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I t  is w r it te n  th a t there is a destiny one must fo l lo w , which is 

reviewed and planned out by our Creator. For some th e i r  destiny 

appears to be easy, but fo r  others there may appear many obstacles 

to the fu l f i lm e n t  o f th e i r  desires. To these people, however 

d i f f i c u l t  t h e i r  destiny may seem, there is always a hope and a 

longing to  achieve th a t  fu l f i lm e n t .

The fo llow ing  poem, w r it te n  by David Rokeah (1916- ) and published

in Modern Hebrew Poetry, edited and trans la ted  by Ruth Finer Mintz, 

Un ivers ity  of C a l i fo rn ia  Press, Berkeley and Los Angeles, 1968, 

expresses th is  hope and desire fo r  fu l f i lm e n t .

Zealots of Yearning

For the expectant is  the g lo ry ,

For the fu tu re  is th e i r s .

Who stand against the mountain w ithout re c o i l  

Shall ascend i t s  summit.

So hopes the r iv e r ,  pushing to  the sea,

For the free ing o f i t s  desires in the roar o f the ocean.

So hopes the tre e , sending a branch toward the sky 

To touch the palm o f the sun some day.

Therefore we love dawn as c e r ta in ty  o f sunrise,

The n ig h t in g a le 's  love-song as longings o f motherhood,

The bubbling o f founta ins as beat o f dreams becoming re a l.

Streams pulsing channels fo r  r iv e rs  o f the fu tu re  

And not growing weary.



And a l l  who jo in  in the covenant of hope with the universe 

They are the zealots of yearning.

Therefore, forge the fu tu re 's  desires,

As the waves beat out the rocks o f the shore,

As the smith forms the white-heated steel to  his w i l l .

Form dreams o f fa i th fu ln e s s .

The desolation w i l l  not vanish from the Negev before i t  

vanishes from the h e a r t .................................



I thank our Creator and Master of the Universe fo r  the guidance 

and w i l l  power to accomplish th is  work.
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SUMMARY

Recombination occurs between adenoviruses of closely related  

serotypes w ith in  a subgroup (Williams e t a l . ,  1971; 1975; Ensinger 

and Ginsberg, 1972; Grodzicker et a l . ,  1974) and is homology based, 

(Wolegemuth and Hsu, 1980; Boursnell and Mautner, 1981; Volkert and Young, 

1983; Mautner and Mackay, 1984). Recombination has not been demonstrated 

between serotypes o f d i f fe re n t  subgroups, although a functional  

relatedness o f subgroups is shown by complementation (Williams et a l . ,

1975; 1981; McDonough and Rekosh, 1981).

The aim of th is  p ro jec t was to  iso la te  recombinant viruses by using 

DNA fragments o f adenovirus type 7 (Subgroup B) to  marker rescue ts_ 

mutants o f adenovirus type 5 (Subgroup C); th is  proved unsuccessful.

Recombination was then approached by co - trans fec t ing  heterotyp ic 

DNA terminal overlapping fragments in to  293 c e l l  monolayers (Chinnadurai 

et a l . ,  1979), and progeny screened by r e s t r ic t io n  endonuclease p ro f i le  

(Mulder e t a l . ,  1974a; b). Iso la tes , however, showed no evidence of 

recombination.

To increase DNA in f e c t i v i t y  o f adenovirus type 7, DNA-protein complex 

was prepared (Robinson e t a l . ,  1973; Sharp e t a l . ,  1976; Chinnadurai 

e t a l . ,  1978). However, while DNA-protein complex from adenovirus type

5 showed increased DNA in f e c t i v i t y ,  adenovirus 7 DNA-protein complex 

showed no increase in i n f e c t i v i t y  over proteinase treated DNA.

The region o f overlap between he te ro typ ic  DNA term inal fragments 

was extended to  increase the p o s s ib i l i t y  o f recombination w ith in  the over-



lap; th is  also fa i le d  to produce h e te r o t y p i c  recombinants.

Since adenovirus 7 DNA-protein complex did not increase DNA 

i n f e c t i v i t y ,  and increasing the region of heterotypic DNA overlap did not 

y ie ld  recombinants, several methods of DNA transfection were assayed, 

hoping th a t tra ns fe c t io n  conditions could be optimised. The method 

described by Wigler et a l . ,  (1978) modified by the method described 

by Frost and Williams, (1978) showed an increase in number of v i r a l  

plaques per ug o f DNA.

Adenovirus type 5 is a fast  growing virus with a large plaque 

morphology, while adenovirus type 7 yields a small plaque morphology 

with a f in a l  v i r a l  t i t r e  2 logs below that of adenovirus type 5.

Several s tra ins  o f adenovirus types 7 and 3 were screened fo r  a 

v irus  w ith a s im ila r  phenotype to adenovirus type 5. A large plaque 

fa s t  growing va r ian t o f adenovirus type 3 (adenovirus 3var100) was 

iso la ted from a crude v i r a l  seed stock grown in 293 c e l ls  at 37°C. This 

v irus  grew as well as adenovirus type 5, i t s  DNA y ie ld in g  plaques on day 

4 of DNA tra n s fe c t io n . Further recombination experiments were carr ied  

out using th is  va r ian t v irus  in conjunction with the improved trans fe c t ion  

assay, but no heterotyp ic recombinants were iso la ted .

Adenovirus 3var100 was found ( i )  to  be host range fo r  growth in 

Hela c e l ls ;  ( i i )  by r e s t r ic t io n  enzyme p r o f i le  analysis to  have a de le tion  

o f approximately 1 Kb ly ing  in the non-essential E3 region. The host 

range phenotype o f adenoviruses has been mapped to  the E1 region o f the 

genome, w ith these viruses growing well in 293 c e l ls  which contain and 

express the E1 region o f adenovirus type 5. The E1 lesion o f the varian t



was mapped to  the E1 a region by c e l l  l ines which express the functions 

o f E1 a and E1b separately (Babiss et a l . ,  1983). This data was confirmed 

by marker rescue o f the E1 lesion by a cloned fragment of DNA from 

adenovirus type 3 spanning map co-ordinates 2 m.u. - 5 m.u. which contains 

most o f the E1 a region.

When the va r ian t was co-in fected with subgroup C viruses type 2 or 

type 5 i t  suppressed th e i r  DNA synthesis. This phenomenon was not 

witnessed when the subgroup C viruses were co-in fec ted  with adenovirus 

type 3 parenta l. This is contrary to the data published by D ' H a l l u i n  

e t a l . ,  (1983) who found a hierarchy o f transdominance with adenovirus 

type 3 suppressing the growth o f a l l  other subgroups. When the va r ian t 

was co-in fec ted  with i t s  own parent i t s  own DNA re p l ic a t io n  was 

suppressed, contrary to  data published by Berkner and Sharp,(1983) who 

found when they co-in fected  an E3 va r ian t o f adenovirus type 5 w ith i t s  

parent, the parental DNA was suppressed.

To define the lesion responsible fo r  DNA suppression, adenovirus 

3hr102 conta in ing the E1 a lesion and adenovirus 3cU101 conta in ing the E3 

lesion were constructed. Adenovirus 3dJ_101 reta ined the a b i l i t y  to 

suppress the DNA synthesis o f subgroup C suggesting the E3 lesion is 

responsible fo r  the suppression. I t  was not host range fo r  growth in 

Hela c e l ls ,  but retained the r e s t r ic t io n  enzyme p r o f i le  o f adenovirus 

3var100. Adenovirus 3hM 02 reta ined the host range phenotype but had the 

r e s t r ic t io n  enzyme p r o f i le  o f adenovirus type 3.

Using the sequence data fo r  the adenovirus type 3 E3 region, 

published by Signas e t a l . ,  (1986), i t  can be predicted what sequences 

are lo s t  by the E3 de le tion  w ith in  adenovirus 3var100.



Adenovirus 3 w ild  type has a unique 950 bp AT r ich  region w ith in  

the E3 region, which contains two open reading frames with the coding 

capacity fo r  two polypeptides of 2 0 .1K and 2 0 .5K molecular weight, th e i r  

function  being unknown. The E3 de le tion  w ith in  the va r ian t removes the 

sequences coding fo r  these polypeptides along with the coding capacity 

fo r  the polypeptides o f 9K and 10.2K molecular weight.

The term ination sequence o f the 19K g lycoprote in  and the i n i t i a t io n  

codon fo r  the 15.2K g lycopro te in  are also removed, w ith the remaining 

coding information ly ing  adjacent on the genome. I t  is possible th a t 

the remaining sequences are read as one open reading frame re su lt in g  in 

a novel pro te in  which could be involved in the suppression o f DNA 

synthesis.

Ho e t a1. ,  (1982) iso la ted  host range adenovirus type 5 mutants

which were also cold se ns it ive  (Cs), growing in 293 c e l ls  at 32°C and 

37°C, but only in Hela c e l ls  at 38.5°C. Two of these mutants mapped 

in the E1 a region and one in the E1b region. Adenovirus 3var100 has 

only the host range phenotype and is not cold se n s it ive .

Adenoviruses w ith a large plaque morphology usually  map in the E1b 

region (Lai Fa tt and Mak, 1982) and can cause c e l lu la r  DNA degradation 

(Ezoe e t a l . ,  1982). Adenovirus 3var100 has a large plaque morphology 

but does not degrade c e l lu la r  DNA.

Mutations in s tru c tu ra l  genes can cause the mutant to  be more 

thermolabile  or more thermostable than w ild  type (Young and W illiams, 1975)

Adenovirus 3var100 is  less thermostable than e i th e r  adenovirus type



3 or adenovirus type 5; this may suggest an unmapped mutation in a 

structural gene.



CHAPTER 1



INTRODUCTION



A. GENERAL

Human adenoviruses were f i r s t  iso la ted by Rowe and co-workers, (1953) 

and Hilleman and Werner, (1954). During the preceding years there had 

been extensive epidemics of acute resp ira to ry  i l lnesses among the 

population o f America, leading to c l in ic ia n s  attempting the iso la t io n  of 

the causative agents.

Rowe et a l . ,  (1953) reported th a t c e l ls  from cultured explants of 

human adenoid and t o n s i l l a r  t issue  frequen tly  underwent rounding up with 

the production o f grape l ik e  c lus te rs .  F i l t r a t io n  o f cu ltu re  f lu id s  with 

s e r ia l  passage on to  established c e l l  l ines (eg. Hela c e l ls )  showed tha t 

the cytopath ic e f fe c t  was transm it tab le , im p lica t ing  an unknown v i r a l  

agent.

During an outbreak o f re sp ira to ry  i l lnesses  among American army 

re c ru i ts ,  Hilleman and Werner, (1954) iso la ted  an unknown v irus  from the 

biopsies of human trachae. Huebner e t a l . ,  (1954) showed these viruses 

had s im ila r  b io lo g ica l properties and segregated them in to  s ix  immunolog

ica l types. To date 41 s e ro ty p e s o f  human adenoviruses have been 

id e n t i f ie d ,  (Pereira e t a l . ,  1955; Wigand e t a l . ,  1982; de Jong et

a l . ,  1981; 1983) and shown to  be responsible fo r  a number o f ailments, 

the most common being; (a) Respiratory, Medical Research Council, (1965) 

study; (b) Urinary, (Numazaki et a l . ,  1968; 1973); (c) Ocular, (Tai et 

a l . ,  1974; Schaap e t a l . ,  1979); (d) G a s tro in tes t ina l,  (Flewett e t a l . ,  

1975; White and S ta n c l i f fe ,  1975; Richmond et a l . ,  1979; Brandt e t a l . ,  

1980).

Adenoviruses are not unique to  the human species. The f i r s t  recorded



2.

animal adenovirus was iso la ted in 1926 during a v i ra l  epidemic on a fox 

fu r  farm in Wisconsin, U.S.A. This v irus was named as Fox encepha lit is , 

but la te r  was c la s s i f ie d  as Canine adenovirus type 1. Adenoviruses can 

also be iso la ted  from c a t t le ,  (K lein et a l . ,  1959; Darbyshire et a l . ,

1965)j  monkeys, (Hull e t a l . ,  1956; Kalter e t a l . ,  1980); horses, 

(McChesney et a l . ,  1973; 1974); mice, (Hartley and Rowe, 1960); fow ls, 

(Kawamura e t a l . ,  1964; Zsak and Kisary, 1984); ducks, (Baxendale, 1978).
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B. CLASSIFICATION OF ADENOVIRUSES

s e r  o t  y pe s

The human or adenoviruses have been c la s s i f ie d  into

subgroups using a number of c r i t e r i a ' s e e  Table 1).

1. Haemagglutination

Rosen, (1958) showed th a t adenoviruses in v i t r o  agglutinate the 

erythrocytes o f monkeys, mice and ra ts ,  but not the erythrocytes of 

other mammalian species. Rosen, (1960) used th is  d i f fe r e n t ia l  

haemagglutination, res id ing  in the f ib re  antigen, to  c la s s i fy  adenoviral 

serotypes in to  subgroups. Antisera against v iruses o f the same subgroup 

w i l l  i n h ib i t  haemagglutination, but antisera to  viruses of heterologous 

subgroups w i l l  not; from these data Rosen proposed fou r subgroups, ( I - IV), 

three o f which were la te r  subdivided by H ierho lzer, (1973).

2. Tumourgenicity

Tren tin  e t a l . ,  (1962) observed th a t adenovirus type 12 induced 

malignant tumours fo l low ing  inocu la tion  in to  new born hamsters. This 

approach was extended to  other adenoviral serotypes, (Huebner et a l . ,  1962; 

1963; 1965; Yabe et a l . ,  1964; G irard i et a l . ,  1964; Rabson et a l . ,  1964; 

Larsson e t a l . ,  1965; Pereira et a l . ,  1965; Trentin  e t a l . ,  1968) with the 

re s u lt  th a t the serotypes could be divided in to  three subgroups. Group A 

(Adenoviruses 12, 18, 31) h igh ly  tumourgenic; group B (eg. Adenoviruses

3. 7, 8 , 14, 21, 24) weakly tumourgenic a f te r  a la te n t period; group C, 

the remaining serotypes, c la s s i f ie d  as non-tumourgenic.
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3. C e l lu la r  Transformation

A l l  adenoviral serotypes induce, in v i t r o , c e l lu la r  transformation 

of ra t  c e l ls ,  (McBride and Wiener, 1964; Freeman et a l . ,  1967;

McAl1is te r  e t a l . ,  1969a). Rodent c e l ls  thus transformed do not produce 

in fec tious  v iru s ,  but express v irus sp e c if ic  prote ins which can be 

recognised immunologically (Huebner, 1967; McAl1is te r  et a l . ,  1969b).

There was a strong co rre la t io n  between the v i r a l  antigens synthesised 

by the transformed c e l ls  and the serotype of v irus  used as the transform

ant. Thus c e l ls  transformed by serotypes w ith in  the same subgroup of 

v irus  were found to  share common antigenic determinants.

4. The percentage G + C DNA content

Pina and Green, (1965) c la s s i f ie d  the adenoviruses by th e i r  

percentage G + C DNA content, in to  high (57X-59X), subgroup C; intermediate 

(49X-52X), subgroup B and low (47X-49X), subgroup A. Host c e l l  DNA 

G + C content is low (42X-44X) while oncogenic simian adenovirus G + C 

content is high (58X-60X), Pina and Green, 1968); there fo re  the 

co rre la t io n  o f low G + C content w ith in  subgroup A to  tumourgenicity 

could be misleading as host c e l ls  which contain a low G + C content are 

non tumourgenic.

5. DNA homology

Green et a l . ,  (1979) fu r th e r  c la s s i f ie d  the th i r ty -o n e  adenovirus 

serotypes in to  f iv e  subgroups (A— E) based on th e i r  a l l  over DNA homology 

by heteroduplex analysis and l iq u id  phase DNA-DNA h yb r id isa t io n .

Previously Garon e t a l . ,  ( 1973) had shown two zones of high heterology
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w ith in  groups mapping between 8 m .u .-- 22 m.u. and 35 m.u. - -

50 m.u.

Serotypes 40 and 41 (Flewett et a l . ,  1975; Schoub et a l . ,  1975; 

White and S ta n c l i f fe ,  1975; Brandt et a l . ,  1980; de Jong et a l . ,  1983) 

have been c la s s i f ie d  as subgroups F and G respec t ive ly . These are 

in fa n t i le  en te r ic  adenoviruses which show a re s tr ic te d  host-range by 

growing in 293 c e l ls  but not in HEK ce l ls  or human d ip lo id  f ib ro b la s ts .  

Their DNA homology throughout the genome is high but l i t t l e  homology 

with lower numbered adenovirus types is detected.





Figure 1.

Structure o f the adenovirus v ir io n

Model o f the arrangement of structural proteins and v i r a l  DNA 

w ith in  the v i r io n ;  the s tru c tu ra l polypeptides are indicated by 

Roman numerals and are described in Table I I  and also in the te x t  of 

Morphology o f the Adenoviruses.

The f ig u re  is  reproduced from The Adenoviruses; The Molecular 

Biology o f Tumour Viruses Vol. I I ,  TOOZE, J. (Ed.).

I I HEXON .

I l i a HEXON A S SO C IA T E D  PR OTEIN I I I

I I I PENTON EASE

I V F I B R E

V MINOR CORE PROTEIN

V I HEXON A SSO C IA T ED  PROTEIN I

V I I MAJOR CORE PROTEIN

V I I I HEXON A SS OC IA TE D  PROTEIN I I

I X HEXON A SSO C IA T E D  I  ( GROUPS OF N I N E  ) 

SEE TABLE I I



Table I I

Protein Molecular
weight

Number 
per v i r io n

Polypeptide and 
Molecular weight

Hexon 313K-380K 240 I I 90K-120K 
3 per hexon

Penton 600K-515K 12 I I I 85K
5-6 per penton

Fibre 183K-207K 12 IV 60K-65K 
3 per f ib re

Major core 
p ro te in

19K 1000 VII 18.5K

Minor core 
p ro te in

48K 200 V 48K

Hexon-
associated 1 (A l l )

50K 450 VI 24K

Flexon-
associated I I

15K n .k . V I I I 13K

Flexon-
associated I I I

n .k . n .k . I l i a 66K

Flexon-associated 1 
(groups of nine)

n .k . n .k . IX 12.5K

S truc tu ra l polypeptides o f adenovirus 2 w ild  type. Reproduced from 

The Adenoviruses; The Molecular Biology o f Tumour Viruses Vol. I I ,  

TOOZE, J. (Ed.)
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C. MORPHOLOGY OF THE ADENOVIRUSES

Adenoviruses are non-enveloped icosahedral v ir io n s  of diameter 

65-88nm, composed o f a pro te in  capsid, core shell and a nuclsoprotein 

complex; the r a t io  o f p ro te in  to DNA being 87%:13% (Green and Pina, 1963).

1. The Capsid

The icosahedral capsid consists of 240 hexons and 12 pentons each

composing a penton base and f ib r e ,  (Valentine and Pereira, 1965); see

Fig. 1 and tab le  I I .

a). The hexon

The hexon which can be c ry s ta l l is e d  (Pereira e t a1. ,  1968; Franklin  

et a 1. ,  1971; Cornick e t a l . ,  1971) is a s tru c tu ra l p ro te in ; th a t of 

adenovirus 2 w ild  type has a molecular weight of 324K (Jornva ll e t a l . ,

1981), and consists o f three ide n tica l subunits (Horwitz e t a l . ,  1970; 

Franklin e t a l . ,  1971; Cornick et a l . ,  1973; Gutter and F rank lin , 1974;

Jornvall e t a l . ,  1981) of molecular weight 108K determined from the 

deduced hexon amino acid sequence (Jornva ll e t a 1. ,  1981).

The hexon ca rr ies  group sp e c if ic  antigenic determinants (Pereira et 

a l . ,  1959; Wilcox and Ginsberg, 1963; Wilcox et a l . ,  1963; Valentine and 

Pereira, 1965; Burki e t a l . ,  1979; Wigand e t a l . ,  1982) and type spe c if ic  

determinants (Norrby e t a I . ,  1969a; Willcox and Mautner, 1976). Complement 

f ix a t io n  tes ts  on in ta c t  and disrupted v ir io n s  suggest the o r ie n ta t io n  

of the hexon is such as to d isp lay only type sp e c if ic  antigens on the

surface (Norrby et a l . ,  1969).
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b) Penton base

The penton base has a molecular weight of 365K (Devaux et a l . ,  

1982) and displays antigenic determinants of group and subgroup 

s p e c i f ic i ty  (Pettersson and Hoglund, 1969; Wadell and Norrby, 1962). 

The penton base is responsible fo r  the early  cytopathic e f fe c t  of 

adenoviruses in t issue  cu ltu re  (Pettersson and Hoglund, 1969).

c) The f ib re

tw o  o r  t h r e e
The f ib r e  is  a rod l ik e  s truc tu re  composed o f ^  iden tica l 

polypeptides o f molecular weight 62K, (Green et al . ,  1983; Devaux 

et a l . , 1983) being responsible fo r  the attachment of the v irus  to

the c e l l  surface (Philipson e t a l . ,  1968).

The f ib r e  length varies across subgroups w ith subgroup B carry ing 

the shortest of 10nm (Norrby, 1968; 1969b). Type spe c if ic  antigenic 

determinants are expressed by the f ib re  knob (Norrby, 1968; 1969). The 

longer f ib re s  o f subgroups C and D carry add it iona l subgroup-specific 

determinants (Norrby, 1968; 1969; Pettersson et a l . ,  1969).

d) Polypeptides VI; V I I I ;  I l i a  and IX

The above prote ins are synthesised in minor amounts and are 

associated w ith the capsid s truc tu re .

Polypeptide VI is  a DNA binding pro te in  (Russell and Precious, 

1982); polypeptide I l i a  is associated with the vertex region of the 

capsid (E v e r i t t  e t a l . ,  1973) and involved in v i r io n  assembly (Devaux
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et a l . ,  1982); polypeptide V I I I  in te rac ts  with the hexon (E v e r i t t  and 

Ph ilipson, 1974); polypeptide IX is a capsid s truc tu ra l p ro te in -  Mutants 

unable to  synthesise th is  prote in  are less heat stable than the w ild  

type (Colby and Shenk, 1981).

2. Core Shell

Electron microscope freeze fra c tu re  studies (Brown e t a 1. ,  1975; 

Nermut, 1978; 1979) and treatment o f v i r io n  cores by deoxycholate or 

pyr id ine  suggest the presence of a core she ll surrounding the nucleo- 

p ro te in . Polypeptide V may be involved (Nermut, 1979) in th is  s truc tu re  

as i t  binds less t i g h t l y  to  adenoviral DNA than polypeptide VII (Brown 

et a 1. ,  1975; Vayda e t a l . ,  1983).

3. Core (Nucleoprotein)

non
Adenoviral DNA is  packed in to  a core s truc tu re^co -va len t ly  linked 

to  major polypeptides V and VII (Maizel et a l . ,  1968; Laver et a l . ,

1968; Russell et a l . ,  1971; E v e r i t t  e t a l . ,  1973; Anderson e t a l . ,  1973). 

Micrococcal nuclease pro tection  experiments suggest the nucleoprotein 

is a discontinuous h e l ix  associated with polypeptide VII (Corden e t a l . ,  

1976; Nermut, 1979; Sato and Hosokawa, 1981; Mirza and Weber, 1982;

Vayda e t a l . ,  1983).
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D. ADENOVIRAL DNA STRUCTURE AND REPLICATION

1. Structure

V ir ion  DNA can be extracted by one of two methods, (a) P ro teo ly t ic  

d igestion produces a l in e a r  DNA duplex (van der Eb and van Kesteren,

1966; Green e t a l . ,  1967; van der Eb et a l . ,  1969; Younghusband and 

B e l le t t ,  1971), of molecular weight 20-25x106 daltons (Green et a l . ,  

1967). Nucleotide data in fe rs  th a t the genomes o f adenoviruses type 2 

and 5 are approximately 36 Kb. (b) V ir ions disrupted in 4M Guanidinium 

Hydrochloride and sedimented in a sucrose gradient followed by low 

s a l t  d ia ly s is  y ie ld  DNA duplex c i rc le s  (Robinson et a 1. ,  1973;

Robinson and B e l le t t ,  1974). Treatment w ith p ro te o ly t ic  enzymes convert 

th is  s truc tu re  to  the l in e a r  DNA configura tion  implying the involvement 

of a terminal p ro te in  in the c i r c u la r  s truc tu re .

2. Replication o f DNA

DNA re p l ic a t io n  occurs in the nucleus of l y t i c a l l y  infected c e l ls ,  

reaching a maximum at 24 hours post in fe c t io n . Two structures novel 

to  adenoviruses are involved in DNA re p l ic a t io n ;  (a) the ITR; (b) the 

term inal pro te in  (55k) and i t s  precursor form (pTP80k).

(a) The inverted term inal repeat (ITR)

Single stranded DNA incubated under renaturing conditions is 

capable o f c i r c u la r is a t io n  (Garon e t a l . ,  1972; Wolfson and Dressier, 

1972; Robinson and B e l le t t ,  1975) possibly to  form the "panhandle 

s truc tu re " proposed by Dannie ll, (1976). These c irc le s  can be converted
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e x o n u c le a s e
to a l in e a r  form by . I l l  or heating to the melting point of

native DNA, ind ica t ing  the presence of inverted terminal repeats. 

Sequence analysis shows the ITRs vary in length between 103bp— 160bp 

depending on subgroup, (Steenbergh et a l . ,  1977; Arrand and Roberts, 

1979; Dijkema and Dekker, 1979; Tolun et a l . ,  1979; Shinagawa and 

Padmanabhan, 1979; 1980; Sugisaki e t a l . ,  1980; Temple et a l . ,  1981; 

Alestrom et a l . ,  1982; Garon et al . ,  1982; Stil lman et a l . ,  1982).
r i c h  AT base p a i r  homologous c o m p i s i t i o n

The ITRs show a .  Aw ith in  the
A  A

f i r s t  50 base pairs,and w ith in  the ITRs o f a l l  human adenoviruses, 

nucleotides 9-22 are t o t a l l y  conserved (Tolun e t a l . ,  1979) and involved 

in the in i t i a t i o n  o f DNA re p l ic a t io n  (S ti l lm an , 1981; Bos et a l . ,  1981; 

S t i 1lman et a l . ,  1982; Byrd e t a l . ,  1982).

(b) Terminal p ro te in

The terminal p ro te in  (MW,55K) is derived from the C00H terminal 

end of the precursor p ro te in  (MW,80K) which is cleaved by a v i r a l  

protease la te  in in fe c t io n  (Challberg and K e lly ,  1981). This 

association has been shown by p a r t ia l  p ro teo lys is  (Challberg et a l . ,

1980) and p a r t ia l  amino acid sequence analysis (Smart and S ti l lm an,
I

1982). The 55K pro te in  is found co -va len tly  linked to the 5 ends of 

v i r a l  DNA via a phosphodiester bond between the p-OH of a serine 

residue of the p ro te in  to  the 51 OH group in the deoxycytidine residue 

in the DNA terminus (Robinson et a l . ,  1973; Robinson and B e l le t t ,

1974; Rekosh et a I . ,  1977; Desiderio and K e lly , 1981).

Replication o f adenovirus DNA is in i t ia te d  at the genomic 

te rm in i,  proceding in a 5 ‘ - 3' d ire c t io n  via a strand displacement 

mechanism completely d isp lacing one of the parental strands. The
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Figure 2.

Replication of adenovirus DNA

Replication o f adenovirus DNA, showing the suggested two intermediate 

re p l ic a t iv e  forms.

■  = precursor terminal pro te in  (80K)

# =  terminal pro te in  (55K)

Figure reproduced from Fu tte re r, J . ,  and Winnacker, E-L., (1984) 

Current Topics in Microbiology and Immunology Vol. I l l  : The Molecular 

Biology o f Adenoviruses 3. (Ed. W. D oe rf le r) ,  pp 41-64, Springer-Verlarg, 

B e r l in ,  Heidelberg.
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pTP80K is used as a primer to i n i t i a t e  synthesis at the molecular 

ends (Challberg et a l . ,  1980; 1982; Lichy et_ al_., 1981; 1982; Pincus 

e t a l . ,  1981; S til lm an et a l . , 1981; Tamanoi and S til lm an, 1982;

Ikeda et a l . ,  1982).

EM studies suggest the existence of two re p l ic a t iv e  intermediates 

(Ellens et a l . ,  1974; Lechner and Ke lly , 1977; Revet and Benichou,

1981) see F ig .2.
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E. ADENOVIRAL DNA INFECTIVITY

The a b i l i t y  o f adenovirus DNA to  produce in fectious v i r a l  centres 

in c e l l  monolayers was f i r s t  demonstrated using simian adenovirus 7 

(Burnett and Harrington, 1968); and by Nicolson and M acA ll is te r, (1972) 

using the DNA-dextran method of trans fec tion  which showed a low level of 

in f e c t i v i t y  in HEK c e l ls  w ith adenovirus type 1 DNA.

Graham and van der Eb, (1973) devised a technique fo r  the assay 

of adenovirus 5 DNA in f e c t i v i t y  by the use of calcium, a d iva len t cation 

(Spizizen e t a l . ,  1966). A f in e  calcium phosphate-DNA p re c ip i ta te  was 

formed and inoculated on to  c e l l  monolayers. This technique produced 

a 100 fo ld  increase in plaque number compared to the DEAE-dextran 

method. A re la t io n sh ip  between plaque numbers and concentration of DNA 

could be co rre la ted , showing th a t 5ug of native DNA yielded an optimal 

of 13 plaques per dish on KB c e l l  monolayers.

Sharp e t a l . ,  (1976) showed th a t adenovirus 5 DNA-protein complex 

(Robinson e t a l . ,  1973; Robinson and B e l le t t ,  1974) was 100 fo ld  more 

in fe c t iou s , y ie ld in g  4000 p . f .u .  per 1ug DNA, in comparison to  pronase 

treated adenovirus 5 DNA which yielded 46 p . f .u .  per 1ug.

Frost and W illiams, (1978) modified the DNA trans fec t ion  method 

(Graham and van der Eb, 1973) by using 293 c e l ls ,  and by enhancing 

c e l lu la r  uptake o f DNA at 4 hours post t rans fec t ion  by exposure of c e l l  

monolayers to  20% g lyce ro l,  g iv ing 45 p . f .u .  per 1ug DNA on Hela c e l l  

monolayers and 125 p . f . u .  per 1ug on 293 c e l l  monolayers.

Chinnadurai et a l . ,  (1978) showed tha t the in f e c t i v i t y  of adenovirus
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2 DNA and DNA-protein complex could be enhanced by exposure of c e l l  

monolayers to  25% dimethyl sulphoxide (DMSO) at 4 hours post trans fec t ion . 

This method gave between 6x103 p . f .u .  and 2x104 p . f .u .  per 1ug of DNA- 

prote in  complex when assayed on 293 c e l l  monolayers.
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F. THE LYTIC CYCLE OF THE ADENOVIRUS IN HOST CELLS

1. V ira l adsorption, penetration and uncoating

Human adenoviruses are grown in human embryonic c e l ls  (HEK) or 

immortalized human c e l l  l in e s , eg. 293, Hela or KB c e l ls .

The v ir io n s  attach by th e i r  f ib re s  to  spec if ic  receptors which 

reside in the plasma membrane o f the host c e l l  (Levine and Ginsberg,

1967; Lonberg-Holm and Philipson, 1969). How v ir io n s  enter the host 

c e l l  is  unclear but EM data suggests phagocytosis (Chardonnet and Dales, 

1970); d ire c t  penetration (Morgan e t a l . ,  1969); or absorptive endocytosis 

(Svensson and Persson, 1984).

Uncoating o f the v i r io n  begins in the c e l l  cytoplasm (Sussenbach, 

1967; Lonberg-Holm and Philipson, 1969; Morgan et a l . ,  1969) and is 

completed when the v i r io n  cores are transported to  the c e l l  nucleus

(Morgan et a l . ,  1959; Chardonnet and Dales, 1972).

Evidence based on e lectron microscopic observations and m o t i l i t y  

in h ib i t io n  studies of adenoviral infected c e l ls  suggests th a t t ra n sp o r t

ation of v i r io n  cores across the c e l l  cytoplasm possibly involves 

cytoplasmic microtubules (Dales, 1962; Morgan et a l . ,  1969; L u f t ig  and 

Weihing, 1975; Svensson and Persson, 1984).

Once f in a l  uncoating has taken place t ra n s c r ip t io n  and v i r a l  DNA 

re p l ic a t io n  begins w ith in  the host c e l l .
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Figure 3.

Adenoviral ear ly  tra n sc r ip t io n  as described for the type 2 virus

The f ig u re  shows the early transcription of adenovirus type 2. 

Brackets represent promotor locations; RNA splicing is depicted by 

in te rrup ted  l in e s ; arrows represent the direction of t ranscr iption.

The f ig u re  is reproduced from Richardson and Westphal, (1981) 

Cell 27:133-141

The genome i s  d i v i d e d  i n t o  100 m.u.
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2. T ranscrip t ion

The understanding of adenoviral t ra n sc r ip t io n  has come from studies 

using subgroup C viruses type 2 and type 5, which grow to high t i t r e s ,  

have a short re p l ic a t io n  cycle and are easy to  study. The re p lica t io n  

cycle is  in i t ia te d  when v i r a l  DNA enters the nucleus about 30 minutes 

a f te r  v i r a l  absorption in to  the host c e l l .  The t ra n sc r ip t io n  of v i r a l  

promotors commences in a defined sequence using p re -ex is t ing  c e l lu la r  

enzymes. V ira l t ra n s c r ip ts  synthesised before the onset of v i r a l  DNA 

re p l ic a t io n  are c la s s i f ie d  as early  and those a f te r  DNA re p l ic a t io n  

as la te .

2 .(1 ) Early t ra n s c r ip t io n

The four regions o f the adenoviral genome encoding mRNA sequences 

(F ig . 3), E1, E2, E3 and E4 regions were o r ig in a l ly  id e n t i f ie d  by 

sa tura tion  hyb r id iza t io n  experiments (Sharp e t a l . ,  1975; Tibbets e t a l . ,  

1974). The E1 region was fu r th e r  divided in to  two c lose ly  re la ted 

t ra n s c r ip t io n a l un its  E1 a and E1b (Chow et a l . ,  1977; 1979; Evans e t a l . ,  

1977; Berk and Sharp, 1978; Harrison e t a l . ,  1977; Jones and Shenk, 1979a; 

Ross et a l . ,  1980).

2 .(1 )(a )  The E1 a region (1 .3 -4 .6 ) m.u.

Transcrip t ion  is  from the r  strand of v i r a l  DNA and encodes three 

mRNA species w ith sedimentation c o -e f f ic ie n ts  13S, 12S and 9S sharing 

the same 5' and 3' te rm in i and d i f fe r in g  only in the size o f RNA segment 

spliced enzymatically during processing of nuclear RNA (Kitchingman et 

a l . t 1977; Berk and Sharp, 1977; 1978; Chow et a l . ,  1979a; b; Perricaudet
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et a l . ,  1979). DNA sequence analysis allows the prediction of the amino 

acid sequences o f the proteins specif ied by the 13S and 12S mRNA (van 

Ormondt et a l . ,  1980); they encode polypeptides of molecular weights 

f f K  and ff>K respec t ive ly . Virtanen and Pettersson, (1983) showed by 

sequencing cDNA transcribed from the 9S mRNA i t  coded fo r  a polypeptide 

of molecular weight 6.1K.

Early gene expression is  regulated by the product of the 13S mRNA

(Berk e t a l . ,  1979; Carlock and Jones, 1981; R icc iard i et a l . ,  1981;

Montell e t a l . ,  1982; Le ff e t a l . ,  1984; Ferguson et a l . ,  1984;

G u ilfoy le  e t a l . ,  1985) while the product o f the 12S mRNA is  responsible 

fo r  the repression o f the synthesis o f the DNA binding pro te in  from

i t s  la te  promotor (G u i l fo y le  e t a l . ,  1985).

2 . ( 1 ) ( b ) The E1 b region (4.6-11.2) m.u.

Transcrip t ion  occurs from the r  strand o f v i r a l  DNA, encoding three 

mRNA species of sedimentation c o -e f f ic ie n ts  22S, 13S and 9S, detected by 

e lectron microscopic heteroduplexing and SI analysis (Berk and Sharp,

1978; Chow et a l . ,  1979). Both 22S and 13S have common 5' and 3'

te rm in i and are generated from a common precursor by d i f fe r e n t ia l  sp l ic in g  

(Berk and Sharp, 1978; Weber et a l . ,  1980). In v i t r o  t ra n s la t io n  assigns 

two major polypeptides o f molecular weights 55-65K and 15-19K to th is  

region (Lewis e t a l . ,  1976; Harter and Lewis, 1978; van der Eb et a l . ,  

1979; Brackman et a l . ,  1980). The 55K polypeptide is active in the 

mechanism which shuts o f f  host c e l l  gene expression (Babiss and Ginsberg,

1984)spossibly by the in te rac t io n  with the 25K prote in  encoded by the E4 

region ( Sarnow et a l . ,  1982a),to bring about in t ra c e l lu la r  m od if ica tion .
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2 . ( 1 ) ( c ) The E2a region (61.5-75.1) m.u.

Transcrip t ion  occurs from the 1 strand of v i r a l  DNA encoding three 

mRNA species, two o f which share a promotor s i te  at 75.1 m.u. (Baker et 

a l . ,  1979) and d i f f e r  only by a sp lice  s i te  o f 50 nucleotides at 66.3 m.u. 

Later in in fe c t io n  tra n s c r ip t io n  s ta r ts  at a promotor ly ing at 72 m.u.

This region codes fo r  the DNA-binding p ro te in , a phosphoprotein 

of molecular weight 72K (van der V l ie t  and Levine, 1973; Levinson e t a1.,  

1976; Jeng e t a l . ,  1977; Russell and B la ir ,  1977; Axelrod, 1978) which 

binds to  s ing le  strand DNA (van der V l ie t  and Levine, 1973) and to  the 

ends o f double stranded DNA (Fowlkes e t a l . ,  1979). The DNA-binding 

pro te in  is required fo r  elongation during adenoviral DNA synthesis (van 

der V l ie t  and Sussenbach, 1975; van der V l ie t  et a 1. ,  1977). A 

temperature sens it ive  mutant fo r  the 72K pro te in  (H5ts125) does not 

re p lica te  i t s  DNA at the non-permissive temperature (van der V l ie t  and 

Sussenbach, 1975), but accumulates early  v i r a l  mRNAs (Babich and Niven,

1981). The 72K DBP can be cleaved w ith chymotrypsin in to  two subunits of 

molecular weights 44K (C-term inal) and 26K (N-term inal) (K lein et a l . ,  

1979); the 44K subunit only binds to  s ing le  strand DNA (van der V l ie t  

and Levine, 1973; Levinson and Levine, 1977).

2 .(1 ) (d )  The E2b region (11-30) m.u.

T ranscrip t ion  of th is  region maps between 11 m.u. - 30 m.u. from the 

1 strand o f v i r a l  DNA from a promotor ly ing  at 75.1 m.u. (Galos e t a l . ,  

1979; Stil lman e t a l . ,  1981). Three tra n s c r ip ts  have been id e n t i f ie d ;  

a major t ra n s c r ip t  which maps between 11.3 m.u. - 26 m.u. w ith three 

upstream leader sequences, a second, ide n t ica l to  the above except i t
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spans 11.3 m.u. - 30.3 m.u. and a th i r d  mapping between 10.8 m.u. -

23.1 m.u. ( S t i 1lman e t a l . ,  1981).

In v i t r o  t ra n s la t io n  has assigned three polypeptides of molecular 

weight 75K, 87K and 105K to  th is  region (Stil lman et a l . ,  1981; Binger

et a l . ,  1982). The 87K polypeptide is ide n t ica l to  the 80K precursor of

the terminal p ro te in  (Challberg et a l . ,  1980; Smart and S til lm an, 1982).

A polypeptide o f molecular weight 140K has been assigned to the region

24.1 m.u. - 14.2 m.u. and is an adenovirus DNA polymerase which can 

complement the defect in H5ts36, a DNA negative mutant mapping between

18.5 m.u. - 22 m.u. (Galos e t a l . ,  1979; Enomoto et a l . ,  1981? Lichy 

et a l . ,  1982).

2 .(1 ) (e )  The E3 region (76.6-86.0) m.u.

This region is  non-essential fo r  adenoviral growth in t issue 

cu ltu res , SV40-adenovirus type 2 hybrids with a l l  the E3 sequences 

deleted have been shown to  produce v iab le  progeny ( F l in t  et a l . ,  1975). 

T ranscrip t ion  is  from the r  strand of v i r a l  DNA from which four major 

and four minor mRNA species have been id e n t i f ie d  (Chow et a l . ,  1979a; 

Kitchingman and Westphal, 1980; Persson et a l . ,  1980a;b), the most 

abundant being detected as DNAiRNA heteroduplexes (Chow et a l . ,  1979a). 

A l l  t ra n s c r ip ts  share 5' terminal sequences complementary to the region

76.5 m.u. - 77.6 m.u. which are spliced to  sequences near 78.6 m.u. 

Beyond th is  po in t the mRNA species d i f f e r  in both sp l ic in g  and th e i r  3' 

terminal sequences. Polypeptides o f 13K, 14K, 15.5-16K and 19-21K 

have been assigned to  th is  region (Lewis et a l . ,  1976; Green et a l . ,  

1979b; Harter e t a l . ,  1976; Ross et a l . ,  1980).



19.

One of the largest polypeptides is a 19K glycoprote in (Jeng et a l . ,  

1978; Persson et a l . ,  1979). Immunoprecipitation with monospecific 

antibody shows tha t i t s  synthesis occurs at 2 hours post in fec t ion , 

reaching a maximum at 4 hours post in fe c t io n .  Sequence analysis has 

shown th is  polypeptide to  have a hydrophobic and a hydrophil» ic region 

and i t  is also shown to be associated with membrane fra c t io ns  of infected 

c e l ls .  (Chin and Maizel,1976; Persson e t a l . ,  1980a;b; Cladaras and 

Wold, 1985). Antiserum against e i th e r  the 19K g lycoprote in or the heavy 

chain of the class 1 histocompatabi1i t y  antigens p rec ip ita te s  a complex 

o f the two components (Kv is t et a l . ,  1978; Signas e t a l . ,  1982). Signas 

e t a l . ,  (1982) showed i f  the 19K g lycoprote in  was immobilized in a 

matrix i t  was possible to  bind and release the heavy chain of the human 

class 1 antigens; th is  in te ra c t io n  may form the basis fo r  the recog

n i t io n  of adenovirus infected c e l ls  by the cy to tox ic  T -ce lls  produced 

by the immune system.

2 . (1 ) ( f )  The E4 region (91.3-99.1) m.u.

Transcrip tion  of th is  region is from the 1 strand of v i r a l  DNA 

encoding a large set o f mRNAs, a l l  o f which have a common 5 1 terminus 

ly ing near 99.2 m.u.; a major species has been detected by e lectron 

microscopy and biochemical assay (Berk and Sharp, 1978). Eight po ly

peptides have been assigned to  th is  region having molecular weights 

betwaen 11K-35K (Matsuo e t a l . ,  1982).

The 11K polypeptide is h igh ly  conserved between serotypes and is 

found t i g h t l y  bound to the nuclear matrix (Sarnow et a l . ,  1982b).

Halbert et a l . ,  (1985) demonstrated using E4 de le tion  mutants th a t most 

o f the gene products are not required fo r  v i r a l  growth; however
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Figure 4.

Adenoviral la te  t ra n sc r ip t io n  as described fo r  the type 2 v irus

Late mRNA species are shown by horizonta l l ines drawn in the 

d ire c t io n  o f t ra n s c r ip t io n ; gaps represent sequences removed during 

s p l ic in g ;  arrowheads represent poly (A) sequences.

Figure is reproduced from F l in t ,  (1982) Biochemica e t Biophysica 

Acta 651:175-208.

The genome i s  d i v i d e d  i n t o  100 m.u.
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H5d1355 and H5dl366, de le tion  mutants fo r  the 35K polypeptide, show 

impaired DNA re p l ic a t io n ,  excessive amounts of the E2a 72K DNA-binding 

p ro te in , reduced leve ls of la te  mRNAs and an impairment in the rate 

of the shut o f f  o f host c e l l  metabolism.

2 .(1 ) (g )  Virus-associated RNAs

Two major species o f small v irus-associated mRNAs have been 

assigned to  29 m.u. on the v i r a l  genome, being transcribed from the r 

strand. Both species are synthesised using host c e l l  RNA polymerase I I I  

and are between 157-160 nucleotides long. They contain scattered zones 

of homology re s u lt in g  in a secondary s truc tu re  s im ila r  to  the c love r le a f of 

tRNA (Ohe and Weissman, 1970; Mathews, 1975; Soderlund e t a l . ,  1976;

Celma et a l . ,  1977a; b ; Pan e t a l . ,  1977; Akusjarvi et a l . ,  1980).

The function  o f these t ra n sc r ip ts  is uncertain but data suggests 

th a t VA-RNA 1 con tro ls  the ra te  of la te  adenoviral polypeptide tra n s 

la t io n  (Schneider e t a l . ,  1984).

2.(11) Late Transcrip t ion

Synthesis o f la te  t ra n s c r ip t io n  is in i t ia te d  a f te r  DNA re p l ic a t io n  

from the Major Late Promotor (MLP) at 16.3 m.u. (Evans e t a 1. ,  1977;

Z i f f  and Evans, 1978) from the r  strand of v i r a l  DNA. The tra n s c r ip ts  

are in f iv e  defined regions o f over-lapping mRNAs, sharing the same 

t r i p a r t i t e  leader sequences generated from 16.3 m.u., 19.6 m.u. and

26.6 m.u. (Berget e t a l . ,  1977; Klessig, 1977; Chow et a l . ,  1977a;

Dunn and Hassell, 1977; Akusjarvi and Petterson, 1979; Zain et a l . ,

1979), Figure 4.
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Eleven prote ins have been assigned to the f iv e  tra n sc r ip t io n  blocks. 

Three are non-s truc tu ra l proteins with molecular weights of 23K (L3),

33K and 100K (L4) (Russell and Skehel, 1972; Anderson et a l . ,  1973; 

E v e r i t t ,  1973; Ishibashi and Maizel, 1974; Lewis e t a l . ,  1977; Axelrod, 

1978; Gamdke and Deppert, 1983; Yeh-Kai et a l . ,  1983; Oosterom-Dragon 

and Anderson, 1983). Temperature sens it ive  mutants fo r  la te  functions 

of adenoviruses type 2 and type 5 have been mapped by marker rescue and 

in te r ty p ic  recombination analysis to  four of the defined blocks of 

mRNA tra n s c r ip ts .

H5ts1 and H5ts115 have mutations in the 100K gene. At the non- 

permissive temperature they are defective  fo r  assembly o f hexon monomers 

in to  tr im ers and also fo r  transport o f the hexon in to  the nucleus. This 

suggests th a t the 100K polypeptide plays a ro le  in these mechanisms 

(Russell e t a l . ,  1972; 1974; S tinsk? and Ginsberg, 1974; Lebowitz and 

Horwitz, 1975; Kauffman and Ginsberg, 1975; Oosterom-Dragon and 

Ginsberg, 1981). H5ts5, H5ts9, H5ts22 and H5ts125 (D 'Halliun e t a l . ,  

1980; 1982) a l l  express reduced leve ls of the f ib re  p ro te in .

The processing o f v i r a l  polypeptides can be dependent on 

p ro te o ly t ic  cleavage o f a precursor polypeptide, eg. pTP80K to  55K 

terminal p ro te in . H2ts1 is defective  fo r  the cleavage o f polypeptides 

pVI, pV II,  p V II I  and pTP80K (Weber, 1976; Mirza and Weber, 1977; 

Challberg and K e lly , 1981; Stil lman et a l . ,  1981). Adenovirus type 2 

infected c e l ls  show a chymotrypsin-1ike protease a c t i v i t y  sp e c if ic  fo r  

pV11 which is absent in H2ts1 c e l l  in fe c t ion  at the non-permissive 

temperature (Bhatti and Weber, 1979). Since the H2ts1 mutation l ie s  

between 60 m.u. - 61.7 m.u. (Yeh-Kai et a l . ,  1983) with coding capacity 

fo r  a 23K polypeptide (K ru i je r  et a l . ,  1980; Akusjarvi e t a l . ,  1981),
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data suggests the 23K polypeptide may be a protease s im ila r  to 

chymotrypsin.

I t  is not understood how the switch from early  to la te  tra n sc r ip t io n

is achieved, but la te  mRNAs can only be detected in s ig n i f ic a n t  quantity  
syn th e  s i s

a f te r  v i r a l  UNA^nas commenced. Thomas and Mathews, (1980) have 

postulated th a t  la te  tra n s c r ip t io n  may be invoked by m odification of 

DNA s truc tu res , such as methylation, n icking or regional denaturation.
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G. ADENOVIRUS MUTANTS

The genetics o f adenoviruses has been studied extensively using 

mutants induced by mutagens or a r is ing  spontaneously from v i ra l  stocks 

repeatedly passaged at high m u l t ip l ic i t y .  The classes of mutants iso

lated are l is te d  in Table I I I .

1. Mutagens

Mutations can be induced in viruses and th e i r  in fec tious  nucleic 

acids by physical or chemical mutagens. Mutagenic procedures f a l l  in to  

the fo l lo w ing  categories.

1 . ( i ) In v i t r o

Nitrous acid , hydroxylamine, ethylmethyl sulphate and U.V. 

i r ra d ia t io n  are d irec ted  against v i r a l  DNA (Takemori et a l . ,  1968; 

Williams et a l . , 1971; Ensinger and Ginsberg, 1972; Shiroki et a l . ,  1972; 

Suziki e t a l . ,  1972).

1. ( i i ) In vivo

Nitrosoguanidine, 5-bromodeoxyuridine and 5 - f lu o ro u ra c i1 (Williams 

et a l . ,  1971; Ensinger and Ginsberg, 1972; Takahashi, 1972; Ledinko, 

1974; Rubenstein and Ginsberg, 1974) are used during the v i r a l  r e p l i c 

ation cyc le .
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2. Spontaneous mutants

During the passage of v i r a l  stocks at high m u l t ip l i c i t y ,  diverse 

mutations accumulate producing v ir io n s  which are gene tica l ly  hetero

geneous. Mutants can be id e n t i f ie d  on the basis of a ltered plaque 

morphology, a lte red  buoyant density in caesium ch lo ride  gradients or 

a lte red  re s t r ic t io n  enzyme p ro f i le .

Takemori et a l .,(1968) iso la ted spontaneous mutants of adenovirus 

type 12 with an a ltered plaque morphology in HEK c e l ls .  Instead of the 

minute of barely v is ib le  w ild  type morphology a few c lear cytoc idal (cy t) 

plaques o f .5-2mm were seen, which retained a stable phenotype during 

successive passages.

Non-defective spontaneous mutants of" adenovirus type 12 were 

iso la ted  by Werner and zur Hausen, (1978). Heteroduplex analys is , 

r e s t r ic t io n  enzyme analysis and contour length measurement revealed 

small inse rt ions  w ith in  the r ig h t  hand 12% of the genome.

Groff and Daniel 1, (1980) isolated a spontaneous de le tion  mutant 

from adenovirus 3 s tra in  (H3100) which had undergone passaging at high 

m u l t ip l i c i t y  over an extensive period. The DNA re s t r ic t io n  enzyme 

p r o f i le  showed the iso la te  (H3d1102) to have a de le tion  of approximately 

2.2Kb mapping between 76.7 m.u. - 86 m.u. in the non-essential E3 region. 

Growth analysis showed th a t the mutant could be passaged at low m u lt i 

p l i c i t y  to  produce in fec t ious  v irus equivalent to  w ild  type adenovirus

3.
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3. Cytocidal mutants (Cyt)

Cytocidal mutants (Cyt) were isolated from adenovirus 12 stra ins 

Huie and 1131 (Takemori et a l . ,  1968) as spontaneous or U.V. induced 

mutants. They gave a d is t in c t iv e  CPE of marked c e l lu la r  destruction 

compared to  the parental v iru s . The pH of the medium became very a lka l ine , 

possib ly due to  the massive c e l lu la r  destruction caused by these mutants.

tumour i g e n i c i t y
These mutants showed a marked decrease in in new

born hamsters compared to  the parental v i ru s .  When cyt mutant and 

parental v iruses were co-in fected in to  hamsters, ne ither in h ib i t io n  nor

enhancement o f tumour production by the parental v irus  was observed.
tum our  ig e n  i  c

Some f i e ld  s tra in s  o f adenovirus 12 are less . than s tra ins

Huie or 1131; co - in fec t io n  o f cyt mutants w ith these s tra ins  in to  new

born hamsters resu lts  in a co-operative e f fe c t  in tumour  i g e n i c i t y  

Adenoviruses 7 and 3 w ild  type w i l l  co-operate w ith cyt mutants to 

produce tumours, but adenoviruses type 2, type 5 and type 4 w i l l  not.

tumour i g e n i  c i t y
Plaque morphology, CPE and o f cyt mutants remained

stable over numerous passages under normal condit ions. Revertants 

iso la ted from the mutant stocks were from the spontaneous iso la tes  and 

not those induced by U.V. i r ra d ia t io n .

Ezoe and Mak, (1974) showed c e l ls  infected with cyt mutants 

produced fewer v ir io n s  than adenovirus 12 w ild  type. DNA hyb r id iza t ion  

showed mutant v i r a l  DNA was present in reduced amounts; sedimentation 

p ro f i le s  of in t r a c e l lu la r  DNA synthesised in KB c e l ls  showed a substan

t i a l  proportion o f the DNA molecules were smaller than the w ild  type 

(Ezoe et a l . ,  1981).
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Ezoe et a 1. ,  (1981) showed the newly synthesised DNA from ce lls  

infected w ith H12c y t70 was extensively degraded. To estab lish i f  th is  

was a property of the cyt mutation, KB ce lls  were infected with three 

add it iona l cy t mutants. A lka line sucrose gradients showed tha t the DNA 

extracted from c e l ls  infected with cyt mutants was extensively degraded, 

whereas DNA from c e l ls  infected with e ith e r  w ild  type or revertants was 

not.

The loca t ion  o f the cyt mutation was mapped by complementation 

assay (Lai Fa tt and Mak, 1982). KB c e l ls  were co-in fected with H12cyt70 

and H5hr1 (1 .3 -3 .7 ) m.u., H5hr6 (6 .1-8.5) m.u., H5d1312 ( A 448-1349)bp or 

H5d1313 ( A 1334-3639)bp, the la t te r  two viruses th e re a f te r  re ferred to  as 

d1312 or dj_313. A lka line  sucrose gradients showed th a t only co - in fec t io n  

with dj_313 resu lted in extensive DNA degradation, suggesting the lesion 

lay between 1334bp and 3639bp in the E1b region. Possibly the 19K glyco

pro te in  encoded by the E1b region was involved in the DNA degradation 

phenomenon.

Martin e t a l . ,  ( 1978) iso la ted H2ts111, a temperature-sensitive 

mutant of adenovirus type 2 de fective  fo r  v i r a l  re p l ic a t io n ,  and also 

extensive c e l lu la r  DNA degradation (Ezoe et a l . ,  1981). These mutations 

are independent, mapping in the DNA-binding pro te in  gene (S til lm an et a l . ,  

1984) and in the E1b 19K g lycoprote in (White et a l . ,  1984).

4. Temperature-sensitive mutants

Temperature-sensitive mutants are co n d it io n a l ly  le th a l ,  re p l ic a t in g  

as well as w ild  type v irus  at a permissive temperature o f 31°C to  32°C, 

but f a i l i n g  to  re p lica te  at a higher non-permissive temperature between
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38.5°C to  39.5°C.

Temperature-sensitive ( ts )  mutants have been isolated from 

chemically mutagenised v i r a l  stocks of adenoviruses type 2 , type 5 and 

type 12.

Seventy ts_ mutants have been isola ted from adenovirus type 5 

(Wi11iams et a l . ,  1971; Ensinger and Ginsberg, 1972). These have been 

c la s s i f ie d  in to  17 non overlapping complementation groups (Ginsberg et 

a l . ,  1975; Wi11iams e t a l . ,  1975a).

Begin and Weber, (1975) iso la ted 40 ts  mutants from adenovirus

type 2, f a l l i n g  in to  13 complementation groups and containing mutations

in the la te  l y t i c  cycle (Weber e t a l . ,  1975).

Kathmann e t a l . ,  (1976) iso la ted  a fu r th e r  14 ts  mutants, f a l l i n g  

in to  7 complementation groups; four of these mutants fa i le d  to 

re p lica te  th e i r  DNA at the non-permissive temperature.

Temperature-sensitive mutants are useful fo r  func tiona l studies 

as th e i r  environment (temperature) can be con tro lled  and the mode of 

action o f the mutated gene id e n t i f ie d .

Temperature-sensitive mutants f a l l i n g  in to  W ill iam 's  complement

ation group N are de fective  fo r  DNA re p l ic a t io n  at the non-permissive 

temperature (W ilk ie  e t a l . ,  1973; Ginsberg e t a l . ,  1974; van der V l ie t  

and Sussenbach, 1975; Schutzbank, 1980). Marker rescue experiments 

(Galos e t a l . ,  1979) mapped the mutation to  between 18.5 m.u.-22.0 m.u.; 

in v i t r o  t ra n s la t io n  showed early  adenovirus functions were coded by
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th is  region (S til lm an et a l . ,  1981). DNA sequence analysis (Alestrom 

et a l . ,  1982; Gingeras et a l . ,  1982) suggested a gene encoding an adeno

v irus  sp e c if ic  DNA polymerase.

Adenovirus type 2 ts  mutant H2ts1 suggested a requirement fo r  

an adenoviral sp e c if ic  protease in the p ro te o ly t ic  conversion of 

precursor p ro te ins , pVI, pVII and pV I I I  to the spec if ic  v i r a l  polypeptides 

(Weber, 1976). Hassel and Weber, (1978) found the mutation to  map between 

posit ions 57 m.u. and 69 m.u. DNA sequence analysis (K ru i je r  et a l . ,

1980; Akusjarvi e t a l . ,  1981) showed an open reading frame with the 

capacity to  encode a polypeptide with a molecular weight of 23K, 

possibly a v i r a l  protease.

5. Host range mutants

Host range mutants f a i l  to  re p lica te  in established human c e l l  

l ine s , eg. Hela or KB c e l ls ,  but do so in the human embryonic kidney 

(293) c e l l  l in e ,  which is transformed by 12% of the l e f t  hand end of the 

adenovirus type 5 genome (Graham et a l . ,  1977) and expresses adenovirus 

E1 func tions .

Host range mutations have been mapped by recombination w ith in  the 

l e f t  end of the genomic map (Harrison et a l . ,  1977) and some have been 

phys ica l ly  mapped w ith in  th is  region using marker rescue (Frost and 

Williams, 1978).

Harrison e t a l . ,  (1977) iso la ted progeny from chemically mutagen- 

ized adenovirus type 5 which were negative fo r  growth in Hela c e l ls .  

Complementation analysis in Hela c e l ls  c la s s i f ie d  these mutants in to
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Figure 5.

Construction of adenovirus 5 de le tion  mutants

Strategy used to iso la te  de le tion  mutants, H5d1304,

H5d1308, H5d1309 and H5d131Q-H5d1316, of adenovirus 5 w ild  type 

lacking Xba1 cleavage s i te s .

represents Xba1 cleavage s ites  missing.

Reproduced from Jones and Shenk, (1978) Cell 13:181-188.

( a )  Shows t h e  s t r a t e g y  u s e d  t o  m a n i p u l a t e  t h e  DNA t o  p r o d u c e  t he  

i s o l a t e s  l i s t e d  i n  ( b )  .

( b )  Shows t h e  i n i t i a l  DNA , s u b .  3 04 w h i c h  l a c k e d  one X ba I  s i t e  . By

f u r t h e r  X b a l  d i g e s t i o n  a n d  r e - l i g a t i o n  o f  t h e  DNA , s u b s e q u e n t  X b a l  

s i t e s  a r e  l o s t  . I s o l a t e s  3 1 0  -  3 1 6  h a v e  no X b a l  s i t e s  p r e s e n t  .
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Figure 6.

Deletion and su b s t i tu t io n  mutants of adenovirus type 5

Showing the genetic aberrations ly ing in the l e f t  

the host range adenovirus 5 constructed mutants.

Reproduced from Jones and Shenk, ( 1979) Cell J_7:

f >  T h e  d e l e t e d  DNA s e q u e n c e s  i 

s u h .  3 1 5 a nd  s u b . 3 1 6 .

T h e  i n s e r t . e d  DNA s e q u e n c e s  i 

a n d  i n , 3 1 7

hand end of

683-689.

dl ,  311 - 314

n s u b .  3 1 5 - 3 1 6
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two groups.

Group 1 showed a r e s t r ic t iv e  host range, only re p lica t in g  in 

293 c e l ls .  Representative o f th is  class is H5h_r1 which f a i l s  to 

re p lica te  in Hela c e l ls  (Esche et a l . ,1980) and has a s ingle base pa ir  

de le t ion  at nucleotide 1055 mapping in the E1 a region, resu lt ing  in the 

51K polypeptide being truncated to a 28K polypeptide (R icc ia rd i et a l . ,  

1981).

Group 2 mutants rep lica ted  with equal e f f ic ie n c y  in 293 and HEK 

c e l ls ,  but not in Hela or Helu c e l ls .  Representative of th is  class is 

H5hr7 (Harrison e t a l . ,  1977; Galos e t a l . ,  1980; Ross et a l . ,  1980) 

mapping between 6.1 m.u. - 8 .0  m.u. in the E1b region.

Jones and Shenk, (1979) iso la ted a series of mutants from adenovirus 

type 5 deleted in the l e f t  hand transforming end o f the genome. These 

mutants propagated in 293 c e l ls  but not in Hela c e l ls ,  (F igs. 5 and 6 

show the construction  o f these mutants).

Growth analysis showed the mutants plaqued as e f f i c ie n t l y  as w ild  

type v irus  in 293 c e l ls ,  but plaquing e f f ic ie n c y  in Hela and KEK c e l ls  

was g re a t ly  reduced. At a m u l t ip l ic i t y  of in fe c t ion  (m .o . i . )  between 

1-10 p . f . u . / c e l l  dj_313 and H5sub315 yielded a few plaques in HEK c e l ls ;  

d1312 caused a CPE o f the c e l l  monolayer. The host range phenotype of 

d1312, d1313 and H5d1314 are m u l t ip l i c i t y  dependent producing sub

s ta n t ia l  y ie ld s  of v irus  at m .o . i .  between 80-800 p . f . u . / c e l l .

The transformation e f f ic ie n c y  of these mutants was assayed by 

focus formation in ra t  c e l ls .  A l l  were found transformation d e f ic ie n t .



X b a l
0 38
f   --- 100

X m a  1 X b a l  

0  2 .8  3 .8  4 .5
I— _i---------1 j

Xma 11
S I  o r  B a l3 1i

L ig a teI
X b a l

0  3 .8  4 .5'— O-------'---- i

X b a  1 .L ig a te

X b a  1 

0  3 .8

X b a l

I
Isolate

3 . 8 - 1 0 0

fra g m e n ts

Transfect 
2 0 3  cells

22°  H 5 d l1 0 1  

H 5 d l 1 0 5

S m a 1 X b a l

0 2.8 3.8 4.5
 1----1___l— l

S m a  11
X b a l  L in k e r s1

L ig a te1
X b a  1 X b a l

0  2 .8  3 .8  4 .5
 1-----»----- *

m ix

X b a  1 
X b a l  3.8

9 2.8 100
—I

H5sub309



Figure  7.

Construction of E1 a de letion and insert ion  mutants of adenovirus type 5

Method used to construct H5d1101 and H5d1105 by l ig a t io n  or overlap 

recombination. Brackets represent de le tion of DNA. A represents 

the presence of r e s t r ic t io n  enzyme s ite s .

Figure is reproduced from Babiss e t a l . ,  (1984) J. V iro l .  

49:731-740.

Dl  1 0 1  a n d  d l  1 0 5  w e r e  c o n s t r u c t e d  by l i g a t i n g  t h e  m u t a t e d  0 -  ' 

m . u .  f r a g m e n t  o f  a d e n o v i r u s  5 t o  t h e  3 . 8  -  1 0 0  m . u .  f r a g m e n t  o f  

304  .

I n .  1 0 6  was c o n s t r u c t e d  by r e c o m b i n a t i o n  b e t w e e n  t h e  m u t a t e d  0 

m . u .  f r a g m e n t  o f  a d e n o v i r u s  a n d  t h e  3 . 8  -  1 0 0  m . u .  f r a g m e n t  o f  

3 0 4  .

3 . 8

sub.

-  4 . 5

sub.
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6 . The E1 a region in c e l lu la r  transformation

I t  has been shown tha t rodent ce l ls  can be transformed by the 

l e f t  hand 8% of the adenoviral genome (Graham et a l . ,  1974; Gallimore 

et a l . ,  1974; F l in t  et a I . ,  1975; 1976; van der Eb et a l . ,  1977) and 

tha t p a r t ia l  transformation can be obtained using only 4.5% of the l e f t  

hand end of adenovirus type 5 genome (Houweling e t a l . ,  1980).

Mutants containing lesions in the E1 a region, eg. H5hr1 

(Harrison e t a l . ,  1977), H5in500 (Carlock and Jones, 1981), H5hr440 

(Solnick and Anderson, 1982) are defective fo r  transformation of baby 

ra t kidney c e l ls ,  suggesting the requirement o f a functiona l E1a region 

fo r  c e l lu la r  transformation.

Ho e t a l . ,  (1982) showed H5hr1 to be cold sens it ive  fo r  c e l lu la r  

transform ation. Babiss et a l . ,  (1984) constructed a series of mutants 

containing de letions or insert ions in the E1 a 13S message (Fig. 7) to 

ascertain i f  the cold sensit ive  phenotype was a d ire c t  re s u lt  o f the E1 a 

mutation and what region o f the 13S encoded 51K pro te in  was involved 

in c e l lu la r  transform ation. Data suggested th a t the cold sensit ive  

transformation phenotype was a d ire c t  re s u lt  o f the a ltered gene product 

of the 13S mRNA.

Mutants H5d1101 and H5dl105 encoded a truncated 33K prote in in 

place o f the 51K pro te in  encoded by the 13S mRNA t ra n s c r ip t ;  H5d1101 

was cold sens it ive  fo r  c e l lu la r  transformation. However, H5dl105 would 

not transform c e l ls  at e ith e r  37°C or 32°C. DNA sequence analysis showed 

a 5bp d if fe rence  mapping between 1002-1007bp, suggesting tha t the 

nucleotide d if fe rence  between a functiona l truncated prote in at 37°C



31.

and a non-functional one at 37°C or 32°C must map in th is  region and 

tha t the E1 a 51K pro te in  is necessary fo r  inducing c e l lu la r  transformation.

7. The E1b region in c e l lu la r  transformation

Rodent c e l ls  transfected with adenoviral DNA encompassing both 

the E1 a and E1b regions of the genome become transformed (Graham et a l . ,  

1974; van der Eb and Houweling, 1977; van der Eb e t a l . ,  1977). DNA 

encompassing the E1 a region only is found to  transform c e l ls  but does 

not allow fo r  maintained phenotype (Shiroki e t a 1. ,  1979; Houweling et 

a l . ,  1980) suggesting th a t the E1b gene products are necessary fo r  the 

establishment o f transformation.

van den Elsen e t a l . ,  (1982) transformed baby ra t  kidney ce l ls  

(BRK) by co -trans fec tion  w ith fragments containing the separated E1 a and 

E1b regions o f adenovirus type 5; trans fec tion  w ith the fragments 

containing s ing le  E1 regions showed tha t the E1 a region gave a reduced 

transformation e f f ic ie n c y  and the E1b region showed no transformation 

a c t i v i t y .  Data suggested th a t the E1b region o f adenovirus type 12 

could be stimulated by the E1 a of adenovirus type 5 and tha t the E1b 

v i r a l  sp e c if ic  antigens expressed were from adenovirus type 12.

McKinnon et a l . ,  (1982) constructed inse rt ion  mutations in the

16% l e f t  hand end o f the genome using the transposable element Tn5.

Data showed th a t transformation was abolished by an insert ion  of DNA in 

the E1 a region mapping at 2 .8  m.u. and in the E1b region mapping near the 

5' sp lice  s i te  of the 13S t ra n s c r ip t .  Further evidence of the invo lve

ment of the E1b region in c e l lu la r  transformation came from Fukui et a l . ,  

(1984). They constructed insert ion  and de le tion  mutants of adenovirus
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Figures 8a and 8b.

Construction and map co-ordinates of E3 mutants of adenovirus type 5

a. Strategy used to  construct de le tion  and su bs t itu t io n  mutants 

of adenovirus type 5 ly ing  in the E3 region l i s t e d  i n  ( b )r

b. Map co-ordinates o f mutants ly ing  in the E3 region of the 

genome.

Figures are reproduced from Jones and Shenk, (1978) Cell 13:181-188.

d e l e t e d  DNA s e q u e n c e s  i n  dl  3 0 3 ,

3 0 4  a n d  sub 30 5

i n s e r t e d  DNA s e q u e n c e s  i n  sub.  3 04 ,

3 05  , s u b .  3 06 a n d  i n  3 07  .
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type 12 mapping in the E1b-19K polypeptide. Data showed tha t c e l lu la r  

transformation by these mutants was greatly  reduced as was th e i r  capacity 

to  produce c e l lu la r  colonies in so ft agar. This suggested tha t the E1b 

-19K polypeptide was involved in c e l lu la r  transformation and the form

ation o f transformed c e l lu la r  colonies in so ft agar.

8 . Deletion and Substitu t ion  mutants

Jones and Shenk, (1978) (Figures 8a and 8b) constructed a series 

of adenovirus 5 de le tion  and subs t itu t ion  mutants, mapping at the EcoR1 

83 m.u. s i te  in the E3 region. These mutants rep lica ted as well as w ild 

type v irus  suggesting the E3 region was non-essential fo r  v i ra l  r e p l i 

cation in t is sue  cu ltu re . Another series o f subs t itu t ion  and deletion 

mutants mapping in the E1 region was constructed using H5d1309 [ H5d1309 

is ca lled  ^ 3 0 9  th e re a f te r ]  (Jones and Shenk, 1978) as parental v irus . 

These mutants f e l l  in to  two classes; those which could re p lica te  in 

Hela c e l ls  and those which could not. Included in th is  class are 

mutants dj_312 and d!313.

A series o f e igh t de le tion  mutants o f adenovirus type 2 was 

iso la ted from a high passaged v i ra l  stock (Challberg and Ketner, 1981). 

The y ie ld  o f mutants iso la ted  was increased by complementing the cond it

ional le th a l defects in the adenovirus type 2 mutants with ts_ mutants 

o f adenovirus type 5. Seven of the mutants were deleted between 

78.5 m.u.-97 m.u. One mutant (H2d1807) was deleted in the E3 and f ib re  

region and part o f the E4 region. DNA re p lica t io n  was equivalent to 

w ild  type. However, p ro te in  analysis showed tha t la te  v i ra l  proteins 

p11, pV, pVI, pVII and pV III were present in reduced amounts while p111 a 

and the 100K polypeptide were present in normal amounts.
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Berkner and Sharp, (1983) constructed a viab le  E3 deletion mutant 

of adenovirus type 5 using overlapping cloned DNA fragments. The mutant 

was deleted between 78.9 m.u.-84.3 m.u., removing most of the mRNAs 

encoded by th is  region. This mutant grew as well as w ild type adenovirus 

type 5 synthesising la te  v i r a l  polypeptides to the same leve l.  When the 

mutant was co-in fec ted  with w ild  type virus or parental dl_309 in to  293 or 

Hela c e l ls ,  i t  in h ib ite d  the DNA re p lica t io n  of both viruses, being 

found to  be in 10 fo ld  excess to the w ild  type.

9. Large plaque phenotype mutants

Takemori e t a l .,(1968) isolated large plaque phenotype mutants 

o f adenovirus 12 s tra ins  Huie and 1131 (see Section G:3 cytocidal mutants).

Chinnadurai e t a l . ,  (1979) mutagenised adenovirus type 2 with 

hydroxylamine, p lated the v irus  on KB ce lls  and selected fo r  well 

separated large plaques. By overlapping terminal DNA fragments, 

recombinants were constructed between the w ild  type and the large plaque 

mutants to  map th is  phenotype. Ten recombinants were isolated and found 

to  express the large plaque phenotype which mapped in the region between 

0-41% of the genome. Marker rescue and DNA sequence analysis mapped the 

large plaque phenotype to the E1b region coding fo r  the 19K polypeptide.

The mutation was shown to be an amino acid su b s t i tu t io n .

Subramanian et a l . ,  ( 1984) constructed a v iab le  de letion mutant 

of adenovirus type 2 (H2d1250) which lacked most o f the 19K polypeptide 

coding capacity ; th is  mutant had a large plaque phenotype and was also 

cy to c id a l.  Other large plaque mutants were not cytocidal (Chinnadurai 

e t a l . ,  1983), suggesting the phenotypes to be separate mutations,



34.

although they both code in the 19K region. Like the cyt mutants of 

adenovirus 12, H2d1250 was defective in c e l lu la r  transformation; the 

transformation e f f ic ie n c y  of rodent ce l ls  being much reduced compared 

to  the w ild  type. The mutant was also defective in anchorage independent 

growth in so f t  agar, suggesting th a t the adenovirus type 2 E1b-19K 

polypeptide is involved in transformation and colony formation in so ft 

agar, (See Section G:7).





Figures 9A and 9B.

Recombination intermediate of adenovirus type 2

9A. - Shows an in te rp re t ive  trac ing taken from an e lectron

micrograph of recombination between adenovirus type 2 DNA molecules.

The crossover po in t showing a Holliday type s truc tu re  is indicated 

by a large arrowhead. A nascent RNA tra n s c r ip t  is shown by the curved 

arrow and heavy black l in e ;  s ingle stranded DNA is indicated by the 

dashed l in e s .

Figure is  taken from Wolgemuth and Hsu, (1980) Nature 287:168-171.

9B. -  Shows enlargement of the crossover po in t (Holliday s truc tu re)

which is  shaped l ik e  the Greek le t te r  Chi, being b i la te r a l l y  symetrica l.

The high concentration of formamide used in E.M. preparation has 

caused the DNA double h e lix  to p a r t ia l l y  denature and sing le  stranded 

DNA connection in the crossover region can be observed.

Figure taken from Dressier and Potter, (1982) Ann. Rev. Biochem. 

51:727-761.

The C h i  c o n f i g u r a t i o n  i s  p r e p a r e d  f r o m  p l a s m i d  DNA
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H. ADENOVIRAL RECOMBINATION

Recombination can take place during the eclipse phase and la te  

phase o f v i r a l  re p l ic a t io n  at which time DNA molecules can undergo 

several rounds o f recombination before being encapsidated to  produce 

v i r a l  progeny. Thus new s tra ins  of adenovirus have been generated and 

used fo r  genetic mapping and functiona l studies (Williams et a l . ,  1975a;b ; 

Young and S i lv e rs te in ,  1980).

Adenovirus recombination is homology based, e lectron micrographs 

of adenovirus DNA extracted from infected ce l ls  show proposed Holliday 

Structure (H o ll iday , 1964; 1968; 1974) with equal length arms on opposite 

sides o f the Chi formation ind ica ting  a crossover at equivalent posit ions 

on each molecule (Wolgemuth and Hsu, 1980) Fig. 9. Recombination occurs 

between c lose ly  re la ted serotypes but has not been observed between 

serotypes belonging to  d i f fe re n t  subgroups (Williams et a l . ,  1975a; b ; 

1981).

Recombination has been observed using three d i f fe re n t  experimental 

approaches:-

1. Recombination between f u l l  length adenoviral genomes

Adenovirus 5ts mutants read ily  recombine with each other to  produce 

v iab le  progeny (Williams and Ustacelebi, 1971a; Williams et a l . ,  1971b; 

Ensinger and Ginsberg, 1972). By tw o-fac to r ts_ x ts_ crosses a genetic 

map of the adenovirus ts  mutants was constructed (Williams et a l . ,  1975b) 

on the basis o f recombination frequency. The re s t r ic t io n  endonuclease 

p ro f i le s  o f adenoviruses type 2 and 5 are s u f f i c ie n t ly  d i f fe re n t  as to
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id e n t i fy  each v irus  (Mulder et a l . ,  1974a;b).

Data showed th a t recombinant progeny between ts  mutants of 

adenovirus 5 and the non-defective adenovirus - SV40 hybrid, Ad2+ND1 

(Grodzicker e t a l . ,  1974) and also progeny from double in fec tions with 

ts  mutants o f adenoviruses type 2 and type 5 (Williams et a l . ,  1975b) 

contained the re s t r ic t io n  enzyme s ites  of both parental v iruses. The 

location of the crossover s ites  could be defined and genetic and 

physical maps could be orientated re la t iv e  to  each other, mapping a 

mutation to  a sp e c if ic  region of the genome.

R es tr ic t ion  endonuclease analysis o f these heterotyp ic recombinants 

suggested th a t  the genetic and physical maps were co-1inear (Grodzicker 

e t a 1. ,  1974; Williams et a l . , 1975b).

Young and S i lv e rs te in ,  (1980) suggested from data of recombination 

k in e t ic s  fo r  ts_ homotypic and heterotypic recombinants tha t the 

recombination frequency increased during DNA re p l ic a t io n ,  implying 

several rounds o f recombination before v i r io n  assembly.

Boursnell and Mautner, (1981) showed th a t recombination w ith in  the 

hexon gene o f the c lose ly  re la ted serotypes of adenoviruses type 2 and 

type 5 occurred w ith in  regions of DNA homology. This was confirmed by 

DNA sequence analysis (Mautner and Boursnell, 1983).

2. Recombination by marker rescue

In th is  approach c e l l  monolayers are co-transfected with f u l l  

length mutant DNA and a subgenomic fragment bearing the w ild  type
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a l le le .  Resulting progeny selected under non-permissive conditions are 

usually recombinants exh ib it ing  the w ild type a l le le .  This approach has 

been employed to  map the locations of ts  and hr mutations.

Lai and Nathans, (1974) mapped the lesions in several ts  mutants of 

SV40 (Tegtmeyer and Ozer, 1971) using wild type subgenomic fragments of 

known location on the SV40 genomic map (Danna et a l . ,  1973). The 

strategy used was to  mix mutant DNA with w ild  type fragment DNA under 

denaturing and renaturing conditions to form heteroduplex s tructures.

This mixture was used to  inoculate and in fec t c e l l  monolayers.

M i l le r  and Fried, (1976) used th is  approach to  map the mutation of 

several polyoma ts_ mutants.

Frost and W illiams, (1978) mapped the lesions of several ts  and hr 

mutants o f adenovirus type 5. Their strategy was to  tra ns fe c t 293 c e ll  

monolayers w ith the DNA of the mutant and subgenomic w ild  type fragment 

in the form of a calcium phosphate-DNA p re c ip ita te  as described by 

Graham and van der Eb, (1973). C e llu la r  uptake of the p re c ip i ta te  was 

enhanced by a short exposure to  2 0 % glycero l at four hours post tran s 

fe c t io n .

Arrand, (1978) mapped the lesions of several ts  mutants o f adenovirus 

type 5 by a s im ila r  method to the one described above (Frost and Williams, 

1978); Hela monolayers were used fo r  t ra ns fec t ion . Enhancement of 

c e l lu la r  uptake o f the calcium phosphate-DNA p re c ip i ta te  was by b r ie f  

exposure to DMSO at 3-5 hours post tra n s fe c t ion .
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3. Recombination between overlapping terminal DNA fragments

Chinnadurai et a l . ,  (1979) developed a strategy to construct 

adenovirus recombinants. Recombination was achieved by using overlapping 

term inal DNA fragments to tra ns fe c t permissive ce l ls  via a calcium 

phosphate-DNA p re c ip i ta te  (Graham and van der Eb, 1973). Recombination 

can take place between homologous overlapping regions of DNA to  produce 

v iab le  progeny. They used th is  approach to construct recombinants between 

adenovirus type 5 and a large plaque mutant of adenovirus type 2 and were 

able to  p h ys ica l ly  map the phenotype of the mutant.

Vo lkert and Young, (1983) used th is  technique to  analyse the genetics 

o f homologous recombination w ith in  adenovirus type 5. Data suggested tha t 

recombination was not s i te  spec if ic ,occu rr ing  equally throughout the region 

of overlap w ith no preference fo r  molecular te rm in i at the ends of the 

overlaps. Recombination frequency suggested tha t w ith in  an overlap the 

recovery of a s ing le  mutation was dependent on i t s  location re la t iv e  to 

the molecular ends o f the overlap.

Mautner and MacKay, (1984) used th is  method to  construct recombinants 

w ith in  the v i c in i t y  o f the hexon coding region between adenoviruses type 

2 and type 5. Data suggested th a t recombination occurred w ith in  the 

region o f overlap w ith no preference fo r  the te rm in i at the ends of the 

overlap; the crossover s ites  w ith in  the recombinants lay in zones of 

homology, the smallest detectable region being 21 nucleotides long.
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I . Aims of the Thesis

a t
Adenovirus recombination takes place^a high frequency between 

serotypes belonging to  the same subgroup (Grodzicker et a l . ,  1974;

Williams et a l . ,  1975a; b). Recombination has not been demonstrated 

between serotypes o f d i f fe re n t  subgroups although complementation can 

occur suggesting a func tiona l relatedness of at least those genes of the 

subgroups (Wi11 jams et a l . ,  1975a; 1981; McDonagh and Rekosh, 1981).

Adenovirus recombination is homology-based; EM analysis of 

adenovirus DNA extracted from infected ce l ls  show the formation of 

Holl iday Structures suggesting recombination to  be homology based 

(Wolgemuth and Hsu, 1980). Boursnell and Mautner, (1981) showed tha t 

crossover s ites  w ith in  a recombinant lay in zones o f high DNA homology.

The aim of th is  p ro jec t was to  iso la te  recombinant viruses 

between subgroups B and C by

(a) Marker rescue (Lai and Nathans, 1974; M i l le r  and Fried, 1976; 

and Frost and W illiams, 1978) o f ts  mutants of adenovirus type 5 by 

defined DNA fragments o f adenovirus type 7,

(b) Co-transfection o f overlapping terminal DNA fragments in to  

permissive c e l ls  (Chinnadurai et a l . ,  1979); Volkert and Young, 1983).

The re s t r ic t io n  endonuclease p r o f i le  of the two serotypes is 

d is t in c t ly  d i f fe re n t  and there fo re  i t  is possible to  detect recombination 

w ith in  the progeny (Mulder et a l . ,  1974a; b).



Chapter 2.



M aterials and Methods
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A. MATERIALS

1. Cell l ines

The c e l l  l ines used were 293, Hela and a fam ily of KB c e l ls .

(a) 293 c e l ls  were established by Graham et a l . ,  (1977), by

transforming in v i t r o  a primary c e l l  cu ltu re  of human embryonic kidney

c e l ls  w ith sheared adenovirus type 5 DNA (Graham and van der Eb, 1973). 

The integrated v i r a l  sequences express both E1 a and E1b products.

(b) Hela c e l ls  were established by Gey et a l . ,  (1952) from an

epidermoid ce rv ica l carcinoma.

(c) Babiss e t a l . ,  (1983) modified the plasmid pSV2-gpt containing

the XGPRT gene, whose expression is under the contro l of the SV40 early

promotor, to  contain the adenovirus type 2 Xho1 C (0-15.5) m.u. DNA

fragment. The modified plasmid was transfected in to  human KB ce lls  via

a calcium phosphate p re c ip i ta te  and p o s it ive  transformants were selected 

by th e i r  a b i l i t y  to  grow in xanthine, aminopterin and mycophenolic acid. 

Four classes o f KB c e l l  l ines were iso la ted ( i )  KB7 expressing no adeno

v i r a l  products; ( i i )  KB16 expressing both E1 a and E1b products; ( i i i )  KB8 

expressing E1 a products; ( iv )  KB18 expressing E1b products.

2. Tissue cu ltu re  medium

Cell l ines were passaged in Glasgow modified Eagles medium (Busby 

et a l . ,  1964) supplemented with 100 un its  per ml p e n ic i l l in ,  100ug per 

ml streptomycin and . 002%(w/v) phenol red.
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Calf serum or foe ta l c a l f  serum was added in the fo llow ing proportions.

Eagles overlay medium

Eagles medium w ithout phenol red and containing .65% Nobles agar was 

supplemented w ith  2% c a l f  serum. 12.5mM MgCl^ was added to the overlay 

medium (25mM MgCl^ fo r  assays at 31°C) to enhance plaque formation 

(W illiams, 1970).

Tissue cu ltu re  medium and c a l f  serum were prepared by the Media 

Department of the In s t i tu te  of V iro logy; foe ta l c a l f  serum was supplied 

by Gibco, Scotland.

3. Viruses

Background h is to ry  of adenovirus serotypes used

( i )  Serotypes 2 and 5 (subgroup C) were isolated from ademoid 

cu ltu res from two female patients having undergone adeno-tonsi1lectomy 

(Huebner e t a l . ,  1954; Rowe et a l . ,  1953; Pereira et a l . ,  1963).

EFC10 90% Eagles medium and 10% foe ta l c a lf  serum.

90% Eagles medium and 10% c a lf  serum.

98% Eagles medium and 2% c a lf  serum ( in fe c t ion  medium).

Eagles medium minus phosphate.

ECS10

ECS2

e ( - p°4 )

( i i )  Serotype 3 s tra in  GB (subgroup B) was isolated from nasal 

washings of a pa tien t su ffe r ing  from rhinorrhoea (Huebner et a l . ,  1954; 

Pereira et a l . ,  1963).
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( i i i )  Serotype 7 Gomen (subgroup B) was isolated from a m i l i ta ry  

re c ru i t  su ffe r ing  from pharyngitis (Berge et a l . ,  1965; Pereira et a l . ,  

1963).

( iv )  Serotype 7a (subgroup B) was isolated from a th roa t swab of a 

pa tien t su ffe r ing  from an und iffe ren tia ted  resp ira to ry  in fec tion  (Rowe 

et a l . ,  1958).

Freeze dried stocks of adenovirus 7 s tra in  Gomen, adenovirus 7a 

s tra in  H, adenovirus 7a VR8 and adenovirus 7A Pinkney were obtained from 

the National In s t i tu te  fo r  Medical Research, M i l l  H i l l ;  adenovirus 3 

s tra in  GB was obtained from W. C. Russell, M i l l  H i l l .  Adenoviruses type 

2 and type 5 were curren t laboratory stocks.

(v) Deletion mutants

Deletion mutants o f adenovirus type 5 were d1309 which contains 

only the 3.8 m.u. Xbal s i te ;  dj_312 which is deleted in the E1 a region 

between 1.2 m .u.-3.7 m.u. and dl313 which is deleted in the E1 a and E1 b 

regions between 3.7 m.u.-10.1 m.u.. Both these viruses are progeny of 

d1309. A l l  were constructed by Jones and Shenk, 1978; 1979.

(v i ) Temperature sens it ive  mutants

Temperature sens it ive  mutants of adenovirus type 5 used were:- 

H5ts1 ( 100K), H5ts2 (Hexon), H5ts19 (72K or 100K) [W illiams et a l . ,  1971]; 

H5ts14 (Hexon), H5ts125 (72K) [Ensinger and Ginsberg, 1972; Ginsberg et 

a l . ,  1974; K ru i je r  et a l . ,  1981; 1982]; H5ts40 (Hexon) [Galos and 

Williams, 1980].
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4. Plasmid vector pUC8

Plasmid vector pUC8 is from the family of pUC vectors (Gronenborn and 

Messing, 1978; V ie ira  and Messing, 1982; Messing and V ie ira , 1982). They 

are based on the EcoR1-PvuII a m p ic i l l in  re s is ta n t fragment of pBR322 

w ith the removal of the H incII and PstI s ites  by mutagenesis and the AccI 

s i te  by Bal 31 d iges tion . The resu lt ing  plasmid was l inearised with 

Haell and the Haell 433bp o f bacteriophage M13mp7 inserted. This fragment 

encodes the sequence required fo r  thec>< complementation of the 

p-galactosidase a c t i v i t y  and also the m u lt ip le  cloning s i te  w ith in  the 

polypeptide coding region. The p-galactosidase a c t iv i t y  is visualised by 

the chromogenic ind ica to r  5-bromo-4-chloro-3-indolyl-p-D-galactopyranoside 

[X -ga l, M i l le r ,  1972] which when hydrolysed y ie lds  a blue colour. A 

p-peptide expressed by the bac te r ia l host can be complemented by an in ta c t 

pUC vector and thus a blue colony w i l l  re s u lt ,  whereas a pUC vector with 

an in se r t  of DNA in the m u lt ip le  cloning s i te  w i l l  be unable to complement 

and thus the colony w i l l  be white.

5. Host bacteria  fo r  plasmid propagation.

The host bacteria  used to propagate the pUC8 plasmids were E .co li 

K12 JM83 (Messing, 1975), a p galactosidase d e f ic ie n t  s tra in  carrying 

integrated in the chromosome a phage which codes fo r  the p peptide of 

th is  enzyme.

6 . pARKR plasmid

Plasmid pARKR (Hay et a l . ,  1984) is constructed to contain two 

adenovirus te rm in i in the opposite o r ie n ta t ion  separated by the bacteria l



44.

kanamycin resistance gene of pKC7 (Rao and Rogers, 1979). When the 

plasmid is cleaved with the endonuclease EcoR1 the mini replicon containing 

the ITRs is released. This replicon is capable of autonomous rep lica t ion  

on co -trans fec tion  with adenovirus DNA.

7. Versene (EDTA)

Ethylenediam inetetra-acetic acid (6mM) was dissolved in PBS 

containing . 002% (w/v) phenol red.

8 . Giemsa s ta in

A 1.5% (v /v )  suspension of giemsa sta in  in g lycero l was heated to  

56°C fo r  120 minutes, d ilu te d  with equal volume of methanol and f i l t e r e d .

9. Gelvatol mounting f l u id

"Gelvato l" is the trade name fo r  po lyv iny l alcohol res ins. I t  is a 

polymer prepared from po lyv iny l acetates by the replacement of the acetate 

group with hydroxyl groups.

-  CH, CH

OH

To prepare the mounting f l u id  20g of "Gelvatol" were dissolved in 

80ml o f 140mM NaCl, 10mM KH2P04 and 10mM Na2HP04 :12H20 and the so lu tion 

was agitated at room temperature overnight. 40ml o f g lycero l were added, 

followed by overnight a g ita t io n  at room temperature. The fo llow ing  day 

the so lu t ion  was centr ifuged at 12K fo r  15 minutes at room temperature. 

The supernatant (pH6-7) was co llected and stored at 4°C.
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10 . Bisbenzimide H33258, flurochrome stain

The flurochrome sta in  was dissolved in PBSA (140mM NaCl, 34mM KC1, 

40mM ^ 2^ 0^, 2mM KH^PO^pH?^) to a f in a l  concentration of 250ng/ml.

11. Radioisotopes 

32P inorganic orthophosphate was obtained from the Radiochemical

32Dispensary of the Western In f irm ary , Glasgow. 5' c *  p deoxynucleoside 

triphosphates (2000-3000ci/m.mol) were purchased from the Radiochemical 

Centre, Amersham, Bucks., U.K.

12. Reagents

Sigma Chemical Company L td . ,  U.K.

Agarose, Boric acid, Sodium dodecyl sulphate, Tris-base, Salmon, 

sperm DNA, Ribonuclease A, Deoxyribonuclease, Ethylenediaminetetra-acetic 

acid, Spermine, Gelatin (Swine sk in ) , Guanidinium Hydrochloride, Sucrose 

(u l t ra  pure), Dextrose, Bovine serum albumin, D i t h io th r e i t a l , Po lyv iny l

pyrro lidone, Bromophenol blue, Deoxyribonucleic acid polymerase,

Dowex AG 50Wx8, 5-Bromo-4-Chloro-3-Indoyl-p~D-Galactopyranoside (X -ga l) , 

Caesium ch lo r id e , Rubidium ch lo r ide , Sodium azide.

BDH Chemicals L td . ,  Poole, England

Sodium ch lo r id e , Sodium hydroxide, Magnesium ch lo r ide, Magnesium 

sulphate, G lycero l, Potassium ch lo r ide , di-Sodium hydrogen orthophosphate,
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t r i -Sodium c i t r a te ,  Calcium ch lo r ide, Potassium di-hydrogen orthophosphate, 

N-2-Hydroxyethylpiperazine-N1-2-ethanesulphonic acid (Hepes), Hydrochloric 

acid, Sulphuric acid.

Cairns Chemicals L td . ,  Bucks.,England

"Gelvato l" 20-30 (Polyv inyl alcohol re s in ) .

Ph a r m a c i a  Chemicals, Sweden 

Sephadex G50 (medium) F ic o l l  400 

The Boehringer Corporation, London 

Bisbenzimide H33258 

Difco Laboratories, Surrey, England 

Bacto tryp tone, Yeast e x tra c t.

Bethesda Research Laboratories (BRL)

R es tr ic t ion  endonucleases were purchased from the above company and 

used fo r  DNA cleavage as specif ied  by the manufacturer with the m od if ica tion  

of g e la t in  being substitu ted  fo r  BSA.

A ldrich  Chemical Company

HexamminecobaltCl^
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13. Buffers and Solutions 

TE

10mM Tris/HCl (pH8 )

1mM EDTA (pH8 )

TEN

10mM Tris/HCl (pH8 )

1mM EDTA (pH8 )

100mM NaCl

TBE

89mM Tris/HCl (pH8 )

89mM Boric acid 

4mM EDTA 

20 x SSC

3M NaCl

. 3M Na3C6H507 .2H20 

T r is /S a l ine  (pH7)

140mM NaCl 

30mM KC1 

28mM Na2HP04 

1mg/ml. dextrose 

25mM Tris  

STET bu ffe r

8% (w/v) Sucrose 

.25% (w/v) T r iton  x 100 

50mM EDTA

50mM Tris/HCl (pH8 )
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H ir t  bu ffe r

10mM Tris  pH7.9 

10mM EDTA 

. 6% SDS

NaCl is  added at the end of the 20 minute incubation period 

to  a f in a l  concentration of 1M.

Hepes bu ffe r

5 g / l i t r e  Hepes 

8g / l i t r e  NaCl 

. 3 7 g / l i t r e  KC1 

. 1 2 5 g / l i t re  Na2HP04 .2H20 

1g / 1 i t r e  glucose

bu ffe r  to  pH7.05 with NaOH and s te r i l i s e  by f i l t r a t i o n .  

PBS so lu t ion  

PBSA

. 17M NaCl 

.0034M KC1 

. 001M Na2HP04 

.002M KH2P04

bu ffe r to  pH7.2 in d is t i l l e d  water

PBSB

6 . 8mM CaCl2 -2H20

PBSC

4.9mM MgCl2 .6H20 

PBS Solution is 8 parts so lu t ion  A, 1 part so lu t ion  B,

1 part so lu t ion  C.
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2% Bacto tryptone 

.5% yeast ex trac t 

10mM NaCl 

2.5mM KC1 

lOmM MgC12 

10mM MgS04

SOB is prepared w ithout magnesium ions and autoclaved. A 2M 

Mg++ stock (1M MgCl2 .6H20, 1M MgS04 .7H20) is s te r i le  f i l t e r e d  and 

used to  make the medium 20mM.

SOB + 20mM glucose

lOmM K-mes(pH6.2)

100mM RbCl 

45mM MnC1.4H20 

10mM CaCl2.2H20 

3mM HACoCl^

1M Mes is adjusted to  pH6.3 using KOH s te r i le  f i l t e r e d .

Prehybrid iza tion  bu ffe r  

30ml 20 x SSC 

60ml d i s t i l l e d  water 

10ml 50 x Denhardts so lu t ion  

.5ml 20% SDS

1.0ml denatured salmon sperm DNA at 2mg/ml.
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H ybrid iza tion  bu ffe r

4m1 1M Tris/HCl pH7.5

53ml d is t i l l e d  water

60ml 20 x SSC

40ml 50 x Denhardts so lution 

.4ml ,5M EDTA pH8 

10ml 10% SDS

5m1 denatured salmon sperm DNA at 2mg/ml 

50 x Denhardts so lu t ion

1% Bovine serum albumin 

1% F ic o l l  400 

1% Po lyv iny lpyro l l idone  

. 01% sodium azide
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B. METHODS

1. Tissue Culture

Cells were passaged every 4 days as monolayers in 800ml tissue 

cu ltu re  f lasks  fo r  DNA transfections and v i ra l  experiments. For growth 

of v i r a l  stocks, monolayers were grown in Winchester r o l le r  bo tt les .

Cells were ro u t in e ly  screened fo r  mycoplasma contamination by the method 

described by Chen, (1974).

2. Mycoplasma Screening (Chen, 1974)

Cells were seeded at low density on to a glass covers lip . When 

monolayers were 50%-60% confluent they were fixed fo r  3 minutes at room 

temperature in methanol: acetone (3 :1 ). One drop of flurochrome stain 

was added per covers lip  and l e f t  to stand fo r  10 minutes at room temper

ature. Fixed monolayers were washed twice in d is t i l l e d  water and allowed 

to a i r  dry. For viewing, coverslips were mounted in "Gelvatol" mounting 

f l u id  (po lyv iny l alcohol resins) and scanned by u l t r a - v io le t  rays using 

a x50 o i l  immersion lens on a Le itz  Wetzlar microscope.

3. Preparation of v i r a l  stocks

Freeze dried stocks of v irus were reconstituted in s te r i le  

d i s t i l l e d  water. Virus was then passaged through three rounds of plaque 

p u r i f ic a t io n  on 293 c e l ls ;  isolated plaques were screened by re s t r ic t io n  

enzyme analysis between each plaque p u r i f ic a t io n  step to ensure that 

iso la tes were of the o r ig in a l  prototype.
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Laboratory stocks were plaque p u r if ie d  through three rounds with 

the re s t r ic t io n  enzyme p ro f i le  of a l l  isolates being screened. On f in a l  

p u r i f ic a t io n  selected plaques were grown-up as crude v i ra l  seed stocks.

Virus stocks of CU312 and dj_313 were prepared from v i ra l  DNA by 

i n i t i a l l y  tra ns fe c t in g  293 c e l l  monolayers and selecting plaques which 

were screened by re s t r ic t io n  enzyme analysis. Progeny were plaque 

p u r i f ie d  through three successive rounds as described above.

4. Crude seed stocks

Drained 50mm monolayers of 293 ce l ls  were infected from isolated 

plaques at low m u l t ip l ic i t y  ( i . e .  .01 p . f . u . / c e l l  in 1OOu1 of ECS2 per 

p la te ) .  Virus was allowed to  absorb to  ce l ls  fo r  1 hour at 37°C or

1.5 hours at 32°C fo r  temperature sens it ive  mutants. 4m1 of ECS2 medium 

were added per p la te , followed by incubation at the permissive temperature 

fo r  v i r a l  growth. When a CPE was observed monolayers were scraped into 

the medium and harvested in to  glass universal containers.

Cells were pe lle ted by cen tr i fuga t ion  at 2K fo r  20 minutes at room 

temperature in an MSE bench cen tr ifuge . Supernatants were decanted and 

the c e l l  p e l le ts  resuspended in 2m1 of ECS2 medium. Virions were l ib e r 

ated from the ce l ls  by three rounds of freezing in methanol/dry ice and 

thawing at 37°C. V ira l supernatants were t i t r a te d  on 293 monolayers.

5. Preparation of p u r i f ie d  v ir ions

Monolayers of 293 ce lls  were grown in Winchester Roller bo tt les  and 

infected at a low m u l t ip l ic i t y  of .01 p . f . u . / c e l l  with crude seed stocks.
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Virus was absorbed to c e l l  monolayers in 5m1 of T r is /Sa line fo r  1 hour 

at 37°C or 1.5 hours at 32°C fo r  temperature sensit ive mutants. ECS2 

medium (100ml) was added followed by incubation at 37°C or 32°C depending 

on the v i r a l  phenotype. When monolayers showed a CPE, infected ce lls  

were shaken o f f  the substratum into the medium and decanted into glass 

MSE cen tr ifuge  b o t t le s .  Cells were pe lle ted using an MSE coolspin 

cen tr ifuge  at 2K fo r  20 minutes at 4°C. The supernatant was discarded 

and c e l l  p e l le ts  were resuspended in T r is /S a line  to a to ta l  volume of 

10ml. Virus was l ibe ra ted  from ce l ls  and c e l lu la r  debris was pelleted 

by ce n tr i fu ga t io n  at 2K fo r  10 minutes in an MSE bench centr ifuge. The 

v i r a l  supernatant was decanted in to  a fresh container and the p e l le t  

discarded; the v i r a l  suspension was extracted against 2/3 volume of 

Arcton 113 ( t r ic h lo ro - t r i f lu ro -e th a n e )  saturated with T r is /S a line , 

followed by c e n tr i fu ga t io n  at 2K fo r  20 minutes at room temperature. The 

v i r a l  suspension was layered on to  caesium ch lo r ide /g lyce ro l gradients 

(Mautner and W illcox, 1974). Samples were centrifuged fo r  1.5 hours at 

25K at a temperature of 4°C, using a TST41 swing out ro to r in a Sorvall 

0TD50 U lt race n tr i fu ge . The opalescent v irus band was collected by 

p ierc ing the bottom o f the tube and stored at -20°C in 50% g lyce ro l.

6 . V ira l plaque assay (W illiams, 1970)

Seria l ten fo ld  d i lu t io n s  of v irus  were made in Tris /Sa line  and 

10Ou 1 of each d i lu t io n  was inoculated on to  80% confluent monolayers of 

293 c e l ls .  Virus was absorbed at the appropriate temperature, followed 

by two washings per p la te  of 2m1 of T r is /S a lin e . Monolayers were over

la id  with 4m1 of Eagles overlay medium and incubated at 32°C, 37°C or 

39.5°C in a humid atmosphere containing 5% 00^. On days 3, 6 and 9 

monolayers were supplemented with 1.5ml of Eagles overlay medium;
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plaques were counted on days 4 and 7. On day 10 monolayers were fixed 

using glutaraldehyde and stained with Giemsa sta in , with plaque number 

being recorded.

7. Rapid assay technique (Harrison et a l . ,  1977)

Well iso la ted plaques were picked from c e ll  monolayers at day 7 of 

v i r a l  in fe c t io n  in to  1m1 of T r is /S a line  and virus liberated from c e l ls .  

Monolayers of 293 or Hela ce l ls  were grown in 50mm p e tr i  plates to 80% 

confluency and overla id  with Eagles overlay medium. When medium had set 

plates were sectioned and 15ul of v i r a l  suspension was used to  inoculate 

a section of the monolayer; plates were incubated at 37°C fo r  7 days. 

Cell monolayers were f ixed  and stained. I f  v irus had produced a zone 

of CPE on 293 c e l ls ,  but not on Hela c e l ls ,  i t  was scored as being host 

range fo r  growth in Hela c e l ls .

8 . One step growth curves

Semi-confluent monolayers of 293 ce lls  on 50mm p e tr i  plates were 

infected with v irus  at 10 p . f . u . / c e l l .  Virus was absorbed at 37°C fo r  

1 hour, monolayers were washed twice with PBS to remove unadsorbed virus 

and 4m1 of ECS2 medium was added per p la te . Infected c e l l  monolayers 

were harvested at in te rva ls  up to 72 hours post in fec tion  by scraping 

monolayers in to  medium and p e lle t in g  ce l ls  by ce n tr i fuga t ion . Cell 

p e l le ts  were resuspended in 1m1 of T r is /Sa line  and v irus l ibe ra ted , 

followed by t i t r a t i o n  on 293 c e l l  monolayers which were fixed and stained 

on day 7.
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9. Preparation of v i r a l  DNA (Pettersson and Sambrook, 1973)

P u rif ied  v ir io n s  were dialysed overnight at 4°C against TE buffer 

followed by d igestion with proteinase K at 500ug per ml in the presence 

of .5% SDS fo r  3 hours at 37°C.

Samples were extracted at least three times against an equal volume 

of chloroform saturated phenol; DNA was prec ip ita ted  out of the 

so lu t ion  by the add it ion  o f 300mM sodium acetate and 2 volumes of 

absolute a lcohol. DNA was pelle ted by cen tr i fuga t ion  at 15K fo r  30 

minutes at 0°C in an SS34 f ixed  angle ro to r  using a Sorvall Superspeed 

cen tr i fuge . The p e l le t  was washed with 70% alcohol, dried and resuspen

ded in s te r i le  TE b u ffe r ;  the f in a l  DNA concentration was determined 

from the op tica l density at a wavelength o f 260 nanometers, (assuming 

tha t 1OD20o = 50ug/ml o f DNA).

10. Preparation of v i r a l  DNA-protein complex (Robinson et a l . ,  1973)

Dialysed p u r i f ie d  v ir io n s  were d ilu ted  with an equal volume of 

8M Guanidinium hydrochloride dissolved in TE bu ffe r and layered on top 

of caesium chloride/guanidinium hydrochloride gradients. DNA-protein 

complex was banded using a TST41 swing out ro to r  at 35K fo r  16 hours 

at 20°C using a Sorvall 0TD50 U ltracen tr i fuge . Gradients were collected 

in 500ul f ra c t io n s  by p ierc ing the bottom of the tubes. The op tica l 

density of each f ra c t io n  was read at 260 and 280 nanometers and the 

resu lts  p lo tted  g raph ica lly .  The peak fra c t ion s  containing the DNA- 

prote in  complex were pooled and dialysed overnight at 4°C against TE 

b u ffe r ;  DNA concentration was determined by spectrophotometry.
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11. Preparation of rad ioactive  labelled v i ra l  DNA

Semi-confluent monolayers of 293 ce lls  or Hela ce lls  grown in l inbro

wells were infected with e ith e r  lOOul of v i ra l  plaque or 1OOu1 of v i ra l

stock at 10 p . f . u . / c e l l .  A fte r absorption at 37°C fo r  1 hour, 1ml of

ECS2 was added per w e l l .  At s ix  hours post in fec t ion , medium was removed

and monolayers were washed twice with E(-P0.) medium; 1ml of E(-P0J
C eccEW ,

supplemented w ith 370 kBq of^ inorganic orthophosphate^was added per w e ll .  ^

Incubation at 37°C was maintained fo r  36-48 hours when samples were

harvested by a m od if ica tion  of the H ir t  method.

12. Extraction o f rad ioactive  labelled v i r a l  DNA from infected ce lls

The method used was a modif ica tion  o f H ir t ,  (1967). At 36-48 hours

post in fe c t io n ,  medium was drained from monolayers and 200ul of H ir t

b u ffe r  was added per w e l l ,  followed by incubation at room temperature 

fo r  20 minutes to  lyse the c e l ls .  Sodium ch loride to a f in a l  concentration 

of 1M was added; monolayers were harvested and kept on ice fo r  18 hours.

H ir t  supernatants were co llec ted  by cen tr i fuga t ion  in a microfuge and 

digested with proteinase K at a f in a l  concentration of 500ug/ml fo r  3 

hours at 37°C. V ira l DNA was p rec ip ita ted  as described previously and 

resuspended in 50ul o f s t e r i le  d is t i l l e d  water.

13. Endonuclease analysis of rad ioactive  labelled DNA

R estr ic t ion  endonuclease analysis of rad ioactive  labelled DNA was 

carr ied  out as specif ied  by the suppliers with the modification of 

s u b s t i tu t in g  g e la t in  (1mg/ml) where the use of Bovine serum albumin was 

spec if ied . DNA samples were electrophoresed through a .7% agarose slab
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gel at 35 vo lts  overnight in TBE buffe r. The gel was dried on to the

glass p la te  and the DNA p ro f i le  v isualised by exposure to pre-flashed

Kodak X-Omat S X-ray f i lm  (Lasky et a l . ,  1980).

14. Nick t ra n s la t io n  of DNA

32 ftDNA was labe lled  with Pi to spec if ic  a c t iv i t y  of 3 x 10 dpm/ug

using the method described by Rigby et a l . ,  (1977). 100ng of DNA were

labelled in a 25ul reaction mixture of 50mM Tris/HClpH8 , 5mM MgCl^,

1mM DTT, 40uM dTTP, 40uM dGTP, .33uM[c^32P]dATP, .33uM[c*?2P]dCTP and 

40ug/ml g e la t in .  DNase at .4ug/ml was added, followed by incubation at 

37°C fo r  5 minutes, 3 un its  of E .co li DNA polymerase were added and the 

reaction incubated fo r  2 hours at 14°C at which time the reaction was 

stopped by the add it ion  of 1OOu1 of TEN and 12.5u1 gel loading bu ffe r 

(50% sucrose, .2% Bromophenol blue, 100mM EDTA pH8 ). The nick translated 

DNA was separated from the unincorporated triphosphates by passage through 

a 5m1 column of Sephadex G50 (medium) in TEN bu ffe r.

15. E lu tion  of DNA from agarose

Adenoviral DNA was cleaved with the required re s t r ic t io n  endonuclease 

and electrophoresed through a .7% agarose slab gel overnight. The DNA 

endonuclease p r o f i le  was visualised using the fluorescent dye ethidium 

bromide (500ng/ml) which in te rca la tes  with DNA em itting fluorescent 

energy when i l lum ina ted  by transmitted u l t r a - v io le t  l ig h t  (Sharp et a l ., 

1973). The required DNA fragments were excised from the gel and the 

DNA eluted from the agarose on to the d ia lys is  membrane of an e le c t ro 

phoresis chamber in the presence of 400mM Tris/HClpH8 , 50mM sodium acetate, 

10mM EDTA. The DNA was removed from the d ia lys is  membrane in a to ta l
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volume of 350ul and p rec ip ita ted , the pe lle ts  being resuspended in 

1 x Hepes b u ffe r .

16. Transfection of v i r a l  DNA into 293 ce lls  or Hela ce lls

Several methods o f DNA trans fec tion  were explored. Some proved highly 

tox ic  to  293 c e l ls  (eg. treatment of the c e l l  monolayers with chloroquine 

or polybrene k i l le d  the ce l ls  w ith in  a few hours of exposure.) Three of 

the methods explored are described here.

(a) Method as described by Graham and van der Eb, (1973) with 

m od if ica tion  by Frost and Williams, (1978).

V ira l DNA with salmon sperm DNA as c a r r ie r  was so lub il ised  in Hepes 

bu ffe r to  a f in a l  concentration of 20ug/ml. Calcium chloride to  a f in a l  

concentration o f 220mM was added, followed by incubation at room temperature 

fo r  30 minutes to  form a calcium phosphate DNA p re c ip ita te .  The p re c ip i ta te  

was inoculated on to  drained c e l l  monolayers, followed by incubation at 37°C 

fo r  45 minutes when 4m1 o f ECS2 medium were added.

At 4 hours post inoculum monolayers were washed with ECS2 medium and 

exposed b r ie f ly  to  20X g lycero l in T r is /S a line  to enhance the c e l lu la r  

uptake o f the DNA p re c ip i ta te .  Monolayers were washed twice with ECS2 

medium and incubated under the same medium fo r  a minimum of two hours 

a f te r  g lycero l exposure before 4m1 of Eagles overlay medium were added.

(b) Method as described by Wigler et a l . ,  (1978); the method was 

modified by using 293 or Hela c e l l  monolayers between 30X-80X confluency 

on 50mm p e tr i  p la tes .
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5ug of DNA were so lub il ised  in 21Ou1 of TE bu ffe r (1mM Tris/HClpH7.5,

• ImM EDTA) w ith gentle a g ita t io n . 30ul of 2M calcium chloride were added 

and immediately th is  so lu t ion  was added dropwise with gentle ag ita t ion  to 

240ul o f 2 x Hepes bu ffe r  (280mM NaCl 50mM Hepes 1.5M Na2HP04pH7.12) 

followed by incubation at room temperature fo r  30 minutes. The DNA- 

calcium phosphate p re c ip i ta te  was added dropwise evenly over the c e l l  

monolayer w ithout removing the medium. At 24 hours post trans fec tion  

the monolayers were washed with T r is /S a line  and incubated under Eagles 

overlay medium at 37°C fo r  7 days when monolayers were f ixed  and stained.

(c) Method as described by Wigler et a l . ,  (1978) with modif ication 

from Graham and van der Eb, (1973); Frost and Williams, (1978). Cell 

monolayers were grown on 50mm p e tr i  plates to  a confluency between 70%- 

80%. DNA was s o lu b i l ise d  in 175ul of TE bu ffe r  w ith gentle a g ita t io n ,

25ul o f 2M calcium ch lo r ide  were added and the so lu t ion  added dropwise 

to  200ul of 2 x Hepes b u ffe r ,  again w ith gentle ag ita t ion  and incubated 

at room temperature fo r  30 minutes to  allow the formation of a calcium 

phosphate DNA p re c ip i ta te .  The p re c ip i ta te  was added evenly to drained 

c e l l  monolayers followed by incubation at 37°C fo r  45 minutes when 4m1 

of ECS2 medium were added. Further incubation at 37°C took place fo r  

4 hours.

At 4 hours post t ra n s fe c t io n , monolayers were drained and washed 

with ECS2 medium, followed by exposure to  20% (v /v) g lycerol in T r is /S a line  

fo r  90 seconds. Monolayers were washed twice with ECS2 medium and incub

ated at 37°C under Eagles overlay medium fo r  7 days when monolayers were 

fixed  and stained.
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17. Iso la t io n  of a large plaque fa s t  growing virus

V ira l plaque assays were carr ied out on semi-confluent monolayers of 

293 c e l ls  on 50mm p e tr i  p la tes. At 4 days post in fe c t ion , plaques showing 

a la rger than average phenotype were picked and passaged through several 

rounds in 293 c e l ls .  Iso la tes which continued to  be fa s t growing and 

produce large plaques were prepared as crude seed stocks and then as 

p u r i f ie d  v i r io n .

18. Construction o f adenovirus 3 w ild  type BamH1 clones

5ug of adenovirus 3 w ild  type DNA was cleaved with endonuclease 

BamH1. A fte r  incubation at 37°C fo r  3 hours, 200ng of digested DNA was 

examined by gel e lectrophoresis fo r  complete d igestion . The DNA was then 

extracted with phenol/chloroform followed by p re c ip i ta t io n  by spermine 

and resuspended in s te r i le  d i s t i l l e d  water to  a concentration of 1OOng/ul.

( I ) Spermine p re c ip i ta t io n

Spermine was added to  the DNA samples to  a f in a l  concentration of 

10mM followed by incubation at room temperature fo r  15 minutes. A fte r  

ce n tr i fu ga t io n  in an Eppendorf cen tr ifuge  fo r  10 minutes, the supernatant 

was removed and the tubes washed with e lu t ion  bu ffe r  [75% ethanol, .3M 

sodium acetate, 10mM magnesium acetate] and 500ul o f fresh e lu t ion  bu ffe r 

were added and samples were incubated fo r  60 minutes on ice. DNA was 

washed with 70% ethanol, dried and resuspended in s te r i le  d is t i l l e d  

water.
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( I I )  Preparation of plasmid vector

Plasmid vector pUC8 was linearised at the unique BamH1 s ite  and 

extracted with phenol/chloroform, prec ip ita ted  by spermine and resuspended 

in 97ul of Bacteria l a lka l ine  phosphatase bu ffe r (50mM Tris/HClpH9, 1mM 

MgC12 , 1mM ZnCl^, 1mM spermidine). 2ul (15u/u1) of Bacterial a lka line  

phosphatase were added followed by incubation at 65°C fo r  30 minutes when 

a fu r th e r  1u1 (15u/u1) of enzyme was added with fu r th e r  incubation. 

Bacteria l a lka l in e  phosphatase enzyme prevents the cohesive ends of the 

vector s e l f  l ig a t in g  in the presence of DNA ligase, by removing the 

terminal 5' phosphoryl groups. The DNA which is to  be inserted in to  the 

vector contains i t s  5' phosphoryl groups and can jo in  to the 3' hydroxyl 

groups of the vector g iv ing a product which is joined to  the vector DNA

in one strand only. The other has a nick with 3' and 5' hydroxyl groups

which is  repaired by the host c e l l  mechanism.

A fte r  incubation in Bacteria l a lka l ine  phosphatase 1ul of 5mg/ml 

proteinase K, 2ul of 10% SDS and 5ul of .5M EDTA were added, followed 

by incubation at 37°C fo r  60 minutes; samples were extracted, DNA was 

p rec ip ita ted  by spermine and dissolved in s te r i le  d is t i l l e d  water to a 

f in a l  concentration of 50ng/ul.

DNA fragments and plasmid vector were cohesive end l iga ted overnight 

at 12°C in the presence of 50mM Tris/HClpH7.6, 10mM MgC^, I0mM D ith io - 

th r e i to l  and 1mM ATP with 2.5u of T^ DNA ligase in a to ta l  volume of 1Ou1.

( I l l )  Transformation of host bacteria JM83 to a m p ic i l l in  resistance

The method has been described by Hanahan, (1983). Competent JM83
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(Messing, 1979) ce l ls  were prepared by p la t ing  out from glycerol stock fo r  

s ingle colonies on an L-Broth agar p la te  which was incubated at 37°C 

overnight. A s ing le  colony was picked and grown in SOB medium fo r  2-3 

hours at 37°C ro ta t in g  at 222 rpm. The c e lls  were then placed on ice fo r  

10-15 minutes, then centrifuged at 2.5K at 4°C fo r  12 minutes. The p e l le t  

was resuspended in 2m1 TFB with gentle vortex ing. A fte r incubation on 

ice fo r  10-15 minutes, c e l ls  were pe lle ted by cen tr ifuga t ion  at 2.5K at 

4°C fo r  10 minutes and resuspended in 500ul of TFB and 17.5u1 of Dimethyl 

sulphoxide (DMSO) followed by incubation on ice fo r  5 minutes. 17.5u1 

of D i th io th re i to l  were added and incubation on ice fo r  10 minutes was 

followed by the addit ion  o f 17.5ul of DMSO. A fte r 5 minutes on ice 

competent c e l ls  were aliquoted in to  200ul or 20ul amounts; DNA l ig a t io n  

mixes were added with appropriate contro ls  and samples incubated on ice 

fo r  30 minutes, followed by a 90 second heat shock at 42°C. A fte r fu r th e r  

incubation on ice fo r  1-2 minutes, 800ul of S0C medium was added per 200ul 

a liqu o t o f transformed c e l ls .  Samples were shaken at 37°C fo r  60 minutes. 

Transformed c e l ls  were plated on L-Broth agar plates containing 50ug/ml 

a m p ic i l l in  with the add it ion  o f X-gal.

(IV) Iso la t ion  o f adenovirus 3 w ild  type BamH1 clones

White colonies were picked and plated onto a master p late and 5m1 

of L-Broth medium containing a m p ic i l l in  (50ug/ml) were inoculated fo r  

the preparation of mini lysates fo r  rapid analysis to  ascertain colonies 

containing plasmids w ith the appropriate inserts of DNA.
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(V) Rapid iso la t io n  of plasmid DNA (Holmes and Quigley, 1981)

1.5ml of inoculated cu ltu re  was centrifuged in a microfuge; pe lle ts  

were drained and resuspended by vortexing in 350ul STET buffe r with the 

addition of 10mg/ml lysozyme.

Samples were boiled fo r  40 seconds followed by cen tr ifuga t ion  at 12K

fo r  15 minutes. P e lle ts  were removed with a toothpick and DNA was

p rec ip ita ted  from the supernatant by the addition of 40ul of 2.5M sodium 

acetate and 420ul o f isopropanol at -70°C fo r  30 minutes. The DNA

p re c ip i ta te  was pe lle ted  at 12K fo r  10 minutes and resuspended in 50ul of

TE b u ffe r .

5ul o f each sample was then cleaved with BamH1 endonuclease to 

id e n t i fy  the inserted DNA fragment; po s it ive  clones were fu r th e r  id e n t i f ie d  

by double d iges tion .

19. Large scale is o la t io n  of plasmid DNA

Method was as described by Clewel and H e linsk i, (1970). 10ml of

L-Broth containing a m p ic i l l in  (50ug/ml) were inoculated from a g lycerol

stock containing the appropriate plasmid and incubated overnight with

a g ita t io n  at 37°C. This was used as an inoculum fo r  a 400ml cu ltu re .

On reachinq 0DrAn-6-.8  the plasmid in the bulk cu ltu re  was amplified by 
bUU

the add it ion  o f chloramphenicol at 100ug/ml and agitated at approximately 

200 rpm at 37°C overnight.

The fo l low ing  day the host bacteria were pe lle ted by cen tr i fuga tion  

and resuspended in 5ml of 25% sucrose (w/v) dissolved in 50mM Tris/HClpH8. 

A l l  fu r th e r  manipulations were carr ied  out on ice. 1ml of 20mg/ml
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lysozyme in 250mM Tris/HC1pH8 was added, followed by incubation fo r  5 

minutes when 1 m 1 o f 500mM EDTA was added. A fte r 5 minutes 8m 1 o f . 2% 

t r i t o n  x 100 in 50mM Tris/HC1pH8 and 62.5mM EDTA were added, followed 

by a 15 minute incubation. The supernatant containing the plasmid DNA 

was co llec ted  by cen tr i fuga t ion  at 20K fo r  30 minutes at 0°C.

Plasmid DNA was banded in a caesium chloride ethidium bromide density 

gradient by adding 1g o f caesium chloride per ml of plasmid supernatant 

with ethidium bromide at a concentration of 800ug/ml. The DNA was then 

banded to  e qu il ib r ium  by u lt ra ce n tr i fu g a t io n  at 45K fo r  20 hours at a 

temperature o f 20°C in a TV850 v e r t ic a l  ro to r .  The DNA was collected 

via a 2ml syringe and rebanded fo r  p u r ity  as described above using a 

TV865 v e r t ic a l  ro to r .  Plasmid DNA was co llected as before and applied 

to a 10ml packed column of Sephadex-650 in TEN buffe r to remove the 

caesium ch lo r id e . The DNA void volume was passed over a 1ml packed 

column of Dowex AG50W x 8 to remove the ethidium bromide, the DNA being 

eluted in 3 column volumes o f TEN bu ffe r.  The DNA was prec ip ita ted  and 

pe lle ted  at 8K fo r  45 minutes at 4°C and resuspended in s te r i le  TE bu ffe r .  

The DNA was incubated in the presence of RNaseA at 50ug/ml fo r  30 minutes 

at 37°C. This was followed by treatment with proteinase K at 100ug/ml in 

the presence o f .25% SDS at 55°C fo r  1 hour. DNA was prec ip ita ted  and 

pe lle ted  by 5 minutes ce n tr i fuga t ion  in a microfuge and then resuspended 

in s te r i le  d i s t i l l e d  water. The concentration per ml was determined by 

spectrophotometry at OD^q g iv ing an average y ie ld  of 2mg/ml of plasmid 

DNA per sample.

20. Cloning o f the terminal fragment of adenovirus 3 w ild  type fo r

construction o f plasmid p3A1

This method was used to construct p3A1 which contains a s ing le  ITR
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of adenovirus 3 w ild  type.

Adenovirus 3 w ild  type DNA was cleaved with the endonuclease BamH1 

at 37°€ fo r  3 hours, at which time 40ul (400mM Tris/HClpH8 , 30mM MgC 12),

8ul of 5mMdntps and 1 ul o f T4 DNA polymerase were added in a to ta l  

volume o f 400ul w ith fu r th e r  incubation at 37°C fo r  1 hour. The DNA 

sample was electrophoresed through a . 6% polyacrylamide gel at 40 vo lts  

overnight. The BamH1 I fragment was excised, the DNA eluted from the 

acrylamide and spermine p rec ip ita ted  followed by quan tita t ion  of DNA 

recovery by comparison to  a known standard of DNA.

5ul of the sample was removed to  an Eppendorf tube and 2ul of 

1.5M NaOH added followed by incubation at 37°C fo r  90 minutes. The 

reaction was neutra lised  by the addition of lu l  of 1M Tris/HClpH8 and 

2ul of 1.5M HC1 with fu r th e r  incubation at 37°C fo r  90 minutes. Treatment 

with sodium hydroxide is  necessary to remove the terminal peptide attached 

to  the DNA fragment which makes cloning impossible. Denatured DNA was 

hybrid ised in the presence of .3M NaCl at 65°C fo r  4 hours.

( I I )  Preparation of pUCS vector

Plasmid vector pUC8 was cleaved with endonuclease BamH1 and prepared 

as described previously with the additional step of the 5 1 overhangs 

being f lush  ended by the addition  of dntps and T^ DNA polymerase.

DNA fragment and plasmid vector were b lunt end liga ted overnight at

20°C in the presence of 50mM Tris/HClpH7.6, 10mM MgCl^, 10mM DTT, 1mM ATP

and T^ DNA ligase in a to ta l  volume of 1Ou1.
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( I I I )  Transformation of host bacteria PHI to am p ic i l l in  

resistance

Method was as described by Hanahan, (1983) to transform competent 

DHI c e l ls  to  a m p ic i l l in  resistance followed by p la t ing  on to  L-Broth agar 

plates conta in ing 50ug/ml a m p ic i l l in .

(IV) Iso la t io n  of pos it ive  colonies

Colonies were screened by colony hyb r id isa t ion . This method allows 

the analysis of approximately 100-150 colonies per p la te . Colonies were 

picked onto dup lica te  L-Broth agar plates containing 50ug/ml a m p ic i l l in  

and incubated at 37°C overnight. One p la te was stored at 4°C and the 

colonies of the second p la te  were transferred to a Schleicher and 

Schull n i t ro c e l lu lo s e  membrane f i l t e r .  Three layers of Watmans No. 1

f i l t e r  papers were soaked in 5m1 of e ith e r  .1M HC1, .5M NaOH, 1M

Tris/HClpH7.4 or 1.2M NaCl. The n it ro c e l lu lo s e  f i l t e r  was placed colony 

side up sequen tia lly  on to  these solutions fo r  1 minute, 15 minutes, 5 

minutes and 15 minutes respective ly  at room temperature. The f i l t e r  was 

a i r  dried and baked in a vacuum oven at 80°C fo r  2 hours. Colonies were 

analysed by a nick trans la ted  probe of the adenovirus 3 w ild  type BamH1

fragment as described by Southern, (1975).

21. Southern tra n s fe r

Method was esse n t ia l ly  as described by Southern, (1975). Restr ic t ion  

endonuclease digests of H ir t  supernatant DNA were electrophoresed through 

an agarose gel overnight. The frac tionated  DNA was denatured in the 

presence of ] l i t r e  o f . 6M NaCl and .2M NaOH at room temperature fo r  45
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minutes. N eu tra lisa t ion  was achieved by soaking 1 l i t r e  of 

1M Tris/HCl(pH7.5) and 1.2M NaCl at room temperature fo r  45 minutes.

DNA
The denaturedrwas transferred overnight to a Schleicher and Schull 

BA85 membrane f i l t e r  by c a p i l la ry  action in 10 x SSC bu ffe r . A fte r 

t ra n s fe r  the f i l t e r  was washed with 10 x SSC and a i r  dried followed by 

baking at 80°C fo r  2 hours in a vacuum oven. The f i l t e r  was prehybridised 

at 65°C fo r  2 hours in a shaking water bath in the presence of 6 x SSC,

5 x Denhardts so lu t ion  (Denhardt, 1966), . 1%(v/v)SDS and 2ug/ml denatured 

salmon sperm DNA. Nick trans la ted  DNA was denatured by the addition of 

sodium hydroxide to  a f in a l  concentration o f .2M and incubated at room 

temperature fo r  10 minutes when the reaction was neutralised by the 

addit ion  o f ace tic  acid to a f in a l  concentration o f .2M. The denatured 

nick trans la ted  DNA was hybridised to  the immobilised DNA on the f i l t e r ,  

at 65°C overnight w ith  shaking in 20mM Tris/HCl(pH7.5), 6 x SSC, 10 x 

Denhardts so lu t io n , 1mM EDTA, . 1%(v/v)SDS and 50ug/ml denatured salmon 

sperm DNA. Following hyb r id isa t ion  the f i l t e r  was washed in two 1 l i t r e  

washes of 2 x SSC and .25% SDS(v/v) at 65°C fo r  1 hour with shaking.

F i l te r s  were dried and exposed to  preflashed X-Omat S X-ray f i lm  

at -70°C.

22. Extraction  of nuclei from v i r a l  infected c e l ls

Method was e sse n t ia l ly  as described by White et a l . ,  (1984). 

Monolayers of 293, Hela or KB ce l ls  were infected with v irus at 20 p . f . u . /  

c e l l  and absorbed fo r  1 hour at 37°C when 12ml of ECS2 medium was added 

per p la te . At 2 hours post in fec t ion  10mM hydroxyurea was added to 

block DNA synthesis (Challberg and Ke lly , 1979). At 21 hours post
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in fe c t ion  monolayers were scraped in to  the medium and ce lls  pelleted at 

2K fo r  10 minutes at 4°C in an MSE Coolspin centr ifuge. Cells were lysed 

by resuspension in ice cold bu ffe r (150mM NcCl, 10mM Tris/HCl(pH7.2),

2mM MgC^, 1mM DTT) w ith the addition of Nonidet-P 40 to .5% followed by 

incubation on ice fo r  45 minutes. Nuclei were harvested by cen tr ifuga tion  

and resuspended sequentia lly  in ice cold buffers containing .35M or 2M 

NaCl. Supernatants co llec ted  from successive centr ifuga tions were 

treated with RNaseA and proteinase K before electrophoresis through a 1% 

agarose ge l. DNA was v isua lised  by ethidium bromide sta in ing .

23. V ir ion  heat s t a b i l i t y  (Young and Williams, 1975)

p r e w a r m e d  t o  5 2°C

10^ p . f . u .  o f v i r i o n s jn  10Ou 1 were added to  900ul of 50mM r /\
Tris/HCl(pH7.4 ), which was prewarmed to  52°C, in a Tecam TE-7 Tempette 

shaking water bath.

Every 2 minutes an 1OOu1 a liq uo t was removed and d ilu ted  into  ice 

cold T r is /S a l in e  to  a f in a l  volume of 1ml. The in fe c t iv i t y  of the virus 

was immediately assayed by t i t r a t i o n  on monolayers of 293 c e l ls .



Chapter 3.
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1. INTRODUCTION

Recombination occurs between adenoviruses of c losely related serotypes 

w ith in  a subgroup (Williams et a l . ,  1971; Ensinger and Ginsberg, 1972; 

Grodzicker et a l . ,  1974; Williams et a l . ,  1975) but has not been detected 

between serotypes o f d i f fe re n t  subgroups, although complementation of gene 

functions has been shown to  occur (Williams et a l . ,  1975; 1981; McDonagh

and Rekosh, 1982). I t  was thought tha t marker rescue of subgroup C 

temperature sens it ive  mutants by DNA fragments of subgroup B was possible.

The aim of th is  p ro jec t was to t r y  to iso la te  recombinants between 

the two subgroups using the method of marker rescue as described by Frost 

and W illiams, (1978).

The adenovirus type 5 ts  mutants used represented three regions of 

the genome. The hexon coding region was represented by H5ts2(54.8-57) m.u., 

H5ts14( * ) m.u. and H5ts40(51.1-57) m.u. The region coding fo r  the 100K 

pro te in  was represented by H5_ts1 (70-71.4) m.u. and H5̂ ts 19(63.6-68) m.u. 

(Williams et a l . ,  1971; Williams and Ustacele;b i,  1971); the 72K DNA-binding 

pro te in  was represented by H5ts125(61.3-62.9) m.u. (Ensinger and Ginsberg, 

1972; 1974).

Prelim inary attempts were made to rescue the adenovirus type 5 ts_ 

mutants using Xho1 DNA fragments of adenovirus type 7. Results from these 

experiments indicated tha t in my hands

( i )  Some of the ts  ̂ mutants were leaky

( i i )  No evidence of rescue was seen where the temperature sensit ive

mutants were t ig h t  at the non-permissive temperature (39.5°C).

* precise map un its  not found in l i te ra tu re .



Table IV.

Fragment

DNA

Mutant or 

wild type DNA Day
p . f .u.
4

/dish 

Day 14

Ad7Xho1 A H5ts40 8 7 63 52
Ad7Xho1 A - 0 0 0 0

Ad7Xho1 B H5ts40 6 4 52 49
Ad7Xho1 B - 0 0 0 0

Ad7Xho1 C H5ts40 5 7 54 52
Ad7Xho1C - 0 0 0 0

Ad7Xho1 D H5ts40 5 8 51 60
Ad7Xho1 D - 0 0 0 0

Ad7Xho1 E H5ts40 6 7 55 61
Ad7Xho1 E - 0 0 0 0

Ad5EcoR1 A H5ts40 9 6 62 63
Ad5EcoR1 A - 0 0 0 0

Ad5EcoR1 B H5ts40 6 5 59 58
Ad5EcoR1 B - 0 0 0 0

Ad5EcoR1 C H5ts40 6 5 61 58
Ad5EcoR1 C - 0 0 0 0

H5ts40 • 1ug 32°C) 28 26 276 252

H5ts40 Jug 39.5°C) 8 7 61 67

Ad7wt Jug 39.5°C) 0 0 192 186

Ad5wt Jug 39.5°C) 22 24 226 246
Mock infected SS DNA ug/d ish ) 0 0 0 0

SS DNA = Salmon sperm DNA



Table V.

Fragment Mutant or P. f  .u. /dish

DNA wild type DNA Day 4 Day 14

Ad7Xhol A H5ts14 0 0 0 0

Ad7Xho1 A - 0 0 0 0

Ad7Xho1 B H5ts 14 0 0 0 0

Ad7Xho1 B - 0 0 0 0

Ad7Xho1 C H5ts 14 0 0 0 0

Ad7Xho1 C - 0 0 0 0

Ad7Xhol D H5ts14 0 0 0 0

Ad7Xho1 D - 0 0 0 0

Ad7Xho1 E H5ts14 0 0 0 0

Ad7Xhol E - 0 0 0 0
Ad5EcoR1 A H5ts14 6 6 86 87
Ad5EcoR1 A - 0 0 0 0
Ad5EcoR1 B H5ts14 0 0 0 0
Ad5EcoR1 B - 0 0 0 0
Ad5EcoR1 C H5ts14 0 0 0 0
Ad5EcoR1 C - 0 0 0 0

H5ts14 (J u g  32°C) 21 22 219 231

H5ts14 (J u g  39.5°C) 0 0 0 0
Ad7wt (J u g  39.5°C) 0 0 194 199
Ad5wt (J u g  39.5°C) 20 18 235 224

Mock infected SS DNA ( 1ug/d i sh) 0 0 0 0

SS DNA = Salmon sperm DNA
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Table IV shows the resu lts  obtained using H5ts40, a mutant leaky at the 

non-permissive temperature. The number of plaques per dish where ts 

mutant has been co-transfected with a wild type fragment is equivalent to 

the contro l H5ts40(39.5°C) alone; therefore plaques are most probably 

the re su lt  o f breakthrough of the ts  mutant and not recombination.

Results (Table V ) show tha t H5ts14 is t ig h t  at the non-permissive 

temperature (39.5°C) by the absence of plaques. The hexon mutation of 

H5ts14 has been rescued by the EcoR1 A DNA fragment (0-75.9) m.u. of 

adenovirus type 5, but has not rescued with the appropriate Xho1 A DNA 

fragment (22.9-75.5) m.u. o f adenovirus type 7.

Recombination was then approached by the method described by 

Chinnadurai e t a l . ,  (1979). Overlapping terminal DNA fragments of adeno

viruses types 7 and 5 were co-transfected in to  permissive c e l l  monolayers. 

The re s t r ic t io n  enzyme p ro f i le s  of the two serotypes are s ig n i f ic a n t ly  

d if fe re n t so th a t progeny can be analysed fo r  recombinants by th is  method. 

Recombinant progeny would have the l e f t  hand end of adenovirus type 7 

(subgroup B) and the r ig h t  hand end of adenovirus type 5 (subgroup C) 

with re s t r ic t io n  enzyme s ites  of e ith e r  parent present w ith in  the region 

of overlap.

The d if fe rences between these two recombinational approaches are as 

fo llow s:-

1(a) Transfected overlapping terminal DNA fragments alone, being 

subgenomic are non- in fec tious , there fore  are incapable o f producing v ira l  

plaques; re s u lt in g  progeny by th is  method should be recombinants.
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1(b) Input DNA used in marker rescue experiments is f u l l  length, 

carrying a temperature sensit ive  mutation. A drop in the non-permissive 

temperature during incubation can cause the mutation to become functional 

resu lt ing in v i r a l  re p l ic a t io n  and the production of v i ra l  plaque.

2(a) Marker rescue asks recombination to occur w ith in  a small 

defined region between mutant and a spec if ic  w ild  type DNA fragment of 

adenovirus type 7.

2(b) Using overlapping terminal DNA fragments the region in which 

recombination can occur is increased to  any homologous DNA zone w ith in  

the overlap.

3(a) Overlapping terminal DNA fragments have the molecular ends of 

d if fe re n t  subgroups. Recombinants constructed by th is  method would also 

have molecular ends o f d i f fe re n t  subgroups and hence heterotypic inverted 

terminal repeats; these repeated sequences play a ro le  in adenoviral 

DNA re p l ic a t io n .

3(b) Recombinants constructed by marker rescue experiments have 

the molecular ends o f the same serotype and hence have homotypic inverted 

repeats.

Section A describes the v i r a l  growth curves of adenoviruses 5 and 7 

wild type, along w ith the DNA in fe c t i v i t y  and data from in te r typ ic  

recombination experiments.
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Figure 10.

One step growth curves o f adenovirus type 7 and type 5

Semi-confluent 50mm monolayers of 293 ce l ls  were infected with 

adenovirus 5 w ild  type or adenovirus 7 w ild  type at 10 p . f . u . / c e l l .

A fter 1 hour of v i r a l  absorption, monolayers were washed twice 

with T r is /S a line  to  remove unadsorbed v iru s ; 4ml of ECS2 medium 

was added per 50mm p e tr i  d ish. Time points were taken between
a b s o r p t i o n

zero and 96 hours post and t i t r a te d  on 293 c e l l  monolayers

which were maintained under agar overlay medium at 37°C fo r  10 days. 

Cell monolayers were then f ixed  and stained, the t i t r e  being p lotted 

on a logarithm ic scale against time o f post in fe c t ion  in hours.

■  = Adenovirus 5 w ild  type 

•  = Adenovirus 7 w ild  type
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2. One step growth curves of adenoviruses 7 and 5 wild type v iruses.

The growth p ro f i le s  of adenovirus 7 wild type and adenovirus 5 wild 

type were compared using one step growth curves by the method described 

in materials and methods. Fig. 10 shows that at 18 hours post in fection  

(pi) the y ie ld  o f adenovirus 5 w ild  type is s ta rt ing  to overtake adeno

virus 7 w ild  type and by 24 hours pi there is approximately 2 logs of 

difference in the y ie ld  between the two viruses. At 48 hours the growth

rate of both viruses is  seen to  plateau with the 2 log difference s t i l l

apparent. This d if fe rence  is maintained throughout rep lica t ion  to the 

end point at 96 hours.

The p a r t ic le  to  p . f . u .  ra t io  o f these two viruses is almost equal 

(Ad5wt = 12:1; Ad7wt = 17:1). Thus the d ifference in in fe c t iv i t y  is not 

due to a d isp roport iona te  input of in fectious p a r t ic le s .

DNA was prepared from the p u r i f ie d  v ir io n  stocks of both viruses 

and used in subsequent recombination experiments.

3. Co-transfection  of overlapping terminal DNA fragments of adenovirus

7 w ild  type and adenovirus 5 w ild  type into  293 c e l l s .

As marker rescue of adenovirus type 5 ts  mutants by adenovirus 7 w ild 

type Xho1 DNA fragments was unsuccessful, the method described by 

Chinnadurai e t a l . ,  ( 1979) was used in an attempt to iso la te  in te r typ ic  

recombinants.

Overlapping term inal DNA fragments of adenovirus 5 wild type and
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Table VIb

DNA terminal fragments Plaques/dish t i t r e  at day 14 
average t i t r e  p.f.u./ml)(ug/dish)

Day 4 Day 14

Ad7wt EcoR1 A+Ad5wt Sail A 

2ug 2ug

0 0 4 0 1.2  x 104 ’

Ad7wt EcoRl A+Ad7wt Sail B 

1ug 1ug

0 0 2 0 8 x 102

Ad5wt EcoRl A+Ad5wt Sail A 

1 ug 1 ug

20 15 53 56 6 x 105

Ad7wt EcoRl A 2ug 0 0 0 0 < i 101

AdSwt Sail A 2ug 0 0 0 0 < 101

Ad7wt Sail B 2ug 0 0 0 0 < 101

Ad7wt EcoRl A 2ug 0 0 0 0 < 101

Ad5wt DNA (ug /d ish) 

1ug 

Jug  

• 01 ug

TM TM 

30 35 

2 1

CPE CPE 

229 214 

23 20

DNA in f e c t i v i t y  ( p . f .u . /u g ) 238 2183

Ad7wt DNA (ug/d ish) 

lug 

Jug  

. 01ug

0 0 

0 0 

0 0

CPE CPE 

198 200 

20 20

DNA in f e c t i v i t y  (p . f .u . /u g ) 0 1995

Mock infected (SS DNA) 0 0 0 0 < 101

DNA in f e c t i v i t y  was ca lcu la ted by tak ing the average value of 
plaques/dish.
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adenovirus 7 w ild  type were co-transfected into 293 c e ll  monolayers.

Table Via l i s t s  the DNA fragments used, map co-ordinates and 

percentage o f DNA overlap.

Data (Table VIb) from plates incubated under agar overlay medium 

suggests th a t homotypic recombination may have occurred between adenovirus 

5 wild type term ina l DNA fragments, as plaque number is higher than control 

plates. L i t t l e  evidence o f homotypic recombination is seen between the 

terminal DNA fragments o f adenovirus 7 w ild  type. The two resu lt ing  plaques 

gave the r e s t r ic t io n  enzyme p ro f i le  of adenovirus type 7. This re su lt  can 

hardly be c la s s i f ie d  as a good y ie ld  o f homotypic recombinants, and 

therefore i t  is not su rp r is ing  tha t heterotypic recombinant plates yielded 

a low level o f plaques.

Adenovirus 7 w ild  type DNA is less in fectious than adenovirus 5 wild 

type DNA at day 4; however, by day 14, th e i r  t i t r e s  are almost equal.

The four plaques from the heterotypic plates were picked, and the 

infected c e l l  monolayers were harvested fo r  v i r a l  y ie lds  which were 

titra ted on 293 c e l l  monolayers. V ira l y ie lds  suggest tha t homotypic 

recombination has occurred between the terminal DNA fragments of adenovirus 

5 wild type and to  a lesser extent between the terminal DNA fragments of 

adenovirus 7 w ild  type. Heterotypic y ie lds suggest tha t recombination 

may have occurred and well isolated plaques were picked fo r  analysis.
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Figures 11 and 12.

R estr ic t ion  endonuclease maps o f subgroup B adenoviruses type 

3 and type 7 and subgroup C adenoviruses type 2 and type 5 as published 

in Molecular Biology o f Tumour Viruses (Second ed it ion  1980) Part 2; 

Edited by John Tooze, Published by Cold Spring Harbor Laboratory,

United States o f America.
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F i gur es  13,

Analysis of plaque isolates from cell  monolayers transfected with 

with heterotypic overlapping terminal DNA fragments

The DNA res t r ic t ion  endonuclease prof i le  was examined by labelling 

the DNA with inorganic orthophosphate and harvesting as a Hirt  super

natant. Equal al iquots of labelled DNA were cleaved as single digests 

with endonucleases BamH1 , Hindi 1 1 , Sma1 or Bgll l  and electrophoresed 

through an agarose gel followed by exposure to X-ray f i lm at - 70°C.

The res t r ic t io n  enzyme maps for  each endonuclease used is shown 

above the f igure;  the heavy black lines show the heterotypic terminal 

DNA fragments and the region of overlap is represented by two vertical  

1 ines.
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Figures 13, 14, 15 and 15.

Analysis of plaque iso la tes  from c e l l  monolayers transfected with

with heterotypic overlapping terminal DNA fragments

The DNA r e s t r ic t io n  endonuclease p ro f i le  was examined by labe lling  

the DNA with inorganic orthophosphate and harvesting as a H ir t  super

natant. Equal a liquo ts  o f labelled DNA were cleaved as single digests 

with endonucleases BamH1, H in d i I I ,  Sma1 or Bgl11 and electrophoresed 

through an agarose gel followed by exposure to  X-ray f i lm  at -70°C.

The re s t r ic t io n  enzyme maps fo r  each endonuclease used is shown 

above the f ig u re ;  the heavy black l ines show the heterotypic terminal 

DNA fragments and the region o f overlap is represented by two ve r t ica l 

lines.
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4. Analysis o f plaque iso la tes from co-transfection of DNA te rminal

fragments o f adenoviruses 5 and 7 wild type in to 293 ce l ls .

Grodzicker e t a l . ,  (1974) and Williams et a l . ,  (1975) showed that 

recombinants could be id e n t i f ie d  from th e i r  parentals by re s t r ic t io n  

enzyme analys is. Since the re s t r ic t io n  enzyme p ro f i le s  of adenoviruses 

type 5 and type 7 are s ig n i f ic a n t ly  d i f fe re n t  (Figs 11 and 12) th is  

strategy could be used to  screen fo r  heterotypic recombinants.

H ir t  supernatant DNA was prepared from the four o r ig ina l isolates 

on the p la te co -transfected  with heterotypic DNA overlapping fragments 

(isolates 1-4) and also from a random selection of plaque isolates from 

the heterotypic y ie ld  ( iso la te s  8 , 12, 16, 20, 23 and 26). The DNA was 

cleaved with r e s t r i c t io n  enzymes, Hindi11, /Sma1, BamH1 and B g l I I .  Figures 

13, 14, 15 and 16 show the cleavage p ro f i le s  obtained by each re s t r ic t io n  

enzyme; above each f ig u re  the diagram shows the re s t r ic t io n  enzyme s ites 

of each v i r a l  serotype. Heavy black lines represent input terminal DNA 

fragments and the boxed zone represents the area of expected recombination.

Cleavage w ith  r e s t r i c t io n  enzymes Sma1 and BamH1 (Figs. 13 and 14) 

showed tha t a l l  iso la tes  looked l ik e  adenovirus type 5.

Cleavage w ith  the r e s t r ic t io n  enzyme BgIII showed tha t a l l  the isolates 

were iden tica l w ith the absence of adenovirus type 5 fragments H and I .

The re s t r ic t io n  enzyme map o f adenovirus type 5 (Fig. 15) shows tha t 

DNA fragments H and I are separated on the genome by a Bgl 11 s i te  at 

89.9 m.u. and l i e  outw ith  the area of expected recombination. The absence 

of those two fragments suggests the loss of th is  s i te .  Bgl11 fragments
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H and I together make up approximately 10.5% of the genome. There is no 

evidence of a band o f th is  size migrating in the gel system. There is 

a new band of about 5.5% and possibly a band of about 4% running as a 

tr ip le t  with bands J and K. This would suggest a deletion of about 1% 

and hence the loss o f the Bgl11 s i te  at 89.9 m.u.

Cleavage w ith  Hindi 11 showed th a t a l l  the isolates were identica l 

with the absence o f adenovirus type 5 DNA fragments B and F. The 

restr ic tion  enzyme map o f adenovirus type 5 (Fig. 16) shows that fragments 

B and F are separated on the genome by a Hindi 11 cleavage s i te  at 89.1 m.u., 

which l ie s  outw ith  the zone o f expected recombination. The absence of 

these fragments suggests the loss o f the 89.1 m.u. Hindi 11 cleavage s i te .

Bands B and F together equal 23.7% of the genome. A fragment of 

this size would migrate in the gel system in the region of the adenovirus 

5 wild type band A. No new fragment of th is  size is present. Instead 

there are three new fragments of 8 . 6%, 8% and 6% of the genome - a to ta l  

of 22.6%. This suggests a de le tion  o f approximately 1.1% and hence the 

absence of the Hindi 11 s i te  at 89.1 m.u. However, the presence of three 

new bands suggests the gain o f two new Hind I I I  s i te s .

There are two possib le  explanations fo r  th is .

(a) Heterotypic recombination has occurred between adenoviruses 

type 5 and 7;

(b) There has been genetic rearrangement w ith in  the adenovirus 5 

genome to give new H in d l l l  s i te s .

Figure (17) shows the r e s t r ic t io n  enzyme map fo r  the isolates w ith in
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Figure 17.

Summary o f the adenovirus 5 w ild  type re s t r ic t io n  enzyme sites 

present in the iso la te s :  and a schematic diagram of a recombinational

event with adenovirus 7 w ild  type which could give r ise  to two new 

HindiII s ites  w ith in  the iso la tes .
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the heterotypic overlap, mapping between (46-85.4) m.u. and beyond to 

100 m.u.; the data is  based on the analysis obtained using BamH1,

Hindi11, Bgl11 and Sma1. A l l  p o s it ive ly  id e n t i f ie d  s ites are those 

belonging to  adenovirus type 5.

The fragment o f the adenovirus type 7 genome (Fig. 12) which could 

recombine to  give the new Hindi 11 s ites  would contain Hindi 11 G (78.8-83.5) 

m.u., as a l l  iso la tes  have the re s t r ic t io n  enzyme p ro f i le  of adenovirus 5 

mapping between 46 m.u. and 77.9 m.u. (Fig. 17).

For recombination to  occur to give these s ites (Fig. 17),a crossover 

would have to  take place a f te r  the B g l l l  77.9 m.u. s i te  of adenovirus 

type 5 and before the Hindi 11 s i te  at 78.8 m.u. of adenovirus type 7. To 

have the Bg II I  s i te  a t 84.5 m.u. of adenovirus type 5, the crossover 

would have to  occur a f te r  the Hindi 11 83.5 m.u. s i te  of adenovirus type 7.

There are two l ines  o f evidence against th is  hypothesis:-

(1) The adenovirus type 7 fragment H ind II I  G (78.8-83.5) m.u. has a 

BamH1 s ite  at 83.1 m.u.; cleavage of the isolates shows no evidence of 

this adenovirus type 7 BamH1 s i te .  I f  the isolates contained th is  s i te ,  

then the proposed r e s t r i c t io n  enzyme p ro f i le  would show three bands of 

59.5%, 23.6% and 16.9%. The p ro f i le  of the isolates is d is t in c t ly  that 

of adenovirus type 5.

(2) The three new H in d I I I  fragments of the putative recombinants would 

be 13.8%, 5.2% and 4.7%; the sizes of the new fragments of the isolates 

ar>e 8 . 6%, 8% and 6%, suggesting tha t these fragments are not a resu lt of 

the proposed r e c o m b i n a t i o n .
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The above data suggests tha t no heterotypic recombination has 

occurred. Therefore the va r ia t io n  of the isolates must be due to genetic 

rearrangement of adenovirus type 5. Further evidence to support th is  

hypothesis comes from the fa c t  th a t there is no re s t r ic t io n  enzyme s ite  

of adenovirus type 7 between 0-46 m.u., as by the construction of the 

experiment (Table Via) any heterotyp ic recombinant should possess th is .

Iso lates have a de le tion  o f approximately 1.1% mapping in the L5 

region (86.0-91.3) m.u., g iv ing  r ise  to the loss of the 89.1 m.u. Hindi 11 

and the 89.9 m.u. Bgl 11 s i te s  o f adenovirus type 5. The presence of the 

new Hindi 11 s i te s  in the iso la tes  could be e ith e r  the resu lt  of point 

mutations or the in se r t io n  o f c e l lu la r  DNA into the adenovirus type 5 

genome.

By the construction  o f the experiment the only input of adenovirus 

type 5 was the Sail A fragment (45.9-100) m.u. Therefore to ju s t i f y  the 

isolation o f the adenovirus type 5 variants there must have been 

contamination by f u l l  length adenovirus type 5 DNA molecules. When 

adenovirus type 5 is cleaved with Sail four fragments resu lt  (Fig. 11); 

fragments B and C are separated on the genome by the .9% fragment D.

I f  a low level o f DNA molecules carr ied  a de letion so as to lose band 

D, then B and C would form one fragment o f 45% which would migrate in the 

gel system close to  the Sail band A and hence would be excised along with 

i t .  These two fragments would be capable of se lf  l ig a t io n  to form a viable 

almost f u l l  length molecule o f adenovirus type 5 on trans fec tion .
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Figure 18.

Adenovirus 7 DNA-protein complex

Optical density readings of adenovirus 7 w ild  type DNA-protein 

complex at wavelengths of 260 and 280 nanometers. The peak fractions 

12-17 were pooled as containing the DNA-protein complex. A fte r d ia lys i 

the sample was read at 0D26Q to  determine the DNA concentrate which 

was found to be 1ug per 20u l.



D

—  H



Figure 19.

Cleavage of adenovirus 7 DNA-protein complex

One microgramme of adenovirus 7 DNA-protein complex or adenovirus 7 

DNA which had been treated with proteinase K was cleaved with the 

endonuclease Sma1. The DNA samples were electrophoresed through 

a .11 agarose gel overnight and the DNA v isualised by ethidium bromide 

staining.

Lane 1 : The re s t r ic t io n  enzyme p ro f i le  o f proteinase K 

treated adenovirus 7 DNA, cleaved with Sma1.

Lane 2 : The re s t r ic t io n  enzyme p ro f i le  o f adenovirus 7 

DNA-protein complex cleaved with Sma1. Arrows 

ind ica te  the two absent terminal fragments D and H.
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5. I n fe c t iv i t y  o f DNA-protein complexes of adenovirus 7 wild type

and adenovirus 5 w ild  type .

When DNA is extracted from adenovirus v ir ions by treatment with 

Proteinase K and SDS followed by phenol extraction, the resu lt ing  DNA is 

in the form of a l in e a r  molecule.

Robinson e t a l . ,  (1973) extracted DNA from adenovirus 2 wild type 

by releasing v i r a l  DNA d i r e c t ly  in to  guanidinium hydrochloride followed by 

sedimentation in a guanidinium hydrochloride gradient; th is  DNA was found 

to be in the form of relaxed c ircu la r ise d  protein complexes. Sharp 

et a l . ,  (1976) and Chinnadurai et a I . ,  (1978) showed that by using 

DNA-protein complex instead o f l inearised  DNA, the in fe c t iv i t y  of 

transfected DNA could be increased 100 fo ld .

Previous data showed th a t adenovirus 7 wild type DNA had a low 

in fe c t iv i ty  at day 4 o f t ra n s fe c t io n ; therefore adenovirus 7 wild type 

DNA-protein complex was prepared in an attempt to increase the DNA 

in fe c t iv i ty  at day 4. Figure 18 shows the O.D. p ro f i le  of the adenovirus 

7 wild type DNA-protein complex guanidinium hydrochloride gradient, the 

peak between f ra c t io n s  12-17 being DNA-protein complex. Terminal fragments 

of adenovirus DNA-protein complexes on enzyme cleavage followed by gel 

electrophoresis do not migrate in to  the gel system (Reiter et a l . ,  1980). 

This method was used to  show tha t the resu lt ing  adenovirus type 7 DNA 

had terminal peptide; cleavage of the DNA with Sma1 followed by gel 

electrophoresis showed th a t the terminal fragments D and H were absent 

from the DNA p r o f i le  suggesting i t  to be DNA-protein complex. (F ig .19).



Table V I I

DNA (ug /d ish) Average number o f plaques from two 
dishes at days 4 and 14.

DNA-protein
complex

DNA trea ted  with 
Proteinase K & SDS

Day 4 Day 14 Day 4 Day 14

Ad7wt (100ng) 0 198 0 192

Ad7wt (1Ong) 0 20 0 20

Ad7wt (1ng) 0 2 0 2

DNA in f e c t i v i t y  (p . f .u . /u g ) 0 1993 0 1973

Ad5wt (100ng) 42 407 25 225

Ad5wt (1Ong) 4 40 2 19

Ad5wt (1ng) 0 4 0 2

DNA in f e c t i v i t y  (p . f .u . /u g ' 273 4023 150 2050



Table V II I

Ad7wt DNA cleaved 

with BgIII (fragment)

Percentage o f genome 

estimated from DNA c a l ib ra t io n  curve

Fragment A 20%

B 16.5%

C 15.5%

D 10.5%

E 8 . 8%

F 6.5%

G 6.4%

H 5.3%

I 4.2%

J 3.2%

K 2 . 6%

L 1. 8%

Figure 20 1 2



Figure 20.

Cleavage of adenovirus 7 DNA-protein complex to detect the BglH terminal 

fragments

Adenovirus 7 DNA-protein complex was cleaved with the endonuclease 

Bglll and electrophoresed through a -7% agarose gel overnight; DNA was 

visualised by ethidium bromide staining.

Lane 1 : The res t r ic t ion  enzyme p ro f i le  of adenovirus 7 DNA-protein

complex cleaved with B g I I I .

Arrows indicate the two absent terminal fragments B and I .

Lane 2 : The res t r ic t ion  enzyme p ro f i le  o f proteinase K treated

adenovirus 7 DNA, cleaved with B g I I I .
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Data (Table V II )  shows the DNA in fe c t iv i t y  p ro f i le s  at days 4 and 14 

DNA in fe c t iv i t y  was ca lcu la ted by averaging the number of plaques formed 

per ug of DNA. There is  no d if fe rence between the DNA in fe c t iv i t y  of 

adenovirus 7 w ild  type DNA-protein complex and Proteinase K treated DNA.

At day 4 of t ra n s fe c t io n  both forms of adenovirus 7 DNA are of equally 

low in fe c t iv i t y  compared to  adenovirus 5, adenovirus 5 DNA being 

approximately 200 times more in fe c t iou s . By day 14 both forms of adenovirus 

7 DNA are as in fe c t io u s  as Proteinase K treated adenovirus 5, while 

adenovirus 5 DNA-protein complex is twice as in fectious as i t s  l inear 

form and both forms o f adenovirus type 7.

Since there was no increase in DNA in fe c t iv i t y  at day 4 using

adenovirus 7 DNA-protein complex i t  is u n like ly  tha t the use of th is

would increase the chance o f e i th e r  in te r ty p ic  or in t ra typ ic  recombination.

6. A Bg I I I  r e s t r i c t io n  enzyme map of adenovirus 7 wild type DNA.

To evaluate present and fu tu re  re s t r ic t io n  enzyme data i t  was

necessary to construct a Bg I I I  map o f adenovirus 7 w ild type DNA.

When adenovirus type 7 is cleaved with BgIII twelve fragments are 

seen (Table V I I I )  and by cleaving adenovirus 7 DNA-protein complex i t  was 

seen that bands B and I are the terminal fragments containing terminal 

peptide (Reiter et a l . ,  1980) (F ig . 20).

By single and double digests of BgIII along with the fo llow ing 

restr ic tion  endonucleases, EcoR1, S a i l ,  Xba1, Hpa1, Kpn1, Xho1, H in d II I ,  

Cla1 and BamH1, w ith  appropriate marker fragments ranging in size from



Table IXb

DNA terminal fragments Plaques/dish

(ug/dish) Day 4 Day 7 Day 14

Ad7wt EcoR1 A + d1309 Xba1 A 1 0 3 9 8 15

lug + 1 ug

Ad7wt EcoR1 A + Ad7wt Sail B 0 0 0 0 0 0

2ug + 2ug

Ad5wt EcoR1 A + dl309 Xba1 A 16 19 154 120 TM TM

1 ug + 1 ug

Ad7wt EcoRl 2ug 0 0 0 0 0 0

Ad5wt EcoRl A 2ug 0 0 0 0 0 0

Ad7wt Sail B 2ug 0 0 0 0 0 0

d1309 Xba1 A 2ug 0 0 0 0 0 0

Ad5wt DNA (ug/dish)

lug TM TM TM TM CPE CPE

Jug 29 26 198 214 231 234

.01 ug 2 2 20 20 20 21

DNA in fe c t i v i t y  (p . f .u . /u g ) 2187

Ad7wt DNA (ug/dish)

1 ug 0 0 + + TM TM
Jug 0 0 + + 200 210

.01 ug 0 0 0 0 19 22

DNA in fe c t i v i t y  (p . f .u . /u g ) 2025

d1309 DNA (ug/dish)

1 ug TM TM TM TM CPE CPE
Jug 35 36 238 286 298 309

.01 ug 3 3 26 26 30 31

DNA in fe c t i v i t y  (p . f .u . /u g ) 3030

Mock infected (SS DNA) 0 0 0 0 0 0

+ sign represents the fe  i n t  appearance o f plaques which are too 
d i f f i c u l t  to count 

TM represents plaques too numerous to  count.
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23.5% to  4.2%, the DNA fragments were aligned on the genome (Figs. 15 and 22).

7. Co-transfection o f overlapping terminal DNA fragments of d1309

and adenovirus 7 w ild  type in to  293 c e l l s .

Data from the previous experiment Sections 3 and 4 showed tha t no 

intertypic recombination had occurred using a terminal DNA overlapping 

region of 39.5%.

DJ_309 (Jones and Shenk, 1979) is  a va r ian t of adenovirus type 5 

from which a l l  the Xba1 s ite s  but one at 3.8 m.u have been removed; on 

treatment w ith Xba 1 enzyme i t  y ie ld s  two fragments o f 3.8% and 96.2% of 

the genome. Using the Xba 1 A(3 .8-100) m.u. fragment of dj_309 to  replace 

the Sail A(45.9-100) m.u. fragment o f adenovirus 5 w ild  type, the region 

of heterotypic overlap can be increased from 39.5% to  81.6%, thus 

increasing the chance o f recombination by the possible increase in number 

of homologous zones.

Table IXa shows the DNA fragments used w ith the map co-ordinates and 

the percentage o f DNA overlap.

Data (Table IXb) shows th a t  there is an increase in plaque number 

from in te r typ ic  adenovirus 5 w ild  type recombination compared to previous 

experiment Section 3.

This data could be the re s u lt  of the fo l lo w in g :-  

U) The increase in the region o f homotypic overlap may re su lt  in a higher 

frequency of recombination than in the previous experiment.
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Figures 21 and 22.

Analysis o f plaque iso la tes  from c e l l  monolayers transfected with 

heterotypic overlapping term inal DNA fragments

The DNA r e s t r ic t io n  enzyme p ro f i le  was examined by labe ll ing  the 

DNA with inorganic orthophosphate and harvesting as a H ir t  supernatant 

Equal a liquo ts  o f DNA were cleaved with Hindi 11 or B g l l l  and e lectro- 

phoresed through a .7% agarose gel overnight followed by exposure to 

X-ray f i lm  at -70°C.

The r e s t r ic t io n  enzyme map fo r  each o f the endonucleases used is 

shown above the f ig u re ;  the heavy black l ines show the heterotypic 

terminal DNA fragments and the region of overlap is represented by two 

vertical l in e s .

A  ind ica tes the de le tion  o f a re s t r ic t io n  enzyme s i te .



81.

(b) A low leve l o f DNA molecules re s is ta n t to  Xba1 cleavage at 3.8 m.u.

would re s u lt  in a fragment which would migrate with Xba 1 A(96.2%) in the

gel system and be excised with i t .  These molecules, on trans fec tion  into  

permissive c e l ls ,  would be capable o f producing v i r a l  progeny resu lt ing  

in an increase in plaque number. Control plates containing Xba1 A fragment 

alone show no evidence o f v i r a l  progeny. Hence the observed increase may 

be a re s u lt  o f (a) above.

In te r ty p ic  p la tes show an increase in plaque number also; plaque 

isolates were analysed fo r  recombinants.

8 . Analysis o f plaque iso la tes  from co -trans fec tion  of overlapping

DNA term ina l fragments o f d1309 and adenovirus 7 w ild  type .

V ira l  DNA was prepared as a H ir t  supernatant from the plaque iso la tes 

on the p lates transfected  w ith heterotyp ic DNA overlapping terminal 

fragments.

The r e s t r i c t io n  enzyme p r o f i le  o f the DNA was examined using

endonucleases BamH1, Sma1, Hindi 11 and B g I I I .

Figure 21 shows th a t a l l  the iso la tes  cleaved with H in d i I I  have the 

p ro f i le  of d1309 which is also the same as adenovirus type 5.

To es tab lish  th a t  these iso la tes  were of dl309 o r ig in ,  they were 

cleaved w ith B g I I I ;  d1309 ca rr ies  a de le tion  of the 84 m.u. Bg II I  s i te  

resulting in the absence o f band F and the appearance of a smaller band.
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Data (F ig . 22) confirms tha t a l l  the iso la tes are of d1309 o r ig in  and

that no he tero typ ic  recombination has taken place.

9. DNA tra n s fe c t io n  comparisons.

Szybalska and Szybalski, (1962) and Bhargava and Shannugan, (1971) 

showed th a t eukaryotic  c e l ls  could take up DNA and transport i t  to the 

cell nucleus. This observation has been used to induce the transformation

of eukaryotic c e l ls  w ith v i r a l  DNA.

Several methods have been developed to  enhance the uptake of fore ign 

DNA in to  c e l l  systems:- (a) Transfection o f a calcium phosphate DNA co

prec ip ita te  (Graham and van der Eb, 1973) in to  293 c e l l  monolayers followed 

at 4 hours post t ra n s fe c t io n  by exposure of c e l l  monolayers to glycerol 

(Frost and W illiams, 1978) to  enhance DNA uptake; (b) Straus et a 1.,

(1981) showed th a t  by trapp ing adenovirus type 2 DNA in large unilamellar 

vesicles o f phosphatidylserine they could tra ns fe c t KB c e l ls  to an
3

e ffic iency o f about 4 x 10 plaques per 1 ug of encapsulated DNA;

(c) Kawai and Nishizawa, (1984) showed tha t chicken embryo f ib ro b la s ts  

could be transfected  w ith  RSVcDNA using polybrene (a polycation) as a 

mediator to absorb DNA to  the c e l l  surface followed at 6 hours post 

transfection by exposure o f the c e l l  monolayer to  20%-30% DMSO at room 

temperature. DMSO was removed and monolayers were maintained under medium 

for 7 days at which time transformed fo c i were scored.

Adenovirus type 7 DNA has cons is ten t ly  shown a low in fe c t i v i t y  at 

day 4 and homotypic recombination has been shown to be almost neg lig ib le  

even at day 14. The re s t r ic t io n  endonuclease maps of adenovirus type 7
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(Fig. 12) show th a t  the maximum region of homotypic overlap which has 

been used in previous experiments is 17.4%. Section 5 shows tha t adeno

virus type 7 DNA in f e c t i v i t y  at day 4 cannot be increased in my hands 

even using DNA-protein complex. Therefore an attempt was made to f in d  a 

method of t ra n s fe c t io n  which would increase the DNA in fe c t iv i t y  at day 4.

I n i t i a l l y  adenovirus 5 w ild  type DNA was used as i t  was more 

infectious than adenovirus 7 w ild  type and could be used as a standard 

comparison.

The method described by Kawai and Nishizawa, (1984) was modified. 

Adenovirus 5 w ild  type DNA was mixed with 20 ug/dish of polybrene and 

absorbed to  drained 293 c e l l  monolayers fo r  30 minutes at 37°C. 4m 1 of 

ECS2 medium was added, w ith the in ten t ion  of enhancing DNA uptake at 

4 hours post t ra n s fe c t io n  by exposure to  g lyce ro l;  however, polybrene 

proved to  be h igh ly  to x ic  to  293 c e l l  monolayers even at a very low 

concentration. Therefore th is  l in e  o f trans fec tion  was discontinued.

Three tra n s fe c t io n  methods were compared:- (a) Method described 

by Graham and van der Eb, (1973) with modification by Frost and Williams, 

(1978). (b) Method described by Wigler, (1978). (c) Method described

by Wigler w ith  m od if ica t ion  described in Materials and Methods.

Data (Table X) shows th a t method number 2 [m od if ica tion  of Wigler, 

(1978)] y ie ld s  the highest p . f .u . /u g .  This method is ten times more 

infectious than Method 6 and four times more in fec tious  than Method 1, 

the trans fec tion  method used in previous experiments. Methods 1 and 2 

were compared using adenovirus 7 w ild  type.



Table XI

Transfection experiment 1 2

Cell l ine 293 293

Cell monolayer confluency 70% - 80% 70% - 80%

Method used fo r  t ra n s fe c t io n Graham and van der Eb 

w ith  m od if ica tion  by 

Frost and Williams

Wigler et a l . ,  

w ith  modification

Plaque count o f Ad7wt DNA 

at day 14

lug/d ish 

J u g /d ish  

. 01ug/d i sh

TM TM 

189 191 

18 18

TM TM 

275 271 

25 26

DNA in f e c t i v i t y  ( p . f .u . /u g ) 1850 2640

Plaque count o f Ad5wt DNA 

at day 14

1ug/d i sh 

. lu g /d ish  

. 01ug/d i sh

CPE CPE 

216 221 

22 25

CPE CPE 

CPE CPE 

107 109

DNA in f e c t i v i t y  ( p . f .u . /u g ) 2267 10800
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Table XI shows th a t  adenovirus 7 w ild  type DNA in fe c t iv i t y  is
1 . 4  t  i  me s

increased oy method 2. I t  was noted tha t adenovirus 7 w ild

type DNA is s t i l l  less in fe c t iou s  than adenovirus 5 w ild  type at day 4 

by the absence o f plaques. This method of DNA transfection  was, however, 

used in subsequent experiments unless otherwise stated.

10. Iso la t io n  o f a fa s t  growing large plaque varian t (Ad3var100)

of adenovirus 3 s t ra in  GB.

Previous data has shown th a t adenovirus 7 w ild type DNA is less 

infectious than adenovirus 5 w ild  type DNA on day 4 o f trans fec tion . At 

day 14 the t i t r e s  are almost comparable with adenovirus 7 w ild  type 

yielding plaques which are very much smaller than adenovirus 5 w ild  type.

One step growth curves show th a t adenovirus 7 w ild  type virus is 

2 logs less in fe c t io u s  than adenovirus 5 w ild  type v irus . This d ifference 

of 2 logs is apparent by 24 hours post in fec t ion  and is maintained 

throughout the growth cyc le .

An attempt was made to  iso la te  a fa s t growing large plaque v irus of 

subgroup B, s im i la r  to  adenovirus 5 w ild  type subgroup C. The fo llow ing 

stocks of subgroup B viruses were passaged on 293 c e l l  monolayers:

(1) Adenovirus 7a s t ra in  H; (2) Adenovirus^Pinkhey HEK1; (3) Adenovirus 

7A VR8 K1114; (4) Adenovirus 3 s tra in  GB. Plaque morphology and growth

rates were noted. Plaques which appeared to  be fa s t growing with a large 

plaque morphology were selected fo r  fu r th e r  analysis. The numbers were as 

follows: -
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J r  . 1  m



Figure 23.

Plaque morphology of adenovirus 3var1QQ, adenovirus 3 w ild  type and 

adenovirus 5 w ild  type .

Monolayers o f 293 c e l ls  were infected with adenoviruses 3var100,

3 wild type or 5 w ild  type at a d i lu t io n  such tha t isolated plaques 

could be discerned, and maintained under agar overlay medium fo r  10 days.

Monolayers were f ixed  and sta ined; iso la ted plaques are arrowed 

to show the d if fe rence  in size between adenovirus 3var100, adenovirus 

3 wild type and adenovirus 5 w ild  type.
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Figure 24.

One step growth curves o f adenovirus 3var100, adenovirus 3 w ild type 

and adenovirus 5 w ild  type

Semi confluent 50mm monolayers o f 293 ce l ls  were infected with 

adenovirus 3varl00, adenovirus 3 w ild  type or adenovirus 5 w ild  type 

viruses at 10 p . f . u . / c e l l .  A f te r  1 hour o f v i r a l  absorption, monolayers 

were washed w ith  T r is /S a l in e  to  remove unadsorbed v iru s .  Four m i l l i l i t r e s  

of ECS2 medium was added per dish and time points taken between zero 

and 72 hours post in fe c t io n .  The time points were t i t r a te d  on monolayers 

of 293 c e l ls  which were maintained under agar overlay medium fo r  7 days 

at 37°C, supplemented a t days 3 and 6 w ith  1ml o f the above medium. 

Monolayers were f i  xed and sta ined, the t i t r e s  being p lo tted on a log 

scale against time o f post in fe c t io n .

#  = Adenovirus 5 w ild  type

A  = Adenovirus 3var100

■  = Adenovirus 3 w ild  type
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(1) Adenovirus 7a s tra in  H 22 iso la tes

(2) Adenovirus Pinkhey HEK1

(3) Adenovirus 7A VR8 K1114 11 iso la tes

0 isolates

(4) Adenovirus 3 s tra in  GB 0 iso la tes

On repeated passage on 293 c e l l  monolayers a l l  selected iso la tes reverted 

back to  the normal small plaque morphology and growth rate o f subgroup B.

A crude seed stock o f adenovirus 3 s tra in  GB (obtained from W. C. R. 

Russell), independent from the stock (4) above, was t i t r a te d  on 293 c e ll  

monolayers and maintained under agar overlay medium at 37°C. Large plaques 

which appeared by day 4 o f in fe c t io n  were iso la ted and screened fo r  a 

stable large plaque phenotype and fa s t  growth ra te . Of twenty iso la tes 

screened, one ( adenovirus 3var100) maintained i t s  o r ig in a l  large plaque 

phenotype and fa s t  growth ra te . Figure 23 i l lu s t r a te s  tha t the plaque 

morphology of adenovirus 3var100 is more comparable to tha t of adenovirus 

5 wild type than the minute size of adenovirus 3 w ild  type.

11. One step growth curves o f adenovirus 3var100, adenovirus 3 w ild  type 

and adenovirus 5 w ild  typ e .

The growth p ro f i le s  of adenovirus 3var100, adenovirus 3 w ild  type 

and adenovirus 5 w ild  type were analysed by one step growth curves in 

293 c e ll  monolayers.

The f in a l  y ie ld s  (F ig . 24) o f v irus  at 72 hours were approximately
3

the same fo r  adenovirus 3var100 and adenovirus 5 w ild  type (1.1 x 10 

p . f .u . /c e l1) whereas the y ie ld  fo r  adenovirus 3 w ild  type was 2 logs 

lower (1.6 x 10  ̂ p . f . u . / c e l l ) . Adenovirus 3var100 and adenovirus 5 w ild



Table XII

Time

Sample
Day 4 Day 14

Ad5wt DNA

1ug/d i sh TM TM CPE CPE

. 1ug/d i s h 23 19 211 219

. 01ug/dish 2 3 22 22

DNA in f e c t i v i t y  (p . f .u . /u g ) 230 2178

Ad3var100

1ug/d i sh 16 17 TM TM

. 1ug/d i sh 2 1 121 122

. 01ug/d i sh 0 0 11 12

DNA in f e c t i v i t y  (p . f .u . /u g ) 16 '-4S80-
l l& T .

Ad3wt DNA

1ug/dish 0 0 TM TM

. 1ug/dish 0 0 67 69

. 01ug/d i sh 0 0 6 5

DNA in f e c t i v i t y  (p . f .u . /u g ) 0 615

Ad7wt DNA

1ug/d i sh 0 0 TM TM

. 1ug/d i s h 0 0 100 98
. 01ug/d i sh 0 0 9 9

DNA in f e c t i v i t y  (p . f .u . /u g ) 0 945
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type have a r e la t iv e ly  long lag phase (5-6 hours) compared to  adenovirus 

3 wild type which d isplays an unusually short lag phase (2-3 hours).

12. DNA in f e c t i v i t y  o f adenovirus 3var100, adenovirus 3 w ild  t y pe and 

adenovirus 5 w ild  typ e .

DNA prepared from the above v irus stocks was tested fo r  in fe c t iv i t y  

in 293 c e l l  monolayers. As the DNA trans fec tion  experiments were running 

concurrently w ith  the is o la t io n  of a large plaque fa s t growing v irus of 

subgroup B, the method used fo r  DNA trans fec tion  was tha t described by 

Graham and van der Eb, (1977) w ith m odifica tion  by Frost and Williams, 

(1978).

Adenovirus 3var100 DNA, un like  adenoviruses 7 and 3 w ild  type, 

yields plaques about 1 log less than adenovirus 5 w ild  type (Table X II) 

at day 4 o f t ra n s fe c t io n .  At day 14 adenovirus 3var100 DNA is about 1.7 

times more in fe c t io u s  than i t s  parental adenovirus 3 w ild  type and s l ig h t ly  

more in fec t ious  than adenovirus 7 w ild  type DNA. Adenovirus 5 w ild  type 

DNA is 2 times more in fec t ious  than adenovirus 3var100 and 4 times more 

infectious than adenovirus 3 w ild  type DNA.

13. Co-transfection  o f unseparated DNA fragments of adenovirus 3var100 

with unseparated DNA fragments of adenovirus 5 w ild  type or 

adenovirus 2 w ild  type to  give a region of overlap between the 

terminal fragments.

D 'Halliun e t a l . ,  (1983) have shown tha t C1 a 1 enzyme w i l l  cleave 

adenovirus 3 w ild  type once at 52.2 m.u., y ie ld ing  two fragments of 52.2%
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Table XHIb

Co-tranfected DNA digests 

(ug/p la te)

plaques/dish p . f .u . /u g

DNADay 4 Day 14

Ad3varl00/Clal + Ad5wt/EcoR1 

1ug + 1ug

3 3 14 16 7.5

Ad3varl00/Cla1 + Ad2wt/BamH1 

lug + 1ug

1 1 18 18 9

Ad5wt/EcoR1 + Ad5wt/Sal1 

lug + 1ug

16 15 151 152 75

Ad3varl00/EcoR1 + Ad3varl00/Cla1 

lug + 1ug

6 8 124 126 63

Ad3var100/EcoR1 2ug 1 0 5 5 2.5

Ad5wt/EcoRl 2ug 3 2 5 2 1.7

Ad3var100/Cla1 2ug 0 0 1 2 .8

Ad2wt/BamHl 2ug 0 0 0 0 0

Ad5wt/Sal1 2ug 0 0 0 0 0

Ad5wt DNA

1ug/d i sh 

. lu g /d ish  

. 01ug/d i sh

TM TM 

159 145 

14 15

CPE CPE 

TM TM 

82 91

8650

Ad3var100 DNA 

1ug/d i sh 

. 1ug/d i  sh 

. 01ug/d i sh

137 157 

15 16 

1 0

TM TM 

266 259 

20 19

2287

Ad2wt DNA

1ug/d i sh 

J u g /d ish  

. 01ug/d i sh

TM TM 

71 57 

6 3

TM TM 

271 240 

26 23

2502

Mock infected SS DNA 1ug/dish 0 0 0 0 0
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and 47.8% o f the genome. C1 a 1 w i l l  also cleave adenovirus 3var100 to 

give two fragments of 52.2% and approximately 44.8% of the genome. A 

recombination experiment was designed with the fo llow ing modifications:

(a) In previous co - tran s fec t ions , DNA fragments were separated in an 

agarose gel system w ith  DNA being eluted from an agarose gel s l ic e .  In 

th is approach unseparated DNA fragments were used fo r  co-transfections; 

th is omitted the preparative  steps th a t the DNA terminal fragments were 

subjected to  p rev ious ly .

(b) Adenovirus 3var100 DNA was used to  represent subgroup B instead of 

adenovirus 7 w ild  type.

(c) The method o f DNA tra n s fe c t io n  was the Wigler modif ication described 

in section 9 instead of th a t  described by Graham and van der Eb, ( 1973) 

with m od if ica t ion  by Frost and Williams, (1978) used previously.

The DNA was cleaved so as to  produce a terminal fragment from each 

subgroup capable o f forming a region of heterotypic overlap. Table X II la  

gives the map co-ord inates o f the terminal fragments and th e i r  region of 

overlap.

Table XH Ib  l i s t s  data obtained; there is an increase in plaque 

number from homotypic subgroup B recombination compared to previous 

experiments, the number being almost as high as tha t obtained by homotypic 

adenovirus type 5 recombination. This section also shows tha t the Wigler 

modification method o f DNA tra ns fec t io n  has enhanced the number of plaques 

per ug o f adenovirus 3var100 DNA compared with previous resu lts ,  section 12,
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Figures 25 and 26.

Analysis of plaque isolates from c e l l  monolayers transfected with 

digested heterotypic DNA

The DNA res t r ic t io n  enzyme p ro f i le  was examined by lab e ll in g  the 

DNA with inorganic orthophosphate and harvesting as a H ir t  supernatant. 

Equal al iquots of labelled DNA were cleaved with Sma1 or Hindi11 as 

single digests and electrophoresed through an agarose gel followed by 

exposure to X-ray f i lm  at -70°C.

The res t r ic t io n  enzyme map fo r  each endonuclease used is shown 

above the f igure;  the heavy black l ines show the heterotypic terminal 

DNA fragments and the region of overlap is represented by two v e r t ica l  

l ines. The dotted l ines represent DNA fragments which were present 

in the transfect ion of f u l l  length digested DNA.
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Figure 27.

Analysis o f Iso la te  789

The DNA of iso la te  789 was labe lled  by inorganic orthophosphate 

and harvested as a H ir t  supernatant. The re s t r ic t io n  endonuclease 

p ro f i le s  were examined by cleaving equal a liquots  of labelled DNA with 

EcoR1, BamH1 or Xba1, followed by e lectrophoresis through an agarose 

gel overnight. DNA was v isua lised  by exposing the agarose gel to X-ray 

f i lm  at -70°C.

The diagram above the f ig u re  shows the r e s t r ic t io n  enzyme maps fo r  

the endonucleases used. The heavy black l ines represent the terminal 

DNA fragments.

( 1 = X b a l  D f r a g m e n t  7 8 .  5 -  84  m. u.

j--------------1 = EcoR I  C f r a g m e n t  7 5 . 9  -  84  m. u.



using the method described by Frost and Williams, (1978). The number of 

plaques on he te ro typ ic  DNA co -trans fec tion  plates were s ig n i f ic a n t ly  above 

background suggesting th a t recombination may have occurred. Plaques 

were picked fo r  screening.

14. Analysis o f plaque iso la tes  from overlapping DNA terminal fragments

o f adenovirus 3var100 and adenovirus 5 w ild  type .

V ira l  DNA was prepared as a F lir t supernatant from the isolates 

obtained from hetero typ ic  DNA overlap p la tes . The DNA was cleaved with 

Hindi 11, Sma1, BamH1, Xba1 and EcoR1. Figure 25 shows tha t e ight of 

the nine iso la tes  e x h ib i t  the re s t r ic t io n  enzyme p r o f i le  of adenovirus 

5 wild type cleaved w ith  Sma1. Iso la te  789 shows the loss o f the 

adenovirus type 5 Sma1 B fragment with the appearance of a new band about 

2% la rge r. This a l te ra t io n  maps between 76.8 m.u. and 91 m.u.

Figure 26 shows the r e s t r ic t io n  enzyme p ro f i le  o f the iso la tes 

cleaved w ith  Hindi 11. Eight o f the iso la tes  have the DNA p ro f i le  of 

adenovirus type 5. Flowever, iso la te  789 shows the absence of an adeno

virus 5 Hindi 11 B fragment and the presence of a new band about 2% larger

mapping between 73.6 m.u and 89.1 m.u.

Figure 27 shows the re s t r ic t io n  enzyme p ro f i le s  of iso la te  789 

cleaved w ith BamH1, Xba 1 and EcoR1. The other iso la tes  have been omitted 

from the f ig u re  as they a l l  have the DNA p ro f i le  o f adenovirus type 5.

BamH1 cleavage y ie ld s  a DNA p ro f i le  ind is tingu ishab le  from adenovirus 

type 5. Cleavage w ith  EcoR1 shows th a t the adenovirus type 5 band C is
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absent, w ith a new band approximately 2% larger being present; th is  

a lte ra t io n  maps between 75.9 m.u. and 84 m.u. Xba1 cleavage shows the 

absence of adenovirus type 5 band D. However, in th is  case there is no 

new la rger band, but the appearance of a smaller band.

The above data suggests tha t iso la te  789 has a DNA inse rt of 

approximately 2% mapping between the adenovirus 5 Smal s i te  at 76.8 m.u. 

and the adenovirus EcoR1 84 m.u. s i te .  Xba1 cleavage shows tha t band D 

is smaller. The presence o f the Xba1 C fragment implies tha t the s i te  at 

84 m.u. is  present, the re fo re  the a lte ra t io n  must map to  the l e f t  of th is  

s ite  and contain a new Xba1 s i te .

The new s i te  must l ie  c loser to  84 m.u than the s i te  at 78.5 m.u. 

to give a smaller D band. This is possibly a consequence of the inserted 

DNA between 76.5 m.u. and 84 m.u. contain ing a Xba1 s i te .  I f  the inserted 

DNA spanned 78.5 m.u., then the Xbal s i te  78.5 m.u. between fragments 

A and D would be lo s t  w ith part o f the inserted DNA being joined to  

Xba1 A. As Xba1 A is 40% of the genome, add it iona l DNA would not be 

detected on m igration in an agarose gel system.

The he tero typ ic  overlap o f the terminal DNA fragments maps between 

52.2 m.u. and 75.9 m.u. The genetic a l te ra t io n  o f iso la te  789 maps 

outwith these co-ordinates and is not a re su lt  o f recombination w ith in  

the overlap.

To expla in  why the iso la tes  showed the DNA p r o f i le  o f adenovirus 

type 5, the adenovirus type 5 EcoR1 digest perhaps contained DNA molecules 

res is tant to  enzyme cleavage, or DNA molecules which were only p a r t ia l l y
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Figure 28.

Analysis o f plaque iso la tes  from c e l l  monolayers transfected w i th 

digested he terotyp ic  DNA

DNA which had been labelled w ith inorganic orthophosphate and 

harvested as a H ir t  supernatant was cleaved with BamH1 to analyse the 

endonuclease p r o f i le .  The digested DNA was electrophoresed through an 

agarose gel and v isua lised  by exposure to X-ray f i lm  at -70°C.

The re s t r ic t io n  enzyme map fo r  cleavage with BamH1 is shown above 

the f ig u re ;  The heterotyp ic  DNA terminal fragments are represented by 

heavy black l ines and the region of overlap is represented by ve r t ica l 

l ines. The dotted l ines represent DNA fragments which were present in 

the t ra n s fe c t io n  of f u l l  length digested DNA.
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digested by EcoR1.

Iso la tes  show both EcoR1 s ites  at 75.9 m.u. and 84 m.u. of 

adenovirus type 5. This favours the presence of p a r t ia l l y  digested 

molecules. These molecules could s e l f - l ig a te  to form f u l l  length 

molecules o f adenovirus 5 DNA and hence v iab le  progeny on trans fec t ion . 

DNA molecules g e n e t ic a l ly  re s is ta n t to EcoR1 cleavage would give r ise  

to progeny lacking EcoR1 s i te s .

The DNA in se r t io n  of iso la te  789 may be the re su lt  of recombination 

between (a) c e l lu la r  DNA or (b) adenovirus 3varl00 DNA. Iso la te  789 

has gained a new Xba 1 s i te  mapping between 78.5 m.u. and 84 m.u. to  give 

rise to  a smaller D fragment. Adenovirus 3var100 input DNA consists 

of two fragments - (1) Cla1 A = 52.2% of the genome and contains one Xba1 

s ite  at 44 m.u.; (2) C1 a 1 B = 44.8% of the genome and contains two Xba1 

sites at 68.5 m.u. and 91 m.u. E ither of these fragments may be able to 

recombine w ith  enzyme re s is ta n t  input molecules of adenovirus type 5 DNA. 

However, considering the low DNA homology with adenovirus 5 w ild  type, 

i t  is only remotely possible tha t th is  DNA insert ion  and the new Xba 1 

s ite are the re s u l t  o f recombination between adenovirus 3var100 and 

adenovirus type 5.

15. Analysis o f plaque iso la tes  from co-trans fec tion  of overlapping DNA

term inal fragments o f adenovirus 3var100 and adenovirus 2 w ild  type.

V ira l DNA was prepared as a H ir t  supernatant from iso la tes obtained 

from the p la tes conta in ing heterotyp ic DNA overlaps. The DNA was cleaved 

with BamH1. F ig. 28 shows a l l  iso la tes have the re s t r ic t io n  enzyme
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p ro f i le  o f adenovirus 3var100. This re su lt  may be explained as fo llows- 

adenovirus 3var100 DNA was cleaved with EcoR1 to give two terminal 

fragments of approximately 84% and 13% respective ly . These unseparated 

fragments would be capable o f s e l f - l ig a t io n  to  form f u l l  length DNA 

molecules and hence v iab le  progeny on tra n s fe c t io n .

16. Summary o f Section A.

One step growth curves and DNA in fe c t i v i t y  assays showed tha t 

adenovirus 7 w ild  type was less in fec tious  than adenovirus 5 w ild type.

Recombination between the two serotypes was attempted by 

co-transfection  o f DNA term inal overlapping fragments. Results showed 

that homotypic recombination o f adenovirus 7 w ild  type was very low and 

heterotypic recombination between adenoviruses 5 and 7 was not detected.

The region o f overlap between the terminal fragments was increased 

by s u b s t i tu t io n  o f the dl_309 Xba 1 A fragment fo r  th a t of adenovirus 5 

wild type Sail B. Data suggested adenovirus type 5 recombination had 

increased. However, recombination between dj_309 and adenovirus type 7 

was not detected.

An attempt to  increase the in fe c t i v i t y  of adenovirus type 7 DNA 

by the use o f DNA-protein complex proved unsuccessful, although adenovirus 

type 5 DNA-protein complex increased DNA in f e c t i v i t y  two fo ld .

Since adenovirus type 7 DNA-protein in my hands fa i le d  to increase 

DNA in f e c t i v i t y  an attempt was made to  improve the method of DNA
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tran s fec t io n . A modified method o f Wigler et a l . ,  (1978) was found to 

produce a th re e fo ld  plaque increase over the previous method used. 

However, the DNA in f e c t i v i t y  of adenovirus type 7 was s t i l l  below tha t 

of adenovirus type 5 on day 4 o f tra n s fe c t io n .

In p a ra l le l  an attempt was made to iso la te  a subgroup B virus which 

was fa s t  growing w ith  a large plaque morphology s im ila r  to adenovirus 

5 w ild  type. A stab le  fa s t  growing large plaque varian t of adenovirus 

3 s tra in  GB was iso la te d . One step growth curves showed i t  to grow as 

well as adenovirus 5 w ild  type. Transfection of DNA showed i t  to  produce 

large plaques on day 4, however, the DNA was less in fec tious than 

adenovirus type 5.

D'Hallium e t a l . ,  (1983) showed tha t adenovirus type 3 had a unique 

Cl a 1 s i te  at 52.2 m.u. Adenovirus 3var100 also has a unique C1 a 1 s i te  

at 52.2 m.u. A recombination experiment (13) was attempted by 

co-transfecting  adenovirus 3var100 unseparated fragments o f e ith e r  C1 a 1 

or EcoR1 w ith  unseparated fragments of adenovirus 5 w ild type cleaved 

with EcoR1 or adenovirus 2 w ild  type cleaved with BamH1 to give a region 

of overlap between the term inal fragments.

Controls suggested th a t homotypic recombination had occurred with 

adenovirus 5 w ild  type and also with adenovirus 3var100; heterotypic 

recombination between subgroup B and subgroup C was undetected.

I decided to  d iscontinue th is  l in e  of research and concentrate 

on the p roperties  o f adenovirus 3var100. In p a ra l le l  with the previous 

experiments I had been looking at the ch a rac te r is t ics  of th is  v irus ,
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some of which looked in te re s t in g  and perhaps could be used as a model to

explain at leas t in pa rt why no recombination had been detected between 

the two subgroups.



Section B.

Characterisation of a Subgroup B 

Spontaneous Mutant



Table XIV

Virus Grown in Virus y ie ld  t i t r a t e d  on

293 c e l ls Hela c e l ls

Ad3wt 293 c e l ls 9.5 x 106 8.5 x 106

Ad3wt He la c e l ls 9.5 x 106

i''.oX

Ad3var100 293 c e l ls 2.5 x 109 < 101

Ad3var100 Hela c e l ls 7.5 x 105 < 101

Ad5wt 293 c e l ls 8 x 108 5.5 x 108

Ad5wt Hela c e l ls 8.5 x 108 5.5 x 108

Input m u l t ip l i c i t y  10 p . f . u . / c e l l  each v iru s .
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1. Replication o f adenovirus 3var100 in Hela c e l l  monolayers

Replication o f adenovirus 3var100 in Hela ce l ls  showed a reduced 

yield o f v irus  when t i t r a te d  by plaque formation on 293 c e l ls  compared 

to the y ie ld  obtained from 293 c e l ls  and also compared to the y ie lds 

obtained from adenovirus 3 w ild  type and adenovirus 5 w ild  type from 

Hela c e l ls  (Table XIV). A y ie ld  from adenovirus 3var100 infected 293 

cells t i t r a t e d  on 293 and Hela c e l l  monolayers gave greater than eight 

log d if fe rence  in plaque t i t r e  in the two c e l l  l in e s , while a y ie ld  

from Hela c e l ls  gave a greater than f iv e  log d if fe rence . The reduced 

vira l y ie ld  from Hela c e l ls  suggested tha t adenovirus 3var100 may be a 

host range mutant o f adenovirus 3 w ild  type, dependent on one of the 

adenovirus 5 w ild  type El functions expressed by 293 c e l ls .

2. Rep lication o f adenovirus 3var100 v irus at three temperatures in

293 and Hela c e l l  monolayers

Ho et a l . ,  (1982) iso la ted  a series o f adenovirus 5 host range 

mutants which also showed a cold sens it ive  phenotype.

These mutants h rcs11, h_rCS^2 and Jhrcs 13 were iso la ted at 37°C from 

monolayers o f 293 c e l ls ;  they would grow equally well at 32°C and 38.5°C 

in 293 c e l l  monolayers but were host range on Hela c e l ls  at 32°C and 

37°C but not at 38.5°C. The 293/Hela c e l l  y ie ld  ra t io s  at 32°C and 37°C 

were almost equal and greater than the ra t io  obtained at 38.5°C.

csComplementation and recombination experiments showed th a t hr_ 11 

and hrcs12 mutations lay in the E1 a region while th a t of h rcs13 lay in 

the E1 b region.



iru
s 

ti
tr

e
 

of 
ad

en
ov

iru
s 

3v
ar

10
0 

at 
th

re
e 

te
m

pe
ra

tu
re

s

CD

O
C\Jcn

oo oo

LO

CD
CO

cn

CO
cn
C\J o

cn
o o ooo

co
CO

c\j LO

CD

O
O oo o

c_>
CXI
CD

LO LOCD

LO

OO
(XI

CO
LO

LOCD

C L
=5

C



95.

As adenovirus 3var100 was iso la ted  at 37°C on 293 c e l ls  and shows 

a host range phenotype at th is  temperature on Hela c e l ls ,  the p ro b a b i l i ty  

of i t s  also having a cold sens it ive  phenotype was investigated.

Adenovirus 3var100, adenovirus 3 w ild  type or adenovirus 5 w ild  

type were t i t r a t e d  on 293 or Hela c e l l  monolayers at 32°C, 37°C or 38.5°C. 

As I had no h rCS mutant to  use as a contro l I used H5ts2, a temperature 

sensitive mutant p o s it iv e  fo r  growth in both 293 and Hela c e l ls  at 32°C.

Data (Table XV) shows th a t  adenovirus 3var100 is de fective  fo r  

growth in Hela c e l ls  at 32°C, 37°C and 38.5°C, suggesting th a t i t  is 

host range on ly .

3. Rep lication o f adenovirus 3var100 DNA in 293 and Hela c e l ls

I f  adenovirus 3var100 cannot grow in Hela c e l ls  because i t  lacks 

an essentia l func t ion  which can be complemented by an adenovirus type 5 

E1 function expressed by 293 c e l ls ,  i t  is possible th a t i t  may not be 

able to re p l ic a te  i t s  DNA in Hela c e l ls .

Hela c e l ls  were in fected w ith adenovirus 3var100 and labe lled  with 

inorganic orthophosphate. At 36 hours post in fe c t io n ,  v i r a l  DNA was 

extracted by a m od if ica t ion  of the H ir t  method.

R e s tr ic t ion  endonuclease d igestions were carr ied  out and the DNA 

fragments separated in an agarose gel system. I t  was necessary to 

examine the DNA r e s t r i c t io n  p r o f i le  ra ther than uncleaved v i r a l  DNA as 

there is a DNA band o f c e l lu la r  o r ig in  in H ir t  ex trac ts  which co-migrates
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Figure 29.

Replication o f adenovirus 3var1Q0 DNA in 293 and Hela ce l ls

Monolayers o f 293 and Hela c e l ls  were infected at 10 p . f . u . / c e l l  

with adenovirus 3var100, adenovirus 3wt or adenovirus 5wt. DNA 

was labe lled  w ith  inorganic orthophosphate and harvested as a H ir t  

supernatant. The DNA was cleaved w ith the endonuclease BamH1 and 

electrophoresed through a .7% agarose gel overn ight; DNA was visualised 

by exposure to  X-ray f i lm  at -70°C.

ind ica tes the new DNA band formed by a fused C + F 

product o f the w ild  p r o f i le .
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Figure 30.

Adenovirus 3var100 DNA transfect ion  in to  293 or Hela ce l ls

Monolayers of 293 or Hela ce l ls  were transfected with DNA from 

adenovirus 3var100, adenovirus 3wt or adenovirus 5wt and maintained 

under agar overlay medium fo r  14 days. Agar medium was removed and 

ce l l  monolayers were f ixed and stained using Giemsa Stain.

Figure a - 293 monolayers infected with Ad.3varlu0

Figure b - Hela monolayers infected with Ad.3var100 

Figure c - 293 monolayers infected with Ad. 5wt

Figure d - Hela monolayers infected with Ad. 5wt 

Figure e - 293 monolayers infected with Ad.3wt

Figure f  - Hela monolayers infected with Ad.3wt

DNA concentrat ions used were 1ug., Ju g  or .01ug per dish.

Ad.3wt plaques are arrowed Figs. E and F.



Table XVI

Cell l ine  

t ransfected

DNA used in 

t rans fec t ion

V i ra l  t i t r e  at Day 14 

in p . f . u . / m l .

293 c e l l s Hela c e l l s

293 Ad3varl00 1.5 x 107 <2 101

Hela Ad3var100 6 x 102 <  101

293 Ad3wt 2.3 x 104

oXCM

Hela Ad3wt 2.1  x 104 1.9 x 104

293 Ad5wt 1 x 106 1.6  x 106

Hela Ad5wt 1.7 x 106 2 x 106

293 Mock infected O O 1 X 101

Hela Mock infected C 101 O O 1
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with adenovirus f u l l  length DNA and makes quant i ta t ion  impossible.

Data ( f i g . 29) shows tha t  adenovirus 3 wi ld type, 3var100 and 5 

wi ld type a l l  r e p l i ca te  t h e i r  DNA in 293 c e l l s ;  in Hela ce l ls  only 

adenovirus 3 w i ld  type and 5 w i ld  type rep l ica te  t h e i r  DNA. Adenovirus 

3varl00 DNA re p l i c a t io n  is not detectable.

To show th a t  the block to adenovirus 3varl00 rep l ica t ion  was not 

a consequence of the v i rus being unable to enter Hela c e l l s ,  they were 

transfected with p u r i f ie d  v i r io n  DNA. This approach was intended to 

by-pass any po ten t ia l  block to the v i r io n  at the attachment or uncoating 

level .  Monolayers of 293 and Hela ce l ls  were transfected and a f te r  

14 days were f ixed  and stained; in p a ra l le l  v i r a l  y ie lds  were harvested 

and t i t r a t e d  on monolayers of 293 and Hela c e l l s .  Figs. 30 (a, b, c, d, 

e, f )  and Table XVI show th a t  t h i s  approach did not su f f ice  to overcome 

the block to  adenovirus 3var100 re p l i ca t io n  in Hela c e l l s .

4. To inves t iga te  i f  c e l l u l a r  DNA w i l l  degrade in the presence of

adenovirus 3var100

Takemori e t  a l . ,  ( 1968) iso la ted a class of adenovirus type 12

mutants (Cyt mutants) which produced large c lear plaques on human 

embryonic kidney c e l l s  compared to w i ld  type adenovirus 12 which produces 

small fuzzy plaques. These mutants caused extensive c e l l u la r  destruct ion 

and produced a low v i r a l  y ie ld .

Ezoe et a l . ,  (1982) showed tha t  these large plaque mutants caused 

extensive c e l l u l a r  DNA degradation in KB c e l l s .  Lai Fatt  and Mak, (1982.) 

showed th a t  the func t ion  involved in the i n h ib i t io n  of c e l l u la r  DNA
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Figure 31 (a, b, c, d and e)

The e f fe c t  of adenovirus 3var10Q on the c e l l u la r  DNA of KB, Hela 

and 293 c e l l  monolayers

Monolayers of KB7, 293 or Hela ce l ls  were infected at 20 p . f . u . /

ce l l  with adenoviruses 3var100, 3wtv d1312 and d!313.

DNA synthesis was blocked at 2 hours post in fec t ion with 10mM

hydroxyurea and at 21 hours post in fec t ion  c e l l  nuclei  were harvested. 

DNA was extracted by treatment with successive sa l t  concentrations of 

100mM, 350mM and 2M, being then treated with RNaseA and proteinase K. 

100ul a l iquots  were electrophoresed through a 1% agarose gel overnight 

at 30 v o l t s .  DNA was v isua l ised  by ethidium bromide staining and 

trans i l lum ina t ion  by an u l t r a - v i o l e t  l i g h t  source.

Photograph (a)

Cell monolayers infected with adenovirus 3var100 

Lanes 1, 2 and 3 = 293 c e l l  monolayers

Lanes 4, 5 and 6 = Hela c e l l  monolayers

Lanes 7, 8 and 9 = KB7 c e l l  monolayers

Salt concentrations

Lanes 1, 4 and 7 = 100mM s a l t .

Lanes 2, 5 and 8 = 350mM s a l t

Lanes 3, 6 and 9 = 2M s a l t .



Photograph (b)

Cel l monolayers infected with adenovirus d1313 

Lanes 1, 2 and 3 = 293 ce l l  monolayers

Hela c e l l  monolayers 

KB7 c e l l  monolayers

Lanes 4, 5 and 6 

Lanes 7, 8 and 9

Salt  concentrat ions 

Lanes 1, 4 and 7 = 100mM sa l t

Lanes 2, 5 and 8 = 350mM sa l t

Lanes 3, 6 and 9 = 2M s a l t

Photograph (c

Cel l monolayers infected with adenovirus d1312 

Lanes 1, 2 and 3 = 293 c e l l  monolayers

Lanes 4, 5 and 6 

Lanes 7, 8 and 9

Hela c e l l  monolayers 

KB7 c e l l  monolayers

Salt  concentrations 

Lanes 1, 4 and 7 = 100mM sa l t

Lanes 2, 5 and 8 = 350mM sa l t

Lanes 3, 6 and 9 = 2M s a l t

Photograph (d)

Cell monolayers infected with adenovirus 3 w i ld  type 

Lanes 1, 2 and 3 = 293 c e l l  monolayers

Lanes 4, 5 and 6 = Hela c e l l  monolayers

Lanes 7, 8 and 9 = KB7 c e l l  monolayers



Salt concentrat ions

Lanes 1, 4 and 7 =

Lanes 2, 5 and 8 =

Lanes 3, 6 and 9 =

Photograph (e)

Cell monolayers mock 

Lanes 1, 2 and 3 =

Lanes 4, 5 and 6 =

Lanes 7, 8 and 9 =

Salt concentrat ions 

Lanes 1, 4 and 7 =

Lanes 2, 5 and 8 =

Lanes 3, 6 and 9 =

100mM sa l t  

350mM sa l t  

2M s a l t

infected

293 c e l l  monolayers 

Hela c e l l  monolayers 

KB7 ce l l  monolayers

lOOmM s a l t  

350mM s a l t  

2M sa l t
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degradation mapped in the E1b region of the genome. When KB ce l ls  were 

infected with cH313 (Jones and Shenk, 1979) which lacks a l l  the E1b region, 

extensive c e l l u l a r  DNA degradation was found.

Since adenovirus 3var100 has a large plaque phenotype and v i r a l  DNA 

is not detected in Hela c e l l s ,  i t  is possible th a t ,  l ike  the Cyt mutants,

i t  is involved in c e l l u l a r  and v i r a l  DNA degradation.

293, Hela and KB c e l l  monolayers were infected with adenovirus 3var100,

3 w i ld  type, dl_313 (A.E1b) and dB12 (AE1a) and exposed to the presence

of hydroxyurea fo r  21 hours. DNA was released from infected ce l l  nuclei 

as described by Challberg and Kel ly ,  1979; St i l lman et a l . , 1984; White et 

a l . ,  1984. A l iquots  of the DNA samples were electrophoresed through an 

agarose gel and v isua l ised by ethidium bromide s ta in ing. Figs. 31 (a, 

b, c , d and e ) .

Figure 31b shows tha t  the DNA released from the nuclei  of KB ce l ls  

infected with cU313 is  extensive ly  degraded (Lai Fatt and Mak, 1982) whi le 

that from 293 c e l l s  is  not. The re su l t  tha t  the DNA released from infected 

Hela c e l l s  is s l i g h t l y  degraded compared to that from KB ce l ls  is surpr is ing. 

Hela c e l l s ,  un l ike  293 c e l l s ,  have no adenoviral expression and therefore 

are unable to complement d1313. Hence one would expect extensive 

degradation of DNA. DNA released from KB, Hela or 293 ce l ls  infected 

with adenovirus 3var100, 3 w i ld  type of dj_312 shows no degradation (Figs. 

a, c and d);  there fo re  adenovirus 3var100 is not involved in DNA 

degradation.
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Heat s t a b i l i t y / l a b i l i t y  o f adenovirus 3varlOQ, adenovirus 3 w i ld  type

and adenovirus 5 wi ld  type

g
10 p . f . u . /m l  of each v i rus was heated at 52°C in .05M Tris/Hcl 

(pH7.4) w ith  gent le a g i ta t io n .

At 2 minute t ime in te rva ls  100 ul al iquots were removed and 

d i lu ted to  1ml in ice cold T r is /S a l ine .  I n f e c t i v i t y  was assayed on 

monolayers o f  293 c e l l s  immediately and at day 10 monolayers were 

f ixed and stained. Survivors were p lo t ted against t ime.

#  = adenovirus type 5

▲ = adenovirus type 3

■  = adenovirus 3var100



5. To inves t iga te  i f  adenovirus 3var100 is heat la b i le

Mutations a f fe c t in g  the s t ruc tu ra l  components of a v i r io n  may resu l t  

in an increase in the heat l a b i l i t y  of the v i r ion  in v i t r o .  Adenovirus 

mutants H5ts18 and H5ts_19 which are temperature sensi t ive  fo r  the 100K 

prote in are inact iva ted  fa s te r  when heated to 52°C than wi ld  type adeno

vi rus 5. I t  is also possible to iso la te  heat stable (hs) mutants which 

are less rap id ly  inact iva ted than wi ld type virus in v i t r o  (Young and 

Wil l iams, 1975).

Adenovirus 3var100 was investigated fo r  heat l a b i l i t y / s t a b i l i t y  by 

heating 109 p . f . u .  o f  v i r io n s  at 52°C in .05M Tris/HClpH7.4 with gentle 

a g i ta t io n .

At t ime in te rva ls  1OOu1 a l iquots were removed and d i lu ted  to  1ml 

in ice cold T r is /S a l in e .  I n f e c t i v i t y  was assayed immediately by t i t r a 

t ion  on 293 c e l l  monolayers which were maintained under agar overlay 

medium fo r  10 days; monolayers were then f ixed and stained.

Results (F ig . 32) show tha t  adenovirus 3var100 is less thermostable 

than e i t h e r  adenovirus 3 w i ld  type or adenovirus 5 wi ld type. At every 

time poin t taken adenovirus 3var100 has 1 log less survivors than 

parental  adenovirus 3 w i ld  type and 2 log less survivors than adenovirus 

5 w i ld  type.

6 . R es t r ic t ion  enzyme analysis of adenovirus 3var100 DNA

An a l te ra t io n  in the E1 region of the adenovirus 3var100 genome
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Figure 33.

Rest r ic t ion  enzyme p r o f i l e  of adenovirus 3var1Q0 with Sma1, Hindi 11, 

Xho1 and Sai l

Adenovirus 3var100 or adenovirus 3wt DNA was nick translated and 

equal a l iquots  were digested with Sma1, H in d l l l ,  Xho1 or Sail as single 

d igests. Samples were electrophoresed through a .7% agarose gel 

overnight.  DNA was v isual ised by exposure to X-ray f i lm  at -70°C.
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may be detectable as an a l te ra t io n  in a re s t r i c t i o n  enzyme s i te  or by a

change in m o b i l i t y  of a r e s t r i c t i o n  enzyme fragment.

The r e s t r i c t i o n  enzyme p r o f i l e  of adenovirus 3var100 (Fig. 29) 

digested with BamH1 showed tha t  i t  d i f fe red  from the parental adenovirus 

3 wi ld type by the absence of fragments C and F. Instead there is a

new fragment which is approximately 3% smaller than a C + F fusion product

suggesting tha t  the BamH1 s i te  at 83.1 m.u. has been lost  as a resu l t  of 

a delet ion spanning t h i s  region.

Cleavage of adenovirus 3var100 DNA with Hind111 (Fig. 33) shows 

that fragments B and H are absent compared to the parental . Instead 

there is a new fragment 3% smaller than a B + H fusion product indicat ing 

that the 3% de le t ion  also spans the Hindi 11 s i te  at 83.5 m.u. Cleavage 

with EcoR1 (Section A:Figure 27) shows that EcoR1 band C is absent 

compared to the parental  suggesting the delet ion also spans the 85.4 m.u. 

EcoR1 s i t e .  Analysis o f adenovirus 3var100 with re s t r i c t io n  endonucleases 

Xho1, Sail  and Sma1 (Fig. 33) support the evidence that there is a 3% 

(MOOObp) de le t ion  in the r i g h t  hand end of the genome. Sma1 band B',

Xho 1 band B' and Sai l  band B' are a l l  smaller than the corresponding 

parental bands. These fragments l i e  in the r ig h t  hand end of the genome 

and contain the de le t ion  spanning map co-ordinates 83.1-85.4, which maps 

in the E3 region (76.6-86) m.u. of the genome.

Although r e s t r i c t i o n  enzyme analysis has shown that adenovirus 

3var 100 ca r r ies  a de le t ion  in the r i g h t  hand end of the genome, there is 

no ind ica t ion of a loss of r e s t r i c t i o n  enzyme s i te  or al tered fragment 

mobil ity w i th in  the l e f t  hand end.
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Figure 34.

DNA r e s t r i c t i o n  enzyme maps of adenovirus 3var100

Data from f i g u r e  3 3was transposed onto a l inear  DNA map; data 

from r e s t r i c t i o n  enzyme p ro f i le s  with EcoRl and Cla1 are also added.

Data is  based on the r e s t r i c t i o n  endonuclease cleavage maps of 

adenovirus 3 w i ld  type as determined by Tibbetts (1977).

=> DNA segment deleted from adenovirus 3var100.
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Figure  35.

Co- in fect ion of adenovirus 3var100 and adenovirus 5 wi ld type in 

293 and Hela ce l l s

Monolayers of 293 and Hela ce l ls  were co-infected with adenovirus 

3var100 and adenovirus 5 w i ld  type at 5 p . f . u . / c e l l  each v i rus ;  single 

in fec t ions were at 10 p . f . u . / c e l l .  DNA was label led with inorganic 

orthophosphate and harvested as a H i r t  supernatant. Equal aliquots 

of DNA were treated with the endonuclease BamH1 and electrophoresed 

through a .7% agarose gel at 30 vo lts  overnight; DNA was visualised 

by autoradiography.
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Figure 34 shows the proposed r e s t r i c t i o n  enzyme maps fo r  adenovirus 

3var100 based on res tr ic t ion  enzyme data Fig. (29) and Fig. 33

7. Complementation of adenovirus 3var1Q0 in Hela ce l l s

Since adenovirus 3var100 w i l l  rep l ica te  in 293 ce l ls  which contain 

and express adenovirus type 5 E1 funct ions, but not in Hela ce l l s ,  i t  

seemed possible tha t  one of the expressed funct ions could complement i t s  

growth. Therefore i t  would also be expected tha t  adenovirus 5 wi ld type 

vi rus would also complement the defect in the variant and allow 

re p l ica t ion  in Hela c e l l s .  Hela c e l l  monolayers were co-infected with 

adenovirus 3var100 and adenovirus 5 wi ld type at 10 p . f . u . / c e l l  and 

assayed fo r  complementation at the level of DNA rep l ica t ion ,  as i t  has 

been previously shown (Fig. 29) tha t  adenovirus 3var100 does not rep l ica te  

i t s  DNA in Hela c e l l s .  V i ra l  DNA was label led with inorganic orthophosphate 

and extracted as a H i r t  supernatant as before.

To d is t ingu ish  between adenovirus 3var100 and adenovirus 5 wild type, 

the DNA was cleaved with the r e s t r i c t i o n  endonuclease BamH1; the two 

v i r a l  serotypes have d i s t in c t i v e  BamH1 p ro f i le s .  (Figs. 11 and 12).

When adenovirus type 5 and adenovirus 3var100 were present together 

(Fig. 35) in the Hela c e l l s ,  there was c lear  evidence of rep l ica t ion  of 

adenovirus 3var100 DNA, but, in addi t ion , the DNA rep l ica t ion  of adenovirus 

5 w i ld  type was sub s ta n t ia l l y  reduced compared to a single in fect ion with 

adenovirus 5 w i ld  type. A s im i la r  reduct ion in adenovirus 5 wi ld type 

DNA re p l i c a t io n  in the presence of adenovirus 3var100 was seen in 293 

ce l ls  (Fig. 35) which are equal ly permissive to both viruses in single
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in fe c t ion .

The p o s s ib i l i t y  tha t  th i s  phenomenon may have been related to the 

input m u l t i p l i c i t i e s  of the viruses was examined by co- in fec t ing 293 

ce l ls  with adenoviruses 3var100 and 5 wi ld type at various ra t ios  and 

d i f f e re n t  t o t a l  m u l t i p l i c i t i e s  (10 p . f . u . / c e l l  - 100 p . f . u . / c e l l ) .

At ra t io s  of adenovirus 3var100 to  adenovirus 5 wi ld type ranging 

from 1:1 to 1:100  there was no d i f ference in the a b i l i t y  of adenovirus 

3var100 to  suppress adenovirus 5 DNA re p l ica t ion .  The p a r t i c le  to  p . f . u .  

ra t ios  of the two seed stocks were determined to ensure that one was not 

contr ibu t ing  a d isproport ionate  level of non-infect ious p a r t ic le s ,  but 

the values were 10:1 fo r  adenovirus 3var100 and 12:1 fo r  adenovirus 5 

wild type which is u n l i ke ly  to a l t e r  the input ra t io s .

The requirement f o r  a funct ional  adenovirus 3var100 fo r  the 

suppression of adenovirus 5 wi ld type DNA re p l ica t ion  was examined by 

co - in fec t ing  Hela c e l l s  with adenovirus 5 wi ld type virus and adenovirus 

3var100 v i rus  which had been heat inact ivated fo r  30 minutes at 56°C.

This resu lted in detectable re p l ica t ion  of adenovirus 5 wi ld type DNA; 

however, no re p l i c a t io n  of adenovirus 3var100 was detected, suggesting 

that the suppression of adenovirus type 5 DNA rep l ica t ion  is dependent 

on adenovirus 3var100 in an act ive s ta te .

To see i f  t h i s  apparently trans-dominant e f fe c t  of adenovirus 3var100 

on adenovirus type 5 was a general property of the var iant,  co- in fect ions 

with other  w i ld  type viruses were carr ied out.



293cells Hela cells
uninfected

A
d3w

t



Figure  36.

Co-infect ion of adenovirus 3var100 and adenovirus 3 wi ld -type

in 293 and Hela ce l ls

Monolayers of 293 and Hela ce l l s  were co-infected with adenovirus 

3var100 and adenovirus 3 w i ld  type (parental) at 5 p . f . u . / c e l l  each 

v i rus ;  sing le in fec t ions  were at 10 p . f . u . / c e l l .  DNA was label led 

with inorganic orthophosphate and harvested as a H i r t  supernatant; 

equal a l iquots  were cleaved with the endonuclease BamH1 and elect ro-  

phoresed overnight at 30 vo l ts  through a .7% agarose gel.  DNA was 

visual ised by autoradiography.
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Figure 37.

Co- in fect ion o f  adenovirus 3var100, adenovirus 3 wild type or adenovirus 

7 w i ld  type with adenovirus 5 wi ld type.

Monolayers of 293 ce l ls  were co-infected at 5 p . f . u . / c e l l  each 

v irus f o r  double in fec t ion  and at 10 p . f . u . / c e l l  fo r  single infect ions. 

DNA was label led with inorganic orthophosphate and harvested as a H ir t  

supernatant. Equal a l iquots were cleaved with the endonuclease BamH1 

and electrophoresed overnight at 30 vo l ts .  DNA was visualised by 

autoradiography.

d a t a  f o r  h e l a  c e l l s  i s  n o t  shown
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Figure 38.

C o-in fection  o f adenovirus 3var1Q0, adenovirus 3 w ild  type or adenovirus 

7 w ild  type with adenovirus 2 w ild  type

Monolayers o f Hela ce l ls  were co-infected at 5 p . f . u . / c e l l  each 

v irus  fo r  double in fec tions  and at 10 p . f . u . / c e l l  fo r  single in fec tions. 

DNA was labe lled  with inorganic orthophosphate and harvested as a H ir t  

supernatant. Equal a liquo ts  were cleaved with BamH1 and electrophoresed 

overnight at 30 v o l ts .  DNA was v isualised by autoradiography.
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Monolayers o f 293 and Hela ce l ls  were co-infected with adenovirus 

3var100 and i t s  pa ren ta l, adenovirus type 3. DNA was labelled and 

extracted as a H ir t  supernatant and cleaved with BamH1. Replication 

of DNA was monitored by the presence or absence of fragments of adenovirus 

3 w ild  type band C, or C1 which is the C + F fusion seen in the va r ian t. 

Replication o f the parental DNA was not affected by the presence of the

variant in 293 c e l ls  (F ig . 36). Instead i t  appeared to  suppress DNA

re p lica t io n  o f the v a r ia n t.  A s im ila r  e f fe c t  is seen in Hela ce l ls  

(Fig. 36) where adenovirus 3 w ild  type grew normally and only a fa in t  

trace o f adenovirus 3var100 DNA was seen.

When adenovirus 3 w ild  type or adenovirus 7 w ild  type were co-infected 

with adenovirus 5 w ild  type in to  293 or Hela c e l ls ,  th e i r  DNA re p lica t io n  

appeared very s l ig h t l y  reduced; however, adenovirus 5 w ild  type had 

rep lica ted i t s  own DNA. (F ig . 37). d a t a  f o r  h e l a  c e l l s  i s  n o t  shown

Adenovirus 3var100 was seen to suppress the DNA re p lica t io n  of 

adenovirus 2 w ild  type while adenovirus 3 w ild  type or adenovirus 7 w ild  

type did not. (F ig . 38)

8. Location o f the E1 lesion in the adenovirus 3var100 genome

Adenovirus 3var100 has approximately a 1Kb de le tion  at the r ig h t  

hand end o f the genome mapping in the E3 region (Fig. 34) detectable as 

an a l te ra t io n  in the re s t r ic t io n  enzyme p ro f i le ,  but no a lte ra t io n  is 

seen in the l e f t  hand end of the E1 region (F ig. 33). The host range 

phenomenon in Hela c e l ls  described suggests the variant to have an

a lte ra t io n  in the E1 region of the genome.



Lo
ca

tio
n 

of 
th

e 
El 

Le
si

on
 

in 
th

e 
Ad

en
ov

iru
s 

3v
ar

10
0 

Ge
no

m
e

H
l E

Cn Cn Cn cn cn cn
CO 13 O O O o o o

• T-- H-- H-- H-- —̂ H--
to  4—
ID • X X X X X X
S- CL

» r-H '*«—■•••' CVJ LO CT) cn CVJ
>
O  CP r^. r^. r^ oo oo
C  S-
CP -(->

-O  -r-«
<C -(->

o
o  ^
T--- r— H

S- EE
ro \ o
>  • CO cn co co H-- X--

r o  id o o o o o o
• x— H-- H-- X-- H-- X--

to  4— 
ID • X X X X X V
S- C l

• rH s .-/ CO CO LO rx cn
> • •
O  CP cn CVJ
C  S-
CP +->

t d  — •
<  +->

„__.
p 1

+-> K H-- T-- H-- H-- X-- o
5  * X— X—

LO ID o o o o o o
• H-- H-- H-- X— X-- X--

to  4—
ID • X X X X X X
S- CL

•rH '----' 0 0 LO LO H-- LO CVJ
> • LO • • •
O  CP H-- • C\J CVI
Cl S- CVJ
CP +D

TD -rH
C  +->

—̂ c +-> 1 +-* 1 c
UJ o 5 5 1 o

■ f—H CVI LO • l-H
to  Cl LO TD ---x -—X TD ld
ID O </) C -t-11 1 <c LT)
L— •'—* CP ■----- ^  1 2= | x—" CP

to s- J O CVI CVJ j C S -
>  to CL H--- TD TD X-- CL
O  CP X LU <C <C LU X
a  s- CP + ----- ------ + CP
CP CL rO J O ro ro

TD X o T--- T--- X--- X--- o
<  CP LU LU LU LU

— < CP LO 0 0 ro
— 1 c H--- X--- CO co .— i
Cp lrH 0Q CO CO CQ cn CP

o  — • NC CVI 3 1



A
d3var

KB 16

c l  2 :  
CO CO

ro w

>Cl
Oi
£

>
Q.
CO
<
0

<

KB 7

CL CL

KB 18

>
Q.

Cl CL CL >
— rr Q.co co cn k? co co m

ro co S. ^  ^  w  -ro co

K B 8
c

0*
>CL Q. Q. >

CL
—h
0
Or+CO CO CO cn

< _k —x £ 0
0 ro CO t-¥ CL



Figure  39.

DNA re p l ic a t io n  o f adenovirus 3var100 in KB c e l l  l ines expressing early 

functions o f adenovirus 2 w ild  type

Monolayers o f KB7, KB8(E1a), KB 18(E1b) or KB16(E1a+Elb) ce l ls  

were in fected w ith adenovirus 3var100, adenovirus 5 w ild  type, d1312 

(AE1a) or dj_313 (AE1 b) at 10 p . f . u . / c e l l .  DNA was labelled with 

inorganic orthophosphate and harvested as a H ir t  supernatant. DNA was 

v isualised by autoradiography.
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To detect the loca tion  of the E1 lesion the fam ily  of KB ce lls  

constructed by Babiss e t a l . ,  (1983) which contain and express the E1 

functions o f adenovirus 2 w ild  type, was used. Adenovirus 3var100, 

adenovirus 3 w ild  type and adenovirus 5 w ild  type viruses were t i t r a te d  

on these c e l l  l ines  and maintained under agar overlay medium fo r  14 days* 

monolayers were f ixe d  and sta inedp V ira l t i t r e s  are recorded in Table 

(XV II) . Adenovirus 3 w ild  type and adenovirus 5 w ild  type grow equally 

well in a l l  c e l l  l in e s .  However, adenovirus 3var100 grows with reduced 

t i t r e s  in c e l l  l ines  which do not express adenoviral functions and also 

poorly in c e l l  l in e  KB18 which expresses the E1b region only. The t i t r e  

of adenovirus 3var100 in c e l l  l in e  KB8 which expresses the E1 a region 

of the genome is  comparable to  the t i t r e  where both the E1 a and E1 b 

regions are expressed, suggesting the v irus has a defect in the E1 a region.

DNA re p l ic a t io n  o f adenovirus 3var100 was looked at in these KB 

ce ll  l in e s ;  adenovirus 3var100 was used to in fe c t a l l  four c e l l  l ines 

and, as co n tro ls ,  de le t ion  mutants d_l_312 (2\E1a) and dj_313 (AE1b) (Jones 

and Shenk, 1979) were also used. V ira l DNA was labelled with inorganic 

orthophosphate and extracted as a H ir t  supernatant; DNA was cleaved with 

H in d I I I .  This enzymatic cleavage distinguishes between adenovirus 5 

wild type and the de le tion  mutant.

Figure (39) shows th a t adenovirus 3var100 rep lica tes i t s  DNA 

equally w ell in c e l l  l ines  KB16 (E1a+E1b) and KB8 (E1a) as does dj_312 

( E1 a)_ Adenovirus 3var100 DNA is not detectable in c e l l  l ines KB7, 

which does not express any adenoviral functions, and also KB18, which 

expresses only the E1 b region. This data also suggests tha t the lesion 

maps w ith in  the E1 a region of the genome.
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Figure 40.

Strategy used to clone the BamH1 wild type fragments o f adenovirus 

3 w ild  type.

P la s m id  pUC 8 was l i n e a r i s e d  a t  the un ique BamHI s i t e  and 

p re pa red  as d e s c r i b e d  i n  M a t e r i a l s  and Methods , page 61 .

A d e n o v i r u s  3 w i l d  t y p e  DNA was c le a v e d  w i t h  e n d o n u c l e a s e  BamHI  

and c o h e s i v e  end l i g a t e d  i n t o  pUC8 as d e s c r ib e d  i n  M a t e r i a l s  and  

Methods pages 60 and  61 .

The l i g a t e d  DNA was used t o  t r a n s f o r m  JM 83 h o s t  b a c t e r i a  t o  

a m p i c i l l i n  r e s i s t a n c e  as d e s c r i b e d  i n  M a t e r i a l s  and Methods pages 

61 -  64 .
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Figure 41.

BamHI clones o f adenovirus 3 w ild  type

One microgram of DNA from each of the adenovirus 3 w ild type 

BamHI clones was cleaved with the endonuclease BamHI to release 

the BamHI in se r t  and electrophoresed overnight through a .7% agarose 

at 30 v o l ts .  DNA was v isua lised by ethidium bromide sta in ing and UV 

t r a n s i1lum ination.

Lane Clone Ad. 3wt DNA

insert

1 pJB329*

[Engler and K i lp a t r i c k , (1981)]

BamHI A

2 pIMBB BamHI B

3 pIMBC BamHI C

4 pIMBF BamHI F

5 pIMBG* BamHI G

6 pIMBH* BamHI H

8 pUC8 cut BamHI

9 pUC8 uncut

12 Ad. 3wt DNA cut BamHI

Clones marked w ith  *  were used to  marker rescue adenovirus 3var100
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Adenovirus 3var100 has two lesions; a deletion of about 1.5Kb 

mapping between 81.1 m.u. to  87 m.u. w ith in  the E3 region at the r ig h t

hand end of the genome and a lesion mapping in the E1 region to w ith in

the E1a, which is possib ly responsible fo r  the host range phenomenon 

in c e l l  l ines  which do not express the l e f t  hand adenoviral functions.

9. Separation o f the E1 a and E3 lesions of adenovirus 3var100.

Since adenovirus 3var100 has two lesions i t  was desirable to  

separate them fo r  fu tu re  experiments. This was achieved by (a) marker 

rescue using adenovirus 3 w ild  type BamHI cloned fragments, and (b) 

re - l ig a t io n  o f adenovirus 3var100 and 3 w ild  type DNA each cleaved with 

C1 a 1. These methods gave r is e  to  adenovirus 3 d l101 and adenovirus 

3hr102 whose o r ig in s  w i l l  be described.

9.1 Cloning o f adenovirus 3 w ild  type DNA fragments

Adenovirus 3 w ild  type DNA was cleaved with BamHI and the complete 

digest was co-hesive end l iga ted  in to  pUC8 l inearised at the unique 

BamHI s i te .  When adenovirus 3 w ild  type DNA is cleaved with BamHI nine 

fragments re s u l t ,  seven being capable of co-hesive end l ig a t io n  in to  the 

vector plasmid; term inal fragments D and I containing terminal peptide 

w i l l  not l ig a te  by th is  method. Figure 40 shows the construction of the 

adenovirus 3 w ild  type BamHI clones; Figure 41 i l lu s t ra te s  the resu lt ing  

clones.

The clones were fu r th e r  id e n t i f ie d  by re s t r ic t io n  endonuclease 

d igestion ; fragment BamHI B can be distinguished from fragment BamHI A 

by cleavage w ith  Xho1. Xho1 cleaves BamHI A at four s ites  to y ie ld  f iv e
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fragments, while  BamHI B remains uncleaved. Fragment BamHI B w i l l  cleave 

with H in d I I I  to  y ie ld  two fragments.

BamHI C fragment cleaves with Xho1 producing two fragments of about

6% which co-migrate as a doublet. BamHI F fragment cleaves with EcoR1 

into three fragments o f about 2.3% each. As they co-migrate together 

in an agarose gel system i t  is impossible to d is t ingu ish  three fragments. 

Fragments BamHI G and H are cleaved with Hindi 11; BamHI H y ie lds  two 

fragments approximately 1.2% and 1.8% and BamHI G is cleaved in to  two 

fragments o f 2.9% and 2.5%. BamHI G and H fragments span the E1 region 

and can be used to  marker rescue adenovirus 3var100.

9.2 Marker rescue o f adenovirus 3var100 using cloned adenovirus 3 w ild

type BamHI fragments

To marker rescue the l e f t  hand E1 lesion adenovirus 3var100 DNA 

was co-transfected  in to  293 c e l l  monolayers in 50mm p e tr i  plates along 

with equimolar amounts o f l inearised plasmids pIMBH or pIMBG or pJB329 

which contains the adenovirus 3 w ild  type fragment A (Engler and 

K i lp a tr ic k ,  1981).

Monolayers were maintained under l iq u id  medium fo r  7 days when 

v ira l  y ie ld s  were harvested and t i t r a te d  on 293 and Hela c e l l  monolayers. 

The t i t r e  ( p . f . u . /m l )  o f the v i r a l  y ie ld  from co-transfection  of adeno

virus 3var100 w ith pIMBH in Hela c e l ls  (Table XVIII) suggests tha t rescue 

may have occurred as th is  f ig u re  is s ig n i f ic a n t ly  greater than the 

contro l. Iso la ted  plaques from Hela plates were analysed fo r  the loss 

of host range phenotype by rapid assay on 293 and Hela c e l l  monolayers.
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Figure  42.

Construction o f adenovirus 3hr102



Table XIX

Iso la tes

screened 293 Hela
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Rapid Assay
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Figure 43.

Plaque Isolate



F igu re  43.

Shows the restr ic t ion  endonuclease p ro f i le  o f the nine progeny 

expressing a host range phenotype.

The DNA was labelled with inorganic orthophosphate and harvested 

as a H i r t  supernatant. Equal aliquots of labe lled DNA were cleaved 

with BamHI and electrophoresed through a .7% agarose gel followed by 

exposure to X-ray f i lm  at -70°C.

Isolates 2 and 3 show the restr ic t ion enzyme p ro f i le  o f adenovirus 

type 3.
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Iso la tes which scored p o s it ive  on both c e l l  l ines were fu r th e r  

characterised by re s t r ic t io n  enzyme p ro f i le .  These iso la tes showed the 

DNA re s t r ic t io n  p r o f i le  of adenovirus 3var100. They were no longer host 

range and were there fore  c la s s i f ie d  as rescued at the l e f t  hand end.

One is o la te ,  adenovirus 3d 1101 was grown through three rounds of plaque

p u r i f ic a t io n  and prepared as a crude v i r a l  seed stock.

9.3 Is o la t io n  o f adenovirus 3hr102

The r ig h t  hand lesion o f adenovirus 3var100 fa i le d  to marker rescue 

in my hands and was there fore  re s c u e d  as fo llow s.

Adenovirus 3var100 DNA and adenovirus 3 w ild  type DNA were each 

cleaved w ith  the re s t r ic t io n  enzyme Cla1 (cu tt ing  each at 52.2 m .u.).

The complete d igests were then mixed and re - l ig a te d  by co-hesive end

l ig a t io n  (F ig . 42) and transfected in to  293 c e l l  monolayers.

Monolayers were maintained at 37°C under agar overlay medium fo r  

10 days. Iso la tes  were screened by rapid assay (Table XIX). The nine 

progeny expressing a host range phenotype in Hela ce l ls  were fu r th e r  

characterised by r e s t r ic t io n  enzyme analysis (Fig. 43) fo r  an adenovirus 

3 w ild  type E3 region. Two iso la tes were shown to have an adenovirus 3 

w ild  type E3 region and to be host range in Hela c e l ls .  One iso la te , 

adenovirus 3hr102 was grown through three rounds of plaque p u r i f ic a t io n  

and prepared as a crude v i r a l  seed stock.

10. Replication  of v i r a l  iso la tes in KB c e l l  l ines

Adenovirus 3 d l101 and adenovirus 3hr102 were t i t r a te d  on the family
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Figure 44.

Diminished adenovirus 5 w ild  type DNA synthesis in the presence of 

adenovirus 3var100

Monolayers o f 293 ce l ls  were infected with adenovirus 5 wild type 

at 5 p . f . u / c e l l  where double in fe c t ion  would occur and at 10 p . f . u . /  

c e l l  fo r  s ing le  in fe c t io n .  At zero hour, co - in fec t io n  took place with 

adenovirus 3var100 at 5 p . f . u . / c e l l  and at 6 hours and 

superin fection  took place with adenovirus 3var100 at 5 p . f . u . / c e l l ;  

s ingle in fe c t io n  was at 10 p . f . u . / c e l l .  DNA was labelled with inorganic 

orthophosphate and time points extracted as a H ir t  supernatant .

a t  3 6 h o u r s  . DNA was cleaved with the endonuclease BamHI and 

electrophoresed through a .7% agarose gel overnight at 30 v o lts .  DNA 

was v isua lised  by autoradiography.
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of KB c e l ls  (Babiss e t a l . ,  1983) described previously, and maintained

under agar overlay medium at 37°C fo r  10 days. Monolayers were f ixed  

and stained w ith  v irus  t i t r e s  being recorded.

Data (Table XX) suggests th a t adenovirus 3hr102 is host range and 

l ik e  i t s  parental adenovirus 3var100 can be complemented to  re p lica te  

by c e l l  l ines  expressing the Etafunctions o f adenovirus 5 w ild  type or 

adenovirus 2 w ild  type. Adenovirus 3d 1101 is not host range as i t  rep

l ica te s  comparably to  w ild  type v irus  in c e l l  l ines which do not express 

any adenovirus E1 functions.

11. Diminished adenovirus 5 w ild  type DNA re p lica t io n  in the presence

o f adenovirus 3var1QQ

During complementation assays between adenovirus 3var100 and 

adenovirus 5 w ild  type viruses, i t  was noted th a t although adenovirus 

type 5 would complement the va r ian t to grow in non-permissive Hela c e l ls ,  

i t s  own DNA synthesis was suppressed.

To inves t iga te  at which time in the adenovirus re p lica t io n  cycle 

adenovirus 3var100 induced suppression, pulse la b e l l in g  of co-in fected 

monolayers was carr ied  out.

Monolayers o f 293 ce l ls  were infected with adenovirus 5 w ild  type 

and co - in fec ted  or superinfected with adenovirus 3var100 at times between 

zero and 12 hours; inorganic orthophosphate was also added at these times 

to label v i r a l  DNA; samples were harvested between 24 and 36 hours.

Data (F ig . 44) shows tha t when adenovirus 5 w ild  type v irus  is
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co-in fected or superinfected with adenovirus 3var100 virus at zero or 

6 hours post in fe c t io n ,  and v i ra l  DNA extracted as a H ir t  supernatant at 

36 hours, no adenovirus 5 w ild  type DNA re p lica t io n  is detectable in 

co-in fected or superinfected t ra c ts .  This suggests tha t i f  c e l l  mono

layers are f i r s t  in fected with adenovirus type 5 and then co-infected 

or superinfected with adenovirus 3var100, between zero and 6 hours, DNA 

synthesis o f adenovirus type 5 is suppressed.

The pulse la b e l l in g  was extended to the fo llow ing  time in te rva ls ;

6-12 hours, 6-24 hours and 12-24 hours, but quan tita t ion  of the re su lt in g  

data was impossible due to a pers is ten t problem with the in e f f ic ie n cy  of 

la b e l l in g  the adenovirus type 5 DNA.

This could be overcome in fu tu re  experiments by the omission of the 

rad ioactive  label from the protocol and electrophorese the H ir t  supernatant 

DNA through a polyacrylamide gel system v isua lis ing  the DNA by s i lv e r  

sta in ing (Whitton e t a l . ,  1983).

12. R eplication  o f adenovirus 5 w ild  type DNA in 293 ce lls  and Hela 

c e l ls  in the presence of adenovirus 3var100, adenovirus 3d1101 

or adenovirus 3hr 102

To inves t iga te  i f  adenovirus 5 w ild  type DNA suppression was a 

co-operative e f fe c t  between the two lesions or the re su lt  of the E3 

lesion alone (Beckner and Sharp, 1983), adenovirus 5 w ild  type v irus was 

co-in fected w ith  adenovirus 3d1101 or adenovirus 3hr102 in 293 or Hela 

ce ll  monolayers. V ira l DNA was labelled with inorganic orthophosphate 

and extracted at 36 hours post in fec t ion  as a H ir t  supernatant followed 

by cleavage w ith  the re s t r ic t io n  endonuclease BamHI.
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Figures 45 and 46.

Replication of adenovirus 5 w ild  type DNA in 293 and Hela ce l ls  in 

the presence of adenovirus 3var100, adenovirus 3d1101 or adenovirus

3hr102

Monolayers of 293 or Hela c e l ls  were infected with adenovirus 

5 wild type in the presence of adenovirus 3var100, adenovirus 3d1101 

or adenovirus 3hjp102 at 5 p . f . u . / c e l l  each v irus  fo r  double in fections 

and 10 p . f . u . / c e l l  for single in fe c t io n s . DNA was labelled with 

inorganic orthophosphate and harvested as a H ir t  supernatant. Equal 

aliquots of DNA samples were cleaved with BamH1 and electrophoresed 

through a .7% agarose gel overnight at 30 v o lts .  DNA was visualised 

by autoradiography.

Adenovirus 3hr102 has a band which migrates in the gel system
i

to the same position as adenovirus 3var100 band C . Adenovirus 3hr102 

has been plaque pur if ied before the growth of the seed stock, therefore 

should not contain adenovirus 3var100; contaminant band is possibly 

a par t ia l  band.
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In 293 c e l ls  (Fig . 45) adenovirus 5 w ild  type DNA synthesis is 

suppressed by adenovirus 3dJ_101 which carr ies the E3 lesion and also by 

the parental v irus  adenovirus 3var100. Adenovirus 5 w ild  type DNA 

synthesis is detectable when co-in fected by adenovirus 3hr102 which 

ca rr ies  the w ild  type E3 region.

When the experiment was repeated in Hela ce l ls  (F ig .45) data shows

tha t adenovirus 3hr102 is host range but can be complemented to re p lica te

i ts  DNA by c o - in fe c t io n  with adenovirus 5 w ild  type v irus .  Adenovirus 

3dJ_101 is  capable o f growth in Hela ce l ls  as i t  has a rescued E1a lesion 

and is  the re fo re  no longer host range. Adenovirus 5 w ild  type rep lica tes  

i ts  DNA in the presence o f adenovirus 3hr102 but is barely detectable 

in the presence o f adenoviruses 3dl_101 and 3var100. Both o f these 

viruses contain the lesion in the E3 region.

The above re su lts  suggest th a t the DNA suppression phenomenon of 

adenovirus 5 w ild  type by adenovirus 3var100 during co - in fec t ion  is due 

to the les ion in the E3 region and not a consequence of the E1 a lesion

or a co-operative  e f fe c t  between the two lesions.

Previous data has shown tha t when adenovirus 3var100 is co-in fected 

with i t s  parental adenovirus type 3, the varian t DNA re p lica t io n  is 

suppressed and the parental does not complement i t s  re p l ica t io n  in Hela 

cel I s .

On c o - in fe c t io n  o f adenovirus 3dJ_101 with adenovirus type 3 in 293 

and Hela c e l l  monolayers, the DNA p ro f i le  of both viruses was de tec tab le , 

although the DNA re p l ic a t io n  o f adenovirus 3d 1101 was s l ig h t ly  reduced
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from a s ing le  in fe c t io n .  The re p lica t io n  of adenovirus 3d1101 would be 

expected in Hela c e l ls  as th is  v irus  is not host range.

Adenoviruses 3hr102 and type 3 both y ie ld  the w ild  type DNA 

re s t r ic t io n  enzyme p r o f i le .  Therefore on co -in fec t ion  with these viruses 

into 293 or Hela c e l l  monolayers nothing can be deduced about e ith e r  DNA 

suppression or complementation.

The re p l ic a t io n  of adenovirus 3cU101 DNA in the presence of adeno

virus type 3 could suggest th a t the a ltered E1a region is involved in 

the suppression o f adenovirus 3var100 DNA re p l ic a t io n ,  or there is a 

requirement o f both the E1 a and the E3 lesions.

Adenovirus 3var100 has been shown to have a large plaque morphology. 

During t i t r a t i o n  in 293 c e l ls  i t  was noted tha t adenovirus 3hr102 showed 

a plaque morphology s im ila r  to  adenovirus type 3, but did not plaque in 

Hela c e l ls .

Adenovirus 3d 1101 showed a plaque morphology of imtermediate size 

between adenovirus 3var100 and adenovirus type 3 in both 293 and Hela 

cel Is .

This suggests th a t the large plaque morphology of adenovirus 3var100 

is dependent on the two lesions in E1 a and E3, although i t  may be post

ulated th a t the E3 lesion governs the plaque morphology more than the 

E1 a les ion , as adenovirus 3d 1101 shows plaques of intermediate size.
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Figure 47.

Replication o f adenoviral ITRs in the presence of adenovirus 3var1Q0,

adenovirus 3 w ild  type, adenovirus 5 w ild  type

pARKR was cleaved with endonuclease EcoR1 and co-transfected

in to  293 c e l ls  w ith helper adenovirus DNA in the form of adenovirus

3var100, adenovirus 3 w ild  type, adenovirus 2 w ild  type or adenovirus

5 w ild  type. DNA was harvested at time in te rva ls  as a H ir t  supernatant; 
c l e a v e d  w i t h  D p n l  a n d

a liquo ts  were electrophoresed through a .7% agarose gel overnight at 
A

30 v o l ts .  DNA was analysed by Southern b lo t t in g .

C = Control pARKR uncut 

0 = Zero hours 

96 = 96 hours

Replicating band is  arrowed.

The p l a s m i d  pARKR ( H a y  e t . a l . ,  1 9 8 4  ) c o n t a i n s  a p a i r  o f  i n v e r t e d  

570 b a s e  p a i r  r i g h t  t e r m i n a l  f r a g m e n t s  o f  a d e n o v i r u s  t y p e  2 . T h e s e

term in i  a r e  s e p a r a t e d  by t h e  H i n d i  I I /  Sm al  f r a g m e n t  o f  pKC7 

( Rao and  R o g e r s  , 19 79 ) w h i c h  c o n t a i n s  t h e  b a c t e r i a l  n e o m y c in  

p h o s p h o t r a n s f e r a s e  g en e  w h i c h  c o n f e r s  k a n a m y c i n  r e s i s t a n c e  . T h u s  

•tick t r a n s l a t e d  pKC7 DNA c a n  be u s e d  a s  a p r o b e  f o r  pARKR .
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13. Replication  of the subgroup C Inverted Terminal Repeat in the

presence o f adenovirus 3var1Q0 DNA

Hay et a l . ,  (1984) showed th a t when mini replicons consis t ing o f a 

l inea r molecule w ith subgroup C adenoviral type 2 te rm in i at each end 

were co-transfected  in to  293 c e l ls  w ith f u l l  length adenovirus 2 w ild  

type DNA as helper, they are capable o f autonomous re p l ic a t io n .  The 

products of re p l ic a t io n  are known to  have co -va len tly  bound pro te in  at 

the 5' ends and i n i t i a t e  synthesis at the same nucleotide as th a t used 

in DNA re p l ic a t io n .

The E3 lesion of adenovirus 3var100 has been shown to  suppress DNA 

synthesis o f subgroup C adenovirus type 5. Since adenovirus 2 w ild  type 

DNA re p l ic a t io n  is  also suppressed by adenovirus 3var100 i t  would be 

reasonable to  conclude th a t the E3 lesion is responsible. Therefore is 

adenovirus 3var100 also capable of the suppression o f the mini replicons 

which contain only the subgroup C adenovirus ITRs?

The experiment was carr ied  out as described by Hay e t a l . ,  (1984); 

plasmid pARKR was cleaved with the re s t r ic t io n  endonuclease EcoR1 to  

release the mini rep licon  and co-transfected w ith helper DNA in to  293 

c e lls .  Although 293 c e l ls  express the E1 functions o f subgroup C, th is  

should not a f fe c t  the experiment as i t  has been shown tha t the E3 lesion 

is responsible fo r  DNA suppression and not the E1a les ion . At time 

in te rva ls  between zero and 96 hours post t ra n s fe c t io n , DNA was extracted 

as a H ir t  supernatant and analysed by Southern b lo t t in g .

Figure 47 shows th a t the mini rep licon w i l l  re p l ica te  in the presence
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Figure 48.

Replication o f p3A1 in the presence of adenovirus 3var100, adenovirus 

3 w ild  type and adenovirus 5 w ild  type

p3A1 was cleaved with EcoRiand co-transfected in to  293 ce lls  

w ith helper adenovirus DNA in the form of adenovirus 3var100, adenovirus 

3 w ild  type or adenovirus 2 w ild  type. DNA was harvested at time in te rva ls  

as a H ir t  supernatant; a liquots  were electrophoresed through a .7% 

agarose gel overnight at 30 v o lts .  DNA was analysed by Southern 

b lo t t in g .

0 = Zero hour

24 = 24 hours

72 = 72 hours

96 = 96 hours

Replicating plasmid is arrowed.
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of DNA from adenoviruses type 2, type 5 and 3var100 as helper; there fore  

adenovirus 3var100 does not suppress re p l ic a t io n  of the mini rep licons.

This suggests th a t the suppression o f subgroup C DNA by adenovirus 3var100 

does not involve the ITR containing the o r ig in  of re p l ic a t io n .

Adenovirus 3 w ild  type DNA acts poorly as a helper fo r  the 

re p lica t io n  o f the mini rep licons. This may be due to  the poor i n f e c t i v i t y  

of the DNA ra ther than a heterotyp ic subgroup problem, as i t  requires 

highly in fe c t iou s  DNA to  achieve re p l ic a t io n  of the mini rep licons.

Adenovirus 3 w ild  type DNA was there fore  tested against plasmid 

p3A1 (described in Materia ls and Methods) which contains a s ingle 

adenovirus 3 w ild  type ITR. When the plasmid is cleaved to  expose the 

adenoviral term inal sequences at the end of the l in e a r DNA, a s ing le  

round o f re p l ic a t io n  can be detected in the presence of adenovirus helper 

DNA (Hay, 1985).

Plasmid p3A1 was cleaved with the re s t r ic t io n  endonuclease e c o r i  

and co-transfected in to  293 c e l ls  with helper DNA. At time in te rva ls  

between zero and 96 hours, DNA was extracted as a H ir t  supernatant and 

analysed by Southern b lo t t in g .

Figure 48 shows tha t adenovirus 3var100 and adenovirus 5 w ild  type 

DNA w i l l  act as helper fo r  the re p l ic a t io n  of plasmid p3A1, while no 

re p lica t io n  is detected in the presence of adenovirus 3 w ild  type DNA 

as helper. As the cloned ITR of p3A1 is homotypic with the helper DNA 

th is  would suggest th a t the lack of observed re p lica t io n  is due to  the 

low DNA in f e c t i v i t y  o f adenovirus type 3.
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DISCUSSION



Section A.

A. Results obtained from the analysis o f adenovirus 3var100. 

1. General properties

B. Mixed v i r a l  in fec tions

C. Adenovirus type 5 DNA suppression by adenovirus 3var100.

Section B.

A. Recombination - f a i lu r e  to  iso la te  v iab le  progeny between two 

adenoviral subgroups.
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Section A.

A. Results obtained from the analysis of adenovirus 3var100

1. General Properties

(a) Adenovirus 3var100 was iso la ted from a crude seed stock o f 

adenovirus 3 w ild  type. I t  has a large plaque phenotype compared to  the 

w ild  type (Fig 23) and is a fa s t  growing v irus  g iv ing  a f in a l  y ie ld  

comparable to  adenovirus 5 w ild  type over the same time range. This is 

demonstrated by one step growth curves. (Fig 24).

When assayed fo r  growth in Hela or KB c e l ls  the va r ian t was found 

to  have a host range phenotype fo r  these c e l l  l ines .(Tab le  XX).

Adenovirus type 5 host range mutants fo r  growth in Hela c e l ls  have 

been iso la ted  by Harrison e t a l . ,  (1977); Jones and Shenk, (1978). 

Complementation assays (Harrison et a l . ,  1977); marker rescue experiments 

(Frost and Williams, 1979) and recombination experiments between de le tion  

and host range mutants (Galos e t a l . ,  1980) have defined the host range 

phenotype to  map w ith in  the E1 region o f the genome. Experiment 3, 

Section B,shows tha t adenovirus 3var100 synthesises i t s  DNA in 293 c e l ls

which express adenovirus 5 w ild  type E1 func tions , but not in Hela c e l ls ,

suggesting a lesion in the E1 region.

R e s tr ic t io n  enzyme analysis (Experiment 5, Section B) showed th a t 

the va r ia n t had a de le tion  o f approximately 1Kb mapping in the non- 

essentia l E3 region, but there is no detectable d if fe rence  in the 

r e s t r ic t io n  enzyme p r o f i le  o f the E1 region suggesting e i th e r  a very
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small DNA d e le t ion , inse rt ion  or a po int mutation. Growth of adenovirus 

3var100 in KB c e l l  l ines expressing the E1 functions of adenovirus 2 

w ild  type (Babiss et a l . ,  1983) experiment 8, section B, suggests that  

the host range lesion l ie s  in the E1 a region, as c e l l  l ines expressing 

E1 a functions are seen to  complement i t s  growth. Further evidence tha t 

the les ion maps in the E1 a region comes from marker rescue of adenovirus 

3var100 w ith the adenovirus 3 w ild  type BamFM FI fragment which maps 

between 2 m.u. - 5 m.u., spanning most of the E1 a region.

(b) Flo e t a l . ,  (1982) iso la ted host range mutants of adenovirus 

type 5 which also showed a cold sens it ive  phenotype. Two of these mutants 

were mapped to  the E1 a region and one to  the E1b region.

Since adenovirus 3var100 was iso la ted in 293 c e l l  monolayers at 

37°C, showing a re s t r ic te d  growth in Hela c e l ls  and also shown to  map in 

the E1 a region, i t  was possible th a t the varian t also had a cold sens it ive  

phenotype. The va r ian t was plaque assayed on Hela ce l ls  at 32°C, 37°C 

and 38.5°C (Experiment 2, Section B) and found to  be host range at a l l  

temperatures. Thus the mutant is not cold sens it ive , unlike the mutants 

of Ho e t a l . ,  (1982).

(c) Adenovirus 3var100 has a large plaque phenotype and such mutants 

have been shown to  map in the E1b region of the genome, e.g. Cyt mutants of 

adenovirus type 12 (Takemori, 1968; Lai Fatt and Mak, 1982) and large plaque 

mutants o f adenovirus type 2 (Chinnadurai, 1983; Subramanian e t a l . ,  1984a). 

The loca t ion  o f the lesion conferr ing the large plaque phenotype has been 

mapped to  the E1b region and shown to  be a s ing le  amino acid su b s t i tu t io n  

w ith in  the 19Kd tumour antigen (Chinnadurai, 1983; Subramanian et a l . ,  1984a).
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D1Hal 1ium et a l . ,  ( 1979) showed that adenovirus H2ts111 (Martin et

a k , 1978) a DNA negative mutant, degraded c e l lu la r  DNA. Their resu lts  

suggested th a t an early  v i r a l  function prevented DNA degradation. Ezoe 

et_al_., (1981) described extensive c e l lu la r  DNA degradation by Cyt mutants 

and also by E1b de le tion  mutant d1313 (Jones and Shenk, 1978). Subramanian 

et a l . ,  (1984b) describe extensive degradation of c e l lu la r  DNA by adenovirus 

H2dl250 which has a large plaque phenotype and a spec if ic  lesion w ith in  the 

19Kd tumour antigen.

Adenovirus 3var100 was analysed by the method described by Stillman 

et a l . ,  (1984); White e t a l . ,  (1984) fo r  the phenotype of c e l lu la r  DNA 

degradation. Data shows th a t c e l lu la r  DNA from KB or Hela c e l l  l ines in 

the presence o f adenovirus 3var100 is not degraded, being l ik e  dj_312, an

E1a de le tion  mutant (Jones and Shenk, 1978). D_l_313, an E1 b de le tion

mutant described by Ezoe et a l . ,  (1981), produces c e l lu la r  DNA degradation 

in KB and Hela c e l l  l in e s , but not in the 293 c e l l  l in e  which expresses 

adenovirus type 5 E1b func tions . Thus adenovirus 3var100 has a large 

plaque phenotype but not the phenotype of c e l lu la r  DNA degradation.

Lui e t a l . ,  (1985) have described a large plaque phenotype displayed 

in Hela c e l ls  by sub304 (Jones and Shenk, 1978). This mutant has a 

s u b s t i tu t io n  o f fo re ign  DNA between 83.2 rn.u and 85.1 m.u. in the non- 

essentia l E3 region.

Adenovirus 3var100 has a de le tion  between 83.1 m.u. and 85.4 m.u. 

and a large plaque phenotype. This may suggest th a t the absence o f these 

sequences allows the formation o f large plaques. However, while adeno

v irus 3hr102 regains the small plaque morphology of the w ild  type,

adenovirus 3d1101 displays plaques o f intermediate size suggesting th a t
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the large plaque phenotype is not a d ire c t  re s u l t  o f the E3 lesion alone.

(d) Adenoviruses containing mutations in s tru c tu ra l  genes can be 

inac t iva ted  fa s te r  than w ild  type v irus  when heated w ith in  the temperature 

range o f 52°C-56°C (Russell e t a l . ,  1967; Brown e t a l . ,  1975; Colby 

and Shenk, 1981).

Colby and Shenk, (1981) showed d!312, which ca rr ies  lesions in both 

the E1a and E3 regions, to be more thermolabile  by a h a l f  log than 

adenovirus type 5.

Adenovirus 3var100 was heat treated at 52°C and surv iv ing  progeny 

assayed. Data showed tha t the va r ian t was more thermolabile  by 1 log 

than i t s  parental and 2 logs more thermolabile  than adenovirus type 5.

L i t t l e  is known about the function  o f the E3 region except th a t  i t  

possib ly codes fo r  membrane pro te ins . I f  th is  is  the case, then i t  is 

u n l ik e ly  th a t the absence o f any o f the polypeptides conferred by the 

de le tion  is responsible fo r  the th e rm o la b i l i ty  o f the va r ia n t.

L i t t l e  is  known about the lesion w ith in  the E1 a region except tha t 

i t  confers the host range phenotype to  the va r ia n t .  No v i r a l  s tru c tu ra l 

p ro te ins are coded by the E1 a region. I t s  func tion  has been shown to  be 

the regu la tion  o f gene expression from the other ea r ly  regions and to  be 

involved in the process of oncogenic transform ation . The lesion may f a l l  

w ith in  the coding sequence of the 289 amino acid residue regula tory 

p ro te in .  This would suggest there fo re  th a t the va r ia n t has an undetected 

mutation w ith in  a gene coding fo r  one o f the s t ru c tu ra l  p ro te ins . By 

screening the th e rm o la b i l i ty  o f adenovirus 3dJ_101 cons is t ing  o f adenovirus
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Figure 49.

Depicts the E3 region of adenovirus type 3. The prote ins encoded 

by th is  region are shown above the DNA segment.

The DNA of the E3 region of adenovirus type 3 is  compared w ith  the 

DNA from the E3 region of adenovirus type 2, fo r  homologous and absent 

zones.

The arrowed zone shows the prote ins which are absent in adenovirus 

3varl00 owing to  the de le tion .

The f ig u re  is adapted from Signas e t a l . ,  (1987) Gene.
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3var100 between 52.1 m.u. - 100 m.u. and adenovirus type 3 between 

0-52.1 m.u., the thermolabile  phenotype could be assigned to  one h a lf  of 

the genome.

The E3 region o f adenovirus 3 w ild  type is thought to  be non-essential 

fo r  v i r a l  growth and to  code fo r  membrane prote ins (Signas e t a l . ,  1987). 

The E3 regions are well conserved between subgroups (Signas e t a l . ,  1987). 

However, i t  has been shown th a t unique to  adenovirus 3 w ild  type is a 

950bp AT r ich  region thought to  be o f host c e l l  o r ig in .  This region con

ta in s  two open reading frames with the capacity to encode two polypeptides

of unknown fun c t io n , w ith molecular weights o f 2 0 .1K and 20.5K.

I have shown by r e s t r ic t io n  enzyme analysis th a t the de le tion  w ith in  

the adenovirus 3var100 E3 region maps between 83.1 m.u. - 87 m.u. However, 

by personal communication from V. Mautner i t  also extends leftwards from 

83.1 m.u. to  81.1 m.u. but not beyond. Using the sequencing data o f 

Sign'a's e t a l . ,  (1987) the extent of DNA coding sequences removed in f u l l  

or pa rt by the de le tion  can be predicted. (See Fig 49).

B. Mixed V ira l  in fec tions

Suppression o f one v irus  by a co - in fec t in g  partner is well 

documented.

Castro e t a l .,(1967) showed th a t AAV type 1 would re p lica te  in 

t issue  c u ltu re  in the presence o f adenovirus acting as helper v iru s ; 

however, the y ie ld  o f adenovirus was decreased.
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Dales and S ilverberg , (1968) showed co - ln fe c t io n  o f animal c e l ls  with 

unrelated viruses could re s u lt  in the complete suppression o f one or the 

other v iru s .  They postulated th a t  the v irus  w ith the shorter la te n t 

period would be dominant over the one w ith the longer la te n t period. My 

resu lts  (Fig 24) show th a t adenovirus 3 w ild  type has a short la te n t period 

compared to  adenovirus 3var100 or adenovirus type 5,. Flowever, fu r th e r  

experiments have shown th a t  i t  is  only dominant over the progeny v irus  

adenovirus 3var100 and not over other adenovirus serotypes. Unlike the 

viruses used in the experiments o f Dales and S ilverberg , these viruses 

are a l l  re la ted ,a lthough belonging to  d i f fe re n t  subgroups.

Rowe and Graham, (1981) complemented host range mutants o f adenovirus 

type 5 to  re p l ic a te  in non-permissive c e l ls  by co - in fe c t io n  w ith adenovirus 

type 12. At high m u l t ip l i c i t i e s  o f in fe c t io n  w ith  adenovirus type 12, the 

level o f adenovirus type 5 and host range mutant v irus  was reduced. Results 

presented in th is  thes is  (Fig 35) show th a t  adenovirus type 5 w i l l  

complement host range adenovirus 3var100 to  re p lica te  in non-permissive 

c e l ls ,  but DNA synthesis o f adenovirus type 5 is  suppressed. This suppres

sion, which la te r  data a t t r ib u te  to  the lesion in the E3 region is seen 

to act at low m .o . i .  w ith  adenovirus 3var100. Rowe and Graham found th a t 

the suppression o f t h e i r  adenovirus type 2 took place only in the presence 

of adenovirus type 12 at high m .o . i .  C o-in fec tion  o f the host range 

varian t w ith  i t s  parental v irus  in to  non-permissive c e l ls  showed l i t t l e  

complementation; however, i t  was noted th a t  in 293 c e l ls  equally 

permissive fo r  both v iruses, the DNA synthesis o f adenovirus 3var100 is 

suppressed by the parental adenovirus type 3.

Adenovirus type 2 or type 5 in the presence o f adenovirus type 3 or
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type 7 were seen to  re p lica te  th e i r  DNA to the level of a s ingle in fe c t ion  

(Figs 37 and 38). This re s u lt  is  contrary to  Delsert and D'Hallium, (1984) 

who showed a hierarchy of dominance by representatives of subgroup B over 

representatives of other subgroups, i . e .  adenovirus type 3 was dominant 

over adenovirus type 2 or type 5.

D if fe re n t  experimental procedures from those used by Delsert and 

D'Hallium were used in th is  work. The method used here was to label early  

in in fe c t io n  and harvest la te  between 36-48 hours. The v i ra l  DNA was 

harvested as a H ir t  supernatant and assayed by autoradiography of the 

r e s t r ic t io n  enzyme p r o f i le .

Delsert and D'Hallium labe lled  la te  in in fe c t ion  over a short period 

and assayed the v i r a l  DNA on caesium ch lo r ide  gradients.

I t  is  d i f f i c u l t  to  o f fe r  a possible explanation to account fo r  these 

con trad ic to ry  re su lts  as both sets o f data are equally convincing.

However, throughout the l i t e ra tu re  there are equally c o n f l ic t in g  sets of 

re s u lts .  Mak, (1969) showed th a t on co - in fe c t io n  o f KB c e l ls  with 

adenovirus type 2 and adenovirus type 12 the in fec t ious  y ie ld  of adenovirus 

type 2 was g re a t ly  reduced, adenovirus type 12 producing a y ie ld  equal 

to a s ing le  in fe c t io n .  Contrary to  th is  data, Williams et a l . ,  (1975); 

Brusca and Chinnadurai, (1981) co-in fec ted  KB c e l ls  w ith adenovirus type 

2 and adenovirus type 12,f in d in g  no transdorninant e f fe c t  by e ith e r  v iru s .

C. Adenovirus type 5 DNA suppression by adenovirus 3var100

Berkner and Sharp, (1983) constructed an E3 de le tion  mutant of 

adenovirus type 5 mapping between 78.9 m.u. and 84.3 m.u. On co - in fec t ion



120.

th is  mutant inh ib ited  the DNA synthesis o f i t s  parental d1309 and of 

adenovirus type 5, leading to the postu la t ion  th a t the E3 lesion was 

responsible fo r  the observed suppression.

Adenovirus 3d 1101 containing the E3 lesion o f adenovirus 3var100 

suppresses the DNA synthesis of adenovirus 5 while adenovirus 3hr102 

does no t,(F igs  45 and 46) suggesting th a t the E3 lesion is responsible fo r  

the observed DNA suppression. In contrast to  Berkner and Sharp, (1983) 

the parental s tra in  of v irus th a t gave r is e  to  adenovirus 3var100 is seen 

to suppress i t s  DNA synthesis. I t  is not known at what stage w ith in  the 

re p l ic a t io n  cycle of the adenovirus type 3 crude seed stock the va r ian t 

arose. However, one explanation fo r  the adenovirus type 3 parental 

suppression observed could be to contro l the va r ian t progeny in the crude 

seed stock. Without such contro l the va r ian t with i t s  accelerated growth 

rate would outgrow the parenta l. The va r ian t o f Berkner and Sharp was 

constructed by them and hence no natural se lection took place fo r  precedence 

of parental suppression over progeny.

The de le tion  in the mutant constructed by Berkner and Sharp 

(78.9-84.3) m.u. removes most of the e igh t mRNAs which are found in the 

E3 t ra n s c r ip t io n  u n i t ,  leaving the E3 in i t i a t i o n  s i te ,  the polyadenylation 

s i te  and one set of 5' and 3' sp lice  s i te s .  The sequences removed and 

remaining w ith in  the va rian t can be predicted by the DNA sequencing data 

of Signas e t a l . ,  ( 1987). Fig 49.

Remaining sequences are the E3 t ra n s c r ip t io n  i n i t i a t i o n  s i te  ly ing  

at p o s it io n  121, the polyadenylation signal sp e c if iy in g  the end of the 

L4 mRNA and the polyadenylation signal at pos it ion  4186-4191 preceding 

the polyadenylation s i te  at pos it ion  4209.
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Sequences lost by the deletion are; the term ination s i te ,  at least 

from the open reading frame of the 19K g lycopro te in ; the two open reading 

frames lying in the adenovirus type 3 unique 950 bp AT r ich  region encoding

polypeptides of 2 0 .1K and 20.5K. Also ly ing  w ith in  th is  region at pos it ion

2008 is a polyadenylation signal, but i t  is not known i f  t h is '  is  used fo r  

polyadenylation of mRNA. The two open reading frames fo r  the 9K and 10.2K 

polypeptides are also lost ,  as is approximately 67 bp, inc lud ing the 

i n i t i a t io n  codon, of the 15.2K polypeptide.

With so l i t t l e  known about the function  o f the E3 region i t  is

impossible to predict any role th a t the lack o f these polypeptides has

in DNA suppression. I t  may even be th a t  the transdominant DNA suppression 

is the result  of a more complex regu la tion .

When 293 or Hela ce l l  monolayers were co-in fected  with adenovirus 

3d 1101 and adenovirus 3 wild type, the DNA re s t r ic t io n  enzyme p r o f i le  o f 

both viruses was present. Thus adenovirus 3 w ild  type is not dominant 

over adenovirus 3d 1101. Since adenovirus 3hr102 and adenovirus 3 w ild  

type both have the same DNA r e s t r ic t io n  enzyme p r o f i le ,  complementation 

or suppression cannot be assayed at the DNA le ve l.

The y ie ld s  o f mixed in fec tions  from 293 c e l ls  fo r  suppression, or 

Hela c e l ls  fo r  complementation, could be assayed fo r  the percentage of 

progeny showing a host range phenotype. However, one must be aware o f the 

p ro b a b i l i ty  th a t (a) the number o f recombinants between adenovirus 3hr102 

and adenovirus 3 w ild  type w i l l  be high, because o f DNA homology and

(b) i f  the lesion in the E1a region is a base p a ir  change, then there is 

the p o s s ib i l i t y  of revertants of adenovirus 3hr102 to  the w ild  type



Virus Dominant to Not Dominant to

Ad3var100 (a E 1a+&E3) Ad5wt Ad3wt

Ad3dl101 AE3 Ad5wt Ad3wt
---------

Ad3h r102 AE1a - Ad5wt

Ad3wt Ad3var100 Ad3d1101, Ad5wt, Ad2wt

Ad5wt - Ad3var100, Ad3dH01

Ad7wt - Ad5wt, Ad2wt

Ad2wt “ Ad3wt, Ad7wt
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phenotype during the re p l ic a t io n  cycle. These viruses w i l l  be 

ind is t ingu ishab le  from the input adenovirus type 3, and, as there are no 

in te rna l con tro ls  which can be added to  assay th e i r  le ve l,  experimental 

q uan t ita t ion  w i l l  be inaccurate.

To inves t iga te  i f  adenovirus 3var100 would only suppress adenovirus 

5 w ild  type DNA synthesis i f  co - in fec t io n  o f both viruses occurred at 

zero time, a pulse la b e l l in g  experiment was carr ied  out (Experiment 11, 

Section B). The only p o s it ive  data from th is  experiment is th a t adenovirus 

3var100 can suppress adenovirus 5 w ild  type DNA synthesis i f  co-in fected 

or superinfected between zero and s ix  hours post in fec t ion  o f adenovirus 

type 5, w ith v i r a l  DNA extracted at 36 hours post in fe c t ion  o f adenovirus 

5 w ild  type. The other time in te rva ls  o f superin fection could not be 

quantitated because o f a pe rs is ten t rad ioactive  la b e l l in g  problem with 

adenovirus type 5. Labelled adenovirus 5 w ild  type DNA was detectable 

as a weak signal at 18 hours a f te r  addit ion  o f label whereas adenovirus 

3var100 DNA was detectable at 6 hours a f te r  addition o f labe l. This 

problem could be overcome as described in Results (Experiment 11, Section 

B).

Table (XXI) summarises the dominance and non-dominance found with 

the viruses used in th is  work.

I t  is  d i f f i c u l t  to  hypothesise why the DNA re p l ic a t io n  o f adenovirus 

5 w ild  type should be suppressed by varian ts  o f adenovirus type 3 carry ing 

a lesion in the E3 region.

The fo l low ing  points must be considered w ith in  any hypothesis:-

(a) The E3 region is non-essential fo r  v i r a l  growth in t issue  cu ltu re  and
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is proposed to code fo r  membrane pro te ins .

(b) The lesion in the E3 region is a de le tion  of around 1.5Kb mapping 

approximately between 83.1 m.u. - 86 m.u. The coding sequences removed 

by th is  de le tion  and polypeptides affected have been discussed previously 

in th is  section. (Pages 117, 120, 121).

(c) The trans-dominant suppression exh ib ited by the adenovirus type 3 

varian ts  possibly recognises the subgroup C re p l ic a t io n  cycle. Replic

a tion o f adenovirus 3 w ild  type is not suppressed in the presence o f these 

v iruses, although i t  i t s e l f  may be able to  regulate the gene suppression 

from these va r ian ts .

Experimental data from th is  work shows only th a t  subgroup C DNA 

synthesis is suppressed in the presence o f the va r ia n ts . Adenoviral 

gene expression is regulated at m u lt ip le  leve ls  p r io r  to  DNA re p l ic a t io n .  

On the basis o f the data published in th is  work i t  is  d i f f i c u l t  to  

hypothesise a mechanism to ra t io n a l is e  the transdominant DNA suppression 

observed.

There is one p o s s ib i l i t y  to  be considered; i t  is possible tha t 

the de le tion  removes the term ination sequence from the 19K polypeptide 

and the i n i t i a t i o n  sequence from the 15.2K polypeptide along with the 

intervening sequences between. I t  is possible th a t the remaining 

sequences are read as a continuous open reading frame re su lt in g  in a novel 

p ro te in  which in tu rn  could be responsible fo r  the transdominant 

suppression of DNA synthesis.
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Section B

A. Recombination - fa i lu r e  to  iso la te  v iab le  progeny between two

adenoviral subgroups

Adenovirus homotypic recombination has been demonstrated by 

Williams e t a l . ,  (1975); Frost and W illiams, (1978); Boursnell and 

Mautner, (1981); Volkert and Young, (1983); Mautner and MacKay (1984).

Complementation between subgroups has been demonstrated, (Williams 

e t a l .,1975; 1981; McDonough and Rekosh, 1982) but recombination between 

subgroups has not (Williams e t a l . ,  1981). Shiroki et a l . ,  (1982) have 

iso la ted  recombinants between adenovirus type 12 and dj_312, the E1 a 

de le tion  mutant o f adenovirus type 5 (Jones and Shenk, 1979). These 

recombinants are not progeny o f homologous recombination, but the re su lt  

o f i l l e g i t im a te  recombination. The recombinants are predominantly dj_312; 

one iso la te  was found, to  have a de le tion  of 20% between 5 m.u. and 15 m.u. 

w ith a 10% in se r t  of adenovirus type 12 sequences carry ing the E1 a and part 

o f the E1b regions. The other iso la te  was deleted in the E3 region with 

a 10% inse r t io n  o f adenovirus type 12 as described above.

Singer e t a l . ,  (1982) showed th a t  50bp homology was required fo r  

recombination w ith in  the r 11 c is tro n  o f the bacteriophage T4.

Gonda and Redding, (1983) showed in v i t r o  th a t  the E. c o l i  Rec A 

p ro te in  (Clarke, 1973) which promotes homologous pa ir ing  o f double or 

p a r t ia l l y  s ing le  stranded DNA molecules did not p a ir  where the zone of
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homology was 30bp,but was f u l l y  e f f i c ie n t  when the zone of homology was 

151 bp.

Various DNA hyb r id iza t ion  techniques have shown tha t w ith in  any 

adenovirus subgroup the homology can be greater than 96%, e.g. adenovirus 

3:7 = 99.5%, but across subgroups the homology is approximately 10%-12%, 

e.g. adenoviruses 2:7 = 10%; adenoviruses 5:7 = 12.8%, (Garon et a l . ,

1973; Fujinaga e t a l . ,  1975; Green et a l . ,  1979).

Heterotypic recombination was attempted by co-trans fec ting  DNA 

terminal overlapping fragments of subgroups B and C in to  293 c e l ls  and 

p icking re su lta n t plaques. By r e s t r ic t io n  enzyme analys is, the progeny 

were shown to  be:

(a) Predominantly of subgroup C phenotype

(b) Iso la tes with an a lte red re s t r ic t io n  enzyme p ro f i le  mapping 

in the r ig h t  hand end of the genome

(c) Of adenovirus 3var100 phenotype in one experiment.

Homotypic recombination between the adenovirus 5 DNA fragments was 

much higher than tha t seen between the fragments of adenovirus type 7.

This may be the re s u lt  o f the poor i n f e c t i v i t y  o f subgroup B DNA, which 

even as a DNA-protein complex is not h igh ly  in fe c t io u s . Homotypic 

recombination between adenovirus 3var100 DNA terminal overlapping fragments 

is almost as high as th a t between adenovirus 5 w ild  type DNA terminal 

fragments. Data shows th a t adenovirus 3var100 DNA in f e c t i v i t y  on day 

4 o f tran s fec t ion  is 1 log less than adenovirus type 5, and more in fec tious  

than adenovirus 7 w ild  type DNA which does not show plaque formation u n t i l  

day 7 o f t ra n s fe c t io n . Thus the homotypic recombination between the DNA
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fragments o f adenovirus 3var100, a subgroup B v irus ,  may be the re s u lt  

o f a higher DNA in f e c t i v i t y  at day 4.

DNA homology between adenoviruses type 5 and type 7 is  approximately 

10%, being d is t r ib u te d  throughout the genomes.

Since crossovers have been detected in small zones o f DNA homology 

o f 21 bp and 50bp, i t  may be reasonable to assume tha t recombination can 

occur between the two serotypes and therefore  one must explain why no 

v iab le  progeny were iso la ted .

During bacteriophage recombination, branch m igration allows 

crossovers to  take place at a distance from the s i te  of in te ra c t io n .

However, branch m igration cannot traverse zones of DNA heterology 

(Singer e t a l . ,  1982). Das Gupta and Redding, (1982) have shown in v i t r o  

th a t  the branch m igra tion , mediated by the E. c o l i  Rec A pro te in  (Clarke, 

1973), between the recombinant DNAs o f phages M13 and fd ,  w i l l  be inh ib ited  

i f  there is  one base pa ir  mis-match w ith in  ten base pa irs .

I f  such l im i ts  are func tiona l w ith in  the mechanism involved in 

adenovirus recombination, then the number o f heterologous base pairs between 

serotypes 7 and 5 (9 heterologous bps to 1 homologous bp) would probably 

in h ib i t  recombination. I t  may be argued th a t mis-match base repa ir  

would convert zones o f heterology to  zones o f homology. However, there 

appears to  be a l im i t  to  the number o f base pairs which can be corrected 

during DNA excis ion and re pa ir .

In mammalian c e l ls  Cleaver, (1974) found tha t the number o f mis

matched nucleotides which could be repaired successfu lly  was 100, although
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Hurst e t a l . ,  (1972) have found evidenee to  suggest a 700 nucleotide t ra c t  

w ith in  fu n g i.  Mi 1le r  e t a l . ,  (1976) have shown th a t correction  of mis

matched base pa irs  w ith in  polyoma DNA during recombination does not exceed 

600 nucleotides.

I f  mis-match re pa ir  is l im ite d  to  between 100 and 700 nucleotides, 

and the zones o f heterology between the two adenoviral serotypes are 

probably greater than the upper l im i t  above, i t  may be d i f f i c u l t  or 

impossible fo r  mis-match repa ir  to  take place.

Recombinants a r is in g  from tra n s fe c t io n  o f heterotyp ic overlapping 

term inal DNA fragments would have an ITR from each subgroup; to  date no 

recombinant adenovirus has been iso la ted  containing the ITRs o f two 

d i f fe re n t  subgroups.

DNA synthesis occurs via a strand displacement mechanism producing 

one double stranded DNA molecule and one s ing le  strand DNA molecule. The 

ITRs o f the s ing le  strand molecule allow the formation o f a short duplex 

of DNA ("panhandle s tru c tu re ")  jo ined by a s ing le  strand loop. From th is  

intermediate a duplex DNA molecule is synthesised.

The f i r s t  50bp from the te rm in i are h igh ly  conserved between subgroups, 

which would allow homologous pa ir ing  in th is  region. The second region 

shows l i t t l e  conservation between subgroups and is var iab le  in length. I t  

is possible th a t a panhandle s truc tu re  could not be formed successfu lly 

from a hybrid DNA molecule between subgroups B and C, re su lt in g  in the 

loss o f the intermediate used fo r  DNA synthesis.

Hay, ( 1985a,b) showed the DNA sequences required fo r  the in vivo
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re p l i c a t io n  of adenovirus type 2 lay w ith in  the f i r s t  terminal 45bp. For 

adenovirus type 4 the f i r s t  terminal 18bp are required fo r  the i n i t i a t i o n  

of DNA re p l i c a t io n ;  these sequences containing the o r ig in  of re p l i c a t io n .

Hay and McDougall,(1986) showed tha t  t rans fec t ion  of v i r a l  genomes 

containing a r i g h t  ITR of adenovirus type 5 and a l e f t  ITR of adenovirus 

type 2 conta ining in terna l  delet ions could produce in fec t ious progeny 

containing the deleted ITR; however progeny were only recovered when the 

v i r a l  genomes contained a minimum of 45bp from the terminus.

These resu l ts  suggest tha t  DNA re p l ica t ion  can be i n i t i a t e d  provided 

the o r ig in  of r e p l i c a t io n  is present in the terminal sequences. A 

recombinant DNA molecule would have a l e f t  hand ITR of 136bp (Subgroup B) 

and a r i g h t  hand ITR of 103bp (Subgroup C), each containing the o r ig in  of 

DNA re p l i c a t io n .  V i ra l  genomes containing an ITR with an in te rna l  de le t ion ,  

but containing the o r ig in  of re p l i ca t ion ,a re  able to produce v iable  progeny. 

This suggests th a t  the d i f fe rence in ITR base pa i r  size should not be a 

b a r r ie r  to  DNA re p l i c a t io n ,  and impl ies tha t  progeny containing heterotypic  

ITRs should in theory be able to  i n i t i a t e  DNA re p l i c a t io n .

My resu l ts  have not shown tha t  the block to recombination is at the 

DNA le v e l .  I t  is possible tha t  i t  is at the t ra n sc r ip t io n  leve l .

Heterotypic recombinants would be a chimera of two subgroups containing 

at least heterologous E1 a and E4 regions. Adenovirus gene expression is 

regulated at m u l t ip le  levels w i th in  an in fec t ious cycle,and i t  is possible 

t ra n sc r ip t io n  from such a v i rus described above may be impaired.
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The E1 a region is expressed f i r s t  during the in fec t ious  cycle (Nevins, 

1981) encoding the 32K prote in which is responsible fo r  the st imula t ion of 

the other ear ly  regions.

Will iams et a l . ,  (1981) showed adenovirus type 12 could complement 

adenovirus type 5 host range and dele t ion mutants; thus the E1 region of 

adenovirus type 12 could subs t i tu te  the missing funct ions of adenovirus 

type 5.

Gu i l foy le  e t a l . ,  (1985) showed tha t  recombinant plasmids containing 

the E2a DBP gene plus the ear ly  and la te  promotors or ear ly  promotor alone, 

required E1 a products f o r  f u l l  expression. The DBP gene in the presence 

of the la te  promotor alone was inh ib i ted  by the E1 a products.

In v i t r o  t ra n s c r ip t io n  from the E4 region can be inh ib i ted  by the 

addi t ion of p u r i f ie d  DBP, Handa et a l . ,  (1983). A protein-complex between 

the E4-32K pro te in  and the E1b-55K prote in is thought to shut o f f  c e l l u l a r  

gene expression during v i r a l  in fe c t ion ,  Sarnow et a l . ,  (1984). Kaufman, 

(1985) using recombinant plasmids, demonstrated the necessity fo r  having 

the VA RNA genes in c is  or trans plus the t r i p a r t i t e  leader sequences 

expressed by the MLP fo r  e f f i c i e n t  t ra n s la t io n  of mRNAs la te  in in fe c t ion .

Leite e t  a l . ,  (1986) demonstrated heterotypic  st imula t ion of plasmids 

containing the E2a or E3 promotors from adenovirus type 5 fused to  the CAT 

gene, by co - in fec t ion  with subgroups A, B, D and E. A plasmid containing 

the E1 a of adenovirus 3 w i ld  type could also st imulate  the above plasmids. 

However, when adenovirus 3 E1a and adenovirus 2 E1a were present together 

the adenovirus 3 E1a region was transdominant causing the in h ib i t i o n  of 

the plasmids.
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These data demonstrate some of the complicated regulatory  steps which 

may funct ion during adenovirus in fect ion,and show th a t  heterotypic 

s t imula t ion  of t ra n sc r ip t io n  may be possible.

The progeny isolated from the heterotypic  recombination experiments 

described were variants of adenovirus type 5 containing genet ic rearrange

ments in the E3 region and must have been present on co - t rans fec t ion .  In 

l i g h t  of the data (Section B resu l ts )  th a t  adenovirus 3var100 and adenovirus 

3d 1101 (which have al tered E3 regions) can suppress the DNA synthesis of 

adenovirus type 5, i t  may be reasonable to  wonder i f  these variants  of 

adenovirus type 5 (also with al tered E3 regions) are able to  suppress 

co - in fec t ing  progeny with subgroup B sequences.
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Figure 50.

Postulat ion of in v i t r o  recombinants between adenoviruses subgroup B 

and subgroup C by DNA enzymatic cleavage and re - l i g a t i o n

Heavy arrows show the s i tes  of cleavage which would give r ise  to 

fragments which could be used in l ig a t i o n .  Ver t ica l  l ines show other 

r e s t r i c t i o n  enzyme s i tes  w ith in  the genome.

(a) EcoPJ cuts adenoviruses 3 and 7 at 85.4 m.u.

^ = ^ l i g a t e  fragments 0-85.4 m.u. + 84 m.u.-100 m.u.

(b) C1 a 1 cuts adenoviruses 3 and 7 at 52.2 m.u.

C1 a1 cuts adenovirus 2 at 51.6 m.u.

r z ^ l i g a t e  fragments 0-52.2 m.u. + 51.2 m.u.-100 m.u.

(c) Hindi 11 cuts adenoviruses 3 and 7 at 3.8 m.u.

C1 a 1 cuts adenovirus 5 at 2.6 m.u.

l ig a te  fragments 0-3.8 m.u. + 2.6 m.u.-100 m.u.

(d) BamH1 cuts adenoviruses 3 and 7 at 2 m.u.

C1 a1 cuts adenovirus 5 at 2.6 m.u.

:=d>l igate fragments 0-2 m.u. + 2.6 m.u.-100 m.u.
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Future Prospects

A. Construction of in v i t r o  recombinants between subgroups B and C.

I t  should be possible to  construct _in v i t r o  recombinants between 

subgroups B and C by cleavage and r e l ig a t io n  of f u l l  length genomic DNA, 

fol lowed by t rans fec t ion  in to  293 c e l l s .  Figure 50 shows representation 

of four  such constructs.

(a) EcoR1 cleaves adenoviruses type 3 or type 7 at 85.4 m.u. y ie ld ing  

a fragment 0-85.4 m.u.; EcoR1 cleaves adenovirus type 5 at 84 m.u. giving 

a fragment spanning between 84 m.u. -  100 m.u. The l ig a t io n  s i te  of these 

two fragments would l i e  in the non-essent ial  E3 region.

(b) Cleavage of adenoviruses type 3 and type 7 with C1 a1 gives a 

fragment spanning between 0-52.2. m.u.; whi le cleavage of adenovirus

type 2 with the same enzyme y ie lds  a fragment of map co-ordinates 51.2 m.u.

- 100 m.u. The 51.2 m.u. s i t e  w i th in  adenovirus type 2 l ie s  to  the l e f t

of the hexon gene; there fo re  recombinants would have an adenovirus type 

2 hexon.

(c) The r e s t r i c t i o n  enzyme C1 a 1 cleaves adenovirus type 5 at map 

pos i t ion  2.6 to  give a fragment spanning between 2.6 m.u - 100 m.u.

This resu l ts  in the loss of the E1a TATA box and the s ta r t  s i te  f o r

t r a n s c r ip t io n .  Hind 111 cleaves adenoviruses type 3 and type 7 at map 

pos it ion  3.8 to  give a fragment spanning between 0-3.8 m.u. This 

fragment re ta ins  the TATA box, the i n i t i a t i o n  s i te  f o r  t ra n s c r ip t io n  and 

the information f o r  the 13S, 12S and 9S t ra n sc r ip ts  but not the po ly-  

adenylation s igna l .  On l ig a t io n  of these fragments i t  may be possible
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to  have a construct  containing the i n i t i a t i o n  and t ra n sc r ip t io n  information 

of adenovirus type 3 E1 a and also E1 a t ra n sc r ip t io n a l  information of 

adenovirus type 5, inc luding the polyadenylation signal fo r  correct 

s p l ic in g  of t ra n sc r ip ts  before po lyadenyla t ion.

(d) The r e s t r i c t i o n  enzyme BamH1 cleaves adenoviruses type 3 and 

type 7 at map pos i t ion  2 g iv ing a fragment spanning between 0-2 m.u.

This resu l ts  in the loss of most of the t ra n sc r ip t io n a l  information fo r  

products 12S and 13S, but the re ten t ion  of the TATA box and the t r a n s c r ip t 

ional i n i t i a t i o n  s i t e .  On l ig a t io n  of the adenovirus type 5 fragment 

described above, possible constructs would be s im i la r  to those previously 

described, except tha t  most o f the t ra n sc r ip t io n a l  information from 

adenovirus type 3 would be lo s t .

B. Further inves t iga t ion  of adenovirus 3var100 suppression of

adenovirus type 5 DNA synthesis.

Recently the expression of the chloramphenicol acetyl  t ransferase 

gene under the contro l  o f  adenoviral  promotors has been used to look at 

c is -ac t in g  and trans acting dominance by the early  adenoviral  regions 

(Le ite  e t a l . ,  1986; Glenn and R icc ia rd i ,  1987). I t  may be possible to

e x p lo i t  t h i s  method to  study the suppression of adenovirus type 5 DNA 

synthesis by adenovirus 3var100 and adenovirus 3dn01. The E3 regions 

of both adenovirus 3 w i ld  type and adenovirus 3var100 could be cloned as 

expression plasmids. These recombinant plasmids could be transfected in to  

Hela c e l l s  along with plasmid constructs containing d i f f e r e n t  adenovirus 

type 5 ear ly  promotors fused to the CAT gene. By assaying the level of 

CAT a c t i v i t y  i t  would be possible to detect suppression by the E3 products.
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C. Sequencing of E1 a and E3 lesions of adenovirus 3var100

The cloning of adenovirus 3var100 DNA conta ining the E1 a and E3 

regions would be desirable fo r  sequencing.

Since the adenovirus 3 w i ld  type BamH1 H fragment (2-5) m.u. has 

been shown to marker rescue the E1 a lesion of adenovirus 3var100 i t  would 

be reasonable to clone out th i s  fragment from the va r ian t .

I t  is possible the E1 a lesion maps in the gene coding f o r  the 

prote in  analogous to tha t  from the 289 amino acid residue of adenovirus 

type 5. The proteins trans lated from the 13S and 12S mRNAs of adenovirus 

7 w i ld  type contain 261 and 230 amino acids respect ive ly .  Due to  the 

high homology between adenoviruses type 3 and type 7 i t  would be reasonable 

to assume tha t  th is  is also true of adenovirus type 3.

The E3 lesion could be cloned out as a HindlII-EcoR1 fragment of 

co-ordinates 78.8 m.u. - 87 m.u. By sequencing across the j o in  of the 

de le t ion  and beyond, i t  would be possible to p red ic t  i f  there was a reading 

frame which would code fo r  a 19K + 15.2K fus ion product.

D. Protein analysis of adenovirus 3var100

Comparison of the prote in p r o f i l e  of adenovirus 3var100 may show i f  

any prote ins were a l tered re la t i v e  to the wi ld  type and could be carr ied 

out in conjunction with the sequencing s tra tegy.
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E. Iso la t ion  of revertants from the adenovirus var iants

I f  the E1 a lesion is a base pa i r  change, then one should be able to 

i so la te  revertant progeny of adenovirus 3var100 and adenovirus 3hr102 on

He 1 a c e l l  monolayers.

Revertants of adenovirus 3var100 should behave l i k e  adenovirus 3d 1101

in th a t  they would be no longer host range fo r  growth in Hela ce l l s  and

would be able to  suppress the DNA synthesis o f adenovirus type 5.

Revertants of adenovirus 3hr102 should behave l i k e  adenovirus type 3

in tha t  they would be no longer host range f o r  growth in Hela ce l l s  and

would be able to  suppress adenovirus 3var100 DNA synthesis.

Sequencing of these revertants  would be desi rable to  show tha t  the 

reverted phenotype was the re su l t  o f  a reversion to  w i ld  type DNA sequence.
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