoresed on 1% agarose gel Lenes l.and 2 are Xbal
digests ef dlEl,3 ,and Adtk .respectively;’ the tk containing band is‘
indicated by arrow heads (1anes 2,5 and 7)

Lanes 3, 4 and 5 are HindIII digests of d1309 d1EL,3 and Adtk
reepectiﬁely; tne cdﬁ ‘arrow indicates the location of the fragment ‘
carrying the tk .gene (1ane 5), while the. lower arrow indicates the

—fragment’-dt: dlEl,Bf (lane 4Y). Lanes 6 ‘and 7 are EcoRT digests of
‘. dlEl;3 and Adtk respectively. "The arrow head (lane 7) points to then
ftaénént containing .tne tk sequence.. The EcoRIl (E) and XbaI (X)l

lrestriction enzyme maps of. dlEl 3 and Adtk are illustrated below.r
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s
K1

r.
Figure 5.3 Restriccion enzyme analysis of Adth and- Adcka.

I vivo .‘labelled viral ‘DNA  was digested with ‘the indicated
fesfriction--enzynes' and electrophoresed on 1% agatoae gel Lanes l 2

and 3 are Adckd ‘(Adtk) digested with XbaI (X), EcoRI (E) and HindIII

-

(). Lanes 4, 5 and & are Adtk2, digested with Xbal (X), EcoRl (E)

and HindIII (H). The Xbal and HindIII patterns for both Adtk? and
Adtk4 (Adtk) were identi¢ai as expected whereas the[EcoRI digésn

(lanes "2 and 5) discrimingted between ﬁhe‘ 2 orientations of the'

"inéeft. The HindIIX (H), Xbal (x) and, EcoRI (E) restriction enzyme

maps Eor both Adtka (Adtk) and Adtk2 are shown below.-

i
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1>

about 2 kb shocrter than. -Adtk) which might result in faster.replication

of d1E1,3.

A

.54 Stability of the tk Imsert in Adtk

~ N
—

.To rest the ‘stabilit} of the tk-ioserr, Adtkh.uas passaged .
Eive  times in:.293 -ccilc,‘ then plaqued on 293 cells. About 5 days
later - 12 plaques were‘_oicked .and their DNA wag analyzed on a 1%
Agarose gel. - 7 ) --: o Lo o - .~ .

‘ Figure WSJA Adﬁows rhe Hiddlil;reatriction enzyme pattern of 2
such ﬁiaque isolatcé, howcrcr, idédrical patterns were obtained with
‘qil. 12 plaques picked.' Thus, the'tk.inoert seeded‘ro:be very_stablc
based on the 1im1ted ‘number of plaques analyced. ; . "

'5.5 TK Expression in Adtk Infected Cells .

in order, Eor 3H—thymidine to be incorporated into DNA the
labeiled oufstrate jhaslltg be phoaphorylated by thymidine kinase.
fhus. measoreménrs of. 3}{-thymidine incorpora}ion into DNA can be
used as . an indirect 'measure ‘ Che level of tk activity.. IK- .
cells 143 or LTA) were infected with adenoviruses (dlEl Jor Adtk) at -
10 pfu/cell. ‘ Twency—four hours 1ater one half of the adck infectedj
‘dishes were superinfected with ‘HSV tk Vvitus ﬂt 1 pfu/cell. ' ells
uere then’ pulse-labelled with H—thymidine {1 uCi/ml) for 2 hrs at

v

24, 27, -30, 36 and 48 hrs post adeno infection and the nucleic acids' ‘ -

Qere ~extracted and radioactivity counted as described in Materials and

'
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a

Figure 5.4 Stabilicy of tk insert in Adtké.

-

HindIIT1 restriction eniymé ﬁattéfn qf~2 plaque isolates of Adtk4
o o : o .

e

all the remaining 10 piaque isolates are identical to these 2. TﬁL

band containing the tk' ‘gene iS"indiCACed.byfaﬁ arrow. The HindIII
QEStriétidn enzyme m&p of Adtk4 is illustrated below.

“m
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!‘Figure 5.5 Kinetics of .3H~thymidine incorporatiog/(bpm) in-

CLTA cellsi foliouing viral . infe;cion. Cells wete infected with 10

' .

- pfu/cell of adtk or dlEl,3 or superinfec:ed'af.ZA_hours after Adtk

' Materials and Methodss " The

infection with 1 pfu/cell of HSV (either tk' or tk ). At the 2

indicated - times post~infection, the ceP{é\ were harvested -‘and. the °

~

levels of 3Hfingorﬁoéacibn were detersined as describéd" in .

-represent the time post adenovirus infection}(all pénélg) and the time

afrer inEectiqn or superinfection with HSVl (panel B).

-———
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Methods. The results obtained 1n LTA and 143 cells nre_shown in
Figures 5.5 and 5.6- respectively. In both cell linee'the tate of
3H-—thymidine incorporation reached a maximum at aboGt 36 hrs atter

infection witn Adtk virus. Although the absolute levels were
approximately 10 “fold higher in 143 cells (Fig. 5.6 panel C) than in
LTA cells (Fig. 5.5 panel A}, the ratio of tk activity in infected
ceils over tk octivit¥ in mock-infected cells was very similar (7 fold
increase upon infeetion in LTA compared_to B fold in 143 cells). The
rate of incorporation presumably reflected both the levels of tk
expression and che:‘rate ot ‘DNA replication in infected cells. The

3

relatively slow. time course of H. thymidine incorporation was

probably due to the fact that Adtk is defective for growth both in LTA

and 143 cells as a result of. the El deletion; This may also explain,

in part, the apparent low levels of tk’ activity seen in Adtk infected

cells. Houever, a more likefy explanation for inefficient expression

is rthat the HSV tk gene is under the control of its own_regulatory

sequencee (which are early, or beta class), and under normal

circumstances (i.e. during HSV infection),, maximum tk gene expression

frequires.rone ‘or more HSV immediate early or alpha functions (Tooze,.
A[§81)- 'Thet-this may indeed be thé case was indicated by the results
- ohoen in Fig. 5;5, penel ‘B, and- Fig. 5.6 ponel D.- In these

‘experimente Adtk infected ‘LTA (Fig. 5.5 panel A) or 143 (Fig. 5.6

'.'panel B) cells were superinfected at 2& hrs with a tk mutant of

HSV?', This< resulted in' d. large'increase in tk expression‘(as measured

by _3 : thymidine incorporation) raising it to levels oomparable to
'those in cells singly infected with wt HSV. Furthermore. tk actlivity

. in Adtk2. was found to be similar to ‘that . of Adtké (Fig. S.7),
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" Pigure 5.7 Kihecics of 3H—-thjmidine incorporation {(cpm} in
143 cells foilbwing Viral infectioq. lCells were .infected with 10
bfu)céll of diEl,S (as a control), and with either Adﬁkz or Adtké4. At
Tthe indicated ;imes post—infecqioﬁ. the cells were harvested and the

levels of 3H—incorpdration were determined as described in

Materials and Methods.

o



. "

&

indicating that the orientation of the tk gene is irrelevant for tk
expression.
Finally, the results obtained by direct measurement of tk

activicy ‘in cell free extracts prepared from Adtk infected 143 cells

(Table 5.1) were in qualitative agreement with the results obtained by
= ' .

assaying thymidine 1incorporatien into BNA. In particular, the

relative enhancement of tk activity in infected cell'exg;a@té telative
L
to uninfected cell extracts was similar to that shown in Figures. 5.5

and 5.6 for the rates of incorporation. The residual levels of tk

‘activ{ty in mock infécted cells might be due to mitochondrial t

y - \ -

aétivity,

5.§ Transformation of tk™ cells to tk' phenotype

: ' ) < } .
We  Ad5 will replicate in both mouse and human cells with the

résulﬁ: that the lytic response typicaily ﬁfevénts the'aecécFion and
isolation éf transéorﬁants. However, because the Adtk.hutéhﬁ lacked
El it seemed likel& that it could be used to transform ek cglié
to';';k+ phenotype and to gstablish-tk+ cell lines.

Three tk  cell iines, K4’ (gpntains _and congﬁigﬁtivély
expresses the HSV ICPL; %ersson et al., 1985), LTA and i&f'éé}ls wér?‘

used in transformation assays but ' the efficiency of transformation

. with 143 cells was very low anduquantitati#e results wg;e‘oﬁtained

.

only for both the K4 and the LTA cells. Colonies of K4 and LTA cells
resistant to HAT were visible 1 to 2 weeks posﬁrinfedtion and were

counted three weeks post—infection with . Adtk. .Tabie 5.2 shAWS-thé
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Table 5.1 TK activity in infected 141 celis®,

B L o - . Houte_foet—lnfecticn
?irnnee__‘_ ; 6 3 i :. l?' ; S -.za;“ | ‘-‘:‘ . ?QI
‘ » ,\.
EHocki‘ IR 1. .. WD o 90, 65 8090 |
Adtk ;: j‘.'.>Np: “ﬁ' . ; ND;._ ..i 140, 120" :i .‘3onf:z7n .

HSV. 580, 450 950, 820° b | .. NO

Cells - were infected wit! either 10 pfu/ ce11 of Adtk or 1. pfu/

celli of- HSV1; let the tine; indicated post- infection, the’ cells were
'hervested and'.the' specific. detivity of tk in cell- free extracts waeif
&etefniney.: . Each value. renresenns tﬁg »average-'bf:’teo. reactions
t . o .

calculated .QB‘ cpm Qf-lac—thymidine phosphorylated per ug of total
'cellular ptotein- ‘The tk activity in mock infected cells might be due

to mitochondrial tke.

. AT PR N ‘.&\\;
v . o
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transformﬂtion. efficlency .obtained in two independent exﬁér}ments
after infection of LTA cells with 0.1, 0.5, 10 and 20Apfu/ce11} Table
5.3 shows the'trahsforﬁqqion efficlency obfninéd after infection of K4
cells. The results. indicate that 1in both LTA and K4 cells, the

transformation efffciency was approximately linear - with respect to

6

- multiplicity of infection ylelding 1-2 X 10 ° transformants per

pfu in -LTA, and 1-2 X o™ transformaqﬁé per PFU in K4 cells;
these values were similar to those reported by-Van Doren et al.. (1984)

for an.adéndvifus mutant carrxing‘ﬁhe neomycin resistance gene (of the
SV40° large T antigen, Van Doren and Gluzman, 1984). The
. A ' . v .

‘ tfansfprmation"éfficiendy was also dependent upon the recipient cell
used ”and, as mentioned above, the 143 cell line was_Efadsformed at a

vy . . . .
. very 'low efficiency compared to LTA and K4 cells; i1n contrast to K4
- . : ' 0 :

_and LTA cells for which up to lOO-transEormants/plate were readil&
obtqiheﬂ, ‘only 1-2 transformants .were detected in_sévgral dishes of

141 cells infected wifh,»AdCRJ' It seems }ikely that this difference
R . ‘ - . . L.

resulted _from' différences in efficienc} of integration or from some-

o LI . . :
.other’ factor rather, than differ&nces in the efficiency of delivery of
the -gene iﬁtb thé cellsjsince 1eve1é of tk expression were higher in
infgcted Aj cells than in the mousé linés.

» .

cell linés loE 'béth mousé ;nd huﬁan« bfigin wére
_gsfablisheé b§' picking sinéie colonies' and ‘pgssaéing ‘them in a
’ éelecni?e«‘méﬁiuﬁi jHAT). "Tk.;activ;tx7.iq fiﬁe resulting transformed
cel%s was 'measqred b& thelenzyméti;'qsshy as aescribed'bQ_Sumﬁerg et
JT?\\51975), The results shdwn_in Tabie,Sfa indicated éﬁat the level
éf tk activity in Adtk transformed human (T143) ‘and mouse ceils (ILTA):

‘waé significantly higher than- that of the respective th parenté
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Table 5.2 Transformation of LTA Cells: -
- Expt. No. V;ruaa ‘ moi ' No. of fdcib "Hean
1 . Mock e i 0,0,0,0 . 0
d1E1,3 0.5 0,0,0,0- -0
" 20 "7 0,0,0,0 ‘- 0.
Adtk 0.1 1,0,1,0 0.5
10 48, 33, 63, 60 51

20 . . 80, 100, 93, 105 94 -

-2 % tMock® T T = - 00,0 { _’_: o0
dIEL3 0.5 0,0,0 0 .
a 20° 0,00 - o
: ',/ . . i, ‘ ‘ T S
ALK 0.1 < 1,0,0,0 0.3.
. 0.5 T 5,6,743 T L5
' 10 . 23,19,26,16 ..., 21
/20’ © 40,36,48,33 T

a4 gells were infected_wi;h‘the,yirus_and moi indgcated,‘incﬁbéﬁed_in’

. : KN o . -
selective (HAI)_me ium, fixed and stained at tWwo to: three weeks:

post-infection. r .. .
Colonles of tfansformed-cells_pet 60 mm dish, -

.

FRY
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'Table 5.3 Transformation of'KA cells.

a. Cells wvere infected with the virus at moi 5. indicated incubated in .

Virusa.;‘ moi, . No. of focip Hean
‘Mock - 0,0,0,0 ‘0
d1E1,3 .- 1 0,0,0,0. 0

20 0,0,0,0 0
JKdtk L0l 26, 27,.22, 28 26
e 400, 450, 455, 390 420
10 INTC - TNTCC
-~ -t
20 TNTC . TNTC
. 4

selective (HAT) medium, ‘fixed ‘and stained at two to three weeks

"posthinfection.

Colonies of transformed cells per 60 mm dish.

c

TNIC= too numerous to count.

-~
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Table 5.4 Tk activity in Adtk-transformed or comtrol cells
. . : 1 ) .

Y

Cell Line - ="' Specific Activity”

143 S P : - 110, 90
‘T143° R - .7 970, 760
LA = T 36, 40

- - 780, 810

293 . - R - 1104, - 950",
. . . - .- . . 4 ’ i ¢
- % Specific.tk activity in cpm 1 C-thyWidine phosphorylated per ug
protein, average of twoﬁieactiohsq T l
b ﬁf&i and TLTA, are tk*'than'ghd_moaée cell 1ines'estéplished . -}
" following t;ansﬁormations_pf Ek? 143 and LTA cells with Adck..
. N
. v IR '
' . = ';
1“
.;- *
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(143 and LTA). and was comparable to leveIJZExpressed'in a wt ek’

human cell line (293).

5.7 Structure of Adtk in Transformed Cell Line

‘Cellular - DNA was extracted from the TK4, TLTA and T143
‘transformed lines, "digested with EcoRI or HindI1L and electrophoresed
on 0.8% agargse gels. The DNA was then denatured, transferred onto

nitrocellulose filters and'hybridized with nick-translated Adtk DNA as’

+

descrihed “in Materialsland Methods. The results (Fig. 5.8) show tnat
the - DNA from- all of the transformants contained most, if not all, of "
the wviral DNA. _‘Furthermore,. from: a reconstruction using 5 genome
equivalents of virion DNA pef genone equivalent of cell DNA (7 pg/mg)
,(13“93 2, 3, 6, and B) it was concluded that about 2 to 5 copies of
the viral "genome Were present per transformed cell. This conclusion
wasl based on‘comparikg-thelintensity.of the restriction enzymes"bands
_in the 'control lanes (lanes_2; 3;'6, and 8} with the bands' inteénsity
in  the otner{ 1anes.l_‘Two -additional points can be made: first, the -
viral DNA sequences appeared to be integrated at several sites in the
host genome; this was clearly seen in lanes 5 and 7, uhere multiple.
junctions '(between cellular and viral‘DNA) bands can be .seen (arrow
headsj. Secondly, the tk containing bands (asterisks, lanes 1 4. and
5) appeared to\‘becom:.more intense than the other viral bends uithin
the same lanes, suggesting that - these sequences had been amplified

iafter ‘successive passages of the transformed cells in selective medium

(HAT—containing medium), wheteas " the intensitj'.of “the . tk bands
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(asterisks lanes 7 and 10) 15 about the same as the ﬁther viralwpands
in early passugeé of trﬁnéformed cells {(lanes, 7, 9, and 10).

Therefore, 1t appears that in this type of transformation agsay,
iﬁ;égrat;on may not require El gene products, an observation in

agreement with the results reported by Van Doren et al. (1984). -
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Figure 5.8 Structure of Adtk sequences in Adtk transformed cell
lines.
Southern gel aﬁhl&sis of Adtk transformed cells. UDNAs were

extracted as described in Materials and Methods, digested with ﬁhé

indicated restriction enzymes and electrophoresed on 0.8% agarose gel.

Nick translated Adtk DNA was used as a probe. Lanes 1 and 2 are

HindIIT digested .of TK4 (tk K4 cell line transformed’to tk’

4 B

by Adtk) and Adtké4 DNA respectively. Lanes 3 and 4 are EcoRI digests

of Adtk4 and TK4 respectively. Lanes 5, 6 aﬁdi7 are EcoRI digests of

TLTA (transformed LTA), Adtké and T143.DNA respectively. In lanes 1,

4, and 5, the DNA was isclated{from the transformed cells (TK4, énd

N .

TLTA) after 10 passages, whereas the DNA in lanes 7, 9, and 10 was

-,

isolated from the transformed cells (Tl43, 'and TLTA) after &

passages. (The HindIII (H) and EcoRI (E) map of AQPk& are shown below.
i“poiq&

Arrow. heads to bands which do not appea

(Adtk). 'AsteriEEé point to the tk containing ba

. . PR

in the concroi lanes
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5.8 Conclusions

5.

~ human cell line.

The daté\.pre%gnted and discussed in this Chapter can be best
summarized as follows:
Two different approaches “were used to insert the HSV tk gene in

both orientations in dlEl,3 to generate Adtk2 and Adtk4 (Adtk).

The phenotype of Adtk was found to be similar to that of the
p:ogen;tor "dlEl,3 with rtespect to growth in HeLa and 293 cells.
More _ihportantly, the tk insert appeared to be stable and

unmodifféd following successive passagings of Adtk in 293 cells.

an

. Although the tk gene was.under its own regulatory sequences, and.

was not"subjected to posi;ive selection, tk activity ;n Adtk
infected cells .qés éxpreésed lglbéit at deéeégable low }evels_as
gompared to the HSV wt tk expression.

o - . o _
Adtk coqverted tk .cells to tk phenotype% with variable
efficiencies dependinngnlthe‘cell line used}

-

Adtk transforbed human and mouse cell lines appeared to contain

the ‘entire Adtk - sequences, mostvlikely integrated; these'tk+

. L]

transforméd cell lines expreﬁsed'tk'as éfficieﬁtly as a wt tk+1

-
L
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. i -
CHAPTER 'VI: ISOLATION OF AN ADENOVIRUS TYPE 5 MUTANT WITH EMBEDDED

INVERTED TERMINAL REPEATS

6.1 Introduction

Humaﬁ_ adenoviruses have proven to be very useful as a model,

system not only for the study of oncogenic transformation (reviewed

v 1

recently by .Branton et al., 1985), and gene Expéession in‘mamﬁalian
cells (reviewed in chapter .1), but also fér exploring the basic
mechanisms of ‘eukaryotic DNA‘ replication. At the_present time.as a
result of extensive ;tudies carried. out both id‘vivo.‘and"in vitgo,'
the structure ;nd replication éf adenovirus DNA.is probably bettgr
understood than for any'ot#er eﬁkéryotic_system (revieged recently Sy'
Kelly, 1984). Each molecdlar'-end -f the AdS genome possesses ani'
identical inverted terminal repeat (ITR) of 103 bp (Tooze, 1981) .The
5'. end of each strand is covalently linked to a 55 000 (55kd) terminal
protein {TP) wvia a deoxycytosine-;o-serine phosphoryl bond { Robinson
et al., 1973; Rekosh et al., 1977;-Qesiderio and Kelly, 1981). The
55kd TP 1is generated when “an- adeno-encoded prote;se'spehifically
cleaves the early region E2B encoded BORA preterminal protein (pTP)
kChailberg ' anq Kelly, 1981; Stillman et al., 1981). The’ pTP

participates in " the initiacion of viral 'DNA replication (Challberg et
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b

al., &980. 1982; Lichy et al., 198l; Stillman et al., 1981} forming a
complex with the adeno—encoded pd¥ymerase (Stillman et al., 1982a;
Lich; et al., 1982), and becoming covalently linked to-dCMP which then
seéves as a primer for chain elongation and becomes the first
nucleotide of the daughtér strand. After initiation, DNA replication{
proceeds in a continuous fashion along the template étrand diﬁﬁlacing
~ the opposite strand of parental DNA. Finally, the displaced parental
st;and i1s thought to replicaté by forming a panhandle s;rdcture b&
hybridization of the ITRs, thus generating.a double-stran?ed origin of
replication identical to that of a linear duplex (Daniell, 1976;
Rekosh et al., 1977). .
| As mentioned above, each end of the vir?I chfomosome:poséesses
an identical ITR (Steenbergh and Susgenbach, 1979; Van Ormondt eE al.:
« 1978) where, the qr}gin of Yiral DNA replication has been localized
(Chailberg and rKelly, 1982; ﬁané and Pearson, 1985). One notable
féatu:e 6f the adenovirus' ITRs i; the presence of a highly.consérved
10 bp AT rich sequence (ATAATATACC) beginning 9 bp from the terminus
and found in all human adenovirus serotypes examinéd (Tolun gt al., .
‘}979; Shinagawa and ?;dmanébhah; 1980; Stillman et .al., 1982b). -This
:DNA séquence and the séquences from _appro;ihate*& 20 to As'whigh?
contain the ‘binding sité for the cellular.protein,.nuclear,factor I,
constitute the origin of viral DNA repliq}tion (Leegwater et al.1985;
de V?ies et al., 1985; Wang and Pearson, 1985). For a viral DNA
mglécule to be infectious, it 1is not necessary that both ITRs be
iﬁtact. Using Qarious in vitro constructs of viral DNA, Stow (1981,

1982) has shown that  deletions in the left ITR can be repaired to

generate wild type {wt) progeny following tfansfection of perﬁissive
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!
cells “provided the deletions do not remove the entlice ITR. Deletions
larger tha the R, hOWeVCf]‘fEHdET the viral DNA non-infectious.
These  findings led ‘Stow {1982) to propose that deletions in one ITR

can be corrected in vivo from the homologous sequences in the other

ITR via panhandle formation and repair synthesis.

4]

Adenovirus mutants with duplicated ends have been isolated by
. . T—

! ‘ )
various groups {(Hammarskjold and Winberg, 1980; Bruscd , and
- L -]

- \ v , :
Chinngdurai, 1983; Hanahan and. Gluzman, 1984).  Generally these

mutants have been found to be fairly:‘stable, undergoing further
rearrangements or reverting .to wt either not at ali or at very low
tates. This chapter desc¥ibes _he Lsolation and characterization of a
novgl' AdS mutant (d1E1,3-1) 'that had direct'repeaﬁs‘oﬁ left end DNA

sequences. *

6.2 Isolation of dlE1,3-1 and Determination. of its Genomic

Structure

During the construction of an Ad5 cloning vector dlEl1,3

’ ) - . - i
{presented and discussed in chaptef'&). which lacked most of El and

E3, oﬁe of the first plaques isolated was found to contain 1270 bp of
extra- DNA attached to the left.end of dlEl 3 genome.’ Fig. 6.1 shows
the results of gestriction enzyme analyses.for this mutant (dlEl,3—1)_

compared _to = wt 'A¢S' (d1309) ‘(odd and feven ‘numbered channels '

respeetivéiyﬁ;;' Xbal digestion of dlEl 3 1 DNA gave two bands (as
would have been obtained with dlEl 3)_Nﬁereas BamHI digestion gave two

high moleculari-weight bands as expected plus a- novel band of 1270 bp

. .v

‘which migrated~ slightly faster than the XbaI B fragmenc (1339 bp) of

-
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Figure 6.1: Restriction endonuclease \analysis of d1E1,3-1 and
L . -

d1309 viruses. )

32P—labelled virion DNA was isolated as described in

Materials and Methods, digested with restrictién endonucleasés and .
electrophoresed on IZIugarose‘gels. 0dd numbered lanes contain digests
of dlEll]—l DNA (except lane 7 which contains dlEl,j) and even
nu?bered lanes contain d1309 DNA. Restricti;n enzyme maps of d1309,
dlEl,3_and d1lE1,3-1 are ilidstrated below (map units are from
Susse;baéh, 1984).. DlEl.3}(chapter 4) differs from-d1309 in having a

3.5 Kb deletion of El sequences from map coordinates 1.0 to 10.6 which

‘fuses HindIIL G and E to generate E', and a 2.0 Kb deletion in.E3 from

map positions 78.5°to0 84.7 which converts'HindIII B of d1309 to

HindI1L. B'. The map of the left end 4.5 Kb of di£1,3—1 at the bottom
was dgriveq from analyses‘withbXbaI; BamHI and HindIIIL as'shéﬁn abo#é _‘
as ;ell as&f;dm several additibnal enzymes. HindIII cleavagé siées

are indicated above the maps, and, the sites for.other enzymes are

located below (B=Bam HI; C=Clal; H=HindI1II; X=Xbd’ I). The solid b%r in

the dlEl 3-1 map represents pBR322 sequences.

v
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d1309. HindI11 digestion generated two unexpected bands (E'' -and A).

E'' was approximately 350bp larger than, and appeared in place of, E'

of vdlEl,} whereas A was an entirely novel band of 920 bp migrating

just below the HindIII TI-band of d1309 (1003 bp). “Wnalysis of

dlE1,3-1 DNA with additional enzymes . (Kpnl, Smal, Clal, Xhol,
‘ ~

. XholI+BamHI, EcoRI) suggested that dlEl,3-1 had the structure shown at

the bottom of Fig. 6.1. It appeared that the 920 bp Clal B-fragment of

Ad5 was linked to the Clal-BamHI fragment (352-bp) of pBR3I22, fpliowed
by thé left ITR of AdS di?i,a.i' This étructufe was confirmed by
experimenﬁs deséribed below. . |

Fig. 6.2, which -describes the strategy employed for tﬁe
construction of d1lEL,3 (chapter 4) helps to illustrate how Lhe
d1lEl,3=1 wvarjant may have ‘been generacaﬁ. Rriefly, after digesting
DNA of d1E3 (a deletion mutant lacking.E3 sequences) with élal‘(single
cut at 2.6 mu or 920bp) the DNA was treated with Sl ﬁuclease to
eliminate or reduce the likelihood of reconstitution of d1E3 by in
vivo " ligation. Plasmid pXCdll, wﬁich contains the Ads Xhol C-fragment
(0 to 15.8 mu) minu§ 21 bp from the extreme left end (McKinnon, 1984)
and lacks sequences between map ﬁositions l.a;énd 10.6 (chapter 4) was
then addgg and the DNA mixture wa; used to co-transfect 293 cells.
Apparently,. the Clal ‘endbnuclease retained activicy inrthe S1 buffer
resdlcing in clgavage of a fraction of pXCdll molecules at the Clal
site of pBR322. In addition, a fraction of the Clal sticky ends in
both 41E3 and pXCdli DNA-évidently escaped the S1 digestion. Finally,
in vivo ligatién of the Clal B Erag?enﬁ of AIE3 to the Clal site of
.pBR3é2, either prior to or a;tef homologous crossover as illustrated

in Fig. 6.2 would have generated dlEl,3-1. That such a sequence of

» o
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i Figure 6.2: Qutline of the construction of d1EL,3-1.

-The plasmid pXCdil contains thé left 15.8% of the AdS genome,

minus the first 2] bp of the ITR (McKinnon, 198&) and E1 sequence&
between ma§ coordinates 1.0 and 10.5 {chapter 4). Cotransfection of
293 cells with ‘a mixture of ClaI digested and Sl treated d1E3 DNA

R and

pXCdll DNA yielded d1E}, 3] by in vivo - ligation and recombination.

.
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events could have occurred may seem surprising; however, there seems

toc bhe no more reasonable explanation for the isdlation of d1El,3-1.

6.3 Verification of Thé Proposed Structure

i

In addition to restriction enzyme digestion, the proposed

structure of dlEl,3-1 was ctested in two different ways. First, to-

verify the presence of a 352 bp fragment of pBR322 (Clai'to BamHI)

Southern blot hybridization analyses using pBRéZZ as probe was carried
out. Fig. 6.3.A contains dlEl,3—i cut w;th the indicated restriction

32 _labelled

.enzymes; the odd numbered 1lanes were hybridized to
Ad5 - DNA. Subsequent to exposure the filter was washed to remove mgét

of the viral probe and rehybridized to labelled pBR322 DNA (Fig. 6.3A,

lanes 2, 4, and 6). The ba

hyEridizing with pBR322 were those

-

predicted. by the structure shoun in Fig. 6.2 and at the bottom of Fig.

6.3: a . 3150 bp fragment (E")) in lane 2, a 352 bp fragment (pBR322
sequences) 1in lane 4, and a 1270 kp fragment (O + pBR322 sequences) in

agreed with the model shown in Fig.

lane ’6. Thus, the results full
6.2 - and confirmed the presenc& of pBR322 sequences at the left end of
dlEl}j-l. Qne .additional feature of the analyses shown in Fig. 6.3.A
was the presénce‘ of -a faint band of around 1350 bp in lane.l which
also dppeared to  hybridize to pBR322 (lané‘ 2, *). As ‘'will be
des;ribe§ in wmwore detail below, this fragment resulted from the

transfer of e extra terminal sequences to the right end of the viral

) v
-genome .

Anotler test. of the proposed structure for dlE1l,3-1 was based on
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Flgure 6.3: A) Southern blot analysis of dlE1,3-1, using Ad5
(lanes 1, 3, 5) or‘pBR322 DNA (lanes 2, 4 and 6) as probes.

Viral DNA was digested. with either HindIII (lanes ! and 2),

" BamHI plus HindIII (lanes 3 and 4), or BamHl (lanes 5 and 6),

electrophoresed on 0.8%° agarose gels, and blotted onto nitrocellulose

filcers. Initially the nitrocellulose sheet was hybridized with

32? 1abelled AdS DNA (lanes 1, 3 and 5); after autoradiography the

filter was washed:(label was partially retained thus leaving an

'

internal marker) and rehybridized with -2P-labelled pBR322 DNA

“flanes 2, 4 and 6). The positions of the relevant fragments are

indicated by arrows or asterisks. The HindIII and BamHI restriction
maps of dlEl 3 and dlEl 3-1 are shown at the bottom of the Fig.,
pBR322 sequénces (352 bp ClaIl to BamHI fragment) are indicated by the

[}

solid bars. : -

B) Generationhof‘d1E1,3 andfother variants from'dlEl 3-1.

D1E1, 3 1 DNA was digested with ClaI (which cuts once adjacent-

“to A ) and used to transfect 293 cells' a week- later plaques were

picked, viral DNA was exrracted and labelled as outlined in Materials
and Methods, then digested with HindIII and electrophoresed on a 1z
agarose gel (lanes 2 to 6). Lane 1 contains d1EI,3 DNA, lane 6

contains parental dlEl 3- l DNA, and arrows indicate the locations of

novel bands among which are E'Y (top arrow), and A (lowest arrow);

L

ST |
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the obéervation of Stow (1982) cthat viral genomes with one terminus

linked to oplasmid DNA can give rise to wirus with normal ends,
. \)‘
presumably as a result of repair using the unaltered terminal

.sequences as a template. Clal digestion .of dlE1,3-1 DNA and
transfection of 293 celle was therefore_expected'to‘give rise to virus
which had 1lost the.extra terminal fragment attachéd to the left end.
Indeed, of 7 plaques analyzed, two had restrictien cleavage patterns
ieentical to that of dlEl;é. One of these is shown in lane 2 of Fig.
‘6.3B compared to dlELl,3 in lane 1. Two plaque isolates, one of which
1s shown .in lane 3, were identical in structure to d1E1,3-1 (lane 6)
and 'mﬂy have arisen by in vivoe religation or from DNA which had not
been cleaved by Cl&i; Finally, two new and unexpected varlantg ‘were

"

isolated from this experiment (lanes 4 and S). One variant (lane 5)

had lost ‘the HindIII I- -fragment from the right end while retaining the

fa fragment and contained a new fragment of approximately 1350 bp.

This wvirus (d1E1,3=2) Will be discussed in more detail below. The
virus shown in lane 4 had a structure similar to d1E1,3-1 but had lost

the A fragment and exhibited a new fragment of approximetely 2500 bp.

The' nrecise structure of this isolate is -unknown and “was not analyzed

furthezg, . but the isolation of ' two Tovel viral mutants from this

experiment"indicated‘ that the ends of dlEl,3-1 might be highly
unstable. Later analvses described below proved this to be the case.

-

and suggested that the igsolation of dlE1,3-2 was probably unreleted to

the Clal digestion but instead wag the result of pre—existing dlEl 3-2

molecules in the population.
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6.4 Stability of d1El,3-1 and d1E1,3-2

The unexpected structure of some of the isolates presented in
Fig. 6.3B prompted nie to examine the genomic stability of dlEl,3-1.
Fig. 6.4 shows the 'HindIiI restriction enzyme pattern of unpassaged
dlEl,B—l- {lane 2), and of 41E1,3"1 virus after 5 successive passgages
in 293 cells (1aﬁe 3). From the autoradibgrams and adjacent scans, it
is clear that the intensities of the HindIII I~fragment and of the
éxtra band (&), relativ%;’to the HindIII H-band in the paésaged virus
{lane 3) were quite Aifferent from those of the;unﬁassaged virus £ﬁ
" two respecté. AFirétly, the I andlo.bénds of passaged virus DNA were
reduced in ‘Intensity :and secondly, three additional light bands were
present 1in patterns - of passaged viral DNA (arrows, lane 3). One wvas
just below they H band and its‘ size (approximately 1900 Bp) was
. consistent with head ‘to tail‘joining of‘viral DNA ends (i.e.‘a.= 920
bp plug the I-fragment = 1000 bp). Evidence for_guch head to tail
joining in adenovirus igfecéed'cells has been presented énq diséﬁséed
previously - (Ruben et al., 1983; and Graham, 1984b). The second band,
‘desigﬁageq I',. was 1350 bp in size, which borrégponds to the HindIII
I—Eragment' (1000 bp) plus the pBR322 sequences (352.bp). This wéuld
be generated 1if the lefﬁ . end éxtfa fragment was duplicated at tﬁe
r;éﬁt end as illustrated 1ﬁ Fig. 6.5 aﬁ& corrfgﬁépds to the type of
-isola:e - (d1E1,3-2) séén. in’ ' channel 5 of Figf/6.35. _Finally,ra band
(1) 'migrating between I' -and ilwas alsc visible 1in lane 3.:.The s;zej'

of this‘“fragment was approximately 1200 bp, very close _to the

predicted molecular weight (1270 bp) of the fragment which would be
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Figure 6.4: Stability of dlEl,é-l.

DIE1,3-1 DNA was labelléd ‘in vivo, digested with HindI1I and
electrophoresed on a 1% agarose gel followed by autoradiography. Lane
1l contains a HindIII digest of d1309 (as a marker),” anq lanes 2 and 3
contain unpassaged and passaged dlEl,3-1, respeccively. New submolar
bands are indicated by thé arrows adjacent to lane 3..Den§itometer
scans are shown for regions of the gels from just above the Hin&III H

to slightly below the HindIII I fragments.
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Renerated- by HindIII cleavage of DNA molecules with 2 tandem copies of
sthe extra fragment at one end. The existence of viral DNA species
with 2 tandem iterations of the 1270 bp segment linked to tne right
end was also sug;ested by analyses to be presented iater. Thas
starting with one extra terminal segment.at the left end, as many as
two additional coples could be generated at the right end.

When passaged dlE!,3—I virus. wae plaque purified and DNA of
newly cloned virus 6tocks analyzed, 3 plaque isolates {eg. Fig. 6.5A,
1ane' 2) out of 36 were found to have duplicated the fragment onto the
rignt' end (losing the Hind- 1III 1 fragment and generating 1') while
retaining it at the left end (as Iindicated by the presence of fragment
E'").  The remaining i3 isolates had the structure of d1lE1, 3 I (lane
1. Ihus, .about 8% of the progeny in passaged d1ELl,3~1 stock seemed
to have tour ITRs; two at each'ena and two internaliy embedded ‘within
1270 bp from each end (&iEl »3-2). However, when a-dlEl,3-2 isolate
was passaéed and subsequently plaque purified 13 pla%ve isolates out
of 30, or 432 were found to have the structure sherwn in Fig. 6.5A lane
1 and thes represented revertants to d1El, 3 1. The remaining isolates
.(17) Were dlE1,3-2. ‘

ﬁirect examinatt;n of the s;ructure of viral DNA in passaged
dlE]1,3-2" virus‘ preparations (Fig. 6.5B5 revealed that the right end A
fragment had. been lost from about 1/3 of the viral genomes- This was
indicated by restriction cleavage patterns obcained with XbaI and
EcoRI digestion (Fig. SB) as well as with HindIII digestion (not
shown). Lane 1 tFig. 6. SB) shows . the XbaI pattern of dlEl,3-2 hefore
passaging, _and lane 2 the pattern after passaging. 'The-fa;test

migrating band in lane 32 comigrates with the Xbal B-fragment of
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Figure 6.5: Interconversion of dIEl,B—l and d1E1,3-2.

A) Passaged dlEl;ﬁ;l was used to inéect 293 cells; 5 days
later 36 plaques were-picked, expanded on 293 cells, labelled in
‘vivo, their DNA extracted, digested with HindIII and electrophoresed
on a 1% agarose #el. Thirty—three out of the 36 plaques screened were

found to be jidentical to the parental virus dlE1,3-1 (lane 1), and 3

out of 36 were found t6 have a larger HindITII I-fragment (I' lane ).
B) In vivo labelled DNA of unpassaged (lare 1) and

passaged (lane 2) Xbal’digested dlE1,3-2 DNA; lanes 3 and 4 contain

Xbal and EcoRI digested d1E1,3=| DNA, respectively. Lane 5 countains

an EcoRl digest of passqged dlE1,3-2 DNA, and novel bands generated by

interconversion or reversion are indicated by arrows (lanes 2 and 5):

-3
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d1E1;3-1 (lane 3) and corresponds to & subpopulatiofh of virus in which
the extra fragment., on the right end has been Llost. The EcoRI
digestions for passaged d1E1,3-2 (lane 5) compared to dlEl,3-1 (lane

4),‘lsuppor6ed the conclusions drawn from Xbal digesticn. Paséaged
diEi, 3-2 co;caineq{’two majqf fspecies of viruses, those with a right
terminus idéntical to tha? ;E d1E1,3-1 (uboht 30-40%), and tﬁoée with.
the right terminus 1lengthened- by ché‘cxtra tefminal segment copied
from the left end. Thérefore, based on analysis of mixed populations
of viruses from passaged dlEl1,3-1 and f%lEl,B-Z Viruseg and from
analysis of plaque isolates, there ‘appe:red to Ber a lfépid
iﬁterconversion between the two variants. The extra seg%ept'éouyd be
readily lost from or added to the right end of the.genome but seemed
to be* stébly maiantained at the left end. Finally,.a.faiqt band_ﬁas-:
visible in lane 2 of Fig. 6.5B A(top arroﬁi, jgét‘gb&ve'the Xbal
B-fragment. The siie of ehis minor specles was exacfli-tﬁ;;kpigdicted:.
; if‘ a small Ffraction of dlEl1,3-2 molecules‘cohtaiﬁed_z_éopieélof.thé |
extra terminal fr;gment attached‘goa!he }ight‘epg, in agreement with.
the appearance of the I" ;:'aghent seen in lane 3 of Fig. 6.4. Tandgm' t

: : | e '
repeats at the left end may also have occurred but would have gone -

undetected due to a limited resolution near the top of the gel.
. L] fey

- . i . .
-, L . i B P
6.5 Mode of Duplication, Intercomnversion and Re:iﬁptagﬂ

.
'

Filg. 6.6 outlines the adenovirgs DNA replication. pathways, and

v

+

presents a possible model to acdournt for the rearrangeneats which were
{ - '8

oﬁserved. Briefly, DNA replication could start at either the lefr -

>’
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Figure 6-67 Schématig representation of AdS replication, and the mode
by ‘wh;ch }ranspoéicioﬁ of the lefr end extra fragment fo the rigﬁt end
\‘occurs; DNA  rep¥ication\_cou1d sFaf% at. either the left end (A) or at
the right -end (B);'the replicated.stfand will regenerate d1El,3-1 (D
and E}- wh;reas“the displaced strand following.hybridization of the
ITRs 'Lill generate four.altefﬁace panhandle structures,l; 2, 3 and 4.

5'-exténsioh iﬁ form 1 will generate dlEl,Z;Z ( duplication 5 whereas
3'-exo in form 4 Jili generate dlEf,Bl (re§ersion), énd replication of

form 2 and 3 will regenerate d1E1,3-1.
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(pathway A} or at ﬁhc right end (pathwny. B) of the molecule.
Repltication of template stran;é along elther pathway A-D or B~E would
regenerate the parental genome (d1E1,3-1). However, the displaced
strand In pathway A-C could-%orm two alternative panhandle structures:
1 of. 24 F In form 1 the right ITR would hybridize to 82 bp of
homologous DNA from the embeddqq ITR at the lefr end. The
unhybridized 21 bp of the right ITR would be removed via
3‘;exonuc1easq_ digestion followed by 3'—extensioﬁ and. subsequent
replication (pathway G) to ‘give rige to &1E1,3;2 with 4 ITRs: two
complete ITRs, one at eacﬁ molecular end, and two incomplete ITRs
embedded internally. Alternatively, ?eplieation of‘fofm 2, iq which
the ‘tJo external ITRs.'have hybridized would reg nerate dlEl,3-1
( pathway 1). . Successive rounds eof replication throughl the A“C;G
pathway could result in multiple additions of the extra terminal
séquenée to the ends of wviral DNA proéeny in agreement with our
detection of tandem ;epetition. - -

The displaced "strand in pathway B-F could also’ form two

alternative panhandle structures (forms 3 and 4). Form 3, like form

2, upon - replication would regenerate the parental virus (pathway J).

‘ e

Replication of form 4 would require 3'-exonuclease activity‘to'remove
the unhybridized sequences followed by 3'—extension to replace the 21
‘ Sp missing from the embédded ITR. Replication along'this pathvay
would generate dlEl,ﬁ. )

This model ;an account for all of the variants detected in the
experiments "described breviously._ However, it should be noted that

the generation of d1E1,3-2 from dlE1,3-1 could also occur as a result

of intermolecular (but not intramolecular) recombination.
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6.6 Fine structure analysis of the segwent transfer process

The postulated mechanism for generation of dlE],3-1 aﬁown in Fig.
6.2, and:the model for d1El,3-2 formation 1llustrated in Fig. 6.6 make
very strong predictions about the fine structure of the embedded ITRs.
Firstly, bécause the tefminal 21 bp are deleFed from the extreme end
of AdS DNAHin plasmid pXC&ii,'the viral sequences of the embedded ITR
in d1EL,3-1 should-start at nucleotide 22. Secondly, models based on
recombination, and che'model shown in Fig. 6.6 both predict that the 21
bp delet;on in the embedded LTR should be transferred to the right end
during ‘duplication of the extéa terminal Eragment in d1El,3-1 to
genefacé 'd}El,3—2. In particuiar, examination of pathway G in Fig;
6.6 suggests that if 21 bp of ITR iﬁformhtion are missing from. the
embedded terminal sequences then 3'-extenéion réquires » prior
3’—exonuc1e91ytic acéion' to provide‘a base paired }'—prigér for chain
elsngation. To confirm these predictions-hybridization,énalyses weré
carried out’ with probqsiconsisting of oiigonucleotides éorresponding
to the first 15 nucieotngs of the viral termini (ITR probe) or 15
nucleotides just to the right df.che left ITR of Ad5 (left probe).
The results of these’ énalyses dre shéwn in Fig. 6.7. fhe.ITR probe
hybridized to both BamHI A (left end) and B (right end) fragments of
dlE1l,3 {lane 2) .and wt viral DNA d1309 (lane G)f It hybridized only
to the BamHI B—fragmeﬁt.of dlEl,B-l (lane 3) ‘and to the extra terminal
fragment of 1270 bp attached to the left end of dlE1,3-1. This is in
agreement with the structure predic;ed for dlEl,3-1 by-éhe m;dél shown
in Fig. 6.2. Neither BamHI A nor B of dlE1,3-2 hybridized to the ITR

’

probe when early passage viral DNA was analyzed (lane 4) in agreement
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Figure 6.7: Oligonucleotide hybridization.

Viral DNAs were digested with the indicated-enzymes, and
elecfrophoreéed.on a 1X agarose gel. The gel was processednas
'Idescribed in Materials and Methods and hybridized against two
aiffefent brgbes: an oligonucleotide (ITR probe, solid star) which
hybridizes spgcifically to‘the first 15 bp of the ITR and an
oligonucleotiée‘(lefg probe, open star) hybridizing to sequences just

to the right of the left ITR. Restriction maps'of various formp of

'AdS DNA are illustraﬁsd below in the format used for Fig.6.l.

.

. -
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with predictions bhased on ‘the model in Fig. 6.6, or on models
involving intermolecular. recombination... 1Instead the ITR ‘probe
* hybridized exclusi&ely to the 1270 bp fragment.;ctached to each end of
d1E1,3-2 as deplcted at the bottom of Fig. 6.7. After several
passages, dlE},S—Z :underwent further alterations resulting in
réversioh of lparc of the molecules back to dlEl,B;l as 1ndicated by
hybridization of the ITR probe to BamHI fragment B (lane 5). Also
_apparent in lane 5 is a low level of hybridization to the left BamHI
A-fragment of passaged d1El,3-2 virus suggesting loss of the términal.
duplication £from the left end of a small fraction of molecules in this
virus preﬁaration.
When HinAIII :digests were analyzed using the ITR probe, if wéa
found that the b1igonuc1eociqe hybridized to the HindIII I-fragment
and to the 920 bp O ¥ ragment of .dlEI,B—l DNA (lane 8) and primarily to
the M fragment of early passage diElL372 DNA (lane é).‘ A low level of
.hybridization to E' was also ;een in lane 9. Since no comparable
.h}bridization . to Fhé'l-fragmeqt was observed in this lane this result
again suggésts‘ the .1033 of the terminal segment from the left end of
molecules whicﬁ retained the segment at the right end.

B Hfbridization analysis with thg 1eft'probe_specifid for sequences
just inside the left ITR essentially confirmed conclusions draqn from
fahaly’éis using the- ITR probe. The leEt_‘probe hybridizeé to the
Hin&III E' " of dl§1,3 (lane I1), to E" and i} of dlE1,3-1 (lane 12)

band 56 E', & , and VE' (faintly) of‘preparations of diEl,3—2 DNA

(laggs' 13 and 14). This is entirely consistent with previous results’

_and with predictions based on the models in Figs. 6.2 and 6.6.

-
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6.7 Conclusiocns
»

The results presented in this chapter describe the isolation and

characterization of a viable AdS mutﬁnt (d1E1,3~1) with (250 bp of

“extra DNA 1linked to its left end. A number of observations were made

during the study of this mutant aq} can be summarized as follows:

1.

Analysis of this wvariant with restriction .cnzymes and by
hybridization of Southerﬁ blots with .specific probes indicated
that the Clal C;fragment (the left 2.6%, or 920bp) of Ad5 was
joined to 352 bp ‘of pBRBZZ which in turn was linked to the left
end éminus 21'bp)lof_d1E1,3. |
Duriﬁg. passaging of dlEl,3-1 thé extra termlnal ségment was found

to transfer to the right end of the genome, thus generating a

second variant, d1El,3-2. The latter wmutant had 4 ITRs: ome

" normal .ITR . at each molecular end, and two incomplete ITRs (each

missing 21 bp) embedded internally.

Analysis . of d1E1,3-2 revealed that it back ceverted to d1EL,3-1 at

a high rate. Although evidence was obtained indicating that the

“extra . segment could be lost from the left end, spbncaneous mutants

which had lost direct repeats from both ends were never isolated.

It .was possible to remove the extra terminal repeat of'dlEi}B—l by

-

cleavage with Clal, and to isolate dlEl,j containing wt termini.

20
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Chapter VII: Discussion.

Recent .'years have geen the development of a variety of virus

based vectors designed .to - facilitate the 1ﬁttoduction of foreign

'genetic_ infdrmation into mammalian cells (reviewed by Gluzman, 1982;

Watson et 1g., 1983; 0Old - and Primrose, 1985). The impetus in this
fleld has been motivated primarily by the notion that recombinant
viral vectors might offer 'distinpt advantages for the transfer aund

expression of genes as compared to DNA-mediated transfection.

‘Firstly, infection of cells with recombinahc viruses should, and does,

provide a higher efficiency of gene transfer both 4n v#tro and in

vivo, than the ‘calcium technique and 4its varioug modifications

(rgviewéd by Graham et al., 1980; Graham'and Bacchetti, 1983; McKinnon
4 )

- and  Graham, 1986). Secdndiy, viral vectors afford the possibility of

Eontrollihg morer accurately the copy number of genes introduced iﬁto
recipient cells by varying the multiplicity of infeetion. Thirdly,
exp:ess;;ﬁ of mammalian genes cloned in these.vectors‘can be achieved
in a mammaliaﬁ host. | Thus, lﬁoth éhe factors cont;olfing gene

expression as well as ihe.nature of post-translational modifications
(which do not take place in bacﬁeria) can be analyied. In ﬁddition,

virus vectors can be useful or even essential in the claracterization

of gene products from_'agents for which a culture system is not
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availnble% such as the human hepatitis B virus and papilloma viruses.
‘Lastly, viral vectors may be helpful in the development. of recombinant
vacclnes and perhaps ultimately for gene therapy (Panicali and
Paoletti, 1982; Panicali et‘ al., 1985; Watson and Enquest, 1985;
Anderson, 1984).

Progress in tﬁis field has. been rapid 'especially with regard to
the development xof retrovirus based vectors which have been used to
transfer a variety of different genes inte cultured cells in vitro

_ (Wei et al., 1981l; Shimotohno and Temin,rlgsl; 1982; Miller et al.,
1983; Joyner. et a%., 1983; to name a few). Amoﬁg the positive
characteristics &Y these vectors are the facg that -they- do not -
transfo;m cells in vitro, | and they grow to high’E}tres without a
cytop#;hic effect. In addition, they can accept up to 7.5'Kb 6f
foreign DNA, an amount sufficient to qccOmadate most average genes. A
disadvantage, on the other hand, 4is that ok equences cloned into
these vectors frequently undergo “ Egar?adgements and deletions, a
phenomenon © which m;y'_limit the usefulness of the system (Shimotohno
and Temin, 1982; Joyner and Bernstein, 1983; Bandyopadhyay and Temiﬁ,
1984a and_b).

Several DNA virusesw have also been used to construct eukaryotic
vectors. Among these, the small papova viruses (such as simian virus

40 and bovine papilloma) have become very popular in the study of gene
: o

expression; their widespread appli;atioq, however, is limited-due to

the small aﬁount of foreign DNA (2 -to 5 Kb) that can be rescued into

" them (Mulligan et al., 1979; Hamer and Le&er, 1979; Gething and

Sambrook, 1981; Asanc et al., 1985). Large DNA vi;usesléuch‘as

poxviruses and herpes viruses do not suffer from this drawbaék,
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however, their la%ge genomes make them difficult to manipulate "in

31552 (Panicaltl an& Paolettil, 1982; Mackett et al., 1982, 19B4;
Céchgan et al., 1985). In addition, poxviruses feplicate in the
cytoplasm' of infected cells and thus are not suitable for the delivery
of genes into the cell nucleus (Moss, 1978). Herpesviruses, on the
other hand, are very cytopathic and can cauge diséase in animals
(reviewed by Rawls, 1985)

Recently,. a number of laboratories have undertaken -the
. development of adenovirus vectors for the delivery and expression of
genes ;nto mammalian cells. The advantage of these viruses a;er those
- described above rests on  several characteristics. - Asg stated

previously (chapter 1), adenoviruses are not only well characterized,

easy Lo grow and manipulate, and exhibit a broad host range in vitro

and in wvivo, ' but élsg produce copious amounts of virus and viral :

gene products .iﬁ lytically infected cells, In addition, because-only
.a small ‘portion of. the‘v;rél génome appears to be required 1in cis

for replicétion' and packaging (Tooze, 1981 ; Hearing and Shenk, 1983),
this grﬁup of viruses may ultimately offér,excellent potential fof éhe
substitution of large DNA fragments of up to 30 Kb, once cell lines
have been developed which can .provide' most of the ebsengialﬁviral
functiong in trans. Moreovef, adenoviruses do not carry strong
outward directed promoters like the ;etrovirusf long terminal repeats
which mighf cause neoplastic cransformacion in humans, of considerable
.concern if  refroviruseé were to be used for gene therapy 6r in the
eﬁgineeriné of :kecombinanf‘ #accines, The various adenovirus vectors

that have been developed in- different laboratories over the lasgt

several years' can be classified into ;wo'categories, helper—dependent -
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(Thummel et al., 1981, 1982, 1983; Yamada et al., 1985; Mansour et
al., 198%), and helper~independent (Berkner and Sharp, 1983; Van Doren
and Gluzman, _1984; FSaito et al., 1985). Although, the awmount of DNA
that can be rescued Into helper—dependent vectors is relatively large
(over 10 Kb), the need for a helper virus is a clear disadvantage as
compared Lo helper-independent vectors. Among the disadvantages are,
first, determining the percentage of the defective virus every time
the virus 1is grbwn, a;d secondly; the presence of the wt virus often
complicates the interpretation of the ‘results. Helper—independent

vectors, however, cannot accept wmore than 4-5 Kb of foreign DNA, and

often lack alternative cloning strategies, thus making their use

somewhat limited.

The .main aim of the‘ work repbrtedﬂin this thesis was directed
towards .the development‘and use ;f the human adenovirﬁs type 5 into a
helper—independent vector Eor‘ the ‘transfeff of genes intﬁ mammaliaﬁ
cells. As this work was initiated prior to fhe use of the adenovirus
as a vector in other laboratories, the intial studieé were aimed at
dete;mining the maximum amount of DNA which could be packaged ipto
virion Capsids.‘As described in thé results section, several inser£10n‘
mutants rescued within thé éla region qsing theAmethod of StoQ {1981)
were analyzed wi;h restriction lendonucleasas. . These experiments
indicated that no more than 1.7 Kb (or 5% of the wt AdS genome) of
extra DNA c@uld be rescued in this way, suggesting severe constralnts
on the size of ' packageable DNA . molecules. These findings are in
agreement with the resﬁltq‘obtqined ,Qith Ad-5V40 hybrids in which thg.

net change in viral DNA size 1s felatively'small (reviewed in Tooze,

1981; Klessig, 1984). ~ They also conform to ‘the results of Jones and .
i . .
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Shénk (19?8) who have isolated gubstitution and insertion ﬁutants with
net increases in genomic .size of about 0.43 ta 1.73 Kb (or 1.2 to
4.8%). In one instance, however, Graham (1984b) was able to rescue a
2.2 kb (or 6%) plasmid DNA fragment into an adenovirus mutant (d1309);
to date this represents the largest insert stably carried by an
adenovirus. The inability to rescue large inserts into adenovi;us is
most likely related to the idosahedrical structure of the girion
capsid. Polyhedron capsids rarely have an internal volume much larger
than the genomic DNA (Lewin, 1985), and the{viability of lambdoid
bacteriophages, for example, decreases dramaticé&ly when DNA molecules
larger than 105% of the wt genome are packaged {(reviewed by Hendrix et
al., 1982). | |

A second observafion derived from the results presenteJ in this
work 1is that when attempts were mad; to rescue inserts of 2.4 Kb or
greater, deletions and rearrangements occurred at a h;gh freqﬁency
ﬁithiq or around the "insert, in such a way that the re;ulting net
insert 's;ze was alwayé 1.7 Kb or less. i; seems unlikely that this

phenomenon is related to the DNA used (TnS im originm) and/br to the
- .

-

procedure, ‘since s@ﬁll inserts of Tn5 DNA could be easily rescued
without rearrangemenfﬁ. Rather such rearrangements might be the

consequence of recombinatjonal events which are known to occur soon

after - DNA mediated -transfection, as ‘well as between infecting

édenovigus genomes (Wilson et al., 1582; Miller and Temin, 1983). In
any case, once an imsert was reséued it remained‘htablé and unmodified
onn successite - passagings ﬂf the virus, indicating that once mutants
were established as packageable viral genomes théy could be.propagated

as stable viruses.
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In order to increase the slze of inserts and thus enhance the.

usefulness of the vectors, a mutant adenovirus lacking both early

reglons El and E3 (d1El,3) was constructed. As mentioned previously,

E3 1is non-essential for wvirys growth 1in cultured mammalian cells’

(Berkner and Sharp, 1983; SaicO et al., 1985); the delegloh of El on
the other hand renders the virus a host range mutant in that it grows
normally in 293 cells but does not produce detectable cpe in other
huntan cell 1ines unless high Esi's are used. 1In dlE1,3 the deletion
in El extends from nucleotides 354 to 3824; ;he sequences needed in
cis hfoF packaging are retained (Hearing and Shenk, I§83), bu; 243
base pairs from the region encoding the 5' end of the polyﬁeptidq X
mRNA are removed. Thgfgfore, dlEl1,3 (like d1313) does not synthesize
polypeptide 1IX, a 14.3 Kd SCructural component of the adenovirus

particle (Philipson, f984; Oostrum and Burnett, 19821 which 1{s

responsible for stabilizing hexon-hexon interactions. Colby and Shenk

{1981) have reported that an adenovirus mutant (d1313) lacking protein

IX, is significantly more thegmolabile than the wt virions and similar
observations were made\foF d1E1.3. Heat-sensitivity is not a drawback
for the dlEl,3 vector, >since almost all biological experiments are
performed at a ‘temperatﬁre at which the virus appears to be stable.

One possibility which has not been examined, however, is whethe},the
lgck of proteiﬁ IX mighe. alter the packaging limits of tpe d1E1,3
vector. in view .of ‘the fact that capsids léckiﬁg this component are
less stable than wt virions. .

' The most important feature of dlE},3 for out purposes ks that its

genbme is physically smaller (85%) than the wt genome by épproximately

5.5 kb (or 15 Z). This reduction in size 1s unlikely in itself to

ey
“\ 1

oy



destabilize the virfon since 1in the  case of Sgsteriophnge lambda,

deletlon . matants (lacking up to 20%  of the genomp) are more heat

stable  than wt  bacteriophage (Parkinson and Huskey, 1971).

-

Theoretically the dlELl,3 vector should be capable of acceptingtan

Ingert as large as 7.5 kb, comparable to the imsert size which can be
.- -

rescued into iﬂgrovirus vectors; hpwevet. this'upper limit has not yﬁg\
E A=W . -

been ctested directly. Although a 7.5 Kb insert is large enough to
encode most average proteins, its size could be further increased by

deleting additional DNA sequences from the E3 region. 1In principle it

should even be possible to delete up to 30 Kb of tﬁe{ﬁt genome ,

. _ p

although this would involve several steps, of which the fiirst ost
P‘. < .\\\.§“4~m

difficult would be the development of cells capable of exprissing

-
almost all essential viral functions.

—_—

. Pl -t .. . )
At present, d1El,3 should have’the largest cappcicx for foreign

&l . -
DNA of any conditionally helper-independent adenovectors. Several

-

adeno—fkpression -vectors ehgineeréd by Solniﬁ (l?ﬁl),:Thummel'et‘al.
(1981, 1982, 1983) and Mansour et al. (1985) are missing'gséentiaiﬂ
informat{on and ctherefore must be grpaﬁ in the presence 6f;a helper. *

Recently, a conditionally hélper—independent'adenovectot waa.develbped

in which 2.9 kb had been deleted from the El region of d1309 (Van
- : ' .- ’
Doren and Gluzman, 1984). Inserts.of foreign DNA of up to about 5 kb

in size can theoretically- be cloned=Tn this vector. - Other workers 2

-have deleted - approximately 2 kb of DNA- from the E3 region of AdS:
] o L . :
(Berkner and Sharp,. 1983; Saito et .al., 1985) to-create.vectors

-

» o v
analogous to dlE3 which are non-¢onditionally heypgrfindependent and

should accept inserts of up to 4 kb.

fseﬁu} saie, an

¥ .

-



Y

* .

- - 155

-~

optimized gene transfer veefOR for mammalian ceils must fulfill a
nunber of requirenents. Ideally, cloning of foreign DNA into such a
vector should be simple, and should be possible through alternacive
cfoning strategiea. Second, the wviral vector ‘should permit the
introduction of‘;the cloned genes into a wiqe range of recipient cells’
at a high.effieiency._ Third, inserted genes should remain stable and
‘unmodified' upon succéssive pnssugings 'of the vecfor or of the celis
transformed oy; itQk. Tn}s " aspect 1s narticnlarly important for

potential . applications fn  gene’ therapy ~ (Anderson, 1984) and

//’genetically 'engineered vaccines. To a ‘largé extent the adenovirus

vector system described in this thesis fulfills these requiremencs.

« For the cloning and expression of foreign genes, the mutants
. \

. and procedures describeg in this work offer considerable flexibility.
'F'-———m\

Three different possiblév Btrategies for‘ the- insertion of a DNA
%h ~ .

fragment into the unique Xbal site of d1E]l,3 have been'described, and

each of . these methods was used at d fferent stages in this work.

irstly, genes‘ can, Se"inserted‘in;o‘t e Xbal siteof pFGdﬁl and the
. ’ S ’ : : : ' f ‘
_resulting plasmid can._ be ePliced to the

—Xragment of Ad5 DNA .
(eitnEr‘ wt. or dlEl j; or eny‘of a nar ety/of ﬁl mutants) to generate
‘infectious virus, as wa; dbne for ‘the construction of dlE3 and for the
construecion of‘ Adtkz. It should be noted that splicing to the EcoRI

, A-fragmenf (left 76Z) of AdS DNA is also an option if the inserted DNA
‘nas one or more BamHI sites. Secondly, a DNA fragment inserted into |
nFGdXI cnn be rescued into infectious virUS by co-infecting cells with

. overlapping viral DNA fragments and relying on in -vivo recombination.

or marker rescue, es in the metho& used to obtain dlEl,3. Finally,

genes flanked by Xbal aites can be insertqd,directly into- dlEl 3 by

*
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trimolecular ligation, the approach used t?[construcc Adtkh.

In order to demonstrate the usefulness of d1E1,3 as a vector, the
HSV tk gene was inserted into its unlque kba[ gite. This gene was
chosen malinly because one could select for 1its expression in
HAT-containing medium (Szybalska and Szybalskl, 1962) or against its
expression in ~ BrdU-containing" yedium (Davidsqn et al., 1973). 1In
addition, ';he level of tk expression can be measured quantftativeiy by
biochemical laseays (Summers et al., 1975). Two alternative strategles
were used to insert the HSV fk gene in both orientqtionq in d1E1,3;
both strategiqs are relatively simple, ana viruses'containing the tk
gene were ‘readily obtained. Characterization of the new virus, Adtk,
revealed that it beha#ed like its progenitor d1E1,3 with respect to

its growth in various cell lines tested. Furthermore, limlced

" analysis suggested Chat the tk insert remained stable and unmodified

during successive passages of the recomblnant Adtk. £

—

The HSV tk- gene -is a delayedw-early gene, and under normal’

circumstances (i.e. during HSV infection), it requires the prior

‘gyntheslis and continued function of at least two HSV jimmediate early

(IE) proteins,.infected cell pgotein 4 (iCP&) and ICPO (Preéton, 1979; °
Leuﬁg. et al., 1980; UQCSon and Cleﬁents,-1980; Gelman énd Silverstein,

1985)+ This requifement. however, 1s not absolﬁte since the isolated

tk gene ;an ‘transform’ tk; cells to the tk phenOCype

(Bacchetti and Graham, 1977; Wigler et al., 1977; Minson et al.,
. . . - . : i .

-

.1978), and is expresséd' upon microinjection into Xenopus oocytes

(McKnight et al., 1981). In agreement with these findings,

determination .of tk expression in Adtk infected tk cells revealed

that the HSV tk gene, presumably still under control of its own
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regulatory sedﬁenceé. was expressed at low but detectable levels in
the absence of _any poslt;ve selection nnd'airrespcgtive of 1its
orlentation within the Ad genome. 1In transf&q&éd cells and in ococytes
tk transcription appearb' to initiate at the authentic tk start site
(McKnight et al., 1981; Wagner et al., 1981b), however, the level of
expression of both" tk  mRNA transcripts (Smiley, _ personal
communication}) and proteins gubstantially increases upon
quperinfection of tk transformed cel}s with tk  HSV (Lin and

Munyon, 1974; Leiden et al., 1976).'-Theselfindings indicate that the
tg gene must still retain . 5' target sequénces which allow it to

respond to the IE functions supplied by the incoming virus (Smiley

al., 1983). Transactivation of the tk ﬁene is also seen in transien

tranétgibtion assﬁys i; Hela cells after superinfection with tk
virus ?h}Kareh, et air, {985),. or in éOftréﬁgfection witﬁ plégmids
bearing either the ICPO or the ICP4 genes (Gelman and Silverseéin,
1985). - Aga;n_ in agreement qitﬁ- these }i;diqgs. when Adtk infected
cellg, were superinfected with tk HSV the level of tk activity was
increased dramatically, indicating a reéponse to‘ trans acting signals
(presumably ICP4 and/or ICP0O) from the superinfecting virus.
Hp&ever."besides thglabsence of HSV Eegulatory functions, other
factor; 'might also be responsible for the constitutive lgw level of tk
expression‘ in Adtk infected cells. ‘Thus, in the case of tﬁe tk gené
inserted in the opposite orieﬁtation to the deleted E3 promoter, it is
possible that transcripts from the latter promqter qiéht g;nétate
anti-sense tk messages which could interfere ﬁith tk mRNA tr;nslatiog.

Recently, Kim and Wold (1985) have expressed anti-sense tk RNA as part

of a | chimeric dihydrofolate reductase trangeript. In such a
4
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construct, progressively higher levels of ¢tk anti-sense RNA were
obtained by selecting Qith increasing corcentrations of methotrexate.
As the level of anti-sense tk mRNA increased, the level of tk enzyme
activity decreased by BOX to 90%Z. In addition, Izant aﬁd Weintraub
(1984) wusing a transient exﬁfessi&n ‘assay, have obtained a significant
reduction of transient ¢tk expression in tk mouse L cells in the
‘presence of a plasmid whjich allowed expression of the anti-sense tk
DNA strand. 1In the case.of the genes inserted in the same orient;tion
as the E3J pfomoter, the principle of promoter exclusion could be in
effect and transcription initiating from the E3 promoter aeould
iqurfére with transcription’ initiating from  the tk promoter.
Bandyopadhyay ;nd Temin (l9$4a;b) have 1n_fact reportea that when the
) chickeni tk gene was élaced in the same orientation as that of the LTR
promoter of the spleen necrosis vitus, tk activity ;as low.
Nonethelésa, the fagt-thét the'HSV‘:k gene in Adtk infected cells was
‘expfessed at »Qll. regardiesé of the absence of positive Seléction.
transacﬁivating " functions and of its orientation in the yiral génome,
was a surprising‘ and an encouraging finding. ' In ihe case of the
.Hepacitis B virus surface antigen which Vas‘cloned at the extreme
right end of an adenovirus vector, a low level of‘granscription bué no
translation could be detected in infected celis (Saito et al. 1985).
However, 1if dI1El,3 1is to ‘be used as an expregsion vector to
ovefproduce a given protein, further modifications would be necessary.
For example, the E3 promoter could be deleted and a given gene could
be inserted with its own regulatory sequences, or under the contiof oé
the gdqno—major lgte promoter (MLP). During the late phase of the

O
lytic cycle, transcription from the adeno MLP is greatly enhanced and
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most of the cellular protein syntﬁenis 18 shut off (Flint; 1982); both
of these factors account for the fact that over 902 oé newly
-gynthesized proteins are viral in origin. Thus, placing a given gene
under the control of the adeno MLP should result in very high rates of
expression, especially 1f the complete promotér.plus its tripartite
leader 1s used in the construct. Using this strategy severai groups
have Eeceﬁtly, obtained high levels of'expression_of the simian virus

40 tumor antigen (Thummel, et al., 1981; 1982; 1983), the HSV tk

" gene, _ (Yamada, et al., 1985), the dihydrofolaté reductase gene

(Eerkner and Sharp, 1984, 1989). and the hepatitis B B%Eface antigen
(Davis. et al;, 1985). In a second apptoach, additional deletions in
Cthe E3 region could be enginéered‘ in such a way t;at an ingerted
promoter-less gene _would be placed directly under the control of the
.E3 prémoteq; Both ;f thé.above mentioned possibilities are reiatively
eas; to ' construct, however, it seems reasonable to assume that the

Eirst'apptoach would léad to a greater éxpression of a given>gene;
In. its present 'étruéture.ldlEl.3 is, however, an efficient

delivery vehicle (chapter 5), in that it can readily convert tk

+ .
cells to the ¢tk phenotype. Trnnsformation efficiency was found -

e

to be dependent upon the cell line used, with the human cell line 143__

be{ng transformed very  inefficiently as compared with .the mouse cell

1ine LTA. It is intéresting to note that 143 cells were also very
inefficiently transformgd‘ to tk' 1in DNA-mediated transfection -

assays (Graham et al., 1980) and u;ﬁat similar differenqes‘betweéﬁ:

human and rodent cells have been observed for oncogenic transformation

~ (Graham, 1977). The reasons for this differemce between human and

" mouse cells are not known, but at least in théﬁtf?er{ments reported

»
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herc,,,they are unlikely to be reluted to differences in the efficlency
of dellvery or expression of_lthe tk gene. First, aaenovirueea are
known to infect huﬁan cells more efficieﬁily than mouse ceils, and
secopd; the levels of tk activity in Adtklinfecﬁed 147 cells were at

least asihigh or even higher than in LTA cells.

'

In the present study we. also observed that the mouse K& cell

line, an LTA derivative which constitutively expresses the HSV

Y

‘regulatory protéin, ICP4 (Persson et al., 1985), could be transformed
. - ' £

at higher efficiencles than its progenitor LTA. . Although the observed
- N - Y ! - N

. . . ' - .
difference could be merely. due to clonal variation, an alternative

hypothesis ds >that. énhancement  of tkjexpreésion in response to ICP4
might result in ;He incréﬁsed qurv{val.qf the transfected ceiL;. In-
chis context it is of interest that the human 193 cells, which contain
. aﬁa coﬁstitut;yely .e;press' the AdS Ei regulatory function (Graham et
alg, 1977), can alsqabe tégnsfqrmed more efficiently than épher human
cell 1lines (Weeks and- Jones, 158}). In additién, in Eransient
expression ééséys,tfansfécﬁe& genes appeaf to express more efficlently

in 293 cells " than in any other cell line teétedt(Greén et.al., 1983;

Treisman et al.,  1983; Alwine, 1985). Since both ICP4 and Ela

" proteins are knéwnx to’ be capable df activating homologous and
he;erolpgoub genes -in-trang! termed transaégivators (kingston et al.,
1985),‘ -these_.‘§bsefvation§ support -the hypothesis that enhanced
expression of .tfansfected genes in the early stages of transformation
ma& directlyghffeét trénsforﬁatioh effici;ncy;

. \ Alternatively, tranaforqation efficiency might be telated to the
efficiency of ihtegfation- of transfected genes into the host”

chromosome, a -process which might be enhanced by functions such as El
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and ICP4. Support for this hypothesis comes from several iinea of
evidence. In the adenovirus system {t has been known fgr gome time
that early 1in the lytic éycle, a minor but sig%ificnnt pertion of the .
viral DNA integrates into the host genome (Schick et alp, 1976). It
has been reported that aign@ficéntlinlower levels of integration are

detected when cells are infected with cytocidal {cyt) mmutants, such as

cyt 141, which map in the Elb region (D'Halluin et al., 1985).

M

Moreover,- host range II fhrII) viral mutants also defective in the
Elb, are unable to transform primary cglls (Graham et al., 1978), 5ut
transformation can be obthinedAwith hril mufant DNA (Roue’and‘G;aham.
1983;. All of the above observations suggest 'thac the Elb gene
products might be involved i integration or recombination events
oécurring between viral and host DNA upon‘ viral infection of the

cells. - Such functions, houevef. are apparently dispensable for the

' integration of transfected DNA, a process which might be

-

\ .
mechanistically ' different. Similar conclusions’ were drawn from

~studies with polyoma virus. Alfhough virus tsA mutants (which affect

the large T antigen) are greatly impaired in their’ ability to
transform primary cells at the non-permissive tempeéature (Priéd,
1965; DiMayorca et al., 1969; Eckhart, 1975), DNA fraéments encoding
onl&; the small’ 'and middle T antigens are suéficienc for DNA-mediated
traneformatiqné (Hassell et al., i980;.Novgk et al..‘1980); this again
hasj suggested thét-th; large TlanpigeF might be.involved in'promatiqg

integration during viral infection ‘and might thus increase -the

éfficiency of transformation &Della Valle et al., 1981). Perhaps'che

‘strongest evidence supporting a direct correlation between integration

— .
and transformation efficieni} comes ‘from two recent studies. In the
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first report, lhara and Ben-Porat (1985) have shown that expression of
Gl, an immediate-early protein (analogous to ICP4) in pseudorabies
virus was necessary for high frequency recombination. In the second
study, Laaﬁep et al. (1985) have shown that co~transfection with
either the adenovirus El or the retrovirus long terminal repeat (LTR)
was necesasary for stable {integration to occur in the tk 143
cells.

The _mecéanism(s) by wh;ch functions aucﬁ as Elb, T antigen or the
herpes .Qirus IE proteins affeét integration or recombination is a£
p?esent ﬁnknown. In the case of retrovirusis it has been demonstrated
that the LTR enhance stable integration by affgéting the level.of
expression of transfected genes (Xriegler and Botchan, 1983; Luciw et
al., 1983). The retfovirus' LTRs contain strong-enhancer elenents
(Blair et al., 1980; Chang et al., 1980), but they do not possesé the
. sequences encoding the integrase protein, which are located at thel3'
end _of’the_folymerase éene (Bonehéwer and Varmus, 1984; Pangaﬂibanlénd
Temin, 1984). .:Hoﬁeyer, this wmodel (stable integration based on

stiqula;ion of tranacription of tﬁe trangfected gehe) does not explain
the"tgaﬁsﬁofmation'bdgfecgiiaf adenqvirﬁs _Elb mutants which still
express  the, Ela;_;tfahs;ctiéating functions and ﬁave "functional
enhpnéers. fherefo;e:~ further studies are réquired to pfovide an.
explanaﬁion, for"cﬁe,iﬁcreased transformation éfficiency of cellﬁ such
h 58‘293 and Ka4. ) | |
buripg the. constrﬁction of diEl,3, (chapter 4) a variant
(dlE1,3~1) Q;ch a duplicationr of the left 920 bp.of AdS; linked by
pBR322 seq nces‘ t; the left end of the 4151,3 genome, was isolated.

Sevefél_'linea of evidence have been presented suggesting that the lefg
"

\
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end duplication had been generated by in vivo ligntioé?of the AdS
Clal B-fragment to  the Clal site ‘of pBR322 either befére or after
homologous recombination between tﬁe‘adeno sequences located between
map coordinates lQ.é and 15.8. Although sucﬁ an event might seem
unlikely, studies carried out on DNA séon af;er tfangfectigp have
indicatéd fhat " the transfected cellg " mediate ‘recombiﬁetioh land
ligation pflthe transﬁécted DNA very efficient1;~(wilsbn et al., 1582;
" Miller and Temin, 1983).

Adenovirus mutants with empeddéd right ITRs have been
previously  1isoclated (Brusca and Chimadural, i9833 'Hanahan and
‘Gluzman, 1984). Analyses of thésé‘mﬁtaﬁts gave differing éesults.
ﬁrﬁsca and Chinpadurai (1983) reported that an Ad2 duplication mutant
(dp 261). in which the left 1110 bp of thg genome wasg duplipatéd :t
the right end reverts to wild type Ad2 at a low ratellwhereqs Hanahan
and Gluzman (1984) reported that an AdS‘duplfcatién mutant in which’
‘_ the left end 920.bp (Clal B-fragmént) wag duplicﬁtgd at the right end
does not revert to th. These latter workers concluded that the
embedded ITR at the right end‘is.engirely inactive, and tﬂat a virug‘
with such a coﬁfiéprationpis very stable.

v In contrast to the above, the extra 'Eragment‘in passaged‘
d1E1,3-1 viral populations seemed to readily transfer to the right‘end
of the genome leaving the original copy at the left end, thus
gé;efating d1E1,3-2. HMoreover, mutants with an extra termiﬁal segment
at both eﬁds (d1E1,3-2) readily back reverted to dlEl;B-l. Variants
which had lost the extra segment at the left end weée also detectable

but seemed to be very rare, and revertants which had lost the extra

fragment from both ends, fhough they may exist, were never detected as
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plaque 1isolates. Likewise, variants containing two tandem repeats of
the extra terminal segment‘were detectable, but were never isolated asg
pure plaque isolates. This might have been due to their presence at a

low frequency; only a total of 60 plaques were examined and the

-probnbility of isolating such variants may have been small.

The 1interconversion of dlE1,3-1 and d1E1,3-2 can be explained
on the basgisg of iﬁtermolecdfﬂr recombination events, as a consequence
of the mechanism of adenovirus DNA replication as outlined in Fig.

6.6, or as a combination of these processes. 1t ig interesting,

‘however, ' that complete loss of the extra terminal segment from the

virus characterized im this study (as would have resulted from pathway
B~-F-H of Fig. 6.6) seems to be a rare event as\gompgred to the
frequencf of interconversiopn between dlEl,J—l and dlEl:;éﬁi The faét_,
that of the 60  plaque isolates analyzed, none ha& lost the termingl
duplicatibh, suggests that this pathﬁgy is raé;ly utilized. This
could suggeat that viral DNA replication might initiate infrequently
at the right molecular end but there seems Lo be very clear evidence
that. initiation events occur at about the same frequency at béth ends.
Evidence fdr thls came mainly from the following stddy: the Ad5 genomé
contaﬂQ&\\zfree usters of AT-rich régions ;t map coérdinates 0-15,
50-60 and 80-100 (‘oerfler and Kleinschmidt 1970). under suitable

partial denaturation conditions, the left end can be distinguishgd

from the right end.  Analysis of partially denatured replicative-
: ' &

: inteﬂaediates (under an electron microscope) showed conclusively that

tiations .::Eur at about the same frequency at either end, and that

ficant fraction of the ‘molecules contained two replicqtion'
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Alternatively, 1t 1is possible that viral DNA molecules which have one
or more¢ repeats of the terminal segment have a selective advantage
over molecules with no repeats. Qiral molecules with 2xtra repe;ts
might be packa;ed ﬁore efficlently since the extra fragment contains
the packagling sequence, tQUB, these genomes can be packaged either
from left (like the wt) or from the right. Howé;er, this is unlikely,
Because those molecd&es with packaging sequences at either end
(dlEl.B-i), back reverted to molecu%es with packaging sequences at the
left end only (d1E1,3-1) at a high rate. Moreover, the.thromosomeﬁ of
variants with one or more extra repeats are physically larger than
thbse with no éxtra repeats, suggesting that they should be at a ’ o d’
slight disadvantage in terms of repiication rate. Therefore, one is
faced with the dilemma of accqunting for the high rate of loss of the
extra fragment from cthe right but not from the left end. The

scru::hre of the left end differs from the right Enh in two respects:

first, thg,s&igg of the diréct-repi;fs at the-left end arel%argef (350
bp each) than those at the right end (80 bp each); second, the length
6f the seggen£ separating the repeats at the left end is smaller (570
bp) than the one at the right end (1130 bp); It ia'possible that this
difference in structure between the left and right ends might play a

role 1in causing the loss of the extra fragment at the righé but not at

. the left end, via an unknown mechanism.

¢
-

In summary, as. has been noted in chapter T, over the last two
decades adenoviruses have and continue to serve In the field of
molecular - biology as an excellent model system for studies on°

: T ‘ : v

oncogéneéis, gene éxpression, and DNA replication and recombination;



furthermore, the principle aim of the studies presente& in this theeis
was to defermine whether this group of viruses can also be usedlns
gene transfer vectors in mammalian celis, Since the work reported in
this thesis {is among the earliest 1in this field, little was known
about cﬁe packaging 1limitas of adenoviruses. Therefore, th} approach
‘takgn vag to 1nitially_determinelthe upper limits on the size of a DNA
molé%ule which -caﬁ be packaged in an adenovirus capeid. The data
kpfesented in chapter III have demonstrated that not more than about
1.7 Xb (or aboqt 5X) of extrQ“DNA can be packaged in an Ad5 viriom. .,
Moreover, Qeletions and rearrangements occurrgd when Iérge insert;

.

were rescued whereas ‘' no aucﬁﬂtearrangement wag observed when a small

-~

insert *was rescued.

Subsequently, this ubper - 1imit was Increased by comatructing a
double deletion mutant, lacking early regions 1 and 3 (d1E1,3; chapter
v). The virus dlEl,? is heiper—independent when propagntedlin 293
cells, and 1ts genome 18 5.5 Kb shorter than wt and theref&;e should
be able to thecretically ;ccepi insert; of ﬁp to 7.5 Kb, Like other
early region | defective mutants, the dlEl,3 virus has a host - range
phenotype, and is thermolabile, due to its lack oprrotein IX.

The reaults presented in chapter V have demonstrated the
usefulness. of diEi.alas a vector in mammalian cells.. Firstly, the HSV
tk gene, along with its own regulatory sequences, was readily inserted
in both orientntions-.into the unique Xbal site ?f diEl,3. Secondly,
the HSV -tk gene was 'atably carried.-and efficiently delivered into
tk  cell 1lines. However, transformation efficiency appeared to.
depend on ghe cell 1line used. It appeared that-cells which are

constitutivelf expressing a transacting function (such as the AdS El
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and the HSV IE) transformed more efficiently’ than the other cell lines
tested. Thus, taken together, the present capacity of poteﬁtially
accepting up to 7.5 Kb in foreign DNA, the helper-independence, the
flexibility of cloﬁing, the stability of inserts, and the high
efficiency of gene delivery make d1lEl,3 virus an attracfive-vector for
use in mammalian cells in vitro . Of course, further work in this
area 1is needed in_orde;'to exploit the full potential of adenoviruses

not only  as gehe transfer and expression vectors in mammalian cells,.
~ - R

in - vitro and in vivo , but also for the engineering of recombinant

vaccines. \;D

Lastly, characterization of an Ad5 mutant with embedded inverted

BN

terminal repeats (ITRs) (chapter VI) indicated that the left” end extra
fragment 4in d1El,3-1 transfers to the oppoéite'éhd; thus generating a
second variant (d1E1,3-2) with 4 1TRs. Analysis’ of both mutants

indicated that reversion to wt (d1El1,3) might, occur but at .a very low

AY

rate whereas the interconversion between ‘d1E1,3-1 and d1E1,3-2 occurs

at a high rate. The rearrangements J; adenovirus DNA seeﬁ in this
2 ) _ ‘ e .

study (chapter VI) are of interest not only for the iﬁformationmthey
S . ) .

~

may afford in relation to adenovirus:- DNA replication and

recombinatien,.  but- also':fo; the iﬁsights these’ phenomena may provide
into the'géneral mechanism of DNA rearrangements in eukaryotic cells.

| —
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APPENDIX: CONSTRUCTION OF VARIOUS PLASNIDS AND VIRUSES -

F L L ‘ '
The appendix contains the details for the constrdection of various

L)

plnamids and viruses thaft were constructed- at various periods of time
during my tenuMe as a graduate student. Most if not all of these
constructs did not appear in the studies described in thig thesis.

- b
Since some of these plasmids and viruses might be useful to my

*colleagues, a comprehensive sdhematic drawing of all of thesge

constructs was presented in this section. De;dils of the procedures
and reaction conditions were not included for the sake of brevity, but
they may be found in the Materials and Methods. However, the purpose

. i

of each construct was br;éfly stated in'eaéh figure's legend.
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Figure A.1 Construction of pTROOX (Amp', Tet ). »

HindIIX

Pvuli
Xbal linker
T4 ligase

EcoRI
Klenow
Xbal linker
T4 ligane

-

The objective of this construct was to introduce an Xbal restriction

enzyme s8ite in place of the EcoRI (at position 0), and the Pvull site
r

(at position 454), in order to rescue the 1eft end into the Xbﬁi?%ite

of 41309, or d1E3. Thus, one could exnﬁine the effect of ,an fnternal

ITR on viral DNA replication
., effect of an internal head to rail j;Ihx (desc

‘Pigure). The plasmid pKGOO7

and rearrangement, as compared to the

contains the adeno Hi

E;bed in the next

dIIl G-fr;gnent

.* cloned into pBR322 at the EcoRI and HindIII sites(obtainkd from F.L.

-

Graham): + The - hatchet areas represent adiQo sequences from 0% to 1.3%

(Pvull site).

-3
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Xbal
Pvull
N\ 5
pUC19 N
(2686 bp) (3.75 Kb) - ' 4
Xbal : | Smal, Pwull

Isolate lKb fragment
Xbal linker

T4 ligase
Xbal

T4 ligase . .,7//’ 
Joint :

Xbal

(2.75 Kb)

Figure A.2 Procedure for constructing pUCIG (Amp+, Tet ).

The purposel of this construct 1is similar to that_descriged 1& Fig.
A-1. The ‘plasmid pIG (for details see Fig. A.4) is a derivative of
pFG14®" (Fig. A.3, Graha;, 1985)§ it was constructed by digesting
pFG!ﬂO with HindIII and lggatfng. An Xbal linker was ligated to the
Smal to Pwull fraéuen; (the joint éragment) and subsequently subcloned

. . ‘ r

into‘ pUC19 to generate pUCIG. Thuﬂ; the joint flanked by two Xbal
sites ca; be rescued int€z§153 or d1309§ in brder fo aesess ita'effect

on viral DNA replication and rearrangemeﬁt, as well as its effect on

viral viability. .
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Xhol - pFGL40 )
(38.2 Kb) Xhol
-
XhoI
Xhol
T4 ligase
Joint
' Xbal
‘ ¢ Xbal

pXCB206
(13.58 Kb)

) Xhol
FIGURE A.3 = The plasaid pXCB206 (Anp+). vag constructed as

outlined above' The rational for thip construction was as follows:
first, to insert foreign DNA containing a selectable marker and
ﬁlasuid origin ‘at the unique XhoI site, andlsubsequently. to delete
/the pMX2 from EI inserted at the XbAL site of d1309;°lastly to
transfec; Tl43, TLTA, and TKé ceLl lines (thene cell lines appear to
contain most if not all of the Adtk sequences), and to determine
uheg;er the 'preaenée of the_ intact E1 regién in this,plasmid would
indQCe the expression of esaential viral products needed for its
5 S .
reﬁlication and packaging as a virioh.

-~

o

G
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HindIII
HindIII - HindI11I

'ITA ligase

Figure A.4 e plasaid pA338-l-IG‘ (Amp’, Kan', Tet")

was constructed aé outlined in Figure above, for the same reasons as

indicatea -in Fig. A.3. However, an additionai step has to be carried

out before u;ing it, which is the deletion»of\shxz from the Xbal site

of ‘Bl. * The plasnfd A338.i (obtained fron_S. Baccheﬁti) contains the
: HSV‘ reductase coding sequences, cloned iﬁto ’the EcoRI and HindIII

..

sites of p%f},(!aniatis et al., 1982).



HapI
pTK173 pHE1l6: : Tn5
(6.40 Kb) (2.94 Kb)
BamHI

Pvull/Hpal

Smal

/
Pvull ' .| . Hpal
L T4 ligase
P/H Hpal/Pvull.

pHEL1404

pHE1401 P/H pHE1402
(5.24 Kb) (6.03 Kb) (6.03 Kb)
. - ’

P/H BamH1

P/H P/H

‘Pigure A.S Constrdction of plasaids pHEl401, pHE1404, pHEl402

. (ali aré Anp+). These plasmids were constructed for two reasons:
first,  to make the total insert small in size so that it can be
rescued into dl309, without réarrfqéemepts; secondly{ to assess the
effect of the palandroies (biack regions, euc; 185 bpiin size) on
viral DNA replications and rearrangements. The plasmid pHE16::Ta5

(McKinnon, 1984) ‘contains the left 4.3%7 of the Ad5 genome '(Hepal

“\\‘;’/P ' E-fragment) cloned into the pBR322 BaaHl and Pvull 51Ces. with Tn5

being .iransposed into. the adeno sequences. The plasmid pTK173
(McKinnon, 1984) contains the \HSV tk gene (Pvuli fragment) cloned into

the pBR322 Pvull site.
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pFGdx1
(16 .94 Kb)

BamHI

Xbéi// .

T4 ligase
BamHI
T4 ligase

Xbal L,

pYHMX2Z .
(14.78 Kb)

BamHI

™

r

Figure A.6 Construction of pYHMX2 (Amp+ . This plasmﬁﬁ-was
initially ‘constructed to be ued 1into dlEL;3 virion, and
/ ‘/ !

to use the newly ‘constructed virus to generate an

subsequently,
infectious dl1E1,3 {in a plasmid form analogous to pFG140 (Graham;

1984). The plasmid pFGdxl was described in detail in Chapter 4. . (
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BamHI Ecolkl

Xbal
Bglll

BanK1
EcoRl

‘ T4 ligane

BanH
Xbal
’.
El promoter
region
f\
. S

BsaHI

.

' Migure A.7 -Construction of pYHTK6 (Amp').

This plasmid vas constructed (as outlined in Figure above) in
¢ T

order to test in a tk transfection assay, as to wehther. the HSV tk
géne can be expressed (from the EngE;}oter or not; if yes, then to

rescue it into the d1E1,3 vector. The rational for the construction

8

of such a wvirus is the follo;ing: if the tk gene exppélseg at & high
rate from the E3 promoter, then it shoyld be possible to rescud
foreign g;;e- into this virus, by co—transfecting viral DNA and pPGdxl
{with an insert ian E3). DNA and ;electing for recombinat in thev
.ptelence of BudR as described by_’Smiley (19é0).‘thus, making the

&
rescue into d1E1,3 a siaple procedure.

A R
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Fealtl

Eeokl hind ]

pUCLY

FeoR 1 Bamlil
o

Wind111

C veoll Bamil 1
HindLJ1

Bglll
T4 lipase

Hind1I1

-

Figure A.8 Construction of pUCE3dxl (Amp:).

| The purpose of;the construct outlined in this Figure was twpfold:
'fifst to increase the deletion in E3 by about 1 Kb, from Bglll to -
BglIT. Secondly, in one case, to inﬁrodgce at this uniqug BglIl sice
Xbal . and Clal sites, and subsequently to reiésert this modified
éragmenc (from EcoRI :.to HinddI[I) back into pFdei. ‘In the second
case, to {insert at -  the Bgl[i site the Pvull to EcoRIl fragment.(aﬁ;'
‘outlined in Fig. A.9, containing the SV40 promoter-enhancer, and pUCIY
ﬁulticloning sites). and again to reinsert this modified Ecoﬁ?-ts

HindIIT fragment back 4into pFCdxl. In both instances cloning inte

pFGdxl would be simpler, and in the second: situation the SV40 promoter-

will be useful for the insection of promoterless genes.

(=
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EcoRI HindII1l
pSVZ2neo
(5729 bp)
EcoRI
HindIII -
. o EcoR1I
HindIII

l T4 ligase

pSVl

© (2.69 Kb)

Figure A.9 Construction of psSvl1 (Amp+). -
The objectiié of the construct outlined above - was to insert-a
mul;icloning site ﬁblack area) next to the SV40 promoter—enhlncer, and

sdbsequently to insert the PvUII to the EcoRI fragment into pFCdx1, as

- »~
oul:LAned in Fig. A.8.

i

» ' ) N

—



Pyvuy ]

Xbal v Xbal

Pvul
S1

T4 ligase

Tet

pTK304
(6.40 Kb)

Xbal

Pigure A.10 Construction of pTK304 (Kmp", Tet+).
The objective of this construct was to facilitate the insertion
- .
of the tk gene into pFGdxl. Thus, by cutting pFGdxt (Amp ,

Tet ), pTK304 with  XbaTl, "and religating, followed by
. £
transformation and selection on Amp plates, only pFGdxl, with or

without an insert, would give colonies.
q
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Amp Tet
pBRfZZ

(4363bp)

Pvull
. '9'
u N
P !
Pvull
Xbal linker
- Ta‘ligase —

Amp Te :
pBRX322 .

(4.36 Kb)

Xbal

a
Figui; Alll Comstruction of pBRX322 (Alp+, TE:+).

‘}his plasmid is idéntical to pBR322 except that it has an Xbal in
place of a Pvull site. This pl-asnidég generqﬁ when the Pvull
sites bracketing the tk gene  wvere coﬁ;;rted into Xbal sites (for

details, see Chapter 5).



. ' 180

J

Figure A.12 Con‘truction of dlElb,3. 8

L)

After co-infection of 293 cells with dIh3 and d13l3,'progeny
viruses were acreened (using restriction enzymes) for the presence of
the double deletion of Elb and E3 (1nd1cated by shaded triangles).
The restriction enzyme pattern of such a double deletion mutant
(d1E1b,3) 1s shown in the-m{ddle'of the Figure. An ethidium bromide
sFained gel showing the restriction enzyme pattern of dlEib,3 digested
with - the '1ndicated, enzymes is shoup at the bottom of the Figure. 1In

-~

lane 1 is the HindIII digest of d1309, run as a marker.

S
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am

Xbal 4——_.....
Clllal Xmal

182 )

T4 ligase

0 _d1309 100

Xbal

\ T4 ligase

¥ Transfect 293 cells

o Sub 143 .. 1o

-

Figure A.l13 Deletion of thé Ela 13s message splice donor site,
and the construccion of Subl43. ’

The plasmid pHEI41 was digested with Xmal then religated to.
generate the plasmid pHEl4la. The dark box indicates the 185 bp Tn5
éequence whereas the region shadea with slashes indiéates the HSV tk
sequence (from Smal to Pvull sites). The Opén box represents the
adeno 1eft €nd sequence from -21 bp (;t the BamHI site) to the Hpaf

site at position 1575. Subsequently, the plasmid pHEl4la was rescued

into d1309 exactly'as described in Chapter 3.
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Pigure A.l4 _Restriction enzyme apalysis of d1309 and.aub163:
293 cells were infected with éither of the aﬁove.viruses, in
vivo labelled DNA was extracted as outlined in Materials and Methods,

digested with restriction endonucleases and run on a 1T agarose gel.

Lanes 1 to 4 are d1309 digested with HindIII (H), Xbal (X), Xhol (Xh)

and ClaI (C). Similarly, in lanes 5 to 8 the subl43 was digested with

the above enzymes. The substitution peéulted in.the deletion of 102
bp fr;m the' adeno sequence and a net insetion of 685 bp.
Consequenti&, the new HindIII G-fragment (G' would be larger by 685 bp
and éhould comigrates with the HindIII E-fragment, arrow G', line 5).
Sim;larly, the Xbal B'~fragment wpuld also be greater in size (arrow
‘lane 6). " The Cla B fragment is not expected to chaﬁge in size due to
., Clal cutting to the left of the insert. The resériction enzyme map of
3130Q and subl43 are i1llustrated below. Tﬁe black box is the‘185 bp

Tn5 .sequence; the dotted box represents a portion of the HSV-1 tk

gequence. Introns in the Ela 128 as well as the 13s transcript are

-

represented by dashed lines.

L4

-~
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<

Figute‘ A.15 Autdfadiogram of a 14X polyacrylamide gel analysis of )
cells. All cells were pulse labelled with 3zﬁ-orchophoapatd for 2

hrs " from 7. .to 9 hrs Cpiy R Labelled polypepﬁi@es were ’
lmmunoprecipitated with' serum dgainst‘the.qgrbox; (€) or the animo (N)
ehds;' NI .= non 1mmhn§ serum{ m=mock. These sera were kindly provided

by Yeb. S-Po . - ’ . | . < )

" immuhoprecipites from mock,. ﬁt, subl43, pm975 Ehnd Hrl infecféd KB -
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EcoRl EcoRl
\\es Xbal
Xbal BaalI EcoRI , 1-XbaI .
. | ll "'2 —7
- T -2<Xlenow
0 d1E3 J 100 314
. ' BamiI BamHI BanH] Bamh1
anHI ’ _ K
. <« BaaHI
»
T4 ligasas
Transfect 293 cells
Xbal | BamiI .oRT
| 1
— b
- e, A1E3dx2 100
~

Fignre A.16 Construction of dlEdeZ.

“»

Thia virue is identical to d1E3, except that it has a sihgle Xbal

- . site at positton 1339 whereas d1E3 has two Xbal reétriction enzyne
sites, one at- position 1339 and the other in E3 (for det:ils.'nee'

Chaptér A). This virus 1s useful for rescuing foretgn genes at the

'ieft end by using a procedure similar to that described 1n Chaptet 4

(for the construction of d1E} 3). or by using one idgnticnl‘co'that

P . described in Chnpter 3.
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Clal _ Xbal
BamHI dlEl,3-1
.
o Xbal
Xb
A .
<)
. ‘V‘k - f)
: ‘ = T4 ligase
. \ g Transfect 293\ce113
Y, RS
&
v
Clal Xbal Xbal
-]
0 "BamHI BamHI Bamir 100
Adtk-

Figure A.17 Construction of Adtk .

The plasmid pXSB' (constructed ‘by Susannah ‘Virnqza. .personal

communication) contaips a BamHl linker inserted at.the hvaI site (in

the 5' end) in the tk sequences; consequently, the tk gene is insctive

(Susannah'.Varnuza} Ph.D. = thesis 1985, McMaster Univeﬁsity). The

' lafih;_ plasnid was ' rescued into d1El,3-1 via a trimolecular ligation

' procedqre as outlined in Chapter 5. _This virus was constructed (alohg

with Susannah) in order to- carry out site specific rgéonbination

experiments 1in. a "cell line ocopfaining an HSV tk gene with a BamHi

linker inserted in the 3' end of the tk gene.
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l"

Figure A.18° HindIIT restriction enzyme pattern of 2 ‘plaque
J 4

isolétes‘ of Adtk . The tk gene-containing band is indicated by anl
' " 4 -
arrow. The HindIIX restriction enzyme map of Adtk is illustrated

below. ‘The black box to the left oP the genome repreaents pBR3f2

- 1 -
sequences; In other words, Adtk has an extra end indicated by’

,*the delta which migrate just below the HindIII I-fragment, and an

' »

embedded "ITR at the left end (for more information, see Chapter 6).

Also an Adtk+ waégconatructed which is identical in strﬁcture_to
. — N

Adtk , except that It has a functional tk gene.
{

-
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