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INTHODUCTION 

Viruses represent the simplest form of a self replicating 

system and their study has become a very fru:l.tful branch of pure and 

applied bi ology . Aft er virus i.nfecti.on, the viral genome f unctions 

to alter the metabolism of the host cell. An understanding of t he 

bio~->ynt.ltet:Lc proGesscs induced by infection wi t h animal viruses i s 

i mport a nt teo the progress in several areas of science~ 

It h.as be<m eL;tima ted t ha t about 10% of all illnes.sei3 are 

t ho z · ·:~L'1-Ult of vi:<·al i n.fect:i.on (Hors f a ll 1965) and for this reason an 

l.md.,?n:; t.;:mdin.g o :t' t he v :iruc-c~J.l inteJ.,action would bring new horizons 

t o t.rv: f:Leld of meO.ic<:~.l sci<>.!!Ce. l"urthE:rwore , an ttnd(l:rstanding of 

t he· cru1Ge:c CGll and the neopJ.a,sti c proc~ss in molecular t erms i s n or1 

n realj .:., t:i c resec:;.:cch £~•J<3. l fOl· those studying tumorigenic viruses and 

t~h.v m{-H:;h!).nium of v:i. ru..s :i.uduced c e ll transforr:Ja tion . Vlruses can also 

'] " i ' . cc ..... l . 1 con ;a :u::u.ng mo1·e t hen h million genes ( Green 1966 ) , 

<::r.t.r.em,:1 J.y d.i ff:.l cult syst::Hn :for th e ana lysis of t ranscription and 

tr·t~r~.t; J.a t.i.Nt o.f specific ma c: .. ~omol.ocules. ViruG · nfection affords the 

oppo~·t.!u::Lty to introduce a defined s ef:)lne tLt o f genetic rn.El.terial into 

a cell. Since vi:ruses contain on ly a limited mraber o f gen<':S~ it iB 

tcch.nica ll · fe r:u:;ible to nnalyso in -detai l, t he trn.nscripti.on and 

tranalat.ion o f virus specific m<".c:;.·omo1ecnl!:':ti ~ and. the :intracellular 

'i 
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· controls of these p.roceeses, employing the virus infected cell for 

experimental analysis. Hore than 500 animal viruses of various sizes 

and degrees of complexity ha ve been described (Green 1966), containing 

either DNA or RNA, and multiplying or maturing in different parts of 

the cell. In this framwork , the human adenoviruses as a group, offer 

a singularly rich f i eld for lea rning. 

The 31 s erotypes of human adenovirus es ( Wilner 1965) ha v-e a 

medium complexity wi th a particle si :~;e of 60 to 85 n~. Some of t hese 

ser otypes , nota bly adenovirus type s 12 1 18, and 31 are highly tuwo.d .genic 

i n ani mals (Crawfor d 1969, Hue bner 1962 and Per eir a 1965). The nuclei c 

acid :i.s doub l e strcmded DNA with a mol ecula r weigh t of 
6 

2'1 X 10 t.o 

25 X 10
6 

da lt.ons , and i s able t o code f or a t l eas t 9 p:.eoteinn ( Naiz(~ l 

1968 and White 1969 ). One i mpor t ant advanta ge i n w:rlng t his vira l groul' 

i s t hat the a den.ovi.ruses a nd ·t.he adf.lnovi .r.uG·-ce ll i nteraction have l)e c:n 

w:i.dE1l y i m.•est.iga t ed ano. a r e the sub j (: ct of many ex cellent r eview 

e.rticlet3 ( C~,'HWforc' 1969 ~ Gi lJ.Dberg 1962, Ginsbe:cg "1 965 , Gi nsberg 19o'1 ~ 

Gr er::n 1966 9 Ram) 1969 e.rJd Schlesi.nger· 'i 969 ) ~ 

The Vi:c-us-·Ce l l I nterac tion •-u- ...,.,. ,.. _ _,.,.,.,,.. _ _. ,..,._-........,. ... -,,-... ..,._,_._..,. ... ., __ _ o• -

Virel infection of a sus ceptible host ca n l eD.d to t. 'o 

different t :{pes o f c ~l lular response. ~'he per miss i ve r espons e l EJads 

t o the pr odnc t J.on of new i n fe c t.i.om;; vh·ions? whereas non-p ~! :t·mi.~.; s:L vc 

or a borti V•3 doc.;~s not. However , i n e:.L t hor f orm o f' i nfE:ct:Lor:., a J. terr:. t:i.O!W 

alterations may range f roHJ an i :Jt:i.ki:t:i.c;!l c.f r~1acromr.;lt~::.ular Bynthc;E:d.s 

( Gl'"O"" 1 0/.,~" 6 r.•nd L.., .. .; ,,. ... ,c,o":.8 ) t"' ... ..,r.. ~ ,.,,( ,_,,t ·l· '"' of' .... . ~ ·1 ·, , 1, .,..,.. D~-T~ ~1 cl v ... o (,;,!.. .... ttot'l • .t. ~ ...... / ~_, v .. ... ~ .L .... .s..,-, \4., . .. .,... . ..... ~--· 1- ........ :: , .....,.. r~ "'~ ·-~-.!. .... 



cellular enzyme synthesis (Bresnick 1968, Green 1966, Kit 1967 and 

Ledinko 1967). Morphological alte1·ations include the intranuclear 

inclusions fo und after infection with adenovi.rus (Boyer 1957, Ginsberg 

1962, Ginsberg 1965 and Pereira 1963). 

Although the overall response of a cell culture is usually 

described as either productive or abortive, t he viral expression in 
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each individual cell may vary throughout t he infected culture. This 

variation in the response of e-ach i ndividual cell may be due to s everal 

f actors such as the het<""rcgeneity of the virus population (Hua ng 1970), 

t he heterogeneity of the cell popula tion (Shainin 1965), t he multiplicity 

of i nfection (Fint er 1955 and Kopr owski 1962 ) and the physiological 

st.a t l3 of the :i.nfected cells (Isaacs 1963 ) c 

The permi s.si ve celltunr response , at t he le\rel of t he single 

cell , may be defined as those events of virus infection which lead to 

t he r eproduction of the i nf ecting virus . Thi s is usually accompanied 

by cytopathic eff~~c to and may culminate i n cell death. In a C (~ll 

culture, such event s may either l ead to death of the population, or , 

in tho case ~> f a l:i.m.i ted r esponse , it may l ea d to an equilibd .um of 

cell e;rowth an.d cell death (Belyavin 1963 e.nd I naacs 1963). V:i.rus 

r eplication can be divided into a series ,)f steps : adsorption , 

penetration , unco~.:1. ting of t he nucleic a.cid , induction of ea rly pr oducts, 

r eplica.ti.on of the nucl eic acid , s ynthesis of 1at.e productB, a:::.scmbly 

and release of infcc t:lous pr~geny • 

.F'or t he adenoviruses , atte>ch.Men t to the hos t cell ~mrfo.ce 

probably cc:curs at specific sites (Ph:i.lipsou 1967 D.r.d Phili.pcon 1968 ) 

and may involve specie.lised components o f t he \•irion such as the l'ento:::.f' 



and fibers (Valentine 1965). Pentons and fibers are also involved in 

haemagglutlnation by adenoviruses (Norby 1966 an:i Pere i ra 1962). 

Following p ene tra tion and t ran:Jport of the infectious virions to the 

synthesis sites (Horgan 1969), specific regions of the parental genome 

are transcribed (Green 1970 , Fujinaga 1968 and Ma.k 1968). 1'he newly 

synthesised RNA forms a compl ex rl th t he ribosomes Ouj inaga 1966 ) 

fo r t he production of vira l specific "early" enzymes (Green 1961+). 

eJme of t hese enzymes are concerned with the t:ranscript:i.on and 

r eplj.cation of t he viral DNA (Green 1962 a nd Polassa 1965 ), while t he 

functions of others , such as the neoantigfms are still not known (Kit 

1967 , Kalnins 1967, Hoggan 1965 , •rockstein 1968 and Weiss 1968 ). 

These ev·ents are followed by the replication of viral DNA ( Ginsberg 

1967 and Green 1962 ) and. somewhat l ater by the production of "late" 

viral structural pro t eins (Gi.nsberg 1967, Grelen 1966 an< White 1969). 

Finally , t 1e viral compommts are assembled into mature i nfectious 

progeny vir:i.ons. 

4 

I n the abortive res ponse, no i nfectiout=> virus is produced , 

althou,h v:l:cal constitueuts in varying degrees and propor tions may be 

f ound ( Rapp '1969 ) . In gen!;n•a.l ~ t he a bortive response may be d:i.vided i nto 

t o classes . One class of the abor't;ive response is host dependent and 

results from the infection of an unnatural hosto For example , human 

ndenoviruses ca n produce e.borti·l!'e infecticn of canine cells ( Carmlchael 

1965), simian cells ( Rapp 1967) and var ious rodent cells (Hoggan 196.5 , 

Le v-' n tha l 1965 ~ Pope 1964 and Schell 1968 ) vd. th differen t degrees of 

exp: ession. 
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A special consequence of abortive infection by animal viruses 

is cell transformation and the induction of tumors. Several human 

adenoviruses are capable of transforming suitable host cells in tissue 

culture (Freeman 1967, McBr ide 1964, Reed 1967 and van de Noo1·daa 1968) 

and huma n adenovirus types 12, 18 and 31 have been shown to be highly 

oncogenic in hams ters (Crawford 1969, Huebner 1962 and Pereira 1965). 

Another class of abortive infection can occur in a norm<OJ.lly 

pc~rmissive hos t and is due to infection by gene tict~lly defe<:t:l.v:c vlrion:h 

Such de fective virions have been d.escri bzd wi t h i ncreaHir! g; f requency :l.n 

a.nimal viru/3 systems , s uggeeting t hat they may b E' ;;w 1:·e c or:rv:e> n t. hn:~. hnd 

previ ously been expec t ed ( Huang 1970 ). '1'i1ozc~ bi.olo;:~ic rll J.y <~ ct:i.·v•~ d t~ fect:L ·;·e 

vira l part i cles ha ve t he following pr ''P ')l' ti.es 

vira l s tructural pr oteint cout ei.u £'...11 :Lncompl•:tE~ v:L:ra.l. genome , c lln l'epl i catl.l 

i n t h o presence of hel per Yirun a.nd int.er:l:'~;;re spEJ(:if:ica11y w:l .. th tL.t~ 

t · 1 1 b , · · · f · · , ~· t · ~ · < Tr 1 q·~- r> ;" • par ~C ~S 1ave •ee n c,oscrJ.oed or rr.a.n.y CL'.L.f eren. C"ll'l.\.mH.L V~l'I..\Se.G r. etUD.g r , 

Such partic les are })reduced nK~}~~~ effic:i.eEtly up·:m :i.nf·~ c b.on with high 

multipl icitie& or "ur •. dilnted passage" YirusG 

A study of t.he a.bort:i. ve respon.se hel ps t owards an underc. t anding 

<>f t he viru:>·c e l l interaction and rel a t es to t he })roblcm of vira l 

oncogenesi,s. Furth~rr~1ore , such e. study a l so provides :1. ns:L h t i nto 

c e l lular. control mechanisms , since t b12. ahort:.i. ve r€:sronaP- ma y rem~lt 
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j_u a permanent modifica t i on of cellul ar f unc t ions. 

Several approa ches have been used t o undel'sta nd t :be mechanism 

of t he virus- cell int eracti on . Cel l fusion t echniques , between 

per-missive and non-permissive cel l s , have been us ed t o examine t he 

cellular f a c tors which control t he expression o f viral f unc t i ons ( Weber 

1969 ) . Pre t r eatment or coinfection of cells with different virus es ha s 

been found to a l ter the course o f a virus infection (Padget 1970). In 

t his way , a normally per mis s i ve infe ction can be blocked by pr einfection 

(Hi llman 1968 and Padge t 1970), a normally a bortive cycle changed t o a 

permissi ve one by " s t imul on" (Chany 1967 ) or "hel per" vi r us (Atchi.aon 

1966, Casto 1 967~ Easton 1<)66 ~ Hanafusa 1 961~ and Hayor 1967) . Coinfec t i on 

has a.J.so been use-d to stttdy modifications in t he t ranscr i pt.ion and 

replication of viral DNA 0 4nk 1969 ) .. 

I n a producti·ve syr:; t em y the v.irus-cel l i nterac tion is r e l ative l y 

e f fective 9 lc~adi.n g to t he pr oduction of mature infec tious virun . The 

a bortive system is characterised by the i nte:rrupti on of viral x·eplication 

at a certain point ( Rapp 1969 ). This allows examination of t .1 e events 

t ha t ho..ve preceded t he blocked stop and a determin9. tion of wha.t i .s 

r equired to continue the pr ocess of viral r eplication.. In a sys t em i n 

which a wide vari e ty of de f eet:i.ve v:i.rions can he o1 lt;.:·d.ned~ the entire 

r e.nge of events required for t he production of infectious vi.ru.1-; can be 

examined ( Uchida 1968 , Bnr<Se 1967 ru1d Sarn:.r ook 1966 ) . Dt:fective v.i.rions 

may occur naturally during vh·us production or be produced by i r.rad:i.ation 

o f the virions (De f endi. 19G7 ) . 



!he .~2-ion oL_Irrad:i.ate<LL,~ 

It has been shown t hat irradiated virions not capable of 

p roducing infecti ous virus particl~s a r e s till capable of carrying 

out other limited viral functions, such as neoantigen producti on 

(Gilead 1966 a nd Stich 1968 ), clu·omos ome breakage (St:i.ch 1968 and zur 

Hausen 1968 ), DN;\ polymer as e activity (Decl"er 1969), J.nh:lLi tion of 

host cell cloning (Rainbow 19'70) , cell tra nsforma t i on ( La.taJ."' j e t 'ic;6? 

an d :F':i.nklestein 1969 ) and t umor i nduction (Defendi 1967 ) . This amounts 

to r a di.ation induced d e f ectivenes s, whi ch res ults from O.amag<: to t he 

vira l genome . By compar i ng th~ r adi osens itivi ty of various viral 

f unc tions , it is possible to de t ermine t.he rel ati ve o .i..z~ of th e: gsno:ne 

r esponsible- for each o f the di f ferent functions . I n tl:d.El v;ay- , t he 
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amoun t o f f uncti ona l genor:1e can be relat ed. to t h e de gr e e o f' de.fecti ve nes s 

of t he v:i r ion.s o 

The t ype o f r adiat i on damage produced :i.n the vira.l DNA depends 

grea t ly on t he char'acteristics o f tl:1e radiation employc:d ., 'l'he va s t 

ma j orlty of darnagd i nduced by ultraviolc~ t l igh t (i.JV ) is i n t he f orm o f 

pyd.m:i.di.ne d:i.m el"S ( Smi th 1969 ) , wher eas after gamma i:rrad:l. :~. tion , doubJ.e 

und td.ngle sb"and chain bx·oalcC:~ge is more common ( Bohne 1970 , I,ytl e 

1968 , a nd va n de Schans 1970) . These structural defects may inhibi t 

normal vira J. r eplicat ion . On t his basis~ the expression of the vir·a l 

genome followinG :L r r udj.Ht:ion £;llou1d be j ointly doter1i1i ned by t he amount 

of d.~mag0 produced and t he subsequent r epair o f s uch Clama.ge . 

Several r e1Jor t .s s ugges t tlw.t v. host 111edi.ated r epair mechani sm 

may be a ctive following infection by irr~di<-3. ted i ru.s ( Kozinski 196'1 ~ 
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Zavado·va 1968 , Kalab 1970 and Sauer bier 1964). However, the evidence is 

not conclusive in all cases, and the exact mechanism is unknown . If 

prHsent , the host mediated repair mechanisms may be identica l to those 

reported for animal and bacteJ.•i a l cslls (Haynes 1966, Cleaver 1969 and 

Rupp 1970). Consequently, a study of the expression of irradiated 

viruR may also be used to underst<md t he fundamental mechanism of 

r adiat::i.on. do.mage and repai.r in higher organisms. The i m1)ortance of 

c el lula r repair mechanisms which repa i r radiation i.nduced DNA damage 

canno t be over estima t ed oince it is pr obably these mechanisms which 

f unction in the norrr.Rl ceil to mainta in t he geneti c stability of t ho 

DNAo Irradiati on of a c:ell may affect a variety of different biochemical 

system~> . Many of these sys t ems are elos ely rela ted , sc that damage to 

one ma y be ma-:-.. i fe s t ultin;a t e ly as da1nage t o another. This is es ped.ally 

i mpoi•tl.'l.nt when thE': effec t s of r adia tion damage to DNA and r epair of 

DNA damage a~·e bei ng studied (Elkind 1967) . 

This pr oblem does not arise during irracUa t.ion of viruses ~ 

since the cellular <mz.yme s ys t ems a nd t he damaged vira l genome ar e 

separat e . li'ur t hermorc , tht~ conditions of vira l irradia tion have potentially 

wider limi t s t han t hoe.e f or higher orga.nicr.as . Vi ral pr eparations can be 

dehydrated or k ep t a.t l.OY/ ter;1peratures during i rradi ati on . :F'o1• th.i E:> 

reason , the virus :t s a very attractive b:l.ologi c:a l entity for r a di obiological 

i .nvest:l.gat iono Irradiated virus can be used to i n f ec t a sui table hont 

cel l . and t he su'b•~e quent expression o f t he damaged genome exDJrli ned . 

I n t his way ~ t he dama ge i nduced i.n the vir< l DNA can be correl a.t,:ld 

\'Ji.th the viral f unction.:.' e~q):CE;Bsed by thl~ defoct:i.v,:: virionr; ( Do~mo 
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1970, Lytle 1968, Wulff 1963 and Sauerbier 1964). 

Th.is investigation was carri ed out to examine several functions 

expressed by both na tur «lly occur:i.ng and r a diation i nduced defective 

virions of huwan adenov'll·us , i n huma n KB cells. Als o 9 following UV 

and gamma :i.r ra.d1ation of the virus, th~ molecular damage in the viral 

DNA was correl a ted wi t h t he bi ological functi ons expres s ed by the 

irradiated vi r :Lons . 



J.1ATERIALS AND ME'I'HODS 

A. TISSUE CULTURE TECHNIQUES 

1 . Glassware fm~. Cell Cu l t ures : Honola ver stock c ell cultures were - ------------------ " 

grown on the surfa ce o f 32 oz . ".Sa r.igl a s s " screwca p prescription bo ttles 

( Br own Glass and Supplies , N0ntr ea l , Qu.ebr~ c ) . Stock ce ll sus pension 

cultures wer e gr own in standard chemica l reagent bottle s and t he 

s us pension of gr owing ce l l s was ma intained by r otation o f a t eflon 

ma.gne tic sti rring bar . 

2. j 1edi<;. : Hedia fo r t he cell cul tures was purchased from Grand I sland 

Biologicctl Company , Grand Island , New York. HEH ( Catal ogue Number F~12 ) 

VTas used fo r monolayer cultures and 1'1EI1 , J oklik modi fied (Catal ogue 

N-umber ]i'. .• 'J3 ) was used for cell Gttspension cu.lt.ureGe 1'he media we ~:e 

pr .pared by dJ.s ~.:>olving t he powdered media i n glass distilled mter a s 

directed and s terilized by filtration t hrough a Hillipo:re membrane ~ 

t ype GS , with a pore s i ze o f Ou22 microns . Generally ~ antibiotics 

( 2 X 10 2 un5. ts/ ml. of pe-nicill :Ln a.nd It O ug/rnl o f streptomycin ) wer e 

a dded to t he HEH before us eo 

10 
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3. Cell Line : Human epithelial cheek carcinoma cell, KB, (Eagle 1965) 

were used throughout this investigation. The established line, originally 

obtained from Dr . H. Green, St. Louis , N:i.ssouri, was propclf~atecl in 

suspension culture or in monolayer. Generally, suspension cultures 

were used for the growth of purified adenovirus stock, whereas, 

rnonolayer cultures wer.e used for experimental purposes. 

Suspension cultures were kept in logarithmic growth phase 

at a cell desity between 2 1.. 105 and 4 1t.. 105 cells/ml. by daily t wo 

fold dilutions in warm HEJ1 (Joklik modified) contai.aing 5% horse se:rum. 

Before cell monolayer cul t.ttres becam•:) confl.ucn t , cell.s were scrape.i from 

the glass surface w.i..th a soft rubber policeman and aliquo"ts wer e s eeded 

in fresh bottles . Viarm HEH containing 5% f etal calf serum was thrm added 

and t he ceJ.l culture incuba t ed at 3'rc in 57~ carbon dioxide a nd 95>'{, air. 

B. PIU~PARATION O:F VIRUS 

Purified pr·eparatio l.B00f adenov5..rt.'l': tyl1e 2 ( Acl 2) were made 

using ~he follo;dng t echnique . Approxi mately 3 J. 108 c e ll& of a 

s usperw:i..on culture , :i..n t heir loe-ari thmic p )ase , were s edi men ted by 

c ent rifngation in an International l!:quipment Ceutr:i.fuge , Hode l RP--2 

at 350 X g f or 15 min . at room t emperature . The c .31 l pellet was 

.resuspended :i.n 30 ml. of f resh prc\7armed l'·1EH (Joklik modified ) containing 

1% f ete.J. cal.!I" S0Nr1 ·.:md t hen infected with puri fied Ad 2 at an input 

multiplicitJ of infcct:ton of be t ween 50 and 100 plaque forming un:i.ta 

( PFU) per celL The virv.s i nocult<.11 v:o.s clllov:ed to adsorb to t he cells 



for 60 min. at 37·c, vnth the cell suspension continuously agitated 

by a magnetic stirring bar . Followi ng adsorption, the infected cells 

were diluted vd th fre sh prewax·med ME!vl (Joklik mcdified ) containing 

5% horse serum to a con cf:'!ntration of 2 X 105 to 3 J.. 1o5 cells /:nl. 

The i nfected cu1tw·e was i ncubated for l~B hours at 37"C, at which 

time , the infected cells were collected by centri fuga tion at 350 A g 

for 15 min . at 4 •c us ing an nx Model PR- 2 centrifuge . Foll owing 

r emoval of t he supernatant culture medium, the cell pellet was 

r esuspended in 10 ml. of Tris buffer ( TRIZHA, Sigma. Chemical Company, 

12 

St. Lou.is , Miss ouri ), 0 .01 M, pH 8 , an.d fro z en at --45~C until puri f :i.cation. 

Virus puri fi ca tion was carried out us i l!g the methods of 

Green a nd Pina .(Green 1963 ) wi t h s ome modi fica tions . Di srupti on of 

t.he i n f ected cell s was a ccomplished by ul t rasonic vibrations generated 

f r om a Bi osoni c III s ystem ' s needle probe, ~1odel BP III 40 T ( Bronwill 

Scienti fi<.:, Rochest er , New York ) . Soru. ca t i on was perfo rmed f or 2 min. 

at 3<Y;6 power output ( 300 watts a coust:i.ca l energy at full power ) 

while t he sample was held :i.n an ice bath to minimise heating. 

Ce l l ular ma teri a l was f urther dissociat ed f r om the virus by 

hQmogenisa t ion \7i th 50 ml. of col d :F'reon 113 ( \",riflourol:.ri chloroet hane 1 

Nat.lwson Chemieals ) t..-:sing a Sorval Onmi-mixer , Hodel OM-1150 ( I. SorYal l 

I nco, Norwalk , Conno ) operatj_ng at a speed setting of 7 . 5 for 1 min. 

Centrifugation at 1200 X g for 5 min. a t. L~ ·c :ln n I EG9 model RP-2 

centifuge wes sufficient t o separa te t he Freon 113 and the cel lular 

debris fro rn the pink aqueouc; , superna tant layer ~ which contains t he 

virur.:;. 1'his homogen:isa t:i.on o f t he cel lular material was repeated to 
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en.stu-e that maximum recov·ery of the virus war; e.chieved. The pooled 

aqueous lay-ers v1ere added to a gradua ted burette a.nd slowly layored 

on: top of a cushion of Tris buffer, 0.01 H, pH 8, containing CsCl to 

give a final density of 1.44 gm ./ml. The virus was sedimented onto 

the top of the cushion by centrifugation in an SW 27 rotor a.t 20,000 

rpm fOJ.• '120 mino at 4"C in a. Beckman L2-65B preparative ultracentrifuge. 

The upper portion of the supernata·nt was then removed and 

the opal escent band , just on top of the CsCl cush:l.on , containing the 

' 
virus was collected using a pipette . The virus solution was mixed with 

sufficient CsCl powder to give a density of 1.34 gm./ml. and then 

centrifuged in a Beckman L2~·6)B centri fuge at 35 9 000 rpm and a t l}eC, 

for- 20 hours uuing a 65 rotor . Af ter this time a density gradient was 

formed i.n t he tube and t he virus we.$ concentrated in a narrow band. 

The virus band was C'Jl lected by piercing t he bottom of the 

centrifuge t ube and further purified by a. second density gradient 

centrifugation. The virus collected from the second Cs Cl gradient was 

diluted 10 fold with tris buffered saline (see below) plus 20% glycerol 

( Winocour 1963 and Slonin 1969) and stored at -45 .. C in a Revco I<'reezer 

( Revco Inc., Vlest Columbia~ South Carolina ) until uoed. Storage under 

t hose conditions produced no significant loss in infectivi.ty. 

A similar method was used i n the prepara tion of adenovi:ctlF.l 

type 12 (Ad 12), exc: ept th<lt the culture >Jas in feGted with about 

0 ~ 3 Pli'u/ cell and har-vested f"'r virus 72 hours after infection. 

Pur·ified racioactive virus as prepared in the same manner as 

for unlabelled Ad 2 except t .. a t radioactive thymidine ms added to the 



cell culture 9 hours after infection ~ For 3H labelled virus ~ 1 mC 

of 311 labelled thym:Ldine (specific activity 20 C/mf·O together with 

150 pgtn . of cold thymidine· was added to the infected culture. For 
14 i 4 

C labelled vir us, 50 uC of 1 C l abelled thymidine (specific activi ty 

58 mC/mM) was added to the infec -ted culture wi thout the addition of 

cold thymidi11e. 

Tris Buffered Saline ( TBS) : TBS waH prepared using a method similar 

to tha t of Winocour (Winocour 1~63 ) in a 5 fold concentrated f orm : 

Sodium Chlor ide 80. 0 gm. 

Po tar>s ium Ghl.or:i.de 3.8 gm. 

Di.sod.ium Hydr ogen Pho-spha t e 1 . 0 gm. 

Tris Buffer (TRIZ.HA ) 9 1 H, pH '?. 4 . 300 . 0 ml~ 

GlUCO tH: 10.0 gm. 

Double dist:i.lled wa ter to a final volume of ::-.2000 mL 

The 5 f old concentrated stock solution was sterilised by filt::.~a t:i.on 

and stm~ed a. t 1+ ·c until used .. 

1~-
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C. ASSAY FOR VIRAL FUNCTIONS 

To ensur e tha t cells in the s ame phys iologlcal sta t e B...."ld under 

identical infection conditions were used for the assay of the different 

viral flmctions , all assays were carried out with t he same :tnfected cell 

culture . 

Stock cells wer e s cr aped. f r om the glass sur f ace using a soft 

rubber policeeman and dispersed with a 10· ml. pipette . 106 cells were 

s edi.mented by low speed cent r i fuga t ion and mixed together with an 

appropriat e amount of virus in 1 ml. of MEM without s erum i n a 12 ml. 

plastic tube . The suspendon was ro t a ted i n a r ol l er wheel at 37•c 

fo r 90 min. 'I'hen the cells were diluted 5 fold with p:..~ewarmed HEN pl us 

5% fetal cal f serum and 5% pooled human se_ tuu ~ \<Thicil was to prevent 

possible reinfection of the cells by progeny virus ., In some experiments, 

dilute t ype specific antiserum (obta:l.ned f rom GraJld Island Biologicc:.l 

Co:npE!.ny , Gra.nd Island , New York ) was added. Then samples o.f. the cells 

were r emoved for a deter11ination o f cel l concentration, :i..nfect:i.ous centei.4 S , 

and cloning efficiency~ The remainder of the cells were fu.rther l ncubated 

at YrG for a11 a.sse.y of nuclear inclusion bodies . A cell count was also 

perfol'W~d. at the end of th:i.s incubation period .. 

1 . Pl_eg!:l.~!-~!,;i. on. : '1" e infectivity was assayed by plaqu.e formation 
r 

using the method described by Green ct al (Green 1967 ) . 10° exponentially 

growing KB cells ·ere suspcndocl in 10 ml. of HEM s u.pplementcd with 105~ 

f etal calf serum and pipettad into a 60 rnl. plastic petri dish (F'o.lcon 
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Pla stic, Los Angeles , California). After 24 hours of incuba t i on at 

37 .. C i n 5% carbon dioxide, 955'~ air a nd 90 to 100X hu.midi ty, a confluen t 

cell monolayer was fo rmed. The growth medit!Ill was poured off and t h e 

cell monol ayer was inocul a t ed with 0.2 ml. of virus , appropriatel y 

di l uted :tn HJ'lH wi t hou t serum. After a dsorp tion f or 90 min . at 37•c wi t.h 

i .nterm:i.ttent rocking o f the dishes to dis t r ibute t he vi.r•ll i nocul um 

evenl y over the cells , the pla.tes were overl aid with 5 ml. of nutri ent 

agar. Nutri ent agar was made up immediatel y be fore us e f rom corn.ple t e 

overla y medium ( see below) diluted 1 t o 1 (volume/ voluine ) with 1.8% 

(weight/ volume ) noble agar warmed at 45 "C. After 5 dayc.; of inc~bati on 

the pla t es were overlaid with an additional 5 ml. of whi t o nutrien t agar . 

;\ t the 9 th da y fo r Ad 2 ~ a nd t he 12 t h fo r Ad 12 9 the plates were again 

ove :c·laid with. nutrient agar contain:tng 0.00'+3?0 of neutral r ed. Plaques 

were observed 2 da ys a f ter t he additi on o f neutr a l r ed and t he plaque 

numbe:t• r ecorded. dai l y un t :U constant. 

2. Formation of Infec:ti ous Centers : I nfectious centers were assayed 

using t he method of Green and Daesch ( Green 1961 ) with slight modifica t i ons . 

Aft er adsorption Csee beg:l.nning of t his section ) ~ t he unadsorbed virions 

we:ce ina ctivated by t reatment with t ype specific viral antiserum . The 

i nfcc ' .ed cel l suspension ,;as t hen dj_luted 200 f old with mediwn containing 

no autiL~f!rurn and sampl~s of 0 . 1 or 0 .2 mlo , con t aining 100 t o 1000 c e l l.G 

were then added t o confluent cell sheets gro wn on 60 ml. plan tic petri 

d i shes (Falcon Pla.stics, Los A.ngele13 , California ) . After t he s uspension 

had spread evenly , the cells were ca~:efully overlaid with 1 rill . of 



nutrient agar. When the agar had har dened , an additional 4 ml. of 

nutrient agar we.s added and the cells were further treated for plaque 

production. 

Overlay Plaquing Mediu.m : Complete oYerl ay medium was prepared by 

adding aseptica lly the following ingredients : 

EMEM (2x. ) 

Amino Acid Mixture (100X ) 
(Gi.bco Cat. 1! 13602) 

Vitamin Solution (1 00X ) 
(Gibco Ca t. # 104 ) 

L-Glutamine (2mH ) 

Arginine (2 .1 ~6 ) 

Sodium Hydroxide (I N) 

Horse Serum 

Fetal Calf Serum 

Sodium Bicarbonate (1 H) 

Fune;izone (1 0DX ) , Amphoter:i.rd.n B 250 rncg/ml. 
(Gibco Cate # 529 ) 

Ant:lbiogic .Solution 
3 (6 x 10 uni t s/ ml.. penicillin and 7 .It X 10 

s tre ptom;y<;:i.r! ) 

82 ml. 

2 ml. 

:: 2 ntl. 

2: f,!l. 

0. 7 ml. 

o.4 ml. 

12 ml. 

12 ml. 

6.0 ml4 

2ml. 

2 mL 

g/ml. 
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3. Cloning of Cells : The techniqua used was essentially that of 

Puck and Marcus (Puck. 1955). Infected cell (see beginning of this 

section) were seeded on 60 rnl. Falcon plasic petri dishes containing 

6 X 10
4 gamma irradiated (5000 r ads) KB cells as fe:eder s. A dose of 

5,000 r ads resulted in no surviving f eeder cells. MEM containing 5% 

feta l calf sermu plus 5~6 pooled hwnan serum was us ed as the cloning 

mediUUl. Under these conditions, the colony cotint represents t he true 

fracti on of cells es caping the lethal action of the virus, since 

non-inf ec t ed KB cells pla t ed together with or without heavily infected 

cul t ures (10 PFU/cel l ) showed no diffe:t.'ence i n colony counts . The 

number of clones was de t ermined using 5 X magnifica t ion aft er 7 to 9 

days :i.ncuh9.tion a t yrc in 5% carbon di oxide and 95% aire Under t hese 

condi t i ons, t he efficiency of plating uninfected cells vari ed from 

50 to 7cffo • 

Cells from the roll er t ube cultures (see beginning of t his section) 

were sedinented by low speed cc:ntrifugation and t he cel l pellet 

r er:;uspendod i n 1 ml. of 1% oodium citrate sol ution .for 10 min at 37 eC ., . 

After Hwelling, the cells were again s ed:i.mented and the eel) pel let 

fixed with 0 . 5 ml. of a ee tic acid--alcohol mixture (1 : 3 ) . A drop of 

cell suspension ws.s air c't.ried on a s l ide Y stained vJi th or cein and 

moun ted for microscopic exami nation. Orcein stain was prepared by 

di ssol ing 2 gm. of orcein (British Drug House , Toron to ) with 100 1111. 

18 

of 45% ucetic acid in water and t hen refluxing for either 2 or 2L} hours . 
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The stain wats cooled and filtered through Whatr.1a.n Number 1 paper 

before us e. Usually, 500 to 1 , 000 cells ware exam:i.ned for the appear ance 

o! metaphase plates and tht3 presence of nuclear inclusion bodies. 

5· _!.d!>_ol:£1!..C?!L.£.L.Yirus to Host_~-~ : 10
6 

cells were sedimented by 

low speed centrifugation and the n mixed t ogether with an appr opriate 

amount of 3u labelled virus il1 1 ml. of HEH without s erum in a 12 ml. 

plasti c t ube . The infected suspension culture was rota t ed in a roller 

wheel at 37•c for 90 min.. 'l'be cells were tha n diluted 5 fold with warm 

ME~1 plus 10Cfo fetal ca lf serum and incubated fo r a further period of 

time" At lUl appropriate t ime after infection~ 0 . 1 r:1l. s ampl es of the 

i nfected cell suspension were spotted on to glass fiber filters (Sartorious 

Nembrane filter GmbH , Ca t. if .SH 13400 , British Drug House , Cht:;micals 

Division , Toronto ) . The c ells from t he i nfec t ed roller culture were t hen 

sedimented by l ow speed centri fugation and 0. 1 ml . sampl es of tha 

supernat:l nt f luid wr:n·e spotted onto glass fiber filters . Each filter 

Ylas dried i .n a glass scint:i.lJ.ation vial, and. radioactivity was counted 

j_n 5 ml. of toluene containing 0 .02 gm. of OrtulifJ.u.oi.' (Now England Nuclear 

Company, Cat f.!. NEE'-906 ) using a l iquid sc:Lntil1~tio.a spectrometer. 

The fraction of v ·' r us ad?orbed to the cells wns d.ete:r.mined by subtraction 

of the 1·adioact:Lvity :i.n the supernatant f1.om the total radioactivity :ln 

the cell suspension~ 
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6. Haerr.~gzlutinatioE. : The method used ws.s essentially that of 

Pereirf.t and de Figueiredo ( Pere:tra 1962 ). Haemagglu tina tion ti tra tions 

were carried out using r a t erythrocytes. Complete agglutination of rat 

erythrocytes by some some adenovi rus t.YIJes is only achteved upon addition 

of heterotypi c virus specific a ntiserum to the red blood cel ls (Rosen 

1960). In order to obtain red blood cells, black hooded rats (Sprague 

Dawl ey strain ) were bled from the heart into a syringecontaining 1 ml. 

of a 3 .8~6 solution of sodium ci trHte~ Usually , about 10 ml . of blood 

could be collect<~cl. T'ne erythrocytes wer e washed 3 times with normal 

saline (0 .85% sodium chloride in double dis tilled water ) &nd stor ed at 

4•c as pa cked cells for up to 1 week. 

Befor e use, a 'loJ.ume of pa cked c e lJ.s was transferr ed to a 

gradua t ed centri f uge tube , ru1d washed •dth saline by repent ed cycles of 

centr i f ugati on a nd r esuspension unt il no colour wa s seen i n the washi ng 

fluid. T'ne volume of p<:t.cked c ells was de t er mined from the t ube gradua t i on 

a.."ld an equa l volume of s a l ine was added. }..,or use in the haemaggluti nati on 

tests , thi s was further dilu t ed to a fina l concent rat i on of 1% ~ 

Heterotypic virus specific antiserum ( adenov·irus type 1, s pecific 

antiserum , Gi.bco, Cato 1f. V. H. 300it ) was a dded to the 1~b red cell s uspens i on. 

at a dilution of 1 i n 100 . 

Consecu tive 2 fold dil utions o f t he virus were made :i.n nor-mal 

s a l ine . Then 0 . 2 ml. o f t he red cell suspenGion was a dded t o 0 •. 5 ml of 

each di l uti on i n a s ;nal l test t ube. The t ube& wer·e gently shalwn c:.nd t hen 

l eft undis t urbed a t 37eC fm .. a few hours, a fter vth:i. ch t ime t he red b}ood 

cel ls in the saline control tubes had :formed n vi sible cell pellet. 

Haemagf:;Jutination t :L t ers were t hen de t ermin,::,d (see J'ef;ul ts ), 
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D. IRRADIATION TECHNI,~UES 

1. Gamma Irradiation of Vir~ : Gamma irradiation was carried out 

137 137 using a 2,000 Curl.e Cs sourcea Cs produces a 660 Kev gamma ray, 

although after scattering and absorption in the source itself, some 

lower energy components would also be present. The irradiation technique 

is shown in Figure 1. Using this apparatus, six 1.5 ml. samples of 

virus could be irradiated simultaneously. Virus was suspended in HEH 

cont:aining 5% fetal calf serum and kept at dry ice temperatl.U'{7 (-'?5.0) 

during irradiation. One sample was removed every 24 houp::; and rer1laced 

by a dummy samr>le containing 1.5 ml. of medium. Several control samples 

underwent sind.lar treatment eA.cept for the radiati.c:m. The irradiated 

virus samples ware stored at -1+5•c before being as~:>ay<.'1d for the different 

viral function:;;. 

'l'he dot:;imotry of the som•ce was carr1.ed ont using D. stana.ard 

Fricke chemical dosimeter. ++ The Fe solution contained the f<>11owtn.g 

tngredi.ents : 

0~2 gm. li'e(NH4)26H20 

Oe03 gm. NaC:l (added to reduce the effect of impuri tie.s) 

11 .o ml.. ana.lyt.ical grade n
2
so11. 

made up with glass distilled water to 500 ml. in a volumetric fhtske 

Using similar cond:L tions B.s for the virus srunph~s, the solution V!IJS 

irradiated for different times aml the yi.eld of Fe+++ was calcul.at(!d 

from the absorh:mce of the solution a.t a wavelength of 305 mu., The 
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FIGURE 1 

Gamma Irradiation of Virus 

Plan and side elevation of apparatus used for gamma irradiation 

of virus showing 2,000 Curie 137cs source~ S, dry-ice charr.ber, D, 

and v:i.r\.\S srunples , V. 
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absorbed dos e of garnrua i rradiati on was then calculated using t he fo l l owing 

rela tionship : 

DOSE IN RADS - ( Al~ORBANCE AT 305 mu) X 2 .875 X 104 

Under the conditions employed t he abs orbed dos e of gamma irradiation 

was 24.3 Krads/hour . 

2. UV Irradiation_,g_t_virul:! : The UV i rradiation t e chni que is shown in 

l<'i.gure 2. Virus was suspended i n 1 . 5 ml. of Y.~.EH without serum and 

irradiated at a distance of 10 em. f r om an 8 watt General Elec tric 

Germicidal Tube , number G8'1'5· During i rradi ati on , t he virus suspension 

vms stirred continuously with a small t eflon magneti c bar an,d kept cool 

with running water at about 1o•c through a metal plate s uppor ting t he 

petri. dish. The incident dose r ate under these conditions was dete:.:-mined 

by a UV i ntensity meter (Blak-Ray short wave UV meter , mode l ~T-225, 

Ultra- vi olet Products , I nc., San GabriP-1, California ) . 

E . ASSAY li'OH DNA DAMAGE 

1. DNA _ strand hre~~~ : Hadiaticm induced DNA breaks were determined 

from the size distribution of the viral DNA f ragments obtained on sucrose 

density gradients. At neutral pH, t he hydl~ogon bonding between the 

single stranded DNA molecules of the Yiral DNA, i.s stable. Consequently, 

neutral sucrose gradients were used to assay r adiation i nduced double 
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FIGURE 2 

UV Irradiation of Virus 

Plan and side elevation of apparatus used fox UV irradiatio;1 

of virus showing UV source, S, metal support, M, cold water 

flow, W, and virus san1ple V. 
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strand DNA breaks. 

Samples of Ad 2, containing 3u labelled DNA , were given vari.ous 

doses of irradiation (see previous section) and ~~ aliquot of 50 lambda 

from each s ample was suspended in 0.2 ml. of neutral buffer (see below ). 

Unirradia ted Ad 2, containing 1
l• C la't)elled DNA, was added to ea ch sample 

and us ed as a marker. Pronase solution ( 20 mg/ ml., previous lyseJ.f 

digested at 3?"C fo r 2 hours ) was added to give a final concentration 

of 40 ul/ml. and the mix ture incubated at 37•c fo r 1 hour. After this 

t ime , 10 1ambdao f 5% sodium dodecyl sulphate (SDS ) i n 45% ethanol, wa.s 

added to give a final concentration of about 1% .SDS . This was J.eft at 

room t emper a tur e fo1· about 30 min . and then 0.2 ml. o f the solution was 

layered car efully on the top of a pr eviously prepared 5 to ?.o% neut ral 

sucrose gr a di ento A 1 ml. plH.s t i c pi:pe tte ( Falcon Plasti cs , I.os .A.ngGle.s , 

Ca lifornia , C t # 7506 ) t h:wi ng a l ar r;e bore , wa.s used to alroid F>hE':ttri ng 

o f the DNA . The gradient was then centrifuged at L~g ~000 l'1'ffi and 15 t o 

2o•c, fo r 2 hours , us i ng a n SW 50 or an s;.v 50.1 ro t or . in a. Beckruan L2- 65B 

cen trifuge. 

After c ent.rifugat :i.on , t he ce llulose n:i. t r ate t n1)r.> WtHJ pier(;ed 

at the. bo t tom a nd 10 dr op f ractions wer e collected on gla c;s f:i. ber· f iJ. t e r B 

contained in s cintilhd;i on ·vi.als. The fi lters were than dri ed nnd t he 

r a.didnct.ivity \'as counted :i.!l ~) mJ.. o f t olu,m.e cont.aiJ:d ng 0 . 02 rg:-to of 

Omniflum:· O'kw l~nr;land Nncle~>r Company ,Cat il N.E:F'~ 906 ) using o. l:i. .n:i.d. 

sd.ntillo.tion spectrome t er ( Beckman Ins t runwnts Inc. 1 model LS-250). 

St -' "'" 3a d 14c d · J • • t , · tl f J · · an• aro.s J. or an r a J.oac -~ v- ,y were preparea ~n 1e o.. ow~ng 

m'unner. Smal l aliquots of 3H and 
14c l a ellHd virus \1E:re treat ed wi th 



p~onase , suspended in sucrose sol ution and dri pped ont o glass f iber 

f ilters . The f ilters were then drie d and t he radioact ivity counted 

under the same condi tions used to coun t t he tube frac t ions . In t his 

way , an appr opr ia t e spill over val ue between the 3H and14c channe ls 

of the s c intillation spectrometer c ould be de t ermi ned. 

Double Gtranded DNA i s denatured a t high alkaline pH and 
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separate~> i nto i t s consti tuen t s i ngl e s t randed molec ules. Consequ ent ly, 

a lka line s uc r ose gradients were used t o assay single s trand DNA b1·eaks . 

The assay t ecimique was essentiall y the sar.1e as tha t used f or t he neutral 

sucrose gradi ents . J\ liquo ts of 20 lambda f r om each irradi a t ed vir a l 

sample , containing 3H l abelled DNA, 'II ere mi xe d with 20 l ambda of un irradi a te d 

virus , con taining 14c J.abelled DNA, a nd tree1 t ed with 0 .2 ml. of highly 

a lka line lys i ng solut ion (0 .5 M NaOH and 0.01 M Et.hyl enedinit r ilotetra -

-ac etic acid, EDTA) at pH 12.8. This wa3 left a t r oom temperature for 

about 2 hours a nd t hen l a yered ca r e full y ont o a previous ly pr epared 

5 to 20% a l kaline sucrose gradient ( s ee beloVI ). The a l kaline gr adient 

was then treated as described above for the neutral gradients. 

The DNA sampl es l ayered onto the sucr ose gradients were never 

greate r t ha n l)Ag , when vira l DNA was ust:d , and never gr eater than J4 g 

when infec ted cel ls were used . These amounts of DNA did not cause a 

significant overloading of the gradient s , since the S val ues obt ained 

were in agre ement with th os e ca l cula ted f r om the accepted molecula r 

weight for adenovirus t ype 2 DNA. 

Neutr al Buffer : Thi s contai :1ed the foll owing : 0.15 H Sodium Chloride, 

0.015 M Sodi um Citr ate , 0 .1 H Tr i s Buffer (TRIZ!-1A ) pH 7. 5, 0.005 H EJJ.rA, 

0. 3 M Sodium Tri chlcr oace t a t e. 
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Sucrose Gradients 5 to 2~6 sucrose gradients were prepared in 5 ml. 

cellulose nitratfl tubes (Beckman, Ca.t. # 302232) using a Buchler 

Polys taltic Plunp (Buchler Instruments). The gradient solutions were 

layered onto a 0.2 ml. cushion of 7(1}6 sucr ose. Alkaline gradient solutior..s 

were made up us ing 0 .3 M NaOH and 0.001 .H EDTA, and neutral gradient 

solutions were made up in neutral buffer (see above). 

2 •• AssaY. for Th,ymine Di!ll~ : The method 1WE:d >!2.s tha t of R<luth (Rauth 

197'0). Viru6 , ccmtaiuing ~?H l abelled t hym:i.ne , v1as hydr olysed in 

evaeuated sealed gl ass t ubes ( Fi~:>her Sc:L~ntific , Cat . # 11 - 370 ) at. 175 .. C 

for 90 min. us ing trifluor oacctic acid ( TF'A). U.sua lly, 0.5 ml. of TFA 

was ac.ded to a 0 .2 ml. sample of vix·1..v3. After hydrolys i s , "the glac.;s 

tubes were opfm~;;d and the 1'li'A evapora ted off by hea t t r catr:'.lent at 1oo•c 

for e. few hours. 0 . 1 ml. of water wa s t hen added to dissolve t he colutes 

and t he hydr olysat e spread ca refv.lly on 1.25 i nch strips of Whatma.n 's 

number 1 paper and allowed t o dry. 

Descending s tri p paper cllromatograph;y wa s carried out in a. 

glass chromatography t an:: . Tho composition of the solvent used was 

n- buta.nol: wat er : gla cial ace ti c a cid (200:72:30, by volume ). Usi ng t hiG 

sys t em , the Rf va l uer> of thymine a nd t hymine dimer are 0 .. 6 and Oo3 

r espective ly ( Ha uth 1970 an c.l Setlow 1966), ~ Jhere Rf is defiued as : 

= 
Dis tance moved by solute 

Dis t ance moved by solvent front 



At the end of the chromatography run, us!.lally 20 hours, the strip was 

removed from the tank and the solvent front marked . The strip was 

allowed to dry completely at room temperature and then cut up into 

0.5 inch fractions. The radioactivity of each fraction was de·termined 

by liquid scintillation counting. 
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RESULTS 

The expression of s everal di fferent vj_r a l func tions of human 

adenovirus type 2 in human KB cells was examined for bo t h natura lly 

occuring and r adia t i on induced de fective virus particles . 

A. EXPRESSION OF ADENOVIRUS FUNCTIONS IN HUMAN KB CELI..S 

Wi th .anima l vi rus es , t he ratio of physica l pa rticles to 

i nfectious uni t s is generally grea t er t hF.tn unity (Wildy 1962 ). For 

the human adenoviruses , these r a tios have been shown to vary depending 

on the sera type (Green '1967) . There fore adenovi rus preparations may 

contain many non-· pl aque producing particl es . It has be en shown t hat 

irr adiat ed vira l particles i not capable of fo rming a pla que can still 

carry out other limited viral func tions (Gi l ead 1966, Decker 1969, 

Stich 196:; and Zur Hausen 1968 ) . It was there fore of inter es t t o examine 

whe ther t he non··plaque prorlucing particles in t he adenovir us preparations 

are capabl e of ca r r ying out some other l i mited vira.l functions. Human 

adenovirus t ype 12 ( Ad 12 ) has been shown to induce t umors in new born 

hamsters ( 'Erentin 1968 ) , wheraa s , adenovirus type 2 (Ad 2 ) i s non­

oncogenic , but has been s hown t o t rans fo rm cell s i n. vi t.r..2. (Freeme.n 196? ). 

Since it i s though t that viral oncogerwsis may res~1l t f rom t he l:i.mi ted 

exprt:ssion of a non-·plaque producing particle (DefEmdi '1 96?), i t wat~ 

of i nterest to compare the viral functions expressed by these 2 

adenoviruses . 
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FIGURE 3 

Photomicrograph Showing Adenovirus-Induced 

Inclusion Bodies in KB Cells 

(a) Inclusion body by Ad 2 

(b) Infected by Ad 12, but no dense inclusion 

(c) Im:lunion body by Ad 12 

(d) Non-infected cell 



a b 

c d 
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FIGURE 4 

Time Course of Inclusion Body Formation in Ad 2 

and Ad 12 Infected Cultures 

-0- Ad 2 infected at 0.2 PFU/cell. 

--@--- Ad 12 infected at 0.1 PFU/cell 
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Ad 2 and Ad 12 were assayed for their ability to form plaques , 

infectious cell centres, nuclear inclusion bodies and to prevent host 

cell cloning in human KB cells. 

1. !!_me Course of Inclusion Bod,y FQ.!~Q.!!. : KB cells were infected wi th 

either Ad 2 or Ad 12. At various times after infection, the cells were 

examined cytoloeically and found to display varying degrees of nuclear 

change. These signs of infection ranged form the appearance of dense 

nuclear inclusion bodi es , chroma t in condensation and micronuclei in the 

interphase cells , to contraction and pulverisa tion of chromosomes in 

the cells undergoine mi tos i s . Although at higher input multiplicities 

all cells showed varying degrees of infection,only those cells displaying 

a dense nuclear inc l us ion were scor.ecl ( see · Figure 3). 

The percentagP. of cells displaying an inclusion body at the 

vad-:ous times after infection is an underestima t e for this viral function 

due to the mutiplication of the non-infected cells. Consequently , the 

following correction was applied to the observed percentage of 

i ncJ.u.s:i.on borlj es ( IB). 

(IB) :: 
correc t ed 

(IB) b • . J X cell numb_:_:_ at:_ tim~- of _~~se3va~ion 
0 ser~e~ cell number at time of i nfection 

The t ime courGe of the corrected percent incl usions is shown in Figure 4. 

~'he percenta ge of cells displ aying an inclusion was a maximum at about 

lt8 hours af t er i nf ection for Ad 2 and 72 hours for Ad 12. The decline 

with t:i.me after 48 hours for the Ad 2 curve i s pr obahly due to a 



selective loss of cells displaying dense inclus ions, since these cells 

may be more fragile. 

2. Effe c ts of Input Mul t~El:i.<2_i t;r on Viral Function~ : KB cells were 

infec ted with di ffe r ent multiplicities of either Ad 2 or Ad 12, and the 

percent age of cells capable of forming clones, pr oducing infectious 

centres , and fo rming an i nclusion body was determined. 'l'hese results 

a r e shown in Table 1 and Figure 5. 

It. can be seen t hat , fo r the same i nput multiplicity (MOl), 

33 

more cells were beir~g prevented f rom cloning t han were forming infec tious 

centres or inclusion bodies. The effect was much mor e pronounced i n 

the Ad 12 infec t ed cultures than in those in fected with Ad 2. The viral 

f unction of clone prevention followed one-hit kinetics predicted from 

thePcd.sson distribution 0 -iarcuf' 1G58 ) . The formation of dense inclusions 

was consistent with one-hi.t kinetics for low values of input 

multip1ici ty (beJ.ow 0.1 for Ad 12 and 0.5 for Ad 2 ), but wi.th hiGher 

mul tiplic.i.tes the percen t age of cells with an inclusion was subs t antia lly 

l ess than tha t predicted by the Pois:oon distribution. The percent 

i .nclusion reached a maximwn of ho to 6CY(o for Ad 2 and 10 to 15% for 

Ad 12 for different experiments . It is possible tha t, at high input 

multiplicities , the large-! number of non-plaque producing particles 

infecting a cell interferes with inclusion body formation. (see section D4 ) 

As shown in Figure 5, the perc en t age of infectious centres 

was substantially greater fo r Au 2 than for Ad 12 when cells were 

infected with the same input of plaque forming units ( Pli'U ). :for Ad 2 
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TABLE 1 

}!;ffects of Input Nul tiplici ty of Adenovirus 'l'ypes 2 and 12 

on the :F'orma tion of Inclusion Bodies , P. .. coduction of 

Infectious Centres and Inhibltion of Host Cell Cloning in 

KB Cells . 



TABLE 1 

I I :i:nput 
1 

Percent I Final cell '1 Percent ! Percent Percent 
1 I' multiplicity inclusions coscentration inclusions ,~infectious surviving 
I 

1 
PFU / ce2.1 I (b) x10- / ml. (a) 

1
1 corrected centres clones 

I i I · 

. I I I I I I o o 6. 90 o o 100 

I I .09 . 3.8 'I 5.64 I 10.2 5-5 87 ·5 

I !denovirus I .85 1

1 

26.8 2.99 38.0 28.2 19.9 . 
t iyr:;e 2 1 1 

1 · ! 4.25 I 21.5 2.41 21.5 45.3 1.8 

I ! 85.0 l 16.0 1.87 16.0 73-0 < 0.1 I 
! I I i I I 0 I 0 5.15 0 0 100 I 
I 'd . I .12 . 8.4 2.18 10.7 1.3 I 7-5 
1 ii. enov~rus I 
I 

Type 12 1 6.6 1.30 7.0 4.1 .0::::0.1 

4 I 4. 6 1. 79 4. 8 '+. 9 ..c o .1 

I I 16 --- _I 7.6 1.72 ?.6 5.3 <O.l I 

(a} Initial cell concentration 2.1 x 105 cel1s/ml. for Ad 2 and 1.7 x 105 cells/ml. for Ad 12 

(b) 48 hours for Ad 2 and 72 hours for Ad 12. 
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FIGUI{E 5 

Effects of I nput Hultiplicity of Adenovi:;:us Types 2 & 12 on 

the for ma tion of Inclus i on Bodies, Product:i.on of Infectious 

Centres & Iilllib i tion of Hos t Cell Cloning in KB Cells 

Clone preven tion 

Inclus ion body formation 

-o--- I nfectious c entre~ 
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FIGURE 6 

Replot of futa from Figure 5 to Obtain a Quantitative 

Comparison of the Different Viral }'"unctions 

__ _ aq'lj __ 
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TABLE 2 

Relative Ratios of Virus Particles Capable of 

Different Functions in Adenovirus Types 2 and 12 

Ratio (a) Ad 2 Ad 12 
,_ 

Particle/infectivity 33 320 
(Green 1967~ 

CIU / input PFU 1.1-1.9 21-85 

IBU / input PF'U 0.65-0.85 0.8-3 .. 7 
(low MOI ) 

CIU I IBU 1.7-2.4 17-5-26 
(low HOI ) 

ICU / input Pli'U (b) <: 1 <1 

-
(a) Range for three experiments 

(b) Infectious centre forming uni-cs (ICU) 

3'7 
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it reached a maximum of 35- 73%, similar to values reported previously 

(Green 1961 and Lcdinko 1965) ; however, for Ad 12, it was only 5 to 1 ct;b. 

To obtain a more quantitative comparison of the different viral functions, 

part of the data are replotted in Figure 6, with the fraction of cells 

surviving that particular viral function plotted versus input multiplicity. 

Viral functions consistent with one-hit kinetics yielded exponential 

survival curves with a slope equal to the ratio of the number of 

particles capable of that viral function 1:0 tht~ input multiplicity in 

PFU. These ratios are shown in Table 2. The ratio of clone inhibiting 

units (CIU) to input PFU had a range of 1.1 to 1.9 for Ad 2 and 20 to 

85 for Ad 12. The ratio_.of infectious centre units (ICU) to input PFU 

was less than 1 for both viruses. Ji'or low input mu.lti;llici ties, the 

ratio of inclusion body units (IBU) to input PFU had a range of 0.6 to 

0.85 for Ad 2 and 0.8 to 3.7 for Ad 12. The spread of these ratios 

reflects, in part, the vari.::ttion in adsorption efficiency and uncertainty 

in the determination of input Pl<lJ in different experiments. When 

these variations are eliminated by taking the ratio of CIU to IBU, 

the reproducibility is substantially better as shown in Table 2. 

These ratios are not the result of storage, since fresh virus preparations 

gave similar results. 

Thus purified preparations of Ad 2 and Ad 12 contain some 

defective virus particles capable of preventing a cell from cloning 

but unable to induce inclusion bodies or form plaques. The proportion 

of such defective particles in .f..d 12 was about 10 times that in Ad 2. 
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B. EFFECT OF GAHHA I HRADIATION ON VIRAL FUNCTIONS 

Some of the vira l f unctions expressed by non··irraclia t ed Ad 2 

in human KB cells were exami ned in the previous s ection. In this s ection , 

the effect of gamma irr adiation on the survival of several viral 

functions is examined . Ad 2 was gi'len gr a ded doses of 0.58, 1 .18 , 

1 • 75, 2. 35 , 2. 91f and 3. 52 Hrads of gamma rays and assayed for the 

viral functions of adsorption , haemagglutination , clone inhibition, 

inclusion body formation and plaque formation. 

1. The effect of Gamma Irradiation oll A~~sorpti.on _C?_f.._.Y_~.rus t~_KB S..ells _: 

Ad 2, containing 3a labelled DNA, was a;:::saye d for virus adsorption. 

An a liquot of ei ther 0 . 1 or 0.2 ml. from each irradiated sample was 

used to infect a 1 ml. suspension of 106 KB cells . After incubating 

at 37•c for 90 min., using a r oller wheel , the infected culture was 

diluted with warm nutrient medium and incubated f or a further period of 

time. Tne amount of radioactivity in t he cell suspension and in the cell 

free supernatant was assayed at eith(~r 2, 5 or 18 hours after infection. 

The amount of virus adsorbed to the cells was determined from the 

difference of these 2 measurements. 

~ypical values for the r adioactivity of the cell suspension 

and the cell free supernatant are given in Tables 3A, B and C. It can be 

seen that under these conditions, the .Rdsorption efficiency of 

unirradiated virus ranged from 50 to 9()%. Highest adsorption efficiencies 

were obtained when cultures were incuba ted for at least 5 hours after 
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TABLE 3 

Effect of Gamma Irradia t i on on Viral Ads orption 

Samples of Ad 2, con taining 3 X 1010 Pli'U/ml. and 

having an3H radioactivity of 1.3 X 106 cpm/ml., were given 

graded doses of garnma r ays and subsequently assayed for 

adsorption. 

3A Expt. I 7 X 106 celJ.s infected with Oe1 ml virus 

and assayed 2 hours after infection. 

3B r~pt.. II 2 X 106 cells inf<::cted with Oe?. ml. virus 

and assa;~"ed 5 hours after infection. 

3C Expt. III: 106 cells infected with 0.2 ml. virus 

and assayed 18 hours after infection. 



Radiation 
dose 

(lo6 
rads) 

0 

0.58 

1.18 

2.35 

2.94 

3.52 

'l'ABIJ~ 3A 

Eff ect of Gamr.m Irradiation on Viral Adsorption 

__________ .. __ -------- ----------.. 
Radioactivity ( c . pm /O.l ml .. ) Virus 

Cell 
s uspension 

------
3776 

4077 

3715 

4354 

3875 

3867 

·r------- adsorbed 
Ce ll--free Cell (b) 
s u_pernata: 1t associated 

( a ) -- ---i- ---+-·-----
1757 

2206 

1760 

3250 

3173 

3519 

2019 

1871 

1955 

1100 

'702 

348 

53·5 

46.0 

(a) Column 2 - Column 3 

(b)Colum~ X 100 Column 2 



TABLE 3C 
. 

Effe?~ of Gamma Irradiation on Viral Adsorption 

- · --·-· · -

Radiation Radioactivity (cpm / 0.1 ml.) 
dose 

6 Cell Cell-free (10 rads) suspension supernatant 

0 1~887 537 

0.58 4321 876 

1.18 4228 1656 

1.75 2700 1826 

2.35 4568 3973 

2.94 6016 3957 

3.52 4515 4235 

(a.) Column 2 - Column 3 

(b) Column 4 X 100 Column 2 

Cell 
associated 

(a.) 

4350 

3445 

2572 

874 

595 

2059 

280 . 

% 
Virus 

adsorbed 
J b) 

89.0 

79·3 

60.8 

32.5 

13.0 

35.0 

6.0 

42 
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1'ABLE 3B 

Ef fect of Gamma Irradiati on on Viral Adsorp tion 

________________ ,, __ ·--··-·-----

Hadia tion 
dose 

(106 
r a ds ) 

Ra dioa ctivity ( cpm / 0 .1 ml . ) 

-------------~ 
Cel l Cell- f ree Cell 

s uspension .super natant a.fssoc:La t ed 
( a ) 

% 
Vi r u s 
adsorbed 

( b ) 

---+-------4'-- ---·---1------- -1-------

0 5055 

1. .18 

6263 

6097 

5869 

(a ) Column 2 - Column 3 

( b ) Columnj-_ X 
100 Column 2 

732 

4061 

3300 

1595 

978 

28.2 

15. '1 

41 



infection. 

The su:cviving fraction was calculated relative to the adsorption 

efficiency of unirradiated virus and is shown in Table 4. Adsorption 

measurements made at 2, 5, or 18 hourG after infection all gave similar 

results . Hean values for the pool ed results of several experiments 

are plotted in Figure 7. It can be seen that this viral function is 

consistent with an exponential inactivation at the doses of gamma 

irradiation employed giving a D37 value of 1.7 X 106 rads. 

The ads orption 

of Ad 2 to KB cells was found to be inactivated by grunma i :nadiation . 

'11his is thot:ght to indicate a destruc tion of viral attachments 

components by the radiation . Since these viral functions n:ay also be 

involved in haemagglutination, it was thought of interest to determine 

whether the haemagglutinating ability of Ad 2 is inact:lvated by 

similar doses of gamma irraJiation. 

The ability of irradia t ed Ad 2 to haernagglutinate red blood 

cells was assayed. The photograph i.n Figure 8 shows the re~ults of a 

typical experiment. It can be seen that there is a marked change in 

the sedimentation pattern after gamma irradiation of the virus, 

especially after 3.52 X 106 rads, indicating that this viral function 

is inac ti va ted by gamma irrctdia tion. The haemaggl u tina tion titre was 

taken as the reciprocal of the highest dilution caus::!.ng partial 

haemagglutination. In Figure 8, the HA titres obtained were 64, 64, 

16 and 8 for Ad 2 given doses of 0, 1.18, 2.35 and 3.52 X 106 rads 

respectively. 



TABLE Lt 

.Survival of Viral Adsorption after Gamma I rradiation 

;--·-~----....,.,----------------------------., 

Hadia t:i.o.n 
dose 
6 (10 rads ) 

0 

1.18 

2.35 

Surviving .Fraction (a) 

----·---- ··---------· ·------
Expt. I 

--

l 

0.87 

0.98 

Expt. II Expt. III 
f-· ·----+----------

1 

o~Lt3 

0.33 

1 

0.89 

0.68 

0.37 

0.47 0.18 0 .15 

0.35 0 .19 0.39 

__ 3_·_52---L.--o_.l_7 ___ _,___o __ ·_l_8 J._o_._o6-'7_ 

(a) The surviving fraction for the viral function of 

adsorption was calcul$lted for the 3 experiments 

in Table 3A, B and C. 
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FIGUR8 7 

Survival of Viral Functions Followi ng Gamma Irradiation 

Each curve represents the pooled da ta from several experi ments 

----- /4- - Adsorption 

--6----- Haemagglutination 

- ---@----- Clone inhibition 

------c------ Inclusion body formation 

Plaques 
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FIGUHE 8 

Haemagelutination Assay 

Photograph showing a typical sedimentation pattern 

obtained in the haemaggluti.nation assay . The results in 

this figure are from experi ment I V shown in Table 5. 

Consecutive two fold viral dj_luUon increases from top to 

bottom . The firs t t ube of each column shows complete 

ha.emagglutination , v;hereas, thG l2.s t tube of each colwnn, 

containing n~ virus , r;hows a r .et;ative pa ttern oi' sedirnentat:Lon. 

The haemagglutination titre was taken as the reciprocal of 

the highes t dilutio11. cauG:i.ng part:i.RJ. haemaggluti.nat.ion.. 

From left .to right , the HA titres obta ined we.re 61+, 61+, 

64 , 64 , 16, 16 , 8, 8, for Ad 2 given doses of 0 , 0, 1 . 18, 1.18, 

2.35 , 2.35 , 3.52 and 3.52 Hrads respectiv-ely . 
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The :results of 4 experiments are shown in 'rnble 5 and th1~ 

mean values for the survival of thi.s viral function plotted in Figure 7, 

Results are consistent with an exponential inactivation for 

6 haernagglutination with a n
37 

value of ·1. 7 X 10 rads. The fact that 

the viral functions of adsorption and haemagglutination both have the 

same radiosensitivity suggests that the viral components required for 

adsorption may be the same as those components involved in haemagglutination. 

3. Effect of G8mma Irradi~tio,!!_c;!!}_]nhib:i.ti_o.n.....Qf Host Cell Cloning : 

10
6 KB cells.were infected with different amounts of virus and the 

percentage of cells capable of forming clones was determined. The 

fraction of cells surviving was then plotted against the amount of 

virus added, in a similar manner to that shown in Fie,'1.lre 6. The amount 

of virus which would give 3'7% surviving clones was then calculated for 

each virus sample. From this value the viral titre in CIU/ml. was 

calculated as described in Appendix 1. The results of a typical assay 

are shown in Table 6A. 

1~e ability of irradiated Ad 2, to inhibit host cell cloning 

is shown in Table 6B for several experiments. Data from these and 

several oth~r experiments were pooled and the mean values for the 

survival of this viral function were plotted in Figure 7. Although 

the results are consistent with an exponential inactivation curve which 

has a o31 value of 8.7 X 105 rads, the points fit better to a curve 

having a slight shoulder. 



TABLE 5 

Effect of Gamma Irradiation on Haemagg1utination 

Radiation Expt. I Expt. II Mcpt. III };,cpt. IV '!-lean 
1 

dose o "' o o • o 1 • • i T 0 ~ 0 • •• 0 n o • survi vin ' 
6 HA tJ. tre >.:>urv~ v~ng HA tJ. tre I .Surv~ v~ngl• HA t~ tre ~.:>urv~ v~ng I HA tJ. tre !' .:.mrv~ v:.ng I f , . "'" . g 

(10 rads) fraction I fraction fraction i' fraction lac~~on 
. . I 

' I I 0 I 64 1 64 1 I 32 1 ' 64 1 I 1 

0-51! 32 0.5 32 0.5 I i I I I 0.5 

1.18 I 4 I 0.13 I 64 I 1 I 0. 56 

1.75 16 0.25 32 I 0.5 j l I Oo38 I 
I I I I 

2.35 I 4 I 0.13 I 16 f 0.25 I 0.19 

2.94 4 0.063 116 . i 0.25 I I I I 0.15 

3.52 1 I 1 4 o.13 s 1 o.13 j o.13 

I i ,I I J 

.::-
00 



TABLE 6A. 

Assay for Clone Inhibiting Units in Ad 2 

Assumed Amount of Percent Calculated 
Treatment titre virus surviving HOI giving 

CIU I cell CIU I cell clones 37/J survival 
(a) (a) 

2xl010 
I 

0.25 36.3 

No gaMma rays 0.50. 18.2 I 0.31 

1.00 7-5 I 
i 

I I 59.5 
I 

1109 
0.25 I 

I 

I 2.35 Mrads 0.50 29.5 0.43 

1.00 9.7 I 
(a) MOI, ~ultiplicity of infection, see Appendix I 

(b) Column 2 
Column 5 

True 
titre 

CIU I ml. I (b) 

I 

I 
I 

I .. o 
,6.5xlO..L I 

I 
I 
I 

I I I 
12.3xl09 
I 

·-

Suriving 
fraction 

1 

6 -2 3. x10 

I 
I 

~ 

I 

I 

.j::­
'.0 



TABLE 6B 

Effect of Gamma Irradiation on Inhibition of Host Cell Cloning 

Radiation j 
dose 

6 (10 rads) 

,. ~0 

0.58 

1.18 

1.75 

2.35 

2.94 

3.52 

Expt. I 

CIU 'Surviving 
per m1. fraction 

3x1o10 1 

1.9x1010 6.6xl0-1 

9 1 -1 4.6xl0 1.5x10 

.3x10 2.8x10 8 8 I -2 

I 
l 

Zxpt. 

CIU 
per m1. 

6.5x1o10 

2.()-.. <1010 

12.3xl09 

3.3x108 

II 

Surviving 
fraction 

1 

I I 3.lxl0-l 

I_ , 
1 _,.6xl0-.... 

I 
15.2xl0-3 

I 

~ Expt. III 

! 
~---CIU [ 
, , I I per rn ..... I 

I I 
I I 

5· 7x.lo9 
! 
I 

Surviving I 
fraction I 

l 

-1 i -1 
2.9x10 I 5.0x10 

I 7 6 109 . ::.. 3 ... 0-l ./• X ~ v. X..1.. 

'1 9 I _, -1 . l.OxlO i 1.7oxl0 

I 3.3xl0
8 I 5.8x10-2 

i . c .•. 8 
I 1.5xl0 
' ' I 

2.6xlo-2 

\11 
0 



The assay used was similar to that used for the viral function of 

clone inhibi ti0n (see section B3). Since the formation of dense 

inclusions was not consistent w:i th one--hit kinetics at high input 

multiplicities, it was necessary to extray;olate a: value for the amount 

of virus giving 37% cellt> without IB from the values obtained at low 

input mult:i.plic:i.ties. This introduces uncertainties in the assay for 

inclusion bodies especially in the irradiated samples. The results 

obtained for 2 experiments are shown in Table 7 and the rncan values 

for the survival of this viral functioll are plotted in Ji'igure '?. It 

cab be seen that inclusion body formation is consiGtent with an 

exponential inactivation with a n
37 

value of 5$4 X 105 rads. 

5. ~ff~ct of Gamma Irrad~~~ on Plag~~~~ : TI1e effect of 

gamrna irradiation on plaque formation was studied. Typical results 

for 3 experiments are shown in Table 8 •. Data from these and several 

other experiments were pooled and the mean values for the survival of 

plaque formation were plotted in Figure 7. This viral function was 

consistent with an exponential inactivation with a n
3

,
1 

value of 

1+~2 X 105 rads. 

6. ~1~osensitivity of Different Viral Functions Following Gamma 

Irradiation : For comparison purposes, the n
37 

values have been 

summarised in Table 9. It can be seen that the most radiosensitive 
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5 viral function is that of plaque formation with a n
37 

of 4.2 X 10 rads, 



TABLE 7 

Effect of Gamma Irradiation on Inclusion Body Formation 

-
Radiation Expt. 

dose 
6 IBlJ (10 rads) per ml. 

0 3.3x109 

0.58 9.5x10 8 

1.18 8 5.5x10 

1.75 
8 9 •. 5xl0 

2.35 4.0xl0 7 

2.94 2.4xlo7 

3-52 

I 

Surviving 
fraction 

1 

2.9xl0 -1 

6 -1 1. xlO 

2.9x10 -2 

1.2x10 -2 

7.1xl0-3 

E ':xpt. II 

IBU 
per ml. 

--· 

2~5xl 

3.3xl 

3.3x1 

2.5xl0 7 

Suz·viving 
fraction 

1 

-1 1.3xl0 

-2 l.3xl0 

-3 1.2xl0 

52 



Radiation 
dose 
6 (10 rads) 

0 

0.58 

1.18 

1.75 

2.35 

2.94 

3-52 

TABLE 8 

Effect of Gamma Irradiation on Plaque Formation 

Expt. 

PFU 
per r:Jl. 

3.8x109 

5.8x108 

8.0x107 

9.0x106 

I 

Surviving 
fraction 

1 

1.5xl0-l 

-2 2.1x10 

2.4xl0-3 

Expt. 

PFU 
' per ml. 

3.1xl09 

2.9x108 

1.1x107 

6 1.6xl0 

II 

Surviving 
fractiol". 

1 

I 9.3xlo-
2

-

I 

I 

3.6xl0-3 

5.lxl0-4 

Expt. III 

I 

PFU 
per r:Jl. 

2.8xl09 

9.2x.108 

8 6.0xl0 

14.5xl07 

12.3x107 . 

!1.0x10
6 

1 " . . 
luurv~v~ng 

J fraction 
• 

I 1 

I 

I
! 3.3xl0-l 

2.1xl0-1 
I 
I , 6 -2 _,_ .... xlO 

~ 8.2xl0-3 
! I 2.6xl0-3 

I 
I 

\..'1 
\.)j 



TJU3LE 9 

n
37

Values Obtained for Various Viral Functions 

and DNA Damage after Gamma Irradiation 

Viral function / DNA damage 

Adsorption to host cell 

Haemagglutination of R.B.C.'s 

Inhibition of host-cell cloning 

Inclusion body formation 

Plaque formation 

Double stranded molecul2s with 
no double stranded breaks 

Single stranded molecules with 
no single stranded breaks 

Double str::~nded molecules with no 
breaks 

D3'1 

(rads) 

6 1.7xl0 

1.7x106 

8.7x105 

5.l~xlo5 

4.2xlo5 

6 4.6xl0 

1.7x105 

-------- -----------·--



followed by inclusion body formation with a D_.
7 

of 5. 4 X 105 r adl3 . 
) 

These 2 functions are only j ust. separable at the doses of gamma 

irradiation employed . 'l'he func t i on of clone inhibition was more 

· radioresistant than tha t of inclusion body forma tion with a D
3
? of 

? 8~7 X 10- rads. The most r adioresistant functions were those of 

adsorp t ion and ha-magglutination which both had t he same D
37 

val ue 

of 1.7 X 106 rads. 

Assuming target theory (I..ea 1962 ), the amount of the Ad 2 

genome required for clone inhibition and inclusion body f orma tion 

was L~3% and 78% r es pect:i.vely. 

C. HOLECULAR DAMAGB TO Tm; VIRAL DNA Al!"'TEH GA!"lNA IRRADIATION 

It is generally accepted tha t the primary target for radiation 
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induced l ethal damage in microorganisms i s the DNA molecule (Ha.ynes 1966 ). 

'I'he type of damage occuring depends greatly on the chal'acteris tics of 

the radiation employed. · A large amount of DNA damage following 

gamma irrad:tat.ion is expressed. in the form of single and double s trand 

brHaks in the DNA :r.olecule. 

The effect of gamma irradiation on several functions of 

Ad. 2 was described in the 11revio11..s section. In order to correlate 

the radiosensitivity of these viral functions with the molecular 

~ 
lesions sustained by the virue;, Ad 2, containing _...H labelled DNA, 

was given graded doses of gamma j_rradiation and assayed for both 

single a.nd double strand DNA breaks. 'l'he number of radiation induced 
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breaks was determined from the s:i.ze distribution of the viral DNA 

fragments obtained on sucros e gradients . 

labelled DNA , was disrupted by treatment v~i th pronase and SDS and 

centrifuged on a 5to 20% neutra l sucrose gradi ent . Typica l radioactivity 

profiles obtained are s hown in l''igur e 9. It ca n be seen that the 

d . t ' b t • f th 14,., d ' t ' . + f . d' t r1 1 • J.s r~ u l.on o e v ra ~oac ·:;_ Vl. ._y rom ururra l.a e,t m-".r.cer v~rus 

was the same for all profiles, whereas the 3H radioactivity from 

irradiated virus showed a more heterogen.ious profile . 
·~ 

The -~ II 

1l~ 
radioactivity sedimenting to the right of the C JMlrker peak is a 

measure of the dec rease in S value of the 3H labelled DNA from 

irradiated virus . Assuming a similar conformation for all DNA 

mo l ecul es , thes e decrease in G val ue represents a reduc tion in 

molecular size and corresponds to an increase in double strand r;hain 

breakage after gamma irradiation. In cal cul ating the number of 

3 radiation i nduced double strand breaks , it was a ssumed that the H 

radioactivity sedimenting wi th that of the 14c marker represents those 

double stranded molecules with no double a..trand breaks . From :l":lgure 9, 

it ca n be seP.n that the proportion of molecules with no breaks 

decreases wi th irradiation dose, corresponding to nn increane in 

double stran~ chain breakage after gamma irradiation. 

The nature of the small radioactivity peak found a t the top 

of the gradients , l~epreseuting a few percent of t he total radioactivity, 

is unk nown. It rl!ay be due to artifacts resulting from t!le method of 
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FIGURE 9 

Double Strand DNA Breakage after Gamma Ir:cadia.tion 

. Samples of Ad 2, containing u3 lab e lled DNA, were 

given graded doses of 0.58, 1.76 and 2.91~ Hrads of gamma 

rays . Al iquots from each sample wero 6isrupted by treatment 

with pronase and SDS. Unirradiated Ad 2~ containing c14 

].;::,belled DNA was addad to each se.mple as a . marker. Samples 

wHre ca.rcfully layered onto a 5 -20% neutral sucrosP- gradient. 

After centrifugation\ tube fractions were collected from the 

bottom and the radioactivity of eac h f raction was counted~ 
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collecting fractions . 

I•'rom the areas under the normalised radioactivity prc:flles , 

the fraction of DNA molecules wi th no double strand bree\ks was 

calculated as follows : 

Surviving fraction of 

mol ecules unbroken 
= 

1 '-+ Area w1der C profile from mnrker virus 

Area under 3n profile from irradiated virus 

From the fraction of double stranded molecules unbroken , the average 

munber of double strand brea.ks per molecule wa s calculated from t he 

Poisson distributions a8 follows : 

Average number of double 

strand breaks per molecule 
= Log ( Sux·viving fraction ) 

e 

Pooled resul ts f or the average number of double s trand breaks per 

molecale are shown in Table 10 and plotted as a fu nction of dose iu 

Figure 10B. Results are consistent with a linear relationship 

12 yeilding a DNA radiosensitivity of 0.01 double strand breaks/rad/ '10 

daltons. The s urviving fraction of unbroken molecules io plotted 

agains t dose in Figure 11 and yi elds a n
37 

value of 1•.6 X 106 rads. 

The average number of double strand br~aks per molec~lle may 

be an underestimate, since some of the broken molecules may sedimen t 

within the profile of unbroken molecules. However, this underestimate 

is not conside:r·ed l arge enough to 1nvalidate the interpretRtion of the 



TABLE 10 

Double Strand DNA Breokage a f t er Gamma Irradiation 

r-------------~------------------·-----r·--------------

Radi ation 
dos e 

(106 r ads) 

0 

1.18 

1.75 

2.35 

:rra c t :ton of double 
stranded molecules 
unbroken 

(S.F.) 

1 . 0 

o.86 

0.70 

0. 63 

Oe64 

0.54 

0.56 

._ _______ , __ _,_ ______ _ 

Average number of 
double s tranded 
breaks / molecule 
( =-log s .. l!"' .) 

e 

0 

0~15 

0.35 

0.46 

0.62 

59 
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FIGURE 10 

Average Number of Breaks I nduced in the Vi ral DNA after 

Different Doses of Gamma Irradiation 

A. Single strand breaks 

B. Double strand breaks 
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FIGUHE 11 

Survival of DNA f rom Holecular D?.mage a fter Gamma I rradiation 

Replot of da t a f rom Figure 10 to show the fracti on 

of DNA mol ecu les cont aining no brea.ks a ft er gamma ir-

radiation. The survi va l of s everal biological viral 

functions are also shown fo r comparison purpos es. 

tt;t,. 
--~-

---o-

A 

B 

Fr a.c tion of vira l DNA mol ecules 

wi t h no double strand breaks 

Fra ction of vira l DNA molecules · 

with no single strand breaks 

Frac t ion of virions ca pable of plcquc 

fo rmation , corrected. fo :c adsorpt j.on 

F'rac t ion of vi rions capabl e of cl one 

i nhibi t i on, corrected fo r adsorption 
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results fo r the following reason . 'l'he distribut i on of fragments 

r esulting f rom an average n.LUnber of 1 break per molecul e has been 

cal culated by Litwin (Li twin '1 969 ). Using this dis tri bu tion , the 

fraction of mol ecul es scdirnenting wi t h the profile for unbroken 

mol ecules was 0456 correS}lOnding to an average nuc1ber of 0.58 b1·ea.ks 

per molecule. This sugges t s that the method used i s mos t l ikely an 

underesti ma te by l ess t ho.n 10~. 

Fur thermore , t he coll2c t ion of tube f rac t ions from the bottom 

of the gradi ent pr oduced a dis t ortion i n t he r adi oac tivi t y prof iles , 

especia l l y j ust above the radioactivity peak (Van der .Schans 1969 ). 

Consequently, the assumptions us ed by Li twin (Litwin 1969), to 

calcul a te the dis t ribution of f ragment s after r andom breakage may not 

62 

be strictly t r ue i n t his experimenta l situa tion . Er r ors due to gradien t 

distortion a r e reduced when the fracti on c f broken molecules i s 

ca lcul ated e.s descr ibed above using e. 
14c labelled marker. 

Double stranded DNA i s dena t ured 

a t high alkaline pH and separ a t e. s i n to it cons :i. tuen t s ingle s tranded 

mo l ecules. Consequent ly, t he numl)er of radiation induced single strand 

DNA breaks can be de t ermi ned f rom the s i ze distr ibution of s ingle 

s t randed DNA fragments obtai ned on alkaline s ucros e gr adients. 

Irradia t ed Ad 2, con taining 3n l abelled DNA, was t r ea t ed with a lysiug 

s olution at pH 12.8 and centrifuged on a 5 to 2o% alkaline s ucrose 

gradient, pH 12.Ir. Typica l r adioactiYity profiles obtained are shown 

i n Fi gure 12. It can be s een t hat the distribution of the 14c 



FIGUP.E 12 

Single Strand DNA Braekage after Gamma Irradiation 

Samples of Ad 2, containing H3 labelled DNA, were 

given graded doses of 1.18, 2.35, and 3.52 Hrads of gamma 

rays. Aliquots f rom each sample were treated with a 

lysing solution at pH 12.8. UnirrFl.diat ed Ad 2, containing 

14 c· l abelled DNA~ was added to each sample as a marker, and 

fjamples were ca refully layered on a 5-20% alkaline sucrose 

gradient . After centrifugation, tube fractions were 

collected from the bottom and t he radioactivity of each 

fraction was counted. 
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radioactivity from unirro.diated marker virus was the same for all 

profiles . However, the 3H radioactivity from irratliated virus showed 

a more heterogen ous profile and a peak shif t to the right . This 

indicated a decrease in molecular size corresponding to an increase 

in s ingle strand DNA breaks a fter gamma irradiation. From Fieure 12, 

it can be seen that after increasing doses of gamma irradiation , the 

3H radioactivity peak , representing the distribution of single strand 
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DNA fragments, sedimentcd more s lowly and sharpened. This was interpreted 

as being due to a decrease in size and an increase in homogenei ty of the 

distribution of single strand DNA fragments. Both of these re::;ults are 

predicted by the calculation of Litwin~ al ( Litwin 1969). 

From the radioactivity profiles , a value of D_t'D1 was obtained 

(see bel ow ) and the average number of breaks per molecule was determined 

from the fcllowing relationt:hip (Litwin 1969) : 

Average number of 
= [- B ~ 1/']/ (B2 - 4AG) '·_ 2A 

breaks per molecule 

where A = 0\t('}.. (1 - t c<) 

B 
0( 

(5~- 1) C1 - 2t:/... ) ·- t + 

c ·- 2 (1 - 2<::() 

rX. - 1/0.35 

and t is the normalised distance D_t'D1 , sedimented at peak 

recovery of the sucrose gradient. 

D1 is the distance sedimented by DNA from unirradiated virus 

D2 is the distance sedimented by DNA from irradiated virus 
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TI1e f r ac t ion of molecules remai ni ng unbroken was ca lcula t ed using the 

Poisson distribution as follows : 

Fraction of molecules unbroken - (Average number of breaks/ molecule ) e 

'l1he results of these calculations are shown in Table 11 and Figure 10A. 

It can be seen that the average number of s ingle Gtraml breaks per 

molecule i ncreases linearly with dose and yields a DNA radiosens itivity 

of 0.5 single s trand breaks/rad/'10 
12 

dal tons. 

In Figure 11, the s urviving fraction of unbroken mo l ecul es 

l~ 
is plotted aga inst dose and gi ves a n

37 
va.lue of 8.,7 X 10 rads. In 

the same figure , the survival of several biological viral funcUons 

have been plo t t ed for comparison purposes . It can be seen that •rira.l 

pa.rticles con taining seYeral single strand breaks in their DNA were 

still capable of plaque fol~mation . 

previous s ection it was seen tha t gamma irradiated virus particles 

containing sev~ral single strand DNA breaks were still capable of plaqut~ 

formation. It was t herefore thought of interes t to exam:Lne the fate 

of the viral DNA after infection in order to determine whether these 

breaks are repa ired by the host cell after infection. 

Irradiated Ad 2, containing 3u labelled DNA, was used to infect 

a suspension of KB cells at several hundred PFU/cell. High input 

multiplicities were required in order to obtain sufficient radioactivity 



Radiation 
' dose 

1(106 rads) 

l 
I 
I 

0 

i (l. 58 
l 

1.18 

T D2 I D1 
(a) 

I 
I 1 0.72 

1 

TABLE 11 

Single Strandad DNA Breakage after Gamma Irradia tion 

Average number. of 
s.s. breaks per 
s.s. molecule 

0 

3.4 

Average number of 
s.s. breaks per 
d.s. molecule 

0 

6.8 

Frac t ion of s .s J F"action of I I molecules with ld. s . molecules 
1 

no breaks ~vi th no breaks 1 
I I 

1 

f -

I 1 I 
3 .3xlo- 2 l.lxl0- 3 

I c::Q I I 4 I 8 - - 4 ! 6 - -7 i I o • .:JU . 7.1 1 .2 I .2x..i.O I .7x..LO I 

I 1. 75 I o.48 I 12.4 . 24.8 I 4.lxlo-
6 11. '/XlO-ll I 

I 
2.35 I 0.48 I 12.4 I 24,8 1 4.lx10-G 11. 7xl0-ll j 
. 4 I ' 4 ,. - - 10 • 8 -19 ~ , 3.52 1 0. . ~ 21.0 ~ 2.0 7 . bx.:.O I 5 . xlO i 

l I ~ !' ~ _ m .e= f _ 0 a .J 

(a) D
1
is distance sedimented by unbroken single s tranded DNA molecules 

D
2 

ia distance sedimented by fragments of broken DNA molt~culea at peak recovery 

(''\ 
0"'\ 
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ia the 5 X 105 cells used for a sucr ose gradi ent. Larger amounts of 

cel l s were found to overload t he gradient. After i nfection a t 37• c 

f or 90 min. , using a r oller whe el, cells were dilut ed with warm nutr i en t 

111edi um and the infected cul t ure i ncuba t ed for a f ur ther period of time . 

At various t i me s after i nfection , a sample of i nf ected cell s was pelleted 

by low s peed centri fuga t i on . 
1 i~ 

Unirradiated Ad 2 , cont aining C 

labelled DNA v1a s t hen added as a marker and t he sample treated vd . t h 

alkal ine l ys ing solution a t pH 12.8 , before being car eful ly l ayered 

onto a 5 to 20'";6 alkaline s ucrose gradien t. 

T yp:l.cal r adioac t ivi t y pr ofiles obtained f r om cells i nfect ed 

with unirradiated virus are shown in Figure 13 nnd f or garnma irradia ted 

vi rus i n Fi gure 14. The pro f:i.les were ana l ysed n~, described i n the 

previous section for s i ngl e strand breaks . I t c:m. be seen that , even 

at 61 hours a f ter infec tion , very f ew s i ngle strand breaks ( l ess than 

0 . 2 breaks /molecule) were found in t he DNA from :,mirradia ted virus . 

Ho wever , for gamma i r radi a t ed Ad 2 , t here v;as a substantia l i ncr ease i n 

the number of singl e strand DNA br eaks af ter infecti on. The a ver age 

number of Ginglc s tre..nd breaks in the vi r a l DNA a t various time"3 a ft er 

i nfection are shown in Table 12. It can be seen that there i s a 6 fold 

i ncrease i n the number of single strand breaks fo und in the DNA from 

gamma irradia ted virus, 30 hour s after infection. 

Unfortunately, there is no straight forward i nterpre t a tion 

of these results. No r e joining of the single stra nd breaks could be 

detected after infection . Ins tead, a degradation of th e viral DNA 

from irradiated virus, was observed. It is possible tha t the inability 

to detect repair results from i nadequa ci es of the t echnique (see discussion). 
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FIGUili~ 13 

The Fate of DNA from Unirradi ated Ad 2 after Infection 

1 0
6 IrD • f · 1 Ad 2 · · 3H UJ cells were Ul ec ted WJ. t 1 , con ta1n1ng 

l abel.led DNA , at a n input multiplicity o:f about 3000 PFU/cell . 

At various time s after. infection, a sample of 5 X 105 cells 

was treated with lys ing solution and unirradiated Ad 2 , 

1l~ 
contaiuing C le.bel.J.ed DNA was added as a marker. The sample 

was then centr ifuged on a 5 t o 2o% sucros e gradient . Fractions 

were collected from the bot t om of the centrifuge tube a..'ld 

their radioactivity determined . 

A. Intracel lular virus DNA 4l~ hours after infection 

B. Intracellular virus DNA 61 hours after infection 
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The }'ate of DNA from Gamma I r r adiated Ad 2 after I nfection 

A sample of Ad 2, cont aining 3.H l abelled DNA, was given 

0.58 Hrads of gamma irradia tion and a n aliquot used to infect 

10
6 KB cells at an input multiplicity of a bout Goo or_i_ginal 

PFU/cell. At varioas t imes after infecti on, a .sa mple of 

5 X 105. cells was treated with lysing solution and 

unirrad:tated Ad 2, containing 14c l a t E; lled DNA, was added as a 

marker . The sample was then centrifuged on a 5·-2C'36 alkaline 

sucrose gradient. Fractions were collected from the bottom 

of the centrifuge tube a nd thei:t· radioactivity de t ermined. 

A. Free virus DNA 

B. Intracellular virus DNA 5 hours afte1• infection 

C. Intracellular virus DNA 30 hours after infection . 
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'rABLE 12 

Average Number of Singl e-strand Breaks in the DNA 

from Gamma I rradiated AJ 2 at Different T.imes 

after Infection 

- -

after Calculated number of breaks/ ds 
' 

infection -- -------· 
molecule] 

(hours ) Non-irradiated Ad 2 Ad 2 givon 0.58x10 6 

rads of gamma 
irradiation 

. ·---
Expt ., I Expt. II Expt. I Expt . II 

- _.,. 

0 0 0 5.6 8. 0 

5 0.19 11.2 

18 0.20 31+.0 

30 0.35 48.0 

44 0.26 

60 0.19 

----

70 
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D. EFFECTS OF UV IHHADIATION ON VI HAT" FUNCTIONS 

The effect of gamma irradia·cion on the survival of various 

functions of Ad 2 was examined in section B. Also, 

irradiation , double and sinele strand chain breaks were found in the 

viral DNA . After UV irradiation , many differen t types of photoles ions 

are produced in the DNA such as thymine dimers , DNA e:coss-link:.:; and 

single strand breaks (Smith 1969 ) . It if; not knovm whi ch photolesion 

is of mos t biological importance in virus systems. Pos~>ibly , it is a 

combination of different types of DNA damage which lead to viral 

inactivation by UV irradiation. 

It was therefore cons idered of intP.rest t o exar~line the effects 

of UV irradiation on the survival of .several functions of the vir us . 

Ad 2 was given graded doses of UV irradiation and assayed for the viral 

functions of adsorption , clone inhibition , · inclusion body formation 

a nd plaque forma tion . 

1$ EffP.c t of tN Irra.dia t ion on Adsorntion of Virus to KB Cells ; 
---·-----------~- .. -· - ~ --------

Irradiated Ad 2, containi ng 3H labell ed DNA, was as<>ayed for adsorption 

a~ previously descri bed in section B1 for gamma i r r adiation . The 

ads orption e f f ici encies ob tained at 5 hours a f te r infection are shown 

i n Table 13 and the s urvi val of this vir al function is plotted against 

dos e in Figur e 15. I t can be seen t hat vi rus adsorption is not 

s i gni ficantly affected by the dos es of UV r adi a t i on employed. 



TA3LE 1~ 

Effect of UV Irradiation on Adsorption (a) 

j 3H Ra.dioactivity ( cpm I O.l ml. ) 
f I 

% Adsorbed f Surviving I 
f f .. . ! 

(c) f rac ... ~on Radiation 
dose 

Cell 1 Cell-free Cell 
suspension !· superna tant associated I (b) I 

4 2 
~ ( 10 ergslrrllll ) 

t 
0 ?17 54 I 1 

41 I 0.,75 

46 o .. 83 

39 0.72 

43 I 0.74 I ~~ -~ .. 

i 1339 1 622 

o.8 ~ 143!; I 847 I 587 

1.6 I 1503 I 823 680 . I 2.4 ! 1444 881 l 563 I 
3.2 ! 1427 I 823 I _ 604 I 
(a) 2xlo6 Y~ cells infected with 3H Ad 2 at 1,500 PFU I cell 

(b) Column 2 - Column 3 

(c) Column 3 X 100 

Column 2 

.....:! 
N 
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FIGUB.E 15 

Survival of Viral Functions Following UV Irradiation 

Each curve represeuts the pooled data from seYera l experiments 

Adsorption 

Clone inhibition 

-- 0- Inclus~ on body f<)rma. tion 

Plaque fo r mation 

- -o-- Plaque formation in 2mH caffeine 
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2.1 Effect of UV Irradiation on the I nhibi t .ion of Ho33t Cell Cloning : 

UV irradiated samples of Ad 2 were assayed for their ability to inhibi t 

host cell cloning as described in se.-; tion B3 and Appendix 1. Results 

for 2 experiments are shown iu Table 14 . Data from these and several 

other experiments were pooled and the mean values for the su:cvival of 

the viral fun.; tion were plotted in :ngure 1.5 . It is seen tho.t the viral 

function of clone inhibition is consisten t with a n exponential inac tivation 

with a n
37 

value of 7 x. 103 erg.s/ mm2
• 

3. f.ffect of· UV Irradi~tion on Pla.sue _Formation : Irradiated samples 

of Ad 2 were assayed for pl aque formation. Typical results are shown in 

Table 15. Data from t hese and several other experiments were pooJ.ed 

and the mean values for the survival of this functi on plotted in 

Figure 15. It ca n be seen that plaque formation is consistent with an 

exponential inactiva..tion up to a dose of 2.5 A 10
4 ergs/ mm2,which 

reduces the surviving frac t ion to 10-5• The tail i n the survival 

curve found at higher doses of UV may be t he result of a multiplicity 

reactivation (Kim 1968) or a saturation of DNA damage (Johns 1962). 

(see section E). The n
37 

value for plaque formation was 2.1 X 103 

2 crgs/mm • 

4. Effect of UV Irradiation on Inclusion Bo_dy Form§!..J:ion : 'l'he assay 

method us ed was similar to that describ~d in section B4 (see Appendix 1 ) .• 

Results of a typical assay are shown in ~rable 16A and the surv-ival of 

this viral function shown in Table 16B and F:i.gure 15. Inclus ion body 

formation was consistent with an exponential inactivation up to a dose 
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Effect of UV I rradiation on the Inhibition of Host Cell Cloning 

Badiation Expt . I Expt. II 

dose ------; --·-·- ... -
(104 2 CIU Surviving CIU .Survivi ng 

eres/mm ) per ml . f raction per ml. fraction 

·-

0 l~.8x109 1 3.5x10 9 1 

o.8 6 -1 9. xl O 2.0xJ.O -1 1.4xlo9 4 -1 . OxlO 

1.2 lt .3xJ.o8 9.0xl0 -2 

1.6 4.3xl0 8 _;:> 
9. 0x10 -

2 .0 1.9x10 8 6 -·2 5. xlO 

2 ~ 4 l. 2xl0 8 2.5xl0 -2 

3.2 3.5x107 L OxlO -2 

3.6 2.l+xlo7 5.0x10 -3 

4.4 · 6 4.9-.dO l. l~xl0-3 

4.8 1.5xl0 6 3.lxl0 - 4 



l Re1di a t ion 
I dose 
i 4 . ? 
1(10 e:cgs/ mrn-·) 

i 
! 

I 
i 
I 
I 

0 

0.8 

, ..... 

1.6 

2.0 

2.4 

3.2 

3.6 

4.4 

TABLE ~5 

Effect of UV I r radiation on Pl a.que .t'ormation 

Expt. 

PFU 
per ml. 

· 1.0x1010 

2.8x107 

8.9xl03 

1.2xlo4 

3 .lxl03 

I I Surviving 
fraction 

I 
1 

2 .8xl0 -
. 

8 . 9xl0-5 

I -:6 1 1.2xl0 

Expt . II 

PFU I per ml . 

! 

I 6 
l 4 . 6xl0 

~ 

j 1 . 8x105 

2.5x1o
4 

0 

I Surviving 
I fraction 

I 
I 

I 
l 

l 

, 
..... 

. - 2 
1 . 4xl0 

-4 2 . 2xl0 

8 .6xlo-6 

l 1.2xl0- 6 

Expt . II I 

PFU 
per ml. 

11 4 - o9 
i • x.L 
I 
I 
I 
I 6 
12. 0x10 

4 
2. 5xl0 

1 Survi vi ng I frac t ion 
I 
I 
I 

1 

I 
I l~l•xlo-3 

1 .8xl0-5 

7. 9x10- 6 

i 
I 
I 
I 

I 
I 

I 

I 3. lxl0- 7 I , l . lxl04 

, . j I I I! I .. 

-...J 
0'\ 
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TABLE 'i 6A 

Assay f or Inclusion Body Forraa tion i n UV IrradiR tion Ad 2 

(a ) Amount of vlrus given in working i nput 

multiplicity of IBU/ cell (see Appendix 1) 

( b ) Column 2 

Column 5 

( c ) Col wnn 3 
-------

Colurom 5 



TABLE l6A 

Assay for Inclusion Body Formation in UV Irradiated Ad 2 

-

Percent I Working HOI 
I 

Treatment Assumed Arnount of True titre I True HOI 
titre virus inclusion I giving 63 % IBI I ml. I in IBUicell 

IBU I ml. IBU I cell bodies inclusions (b) I _ (c) 
- -~- -·- - (a) I (a) 

1010 ~ 1.4xl0
10 I 

I 0.12 19.·5 0.7 0.18 

No uv I 
0.25 25.0 I 0.35 I I 0.50 Lt9.5 

I 
0.71 I 

1.00 55.6 I 1.43 
I I 

I 
5xl0

8 I 
I 

I , 8 I 
8x103 ergslmm2

1 
0.12 I 9.1 1.1 · <+.5xl0 0.11 

l 0.25 22.0 I 0.23 
' I I I 

0.50 26.6 I I 
0.45 

I l 1.00 26.0 ' 0.91 i 

4 2 2x1o7 I ' ! 2.2:x.lo7 1.6x10 ergslmm ., 0.12 13.1 I 0.9 0.14 I I 

l I 0.25 16.0 I 0.28 

I I 0.55 I I I I 0.50 I l2 I I I 1.11 I I , oo z.5 I -· 
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TABI.E 16B 

Effect of UV Irradiation on I nclusion Body Formation 

Radiation IBU per ml. SurYiving 
dose 1----· 

I -
(104 2 ) 

Expt. I Expt . II fr.e.ction 
ergs; mm 

~-

0 1.4xl010 1.0x109 1 

0 .8 
8 -·2 

4.5xl0 3.2:xl0 

1.2 2.0xl07 -2 2 . 0xl0 -

1.6 2.2x107 1.6xlo-3 

________ _~, _____ ---~ ---·---
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o ~ ·1 .6 X 10
4 ergs/ mr/ , v1hich r educed the survival to 10'!3• The n

37 
3 2 value was 2.4 X 10 ergs/ mm • At higher doses of UV irradiation, 

th,e assay for inclusion bodies became masked by i 1terferencc f r om the 

increased number of defective virus parcicles i nduced by the UV 

irradiation (see section D5 below). 

5· ;Inhibition of Inclusion Body Formatio_~ .. y __ UV Irradia t ed Virus : 

Th.e results of the inclusion tody assay given in Table '1 6A were plotted 

in Figure 16, with the fraction of cells surviving inclusion body 

forma tion ver sus the true input mul tiplicity in IBU/ c8ll. In t his 

type of plot , vira l functions cons istent with one-hit kinetics , 

derived from the Poisson distribution , yi eld exponential survival 

crlrves. It can be seen t ha t inclusion body for·ma tion was consistent 

with one- hi t kinetics at low input multiplicities. At higher input 

multplicities , the percentage O J: cells with an inclusion is substantially 

l ess than that predicted by thP. Pois::::on distribution for both irradiated 

anjd unirradiated Ad 2. Horeove:::·, the reduction in inclu<.>ion body 

formation was most marked in the irradia t ed preparations. 'l'he percent 

inclus ions rea ched a maximum of 5696 for •mirradiated Ad 2, 26% for 

Ad 2 irradiated with 8 X 103 ergs/mm2 and 16% for Ad 2 irradiated with 

4 2 
1.6 X 10 ergs/mm • It was sugges ted in section A2, t hat the reduction 

of inclusion body formation at high input multiplicities was due to 

interference by large numbers of non-plaque producing particles infectin,g 

a cell. In the same way, the greater reduction found with the UV 

irradiated samples may result from the increased proportion of non-plaque 
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FIGUR8 16 

Effect of Input Hultiplicity on Inclusion Body Formation 

for UV Irradiated Ad 2 

Fraction of cells not displaying an iuclusion body 

plotted against the input multiplj city in t rue IBU/cell. 

Data obtained from Table 16A. 

'o 
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p oduci ne; par ticles induced by the tJV ir.cadiation . 

Since some non- plaque pr oduci ng particle._, may interfere v:i th 

inclusi on body forma t i on , the addi tion of UV ina ctiva t ed vi r us s hould 

i nhi bit inclusi on body fo rmation by non-irradia ted vi r us . Ad 2 was 

~~ 2 5 i •r adia ted with 3 G2 X 10 er gs/ nun 1 t o a s urviva l of 10·- PFU v.n d 

1_2 
1CD CI U. KB cells were i nfected with different amounts of UV-inactiv·ated 

vJ rus toe;ether with a cons t ant amount of non-irradi a ted Ad 2 . At 

48 hour s after infection , the cells were examined for the presence of 

a~ i nclusion body and the rnsults are shown in Table 1? . I t can be 

seen that the inclus ion body f ormation by the non- irradia ted virus was 

greatly r educed when UV- inactivat ed virus was added . 

6 ~ Radiosensi ti vi~[~Diff,~:t:t t Vi r al Functions l"ollowi.!!..6,._q~_Ir_radia t:t.9.E. 

:B'or compari son purposes , t he o
37 

values ob tained aft er UV i rradiati on are 

summarised in 'l'able 18 . It can be s aen t ha t t he mos t r adios ens i t ive 

vi ral f unc tion i s that of pl aque formation, with a n
37 

of 2.1 X 103 

ergs / mm2 , f ol lowed by i nclusion body formation wi t h a n
37 

of 2 .L1- X 103 

I 2 
ergs/ mm • These 2 f unctions are only j ust s eparable a t the doses of 

I 
UV employed. The function of clone inhibition was more r adi oresistant 

tha.'l that of inclus ion body form.::, tion, with a n
37 

of 7 X 103 er gs/mm2 

and the virus ads orption was not signifi cantly a ffected by the doses 

of UV irradiation employed. 

The relative r adiosensi tivities of the diffe r ent viral functions 

to UV irradiation wer e similar to those found using gamma irradiation 

(see section B6)~ 
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TABLE 17 

Inhibition of IncluGion Body Formation 

by UV- irradiated Adenovirus ~~ype 2 ( a ) 

Non-irradiated UV-irradiated virus (b) % 
virus f-- inclusions 

PFU/cell 0urviving PFU/ cel1 Surviving CIU/cel1 
....... __ _, ______ ----· 

I 
2 0 0 47.5 

2 2xl0-5 2xl0-2 
49.2 

2 2.10-4 2x10 -1 
37·9 

2 2x10- 3 2 32 .6 

2 2xl0- 2 20 13.1 
_? 

13.4 0 2x1 0 '- 20 ,__. ·-·----·-·-

(a) 106 
KB cells were infected with 2 x 10

6 Plt'U of non-irradiat f:d 

Adenovirus 'fype 2 and different amounts of UV irradiated 

Ad 2. 

(b) UV treatment with 3.2x104 ergs/~n2 



'I'ABLE 18 

D
37 

Va l ues Obtained fo r Varioue Viral Functions 

and DNA Dama.ge a fter UV Irr adiati on 

Vira l function / DNA damage 

I nhibition of host- cell cloning 

Inclusion body formation 

Plaque formation 

Plaque forma tion in 2 mH caffeine 

Double stranded DNA molecules ·;•ith no breakn 

Double s tranded DNA molecules with no 

thymine dimers 

--------------·------~ 

7.0 X 103 

3 2.4 X 10 

2.1 X 103 

1.3 X 103 

3 2.1 X 10 

72.1 

'------- ---- ---------------- ·- - ----· 

83 
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7. Effect of UV I rradia_t ed Vi~U3....2...IL!!.O s t Cell Mi to_!?is : \'/hen human 

ce~l.ls are lytically infected with s everal different types of adenovirus , 

the cul tur es show no detectabl e i ncrease in chromosome aberrations 

(Cooper 1968 and Cooper 1968a ). In contrast , when hams t er cells are 

a bortivel y i nfec ted by adenoviruses , a wide variety of chromos ome 

aberrations are observed . In the previous sec tions it was fo und that 

infection of human KB ce l ls by UV t r r adiHted v:i.rus can l ead t o a n 

abortive type of i nfection . I t was thoul:.;ht of interest t o de t crl:'line 

whether infection of human KB cells by UV irradiated virus would 

pr oduce the chr omos ome aberr ations char acteristic of abortive adenovirus 

infection . 

Sampl es of Ad 2 were given different dos es of UV :Lr r acliation 

and an a l iquo t from each sample was used t o infec t a 1 ml. suspens i on 

of 106 KB cell s . Aft er incubating a t 3?•c for 90 min. , using a r ol le1· 

wheel, 4 ml. of warm nutri en t medium was added and the infected cul t\.lre 

i ncuba t ed f or a further period of t ime . At various t:i.mes a fter infec t i on, 

ce l ls were examined cy t olor;i cally for t he appearance of metaphase pla tes. 

'l1he mito tic index obtained at di f fe r ent t imes aft er infecti on 

i s s hown i n Figure 18. It can be seen that in the cul t ures i nf ec t ed 

with unirradia ted virus, t he mitotic index decreased with t ime after 

infection. The decrease was most mar ked for cells i nf ected at a high 

input multiplicity. However, for cultures infected with 1Tif irradiated 

virus, t he mitotic index increased wi th time a fter infection. At the 

input multiplicity of 103 original PFU/cell, the mi totic i ndex in 

cells infected with UV irradiated vi r us reached a maxi mum at 48 hours 



FIGURE 17 

Photomicrogr aph Showing Hetaphase Plates from KB Cells 

Infected with U"v Irrad.ia ted P_d 2 

A. Metaphase plate from un:i.nfected cell 

B. Abnorma l me taphase pla te from a cell 

infected with UV irradiatf~d Ad 2 .:>howing 

chr omosome contrac tion 

C. and D. Abnormal metaphase plates from cells 

infected with UV ir~adiate d Ad 2 showing 

fragmentation of ch:..·omosomes 
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FIGURE 18 

Mitotic Index at Differen t Tirnes after Infection wit.h 

UV Irr·adia. ted and Non Irr-adiated Ad 2 

- - -rn-

--0-· 

Non4irradiated Ad 2 infected at 

100 PFU/ce11 

Non irradiated Ad 2 infected at 

0.1 PFU/cell 

UV irra diated Ad 2 with 3 .6 Y. 104
'ergs/ mm

2• 

I nfected. at 103 original PFU/ce11 and 

2 x 103 original CIU/cell. 

-6 Fraction 10 for PYu and 5 

for CIU) 

(Surviving 
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after infection . This increase in the mitotic index after infection 

is thought t o indicate that some of the cells are being arrested at 

metaphase . l1etaphase arres t has also been observed after the abortive 

infection of har1ster cells by se·.reral adenoviruses (Cooper 1968a). 

A large proportion of the me t aphase plates from cultures 

infected with UV i rradi atP.d virus showed various types of chromosome 

aberrations , such as chromosonH~ pulverisation , contraction and 

fragmer.tation (Hee Figure 17)t which are charac teristic of abortive 

adenovirus: infections (Cooper 1968a ). It is probable that these 

chromo.some aberrations result f r om infection of a defective virus 

partic le and lead t o an arrest of the cell at metaphase . 

87 

Larger doses of UV irradiation should produce a greater 

proportion of defective. virus particles and result in a l arger proportion 

of the infected cells arrested a t metaphas e . Furthermore , an increase 

in the i nput multiplicity of UV irradiated virus should also produce an 

increase in the metaphase ar res t of the .infected culture . In order to 

test this hypothesis, the following experimen t was performed. 

KB cells were infected with different input multiplicities of 

UV irradiated Ad 2, and the mitotic index determined at 48 hours after 

infection. Typical results are shown in Table 19. It can be seen that 

for cultures infected with unirradiated virus, the mitotic index decreased 

with input multiplicity from 2 to 0.1 Although there was 

very little cell growth for the cultures infected with UV i r radiated 

virus, the mitotic index increased with input multiplicity to a value 

substantially greater than that of the controls. For the same input 
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TABLE 19 

Effect of UV Irradiated Ad 2 on the Formation of Hetaphase Pl a tes 

(a ) 

(b) 

Initial cell concentra tion 

A. 2.1 X 105 cells/ml . 

B. 1.8 X 105 cells/ml. 

c. 2.0 X 10 5 cells/ml. 

D. 2.1 X 105 cell,s/ ml . 

Nitotic Inclex = Number of cells in mitosis X 100 

Total number of cells 



Treatment 

A. Ad 2 no UV 

TABLE 19 

Input multiplicity ~ --- Final j Mitotic I 
i cell cone. I Index 1 

x105/ml. (b) 
(a) I 

Before UV 

PFU/cell 

After UlJ 

PFU/cell CIU/cell 

0.23 I 0.2.3 I 0.31 4.33 2.9 

o.46 I o.46 o.63 4.os 2.2 

; 1 • 9 · 1 • 9 2. 5 2. 76 1 , • 4 

L 
3.8 3.8 5.0 2.15 I J.4 

B. 

I c. 

I 
I 

Ad 2 
4 2 2.4x10 ergs/mm 

Ad 2 
4 2 3.6x10'ergs/mm 

D. No virus 

1 9 • 3 1 9 • 3 25 • 0 I 1 • 66 0 • 1 
l [ 

1 ~ , I 8.8x10 9.4x10-~ I 5.25 
3.5x102 3.8x10-3 21.0 

2 -3 i 
7. Ox1 0 _ 

1 

7. 5:<1 0 I 42. 0 

1.4x10-' L 1.5x10-
2 _L 84.0 

6.5x101 

2 1.3x10 

4.5x102 

9.0x102 

1.8x103 

0 

0 

2.8x10-5 

5.6x10""'5 
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multiplicity of original PFU/ct~ll , the mitoti c index was highest for 

Ad 2 treated with the highest dose of UV irradiation~ At an input 

89 

multiplici ty of approximately one thonsand original PFU/cell, the mitotic 

index for cells infected with virus given 3.6 X 10L~ ergs/mm2 was 

, whereas for cells infected with virus given 2.L~ .x.. 10
1
+ ergs/ mr/ 

it was 6.1 • 

These results l end suppor t to the hypothesis that metaphase 

at'res t is the expression of a UV induced defective virus par ticle. 

E. HOLECULAH, DAHAGE •ro Tm~ VIHAL DNA AF'rER UV IP.HADIA'l'ION 

Correlations have been made between biological survival after 

UV i r radiation and the production of certain t ypes of photolesions in 

the DNA s uch as thymine dime1·s and DNA chain breakaee (&z.uerbier 1964, 

Smith 1966 , Rauth 1970 and Wulff 1963). 

The effect of UV irradiation on several viral functions of Ad 2 

was described in the previous section. In order to correlate the 

radiosensitivity of these viral functions with the molecular lesions 

sustained by the viral DNA, samples of Ad 2, containing 3n: labelled DNA, 

were given graded dose.s vf UV irradiation and subsequently assayed for 

both thym:i.ne dimers and DNA chain breaks. The number of thymine dirners was 

determined using paper chromatography. The number of radiation induced 

DNA breaks was determined f:com the size dis tribution of the viral DNA 

fragr11ents obtained on sucrose gradients. 



1._~ay for Thymi.!J.~. Dim~ : Irradiated samples of Ad 2 were assayed 

for thymine dimers. When 3n labelled th;y-mine is used, the presence 

of both thymine-thymine (~b and thymine-cytooine (CT) can be detected 

{Setlow 1966). u~ irradiated srunples were subjected to acid hydrolysis 

and the hydrolysate run on a. · paper chroma to gram . 

Typical results for the chromatography of thymine and thymine 

dimers are shown in .Figure 19. It can be seen that all profiles showed 

a peak in radioactivity between fractions 20 and .30 (Rf = 0.6), 

correspondj.ng to thymine. Profiles from irradiated samples also showed 

a radioactivity peak between fractions 8 and 1_9 (Rf = 0.3) correspoding 

to thymine dimer. The dimer peak was not detected in the profile for 

unirradiated virus. With doses of UV up to 3.2 X 10
4 

ergs/mm
2 

the 

dimer peak contained a small shoulder a.round fractions 8 and 9 

"" corresponding to thymine-uracil dimer (TU)t the hydrolysis product of 

thymine-cytosine dimer. The small peak :i.n radioactivity seen on all 
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profiles between fractions ~ and 5 is probably due tq a small proportion 

of the sample which is not completely hydrolysed. 

From t .1e radioac tivity profiles, the. fraction of thymine 

molecules present as dimer was calculated as follows : 

Fraction of thymine molecules 

present as thymine dimer 
= 

Counts in dimer peak ---... - .... --.. ·---·--w-·-----
Coun tE> in thymine peak + Counts in dimer 

The pooled results of 3 expe l.'iments are shown in Figt.U•e 20 . It can be 
,..., 

s oen that the production of TT dimers is l inear wi th dose up to about 
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FIGURE 19 

Production of Thymine Dimers after UV Irradiation 

Radioactivity Profiles Obtained on Strip Paper Clu·oma tography 

Samples of Ad 2, ·labelled with H3 thymid:Lne , v:erc given 

4 4 2 UV doses of 1.6 x 10 and 3 . 2 x 10 ergs/ rnm ·• Aliquots from 

each sample were sulJject~d to a.cid hydrolysis and the 

hydr olysa tcs run on a strip paper chromatogram. St:rip 

f ractions were cut and t heir r adioactivity determined in a 

scintillation spec t rometer . 
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FIGURE 20 

Fracrion of Th~nine Molecules Present as Thymine Djmer 

after UV. Irradiation 

Plot of data from TabJ.e 17. 

~"'"'\ 
T X ---T 

Fraction of thymine presant as 

thymim~ dimer 
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product of thymine·-cytosi.ne dirr.er ) 

Thymi.ne - thyr ine dimer 
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2 X 10
4 ergs/mm2 ~ At higher UV doses of about 4 X 1cY ergs/mm2 , 

the production of dirners saturated when the fraction of thymine 

molecules present as dimer was about 0.1, as shown in Table 20. The 

production of CT dirner (obs erved a.s TU dimer) was about 10 fold lower 

than the production of T11 dimer and saturated at a lower UV dose of 

about 2 X 104 ergs/mm2 .. This saturation may result from an equilibrium 

being establis hed between dimer formation and dimer rever sal (J ohns 1962). 

For bacteria, this saturation va lue has been found to be a functicn of 

the wavelength of the UV light and the nearest neighbour frequency of 

pyrimidine pairs in DNA (Setlow 1966 and Wulff. 1963a). 

2. Assa;:t_ for DNA Breaks ~fter UV Ir:r2-.§i~tio11 : It is very unlikely 

that UV irr adiat i on pr oduced a loca lined energy abscrpt.ion of s uffi cient 

magn.i tude to result in double s t rand chain breakage . However , a change 

in the neutral E:ucrose gradi ent pr of ile may result from 2 single s t rand 

brE!aks occuri ng on oppos i te strands withi n the space 'of a few nucleoti de 

pa i r s . 

UV i r r adiated samples of Ad 2 were disrupted by trea t men t 

wi t h pronase and SDS and cen t r ifuged on a 5 to 2o% neutral sucrose 

gradient. No d.ovble strnnd breaks were detected a f ter 1.4 X 104 ergs/ nul, 

and l es s than 0.25 breaks / molecule were fo und a fter 2.8 X 104 ergs/ mm2 • 

The number of UV induced singl e s t rand DNA breaks was 

del-ermined using alka l ine sucrose gradients as previously des cr i bed i n 

s ecti on C2 for gamma irradi a t ed Ad 2 . Typical radioaetivity profiles 

obtained for UV i rradiated virus on a 1ka l ine sucrose gradien t s are shown 



TABLE 20 

Production of Thymin e Dimers after U'if Irr adiation 

-,._ ,..., 
""' Dimers/ mo uv dose ~T Xlo-3 TT .X. 10-3 ~ X 10- 3 

(lo4 2 T T 
ergs/ mm ) (a ) (b) (c) .X. 10 

0 0 0 0 0 

0.8 2. 6 13.2 15-7 1.2 

1.6 3.0 26.1 29 .. 6 2. 2 

2 • L• 5-9 35.8 41.5 3.1 

3.2 4.3 43. 3 4?.6 3.6 

28.8 2.8 90.0 92 .8 6.9 

43.2 4.1 110.5 114.6 8 ,, 
• I 

- -
A 

(a ) UT, uracil-thymine dimer ( t he hydr olysis pr oduc t of 

cytos i ne - thymine dimer ) 

" ( b ) T'r , thymi n e- t hymine di::~~r 

( c ) 

( d ) Thym:i. nc__IllOl~g!~} ~)s £.~r virus par ticl~. X Column u, 
2 

-, 
= 7.1+9 X 10· X Col umn 4 

-
.. 



in Figure 21. It can be seen that the distrib~tion of the 14c 

radioactivity from unirradiated marker virus was the same for all 

profiles. However, the 3u radioactivity from the UV irradiated virus 

showed a more heterogenous profile and a decrease in molecular size 

corresponding to an increase in single strand DNA breaks . According 

to Litwin et al (Litwin 1969), the distribution of single stranded DNA 

fragments after random breakage should sediment to the right of the 

marker peak from unir radiated virus, and sharpen as the number of 
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breaks i ncreases. 'l'his was not found for the profiles from UV irradiated 

virus, In fact, the radioactivity profiles became broader with increasing 

14 dose and some radi.oacUvi ty s edimentcd to the left of the C marker. 

Radioactivity s edimenting to the left of the marker is especially 

prominent in Figu1~e 2'1 B and probably corresponds to '.larger molecules ' 

which result from interstrancl dimerisa tion (cr oss-linking ). Similar 

cross-- links, als o f ound af t er UV irl'adiation of T1~ phage (Kozinski 1967 ) 

would not be removed by alkaline treatment. 

Consequently , the r adioactivity profiles f rom UV irradiated 

virus on alkalirw sucrone gradients 3re believed to r esult from a. 

combination of single strand chain breaks and interstrand cross-links in 

the viral DNA. From the r a cl:i.oacti vi ty profiles , the average num'ber of 

sjngle strand DNA breaks per mo l ecule was ca lculated using the methods 

described in section C1 or C2, which ever was applicable. Since t he 

radioactivity pr ofiles are not the result of random bree.ka.ge alonei bu t 

als o involve cross-linkage , the number of singl e strand breaks per 

molecule may be an underesti mate , especially at UV doses which produce 



FIGURE 21 

Single Strand DNA Breakage and Cros::;-linking 

after UV Irradiation 

Samples of Ad 2, containing H3 labelled DNA , were 

given graded doGes of 2·.1 x 103, 7.0 x 10~, l.L:. x 104 and 

lj. 2 2.8 x 10 ergs/ mm· of UV irr adiation. A.liqucts from each 

sample v1ere h ·eated with l ys i ng solution and unirra.diated 

Ad 2, containing c14 labell ed DNA, was added as a marker. 

Srunples were then carefully l ayered on a 5-20% alka l ine 

sucrose gradiemt. After centrifugation, t ubE: fractio.ns 

were collected from the bottom and the radioactivity of 

ea ch fractio~ was det~rmined . 
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a substantial amount of cross-linkage. The results are shown in 

Table 21 and Figure 22. It 'can be seen from Figure 22, tha t the average 

number of single strand breaks per molectile increases linearly wi t.h 

4 2 
dose up to 2 X 10 ergs/rum • In Figure 23, the surviving fraction of 

unbroken molecules is plotted agains t dose and gives a n37 value of 

- ~ 2 2.1 X 1o- erg.s/mm • In the same figure 1 the survival of various 

biologica l viral functions, and the fraction of molecules with no 

thymine dimors ha ve been plotted for cornpa;.•i s on purposes~ 

3. Effec_!; of Caffe ine on the Plaque F,:orma tion E.l..J!j !rradia~ed Vi~ : 

A reduced survival f or some UV irradiated bacteria and mammalian cells 

has been reported when cells were incubat ed in the presence of caffeine . 

A concentration of 2mH caffeine was found to produce a marked reduction 

in t he survival of mouse J.., ceJls after UV irradiation (Rauth 1967) . It 

has been sugges ted that caff eine binds to t he locally denatured regions 

in the DNA which are induced by UV irradiation , and during subseque!lt 

DNA synthesis, abnormalities are induced in the DNA which l ead to a 

reduced survi-val (Doman 1970 ) . It was t herefore of interest to examine 

the effects of caffeine on t he plaque forming abi l i t y of UV irradiated 

Ad 2. 

It should be pointed out tha t the appearance of plaques in 

2 ml1 caffeine was different from those without caffeine ,, In 2 ml1 

ca ffeine, the cell monolayer s howed only a weak neutral red stain on 

t he 10 th day after i nfe ctiont and pla.ques were seen as rings of bright 

r ed stain at the periphery of the pla.queso 



TABLE 21 

Sine.;l e Stranded DNA Breakage aft er UV I r r adiation (a) 

-~--

Radiat ion Frac t ion of s s Breaks Breaks l''ra c t ion o 

dos e D2)\ mo l ecul es with per s s per ds ds molecule 

L; 
mol. mo l . with no 

2 ss breaks (b) breaks 10 ergs/ mm ) no 

f 
s 

... _.. . ..._ ___ 

0.2 0.54 0. 6 1.3 - 1 2. 9xl0 

0 .7 0.17 1.8 3 .6 
_ ;:> 

2. 7xl0 --

l.L~ 0 .71 3 .6 7.2 7 r: lC'-4 
• .:J:X: ' 

2. 1 0 .69 3 . 8 7.5 5. 0:x:l0 
--4 

r· 

2.8 0 . 62 5- 5 11.0 1.7x10- .:J 

-· - -- ~ 

(a ) An unde r esti mate due t o DNA cross~linking 

(b ) Rows 1 nm1. 2 ca l cul a t ed usine method described in Cl : 

Rows 3 , 4 a nd 5 ca l cul a t ed us ing me t hod described in C2 . 
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FIGURE 22 

Average Number of Single Str·and Breaks in the Viral DNA 

after UV Irradiation 

Data from 'l'able 22 
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FIGURE 23 

Survival of Vira l DNA from Molecular fJCtmage after UV Irradiation 

Replot. of data from Figure 22 to show the fraction 

of DNA molecules containing no breaks after UV irradiation. 

'l.'he survival of several biologica.l viral functions and 

the fraction of DNA molecules with no dimers are shown 

for comparison purposes. 

A 

B 

c 

D 

.·, 

Fraction of viral DNA rr.olecules with 

no single strand breaks 

Fraction of virions capable of clone 

inhibition 

Frac tion of v:i.l·ions capahlG of plaque 

formation 

Fraction of virions c ap:otbl~ of plaque 

formation :i.n 2 mM caffE-ine 

Fract ion of viral DNA molcct;.les with no 

thymine dimers ( extrapolated using 

data. from Table 20) 
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The results from 2 pooled experiments are shown in Table 22, 

and the survival of plaque formation in 2 mH caffeine after UV 

irradiation is shown in Figure 15. It can be seen that the plaque 

titre for unirradiated. virus in 2 mM caffeine was 35~~ less than the . 

titre without caffeine . Due to the inherent uncertainty in the plaque 

assay, this difference is not considered significant. However, the 

surviving f raction of plaque formers was significantly lower for 

virus plaqued in the presence of caffeine. The survival of plaque 

formation in 2 mM caffeine after U\l irradiation is consistent with an 

exponential ina ctivation '>'':i. th a D
37 

of 1.3 X 103 ergs/ mm2 " 

4. The Fate o.f_~_f£S>m l~.Irradia.ted Virus after Infection : It was 

seen in section }~, that virions containing many thymine dimers were 

still capable of plaque formation. It is possible tha.t thymine dimers 

are not of biological importance to the expression of viral functions. 

Alternatively, these photolesions are biologically important, but can 

be repaired by the host KB cell. It was therefore considered of 

interest to examine whether a host mediated nicicing of DNA with a 

subsequent repair , could be detected after infection of KB cells with 

UV irradiated Ad 2. 

UV irradiated Ad 2, containing 3H lnbelled DNA, was used to 

infect a sur-.;pension of 106 KB cells at an input multiplicity of several 

hundred PFU/c cll. At various times after infection 1 the vira l DNA 

from the infected cells was examined for single strand breakage on 

alkaline sucrose gradients as described in section C3. As shown in 

101 
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TABLE 22 

Effect of Caffeine of the Plaque Formation of UV Irradiated Virus 

Hadiation PFU per ml. Surviving Fraction 
-dose No 2mM No 2mH 

4 2 (.LO ergs/mm ) caffeine caffeine caffeine caffeine 

0 J'.ltxlO 10 2.2x1o10 1 1 

o.G4 31.7x109 1.7xlo8 5.0...::10 -2 7.7xl0-3 

1.2 3.2x106 1.4xl0 
-L~ 

1.6 2.1x106 3.9xl0 5 6.2xl0-5 1.8xlo-5 

2.0 1.5x1o4 6 -7 .8xl0 
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Table 23, the number of single strand breaks in the DNA of UV 

irradiated Ad 2 was found to increase after infection. 

At the dose of 1.4 X '10
4 ergs/mm2 employed, an average of 

200 thymine dimers per viral DNA molecule are produced (see Table 20). 

Thus complete remova l of d.ime:-s would require an average of 200 single 

strand breaks per viral DNA molecule. However, the maximwn nu,n1ber of 

single strand breaks per molecule found in the viral DNA after infection 

was only 15.2. Consequently these results are diffic~lt to interpret 

in terms of the current ideas of DNA repair mechanisms (Haynes 1966, 

Cleaver 1969 and Rupp 1970). 

It is possible that the observed number of host mediated 

single strand breaks observed in 1-he DNA from UV irradia t ed Ad 2 is 

the result of thymine dimer exci.s:i.on. The low number of breaks observed 

may mean that few dimers are excised. Alternatively, most of the dirners 

may be excised, but the true number of host mediatecl breaks in the DNA 

is masked by a subsequent repair of the broken ends •. 

The interpreation of these results is further complicated by 

inadequacies cf the experimental teelwiquR . ( see discussion ). 
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TABLE 23 

Average Number of Single Strand Breaks in the DNA from 

UV Irradiated Ad 2 at Different Times after Infection 

fime after Calculated number of s.~. breaksLds 
infection molecule after 1.4 x 10 ergs/m:n2 .. of 

(Hours) uv irradi.a ti.on 

Expte I Expt. II 

0 ?.6 7.4 

5 ?.0 

18 10.8 

30 15.2 

l~lj. 11~2 

61 10.2 

;....~·--·- :..........~_,.., - - .... .,.,...,. --



DISCUSSION 

A study of the expression of defective adenovirus particles in 

human cells is impor~~nt to an underst~~ding of the virus-cell interaction 

and bears relevance to the mechanism of viral oncogenesis. Furthermore, 

when the defective virus particles e.re induced by UV and gamma irradiation,. 

such a study can also be used to investigate the biological effects of 

radiation induced DNA damage. For this reason, a discussion of this 

investigation falls conveniently into two sections. The first section 

concerns the virus-cell interaction before the introduction of rs.diation, 

whereas the second section is concerned mainly with the biological 

effects of UV and gamma irradiation. 

A. THE r~PRE.S:-.:>IOI\! OJf' Dil''Fl<~RENT ADENOVIRUS FUNCTIONS IN HUHAN KB CELLS 

Infection of human cells by human adenoviruses normally 

result::. in a pcrm:i1.wive respon.so which leads to the production of 

infectious virus particles~ This investigation has shown that infection 

of lnun:m KB cells by adenovirus can lead to an abor'Ci ve response in 

which only a limited viral function is expressed and no infectious 

virus is produced. A possible consequence of the e.bortive type of eel). 

response is cell transformation and the induction of tumor.s. The 

hurnrtn aden0viruses represent a group of widely distributed viruses 

affecting large segments of the p.:>pul.:..tion and including serotypes 

105 



106 

which have been shown to be oncogenic in animals. Consequently, 

man's natural exposure to adenoviruses is potentially of great importance 

in his exposure to possible oncogenic agents. 

Within the group of adenovj.ruses, some are highly oncogenic 

in newborn rodents, such as Ad 12 (Green 1962), and others are not 

oncogenic, such as Ad 2. However, both Ad 2 and Ad 12 have been shown 

to produce cell transformation in tissue culture (Freeman 1967). All 

adenovirus-induced tumors, as well as adenovirus transformed cells, are 

positive for 'T' antigen, indicating the expression of a limited viral 

function (Trentin 1968). ·Furthermore, it has been suggested that 

expression of the whole viral genome is not necessary for cell trans­

forrn.<:ttion, and that viral oncogenesis is the property of a defective 

virus particle (Defendi 1967). 

Purified preparations of Ad 2 and Ad 12 were found to contain 

some defective particles cape.ble of preventing a cell from cloning, 

but unable to induce inclusion bod:i.es or form plaques. 'l'he proportion 

of f>Uch defec:t:i.vo particles in Ad 12 was about 10 times that in Ad 2. 

It ia of intere.ct to note that the particle to PFU ratios found by 

Green et al (Green 196?) also indicate that Ad 12 contains more non­

plaquH producing 11articlen than Ad 2. These results suggest that at 

least some of the non-plaque producing particles are capable of clone 

pJ.•evention. Fnrthermoro~ it is possible that the oncoeenic potential 

of Ad 12 is in some \'my rcJ.ated to the lare;e propcrt.ion of non-plaque 

producing part:i.cler;, some of .,.,hi.ch msy produce tumors. Defective virus 

particles of other virus systems h3.ve been found to be capable of cell 



transformation and twnor pro due tion< (Uchida 1969) • 

The capa~ity to inhibit host cell cloni ng is a true viral 

function, resulting fro~ expression of the viral genome, since it 
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can be inactivated by UV irradiation. After infection of baby hamster 

kidnoy cells (BHK ) by Ad 12, it was found that all cells being prevent ed 

from cloning showed 'T' antigen synthesis (Strohl 1969). This suggests 

that all parti cles capabl e of clone inhibition are capable of 'T' 

antigen synthesis . A s ingle particle appears to be suffi cient for this 

vira l func tion , similar to the situa tion found for Newcastle disease 

virus (Marcus 1958). 

Puri fi ed preperations of Ad 2 and Ad 12 also contained def ective 

par ticles which were capabl e of inter f ering with the r eplication of 

non-defective virus p-3.r ticles . Again, Ad 12 contained a greater 

pr opor- t.:;.an of t hese def ective i n t erfering particl es than Ad 2. These 

def ecti 1re }.lCJ..rticles may al so be capable of clone inhibition. Ot her 

non-plaque producing particles have beel'L detec ted i n 'adenovirus 

preparation~ whi ch can act as 'helper' vir us (Butal 1966 ). 

Usi ng CsCl density gradients , t he clone inhibiting particles 

of. Ad 12 were f ound to have a l ower- density t hat that of t he non­

defec tive standa rd virions ( HE>.k 1970 ) . Defective particles of SV 40 

have also been f ound with a lower density than tha t of standard 

virus particles . ( Uc)Jiita 1968 ). It is therefore possibl e that scrne of 

t he defective partic l es aru de l etion mutants containing only a part of 

t he vir al genome. 

Similar biologically a c tive defective vi:i::·al particles have 



108 

been described in many virus systems CHuang 1970) Specific interference 

by defective particles may be an important mechanism in virus-cel.J_ 
J' 

interactions, and have a role in determining the outcome of natural 

viral infections and the evolution of viral diseases. 

Ad 2 and Ad 12 also differ i.n their plaque morphology on KB 

cells. For the production of a plaque, ini t i ally, one staudard pl aque 

producing particle infects a cell and produces mor e standard particles 

which then infect the sur roundi ng cells. Occasionally, a defective 

particle may arise in an infected cell. Once the defective particle 

appears, it may begin to replica te v.ri th the standa rd. particles and 

event ually defective particles are the predominan t component of t he viral 

progeny. The defe ctive particles may then r esult in a termination of 

infection by interference and l ead to a t ermina tion i n t he growt h of 

the pl aque. Thus the s maller plaque size for· Ad 12 on KB cells may 

result from its abili ty to pl~oduce a large pr oportion of defecti ve 

interfering IJa r ticles . 

The development of i ntranuclear inclusions i s characteristi c 

of an adenovi:cu& i nf ected .; cell (Boyer 1957). Cytochemical analyoes of 

these i nclusion bodies , bas ed on the posi tive Feugl en staining f eatur e, 

ha \rc been us ed t o s uggest t hB.t iuclusion bodies contain a l a r ge amoun t 

of DNA ( Boyer 195? and Bloch 1957 ). Intranuc l ear i nclusions have a l s o 

been B.hown to contain vi ra l structural antigens ( Weber 1969 ). This is 

thought t o i ndicat e the.t vir us r eplication i s occuring in those cell s 

showi nt; an incl usion body. 

At l ow input mul tiplicities , t he for ma tion of incl us i on 



bodies by adenovirus may be used for virus titration a.s for Shope 

Fibroma virus (Hcdes 1968). The fa.ilure of inclusion body formation 
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to follow single hit kinetics at high input multiplicities is thought 

to be due to interference by large nwnbers of non-plaq~a producing 

particles. 1bis is consistent with the observation that Ad 12 infected 

cultures produced a lower maxi'mum percentage of cells containing a.n 

inclusion body thRn Ad 2, since Ad 12 has a much higher proportion of 

defective par ticles. Furthermore, the inhibition of inclus ion body 

forma tion by UV-inactivated virus lends support to this hypothesis. 

Interference by UV-:i.nac tivated virus has also been reported in other 

virus systemB (Levy 196lt , Watson 1950 ar..d Watson 1952) resulting in 

both a reduction in the number of cells producing virus (exclusion) and 

a decrease in the yield of cellG which can pr odnce vira l progeny . 

It is not known whe ther the low maximum percentage of infectiouG 

centres in Ad 12 Jnfected cultures is due to the same interference 

phenomenon, or due to a difference in the biological efficiency of 

infectious centre formation . Hi gh multiplicities of virus infection 

have been shown t o reduce the yield of tota l :\.nfe ct:i.cus adenovirus 

particles (Boyer 1957 and Chany 1961) aud infectious centres (Ledi.nko 

1965) . The interference may be t he result of competition or a 

destruction of the host capacity to support virus growth by defective 

particles. 

Defee ti ve virus particles which possess l imited viral functions 

have also been found i n other animal viruses ( Haune 1966, Uchida 1968 

and II ne 1970)e It is moGt probable tha t the large particle to 



infectivity ratios found in an:i.mal viruses {Wildy 1962) OJC\y, in part 

be the result of a heterogeneity of the virus pnrticles~ However, 

the biological inefficiency of .Plaque fo1·mation cannot be completely 

ruled out. It is possible that in a homogeneous population of virus 

particles, only a fraction can complete the complex process of pla.que 

formation. 

B. THE E.fFECT OF RADIATION ON THE EXPRESSION OF DIFFERENT ADENOVIRUS 

FUNCTIONS IN HUI'IAN KB CELLS 

Several viral functions of Ad 2 were found to be inactivated 

by UV and gamma irradiation. 1'he inac tivation of plaq'.le formation by 

. 3 2 
UV irradiation gave a n

37 
value of 2c1 X 10 ergs/mm e Similar doses 

of UV have been found to inactivate the plaque forming ability of 

severa l. other adeno\ri.ruses ( Wasserrr.an 1962). 'I'he n
37 

for plaque 

formatior. of Ad 2 after gamma irradiation was 5.4 X 105 rads as 

compared to 7 X 104 
rads found for Ad 5 (Ginoza 1967 and Kaplan 1964). 

The high value for Ad 2 probably resuJ.ts from the low temperature 

(- 75.C) used during irradiation . Low temperat·ures have been found to 

reduce the indirect effects of ionising radiation as e. r esult of th€' 

reduced yields of free radica.ls at low temperatures (Hart 1961 ). 

The radiosensitivity of the viral functions of adsorption 

and haemagglutination were found to be the same for Ad 2 after gamma 

irradiation. 'l'his was thought to indi cate that those viral components 

required for ad:>orption arc the same as those involved in 

110 
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haemaggluti.nat-ion, possibly the pentons and attached fibers (Norrby 1968, 

Petterson 1968 and Schlesinger 1969). Inactivation of vira l ads orption 

and haemagglutination ha ve been described for other viruses after 

ionising radiation (Setlow 1961~b). This investigation showed that 

the ads orp tion of Ad 2 \·1a s not signi f icantly affected by UV i r radiation 

at the dos es employed. It has also been found by other wor kers that 

doses of UV irradia t i on which caused a reduction of vira l inf ectivity 

as measured by plaquA formation, did not significantly affect viral 

adsor ption (Gilead 1966 . and Zur Hausen 1968). 'l"nis is conai s tent wi t h 
0 

the view t ha t UV absorption from a germicida l )..amp emitting a t 2537 A, 

occur s i n the viral nucleic aci d r a t hBr than t he protein coa t (<Jagger 

1967 and Smith 1969). 

'l'he viral functions of i nclus ion body formation and cl one 

inhibition wer e found to be more r adioresis t ant than t ha t of pla que 

forma tion. Assuming that t he viral DNA r epresents the s ensi t ive 

t arget , t hese r esults s ugges t t hat the expression of ·t he viral func tions 

of clone inhibi tion and i nc l usion bcdy f ormation r equire less genetic 

i nforma t i on t han t he expr tlss i ol! of plaque for mation . U.::;ing t arge t 

theory (Lea 1962 ), the frac tion of the Ad 2 genome required for clone 

i nhibition and i nclus i on body f ormation was 0 .43 and 0 .78 respec t i vely , 

as de t ermined by gamma r ay i nactivation . Si milar values of 0 .3 and 

0. 87 r espec tive l y ~ were obtained f rom UV i nacti va t ion. The differ en t 

va l ues obta ined. for UV and gamma i r radiation ma.y re f l ect t he different 

types of mol ecular- damage i nduced by t hese t wo t ypes of r adiation .. 

Also t arge t theor y may not be applicable after UV i rradia t i on; since 



damage may not be random, or after ga.mma irradiation if rep.~ir 

mechanisms are present. 

The fraction of the Ad 2 genome required for inclusion body 

formation is probably between 0.78 and 0.87. A complete Ad 2 genome 

is capable of coding for at least 9 proteins (Haizel 1969 an d White 

1969), so that the defec tive particle capable of inclusion body 

forme_tion probably lacks the correct genetic expression of just one 

or possibly 2 l a te proteins. The formation of inclusion bodies has 

been correlated with the production of viral structural proteins 

(Weber 1969), although it is not clear Hhether mature virus progeny are 

present. The results of this investigation suggest that the presence 
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of an inclusion body does not necessarilj• indicate that infectious 

progeny are produced, especially when cells are infet::ted w:i.th irradiated 

virus. It is possible that the defective inclusion body forming 

particles are capable of producing virus progeny containing mutated 

protein components , which are not infectious. Alterna tively , these 

defective particles may lack the ability to assemble the viral components 

into infectious progeny. Similar defective particles of sv40 ha.ve 

been described which can induce 'V' antigen synthesis but not form 

plaques (Uchida 1968) . 

'l'he fra.ct.ion of the Ad 2 genome r equired for the inhibition 

of host cell cloning in probably between Oo3 and 0.43. Available 

data on the fraction of the adenovirus genome r equired to carry out 

other limited virn1 functions is summarised in Table 24. The results 

of Gilead and Gins berg (Gilead 1966) suggest tha t 'T 1 antigen synthesis 
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'l'ABLE 24 

Fraction of the Adenovirus G~nome Required for the Expression 

of Several Di f ferent Vira l Functions (a) 

(a.) CaJ.~nlated assum:i.ng target theory (Lea 1962) 

(b) R:ttio of n
37 

values obtaj_ncd for the viral 

function assayed and the viral function of 

infectivity. 



Vi r us and type 
of r.:::tdiation 

Ad 1 lfv 

Ad 12 uv 

I 
Ad 12 uv 

Ad 18 'lJV 
' 

I 

Ad 2 Ui! 

. 
Gamma 

TJV 

Gamma 

I 
Inf e c ti vi ty I'} .. ssay I Viral function assayed 

I 

I PFU .. .. .. 1 : ~n pr~~ary numan Transformation of rat 
! embryo kidney 
I 

embryo cells 

j PFU in human er.1 bryo I 

Clu-omosome aberrations I kidney ( P~K) in hamster NIL 
I 
l 
I 

I PFU in human KB I T antigen in KB 
I I I 

I Inclusions in human I T antigen in Hep2 
epidermoid, Hep2 

1 or TCIDc:;o i n HEK I _, 
I V antigen in Hep 2 

I I 
PFU in hmnan KB I 

I I 

I 

In-'1-J.ibi Uon of host KB I 
cell cloning 1 

" " I 
I 
j '' I Nuclear inclusion 

1

·. 
1 

body in human KB 

1 

" i " I I _L ____ _ 

------

Hatio of Reference 
D •talues 

37 (b) 

0.2 Finldestein 1969 

I 
Zur Hausen 1967 0.2-0.25 1 

0.25 Gilead 1966 

' 

0.1-0.5 Stich 1968 

0.55 I 
I 

Stich 1968 

I 
I 

0.3 Thi.G work 

I I 
0.43 II 

0.87 II 

0.73 " 



requires about 0.2 of the viral genome required for plaque formation 

of Ad 12 in ht~an KB cells. Similar results were found by Stich et al 

(Stich 1968) for 'T' antigen synthesis by Ad 18 in human epidermoid 

cells (Hep2). These results suggest that slightly more of the viral 

genome is required for the inhibition of host cell cloning than for 

'T' antigen synthesis. 
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The fraction of the adenovirus genome for the transformation ·of 

rat embryo cells was 0.2, also less than that required for the inhibition 

of host cell cloning (Finklcstein-'1969). This is to be expected since 

transformation results in survival of the host cell. Consequently, the 

clone inhibiting partcles found in adenovirus preparations and also 

induced by radiation, are not those defective virus particles responsible 

for viral oncogenesis in humans, since such particles result in death 

of the host cell. If a defective adenovirus particle is capable of 

oncogenesis in humans it would necessarily conta.in less genetic information 

than that of the clone inhibiting particles. 

Ad 2 is non-oncogenic in newborn hamsters, possibly because it 

contains few defective particles carrying less ger.etic inforr.1ation than 

that of the clone inhibiting particles. Ad 12 was found to contain a 

large proportion of clone inhibiting particles, which suggests it may 

also contain other types of defective virus particles which are 

responsible for its high oncogenicity. 

An enhancement of cell transformation and tumor induction 

has been observe-d after irradiation of other viruses (Dtlbbs 1968 and 

Defendi. 1967). The results of this investigation showed that irradiation 
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of Ad 2 resuJ.ted in an increase in the proportion of defective particles. 

}.lso, the infection of hur.1an KB cells by UV irradiated Ad 2 r~sulted 

in various types of chromosome aberrations together with an arrest of 

some infected cells at metaphase. This response is characteristic of 

the abortive r espons e of hamster cells after infection wi.th adenoviruses 

(Cooper 1968a). Since it is this type of response which is associated 

with cell tra.ns forma tion and tumor induction, it would be very 

inter esting to examine the 0!1cogenic potential of UV irradia t ed Ad 2. 

C. CORRELATION OF THE 110LECULAR DAHAGE AND TID;. EXPriESSION OF VIRAL 

FUNCTIONS AFTJ<.;R GAHN.i\ I RRADIAn ON 

Ionis ing r adia t i on ha s been shown to i nduce single and doubl e 

strawl chain breaks i n t he DNA of many different organisms (Veatch 1969). 

These breaks probably play a role in biologica l ina ctiva t i on by 

radiati on . 

The production of DNA strand breakage after gamma irradiati on 

of Ad 2 i s cons:i.s t ent wi th a linear r elationship with dose , which has 

a radiosensi t i vi t y of 0.01 double s t r and breaks/ rad/10
12 

dn.ltons and 

0.5 s ingl e strand br caks/rad/1012 da l tons . 'l'hc produc t i on of DNA 

breaks by i onising r adia tion has been studied for ueveral organis~s 

(Bohne 1970 , van der Schan.s 19?0, Rupp 1970 , Pal cic 1l)70 t'O\nd Lett 1970 ) . 

In a l l t he sy.s tcmc.; sh~di ed, the produc t ion of DNA br eaks '::as cons i s tent 

wi t h <i l inear increas e wi t !-1 radiation dos e . The number of single 

s t r and breaks i n the DNA ve.ried from 0 . 2 to 3 brea.'ks/ rad/ 1012 da ltons , 
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and the ratio of single to double strand br.aaks varied :from 10 to 50, 

for the various organisms examined. Represcnte.ti.ve values for the 

production of radiation induced DNA breaks in neveral orea.nisms are 

given in Table 25 o The low values for the production of DNA breaks 

found for Ad 2, may result from the low temperature (-75 .C) us ed during 

garnma irradiation . It has been shown tha t the indir€ct effects of 

ionising radiations are much reduced at low b:,mperntures. The yield of 

radiation induced chemical reactions in ice is a factor of 3 or 1~ lower 

than in liquid water (Hart 1961). 'Jan der Schaus (van der Schana 1970) 

found a reduced m.unber of radia tion induced breaks for bacteriophage 

in the presence of nitrogen~ Other factors, such as post-irradiation 

treatment, may also affect the observed number of radiation induced 

breaks. The available data thus indicate that the radiosensitivity of 

DNA to single strand brealmge is of the same order of rr.agnitude in all 

organisms including viruses, bacteria. and cultured mammalian cells~ 

In order to correlate the molecular damage in the viral 

DNA with the biological functions expressed by the virus particles, 

the number of radiation induced lesions per inactiYat:i.on of the pla que 

fo::cming ability of Ad 2, was calculated. It wa-5 found tha t gamma 

irradiation of Ad 2 in a frozen su3pension medium results in an average 

of 1~.8 single strand breaks and 0.1 double strand breaks per i ne.ctiYation 

of the plaque forming ability of one \•irus particle (lethal hit ). 

Sirr.ilar correlation hav13 been made after gamma irradiation of 

bacteriophages •r·1 (Bohne 1970) and T4 (van der Schans 1970). Coi~relations 

of biolor;ica l function and radia tion induced l esions are shown in 
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TABLB 25 

Production of DNA St~and Breaks after Ionising Radiation 

for Several Different Org<'misms. 

(a) D37 for colony forming ability in mammalian cells 

and bacte1•ia ~ and :.'or plaque fonnation in viruses . 

References 

( 1 ) Lett 1967 

(2) Veatcl 1969 

(3) HcGr ath 1966 

( lj.) This work 

(5) Bohne 1970 

(6) Van der Scha.ns 1970 

(?) Van der Schans 1970 



I Organism and Treat ment DNA D37 Number of breaks I Nlli~ber of breaks I 
I C:r.ads ) 

12 ;n
37 

organism I I 
content 

I 
/rad/10 ' daltons 

(da.l t ons) (a) 
Single Double SinglP- Double 

I 
I I 

5.2x10 12 I 

L5178Y ( 1 ) Suspension (suline) I 65 I 1.5 I - 290 - J 
I I 
I I 

I 
L5178Y (2) Suspension (growth 5.2x1o12 180 I 0.6 o.o6 560 60 

l mediu.rn ) 

2.8x109 

I 
4 I 

2· coli B/r(3) Suspension (growth 

I 
1.5x10 I 0.2 - 10 -

medium ) 

i Ad 2 (4) Suspension Cercwth 2.3x107 4.2x1o5 0.5 0.01 4.8 0.1 

I 
medium + serum) 
frozen -75•c 

(5) Suspension (buffer 3.1x107 4 
I Phage T1 9.5x10 1 .1 0.05 3·5 0.17 

I ~£,ge T4 

+ histidine ) ice 

(6) Suspension (buffer0 8 6.0x104 1.2 0.08 9.2 0.62 
+ 20mr-1 guanyle.te) 2 

1.3x10 

" II N 8 lt 
o.8 0.08 

2 1.3x10 5.0x10 

I 5·3 0.27 

I Phage T7 (?) " 02 2.8x1o7 1.1x105 I 1.5 0.1 4.7 0.33 

I " " N2 2.8x107 4 1.2 0.04 3.1 0.1 9.0x10 

i 
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Table 25 for several different organisms. 

Although the radiosensitivity of DNA to single strand chain 

breakage was found to be of the same or der of magn i tude for all the 

organisms examined, the number of brea~s per n37 was not. The number 

of single strand breaks per n37 ranged from 3 to 560, and the nwnber of 

double strand breaks varied from 0.1 to 60. The above results indicate 

that a single breru~ in the DNA molecule is not in itself sufficient to 

cause le t.hali ty. 

In bacterial cells, the number of radiation induced double 

strand breaks is roughly equal to the nwnber of lethal hits, except 
., 

when mu tal;l~~wi th a reduced capacity to repair single strand breaks 

are i r r adi ated (Kaplan 1966). In E. 90~~ §!~, single strand breaks 

ar.e repaired to a large extent (HcGrath 1966), but double strand breaks 

are not . These data suggest that bacterial cell death by ionising 

radiation is largely due to double strand breaks. Acc0rding to Dean 

et al (Dean 1966) 1 !:f_2cr..£50~ rad~dur~~ derives its radioresistance 

from the capacity to repair double strand breaks . It is thc,ught that 

for bacterial inactivation , single strand breaks and base damage are 

in general much less effective . 

For mammalian cells, the number of DNA breaks per D
37 

is 

considerably higher than the number found in bacteria and viruses. 

In order to account for the lare;e amount <()f DNA damage, several 

assumption can be made (Veatch 1969). Host of the breaks are repaired 

and the remaining few unrepaired cause the biological effect, or 

improperly joined breru~s cause the biological effect. Al t ernatively , 
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most breaks occur in an inactive part of the DNA and are not lethal, 

whereas breaks occuring in an active part are lethal. It may also be 

that breaks in the DNA are not lethal in themselves, but have a certain 

probability of progressing to lethal damage. All of these possibilities 

remain to be explored. 

It is interesting to note that the number of double strand 

breaks per D37 are all of the same order of magnetude for the viruses 

tested,ranging from 0.1 to 0.6. This suggests that radiation lesions 

other than double strand breaks are of biological importance i11 the 

inactivation of viruses. Other damage such as single strand breaks, 

base damage, cross-linking and protein damage may also play a role 

(Friefelder 1966). 

For Ad 2, the viral coat protein was damaged after gamma 

irradiation as manifest by a reduced viral adsorption. However, protein 

damage cannot account completely for the inactivation of the plaque 

forming ability of Ad 2 by gamma rays. A reduced viral adsorption 

after ionising radi ation has been reported in other systems (Watson 1952 

arid Setlow 1964). Protein damage has been reported in some systems 

after suspension of virus in a previously irz•adiated buffer (Heine 1968 

and Watson 1952). 

The production of DNA-DNA and DNA-protein cr oss-linkage has been 

correlated with other radiation induced damage after gamma irradiation of 

bacteriophage T1 (Bohne 1970). After irradiation of an aqueous 

suspension of the virus in ice, an average of 3.5 single strand breaks, 

0.17 double strand breaks, 0.03 DNA- DNA cross-links and 0.06 protein-DNA 



120 

cross-links were found per phage lethal hit. 'l.'his indicated that under 

the conditions of irradiation used, DNA-DNA and protein-DNA cross-links 

were of relatively little importance in viral inactivation by gamma rays. 

For double stranded DNA viruses, the number of single strand 

breaks per lethal hit has always been found to be greater than one. 

This suggests that one single strand break in the viral genome does 

not result in lethality. This investigated ruled out the possibility 

of a multiplicity r eactivation (Kim 1968) for Ad 2. It is possible that 

single strand breaks are repaired by the host cell after infection. The 

host mediated repair mechanism may be identical to those reported in 

bacterial and animal cells (Sawada 1970, Rupp 1970 and Haynes 1966). 

Hawver, no repair of single strand bre~\.S could be detected a fter infection. 

On the contrary, the viral DNA from irradiated virus was further 

degraded after infected, whereas, the DNA from unirradiated virus remained 

intac t. This may result from a speci f i c degradation of the radiation 

damaged DNA. Radiation induced DNA der;radation has also been reported 

for some bacteria (Achey 1967 and Djordjcvic 1970). From bacteria, 

crude extracts have been isolated whi ch det;rade X-irradiated DNA at 

a higher rate than unirradiated DNA • 

The inahility to detect repair after infection with gamma 

irradiated Ad 2 may result from inadequacies of the technique used. 

At the high input multiplicities used, repair of one viral genome may 

be sufficient for the commencement of viral synthesis, and one repaired 

molecule in several hundred v1oul d not be detec ted . Also , the molecular 

events occur inG after high input multiplicities of infection, are not 
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. ! 

necessar ily those which occur during plaque formation, where only a 

single viral particle infects a cell, since high input multiplicities 
~ 

have been sho·.•m to inhibit viral multiplication. 
i 
f 
( 

• 
D. CORRELA.TION OF THE MOLSCULAI~ DPJ.!AGE AND '.rHE E.'CPRESSION OJ<, VIRAL 

FUNCTIONS AFTER UV IRRADIATION 

The biological effects produced by gamma rays and UV irraclia.t;ion 

are often 6imilar , bu t a t the molecul&r level the effects are ver y 

different . Hany different photolesions are induced in the DNA 

molecule a f ter UV irradiation. Correlations have been made between 

the survival of UV irradiat ed organi sms and certain types of photochemical 

damar,e in their DNA s such as thymine dimers , cross--links and singl e 

strand cha.in breaks , (Smith 1966 , Sauer bier 1964 and Wulff 1963 ). 

T'ne intrinsic sensitivity of DNA to alteration by UV can be affected 

by base comr;od tion , substi tu tion by analogues and changes in the 

environment or physical sta te of the DNA during irradiation. Although 

a given photochewical l esion has been shown to be of biological 

importance under a certain se t of conditions, it is not expected it 

shoulcl enjoy a siuilnr importance under all conditions. The biolop;i0al 

i mportance of any photoproduct depends not only upon whe ther it is 

formed under a particular set of conditionst but also upon whether or 

not the pa.rticu1ar system under inves tigation is capable of repairing 

the lesion . 
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After UV irradiation of Ad 2, thymine dimers, cross-links 

and single strand breaks could be detected in the viral DNA . 

Thymine dimer s were produced linearly with dose in the low 

exposure range used to inactivate the plaque forming ability of the 

virus. At hi gher doses , the f raction of thymine presen t as dimer 

l cvc l c off . Th·' s 1(.. c l l in · o:f is presumably due to an equilibrium 

being established between dimer formation and dimer r eversal (Johns 1962 ) . 

For bacteria, the value at which l eve lling off occurs , has been shown 

to be a function of the waveleng th of the UV light and the nearest 

neighbour frequency f or pyrimidine pa irs ( \Vulff 1963 and Setlow 1966 ). 

-6 2 The f raction of thymine present as dimer was 1 .9 X 10 / erg/mm for 

Ad 2 over the linear portion of t he dose response curve ( see Figure 20). 

The production of thymine dimers ha ve been reported for a wide variety 

of mammalian cell lines (Klimek 1966 , Klimek 1966a , Steward 1966, 

Trosko 1965 and Regan), bac teria (Setlow 1963, Wulff 1963 and Smith 1966) 

and bacteriophage (Sauerbier 1961+ and Wulff 1963a ). Avai l able data for 

the produc tion of thymine di~ers in bacteria and mammalian cells has 

recently been summarised by Rauth (Rauth 1970). Representative values 

for several different organisms are given in Table 26. 

'I11e differences observed in the fraction of thymine present as 

dimer, shown in Table 26 , r.1ay be due to differences in the organisms 

ther::,se l ves or the condi t:i.ons of irradiat ion and dosimetry. The high 

value shown for bacteri ophar,e proba bly r esul ts from the differ ent 

wavelentsth of UV irradiation used and a difference in the method of 

dosime try. Sauerbj_er and \'/ulff used a measure of absorbed dose 
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TABLE 26 

Proctuct · O!'l cf '::.'t ~·:n ::.nc Di:c;..:..ro C<ft er UV Irradiation of Several 

Different Organisms. 

(a ) v- allele causes a UV radiosensitivi t y increase 

by factor of 2.2 cor.~ pared + a to V • 

x- allele causes a UV radiosensitivity increase 

by factor of 1.67 compared + a to X • 

(b ) n
37 

for colony forming ability in ~arnmalian and 

bacterial cells, and for plaque formation in viruses. 

( c ) Calculated by the author from published data. 



Nucleic acid 
Fraction of Number of 

content 
D37 thymine 

Organism Treatment 2 present as aimers /D
37 Reference 

(dal tons) ( e ;·gs/mm ) 

(b) 
dimer/erg 

2 6 /m:n xlO 

0 

5.2x1012 
(c) 

Mouse L cells 2537 A 90 1.1 190,000 Rauth 1970 
0 

2.8x109 
(c) -~.coli 13/..E _!. 2537 A, 21"C 240 2.2 560 Smith 1966 

0 

2 . 3x107 Ad 2 2537 A 2,100 1.9 30 This work 

Bacteriophage (a) 

T
4

V_X_ 0 

1.3x108 , 6.1 2.4 Sauerbier 1964 2600 A 6.23 

T v+x+ 
0 8 

2600 A 1.3x10 28 .30 6.1 10.1 Sauerbier 1964 
4 

T v-x+ 
0 8 2600 A 1.3x10 12.0 6.1 4.8 Wulff 1963 

4 

---- - -



(Wulff 1963), whereas the incident dose may have been used by other 

workers as was the case for this inves tigation. Furthermore , Wulff 
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has shown in f . coli DNA, that for the same UV exposuTe, the fraction of 

th~ine molecules presen t as dimer increases with the wavelen th of the 

UV light ( i'iulff 1963a). Thus the r adiosensi ti vi ty of DNA to thymine 

dit er production i s of tlte same order of magni Lude for all the organi sms 

examined, including viruses, bacteria and ma:nmalian cells. !·leasuring 

the production of t hymine dimers i n biologica l systems may be one way 

of a ctually measurinG the absor bed dose , thus eliminating the dosimetry 

problems encountered with UV irradiation (Rauth 1970 ) . 

Unfortunately, simple generalisati ons cannot be made as to 

which photoproduct in DNA is the most biologically important to all 

organisms unde~ all experimental situation (~mith 1969). In order to 

correlate the molecular damage induced in the viral DNA with the 

biological functions expresced by the UV irradiated virus particles , the 

fraction of particles with no radi ation induced lesions was calculated 

(see Figure 23 ) . These calculations showed that virus particles containing 

many thymine di mers in t heir DNA were still capable of clone inhibition, 

inclusion body forma tion and plaque production. 

UV irradiation of Ad 2 suspended in grow t h medium at 1o•c 

r esulted in an aver age of 30 thymine dimers and one single strand DNA 

break per l ethal hit, as measllred by plaque formation. A correlation 

of biological function and UV induced thymine dimer s has been reported 

for several other organisms . Representative values for the number 

of thymine dimers per lethal hit are Ghown in Table 26 for several 
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different organisms . For all the organisms studied, many thymine 

dimers were induced in the DNA per letha l hit. 

Recently, there has been an increased awareness of the role 

played by repair systems in modifying the nature of the initial UV 

damaee. Present evidence indicates that thymine dimers can be enzymatically 

excised in some systems (Setlow 1964a) and repair replication occurs 

using the intact strands of the DNA helix so that the double stranded 
. . 

region having the original base sequence is restored (Pettijohn 1964). 

In a final step the continuity of the repaired strand is restored by 

enzymatic closure of the single strand break using enzymes similar to 

polynucleotide ligase (Becker 1967 ). 

After a given exposure to UV irradiation, the number of dimers 

present in E. coli n and E. coli B 1 is the same (Se tlovl 1963). In - -s-

E. coli B 1 , 1 to 2 dimers per cell appear to be lethal (Swenson 1966) .;;;..:;..=- s-

and the dimers are not removed from the DNA. However, in E. coli B 

several hundred dimers are producP.d per lethal hit and repair of these 

dimers occurs. 'l'hus ~· coli B, unlike E. coli B
6

_ 1 contains the enzyme 

systems capable of dimer excision and repair. Furthermore, UV 

irradiated phage shows a greater survival in E. coli B than in E. coli 

B (Sauerbier 1964c ). This is though t to indicate the presence of s-1 

host cell reactivating enzymes ~HCR) in~· coli~, but not in~· coli B 1 • 
s-

The same enhancement of phage survival was found when UV irradiated 

T1 phage was plated on~· coli K12 her+ and £!• coli C syn+ as compared 

to E. coli K12 her- and E. coliC SY!J..- respectively(Snuerbier 1964c). 



Kozinski et al (I~ozinski 1967) have studied the intracellular 

events after infection with UV irradiated T4 phage. When the UV 

resistant E. coli B was infected with UV irradiated T4-, single strand 

DNA chain breaks follo wed by a subsequent repair were mediated by 

host coded enzyt:~es • The UV sensitive mutant 2.• coli B 1 efficiently 
s-

p ouuced b.i.l•L.;le .::;trand breaks in tlw UV da agcu DNA , but the process 

of repair was significantly hindered. However, even when repair was 

present, it did not restore viability to the phage. There are a number 
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of probl ems which arise in correlating the existence of repair mechanisms 

with the survival of biological functions. 'l'he existence of a repair 

mechanism is usually detected from an examination of the molecular 

events occuring after irradiation of either a cell culture or a virus 

preparation. :for example, the excision of thymine dimerr3 followed by 

repair may be detec ted (Kozinski 1967 and Pettijohn 196Lt ). Since the 

radiation dose used in the detec tion of such repair mechanisms is of 

sufficient magnitude to result in a much reduced bi ological survival, 

the molecular events being investigated will be predominantly those of 

the cell or virus popula tion which do not survive. Consequently, the 

r~pair processes occuring in such irradiated populations may not be 

those which lead to biological survival. 

Bac teriophage infection of cells not possessing host cell 

reactivation results in several thymine dimers per phage lethal hit 

(Sauerbier 1968 ). Thus the question arises as to why the majority of 

thymine dimers are not l etha l in the double stranded DNA bacteriophage. 

Possibly, there exist mechanisms, different from host cell reactivation 



(Sauerbier 1961) and v gene reactivation (Sauerbier 1968) wi ch remove 

thymine dimers from DNA. It has been calculated that not more than 

one out of three hits in bacteriophage can be due to thymine dimers 

(Sauerbier 1964a). Also, it has been found that the majority and 

possibly ~11, of the UV induced thymine dimer , is transfered from 

parent to progeny DNA, in pha~:;e s T1 and T2 l!Sine host cells with or 

without IICR (Sauerbier 1968 ). 'Thus the high ratio of dimers to lethal 

hits found in bacteridphage is not caused by removal of dimers from 

127 

the DNA. Possibly, thymine dimers can be bypassed during transcription 

and replication of the phage genome. Alternatively, at the site of 

thymine dimers and other lN induced DNA lesions , transcription and 

replication may be blocked or occur at a reduc ed rate . It has been 

suggested that for bacteriophage '1.'4 v-x~, the effect of UV irradiation 

on transcription can account for a large amount of biological damage 

(Sauerbier 1970). 

It was found tha t the presence of caffeine reduced the 

survival of UV irradiated Ad 2. A similar effec t of caffeine has been 

described in many other systems (Damon 1969, Zavadova 1968 and Rauth 1970) 

after UV irradiation and in some cases after ga~na irradiation 

(Sauerbier 1964c). It has been suggested (Domon 1970), that the 

s ensitising effect of ca f feine treatment after UV irradiation results 

from a binding of the caffeine molecule with denatured regions of the 

DNA which a.re induced by the radiation. These denatured r egions are 

thought to occur at the site of pyrimidine dimers and other base alterations 

in the DNA. This binding of caffeine may inhibi t repair mechanisms 



(Rauth 1970 ). Alterna tively , some loca lised UV lesions ma y only 
/' 
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become a block to t ranscrip t i on and r eplica tion, when bound to ca ffeine. 

Thus the sensitis ing effect of caffeine may result frcm an inhibi t i on 

of r epai r or an enhancement of damage. 

'I'he number of s i ngle strand breaks induced i n the viral DNA 

after UV irr a diation of Ad 2, was consi stent wi t h a linear incr ease 

wi th UV dose , yi el di ng a radiosensi tivi ty of 21 breaks/ erg/mm2/1012 

da ltons. ~ince the radioactivity profi l es used to calculate t he amount 

of Di~A breakage did not resul t f rom random breakage alone , but a l s o 

i nvolved cross-linkage , this value is an underestimate. 

Unfortunately, there i.s very l ittle available data concerning 

UV induced singl e s trand DNA breakage in •. Other systems. Horoson and 

Alexander (Noroson 1961) found a decrease in the viscosity of native 

DNA after UV, suge;esting chain breakage. Single strand chain breaks 

were detected by Mar mur (Harmur 1961) from a decrease i n the sedimentation 

constant of denatured DNA after UV irradiation of DHA suspens ions 

obtained from several differen t bacteria. Marmur!s results were 

consistent with a linear increase of single stra.nd breaks with UV dose . 

From the decrease in sedimentation constant reported by Harmur after UV 

irradiation, the number of single strand breaks breaks per molecule was 

calculated using the method of Litwin et al (Litwin 1969 ) . These 

calculations are shown in Table 27 . I n the same table, some preliminary 

r esults for UV induced singl e strand breaks in mouse L cel l s are given 

(Palcic 1970 ) . The number of UV induced breaks was 13 single strand 

breaks/ erg/mm
2
/ 1012 daltons for L cells and varied from 2.7 to 6. 7 
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TABLE 27 
Production of Single Strand DNA Breaks a fte r UV Irradiation of Seve:al Organisms 

Orga.nism Treatment of UV Number of single strand Reference 
0 2 12 

irradi ation 2537 A r:reaks/erg/mm / 10 daltons 

( a ) 

B. subtilis DNA in solut ion 2.7 Marmur 1961 

Serratia ma r cescens II 4.2 " 
Shi5ella dlsenteraie II 4.2 " 

D. pneumoniae II 6.7 II 

L cells cell suspension 13.0 Palcic 1970 

Adenovirus type 2 virus suspension 21.0 This work 

-- --- - - --------

(a) Calculated by the author from the change in S value of the DNA after UV irradiation 

using the method of Li twin et al (Li twin 1969) 

' I 

·I 

~ 

I\) 
'-!) 
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single strand breaks/erg/mrfl2
/1o.

12 daltons for DNA from bacteria. 

Although, these values are lower than the value found after UV irradiation 

of Ad 2, they a rc of the same order of Qagnitude. 

Approximately one sine;l e strand break perlethal hit was found 

in the DNA of Ad 2 after UV irradiation. It is there fore possible that 

single strand breaks may be of importance in the inactivation of 

adenoviruses by UV irradiation. Gamma irradiation of Ad 2 suge;ested 

t hat one single strand break was not in itself sufficient to cause 

viral inactivation. At most only 1 in 5 single strand breaks could 

account for the loss of biologica l function. Assuning that the nature 

of the breaks induced by UV and gam~a irradiation are similar, then 

single strand breaks in the viral DNA can only account for about 20% 

of the l ethal damage. Consequently, although single .strand chain 

breakage may play a role in the inactivation of adenovirus by UV, other 

types of photolesions such as thymine dimers and DNA cross-links must 

also be biologically important. 

After infection with UV irradia ted Ad 2, the number of single 

strand breaks in the viral DNA was found to increase. Due to several 

inadequacies in the technique, it is not certain whether these results 

are the expression of a host mediated repair mechanism (see section C3). 

It was sugeested by earlier workers that DNA breaks after UV 

doses in the biological range were not of a sufficient magni tude to 

to biologica lly importan t (Setlow 1966a, Setlow 1961+ , Jagger 1967 and 

Smith 1969). However, the inability to detect DNA breaks may have been 

due to a lack of adequate techniques. Using the techniques now available 



for the detection of sinele strand DNA breaks (HcGrath 1966 and 

L~in 1969) it would be interesting to determine the radiosensitivity 
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of Di'lA to UV induced single strand breaks in other organisms. The 

radiosensitivity of DNA io dimer production was found to be of the same 

order of magnitude for all the organisms examined. It is reasonable to 

c:pcc~ ~h t ~he r~dio~ensitivity of DNA to UV induceu s ingle strand 

breaks would al.so be of the same order of magnitude in all other 

organisms. If this ass'umption is correct, then it can be calculated that 

the number of UV induced single strand breaks per lethal hit would be 

l ess than one for bacteriophage, but comdderably greater than one for 

bac t eria, mammalian cells and animal viruses. For this reason, it is 

possible that single strand chain breakage may play a role in the 

biological inactivadon of bacteria, mammalian cells and animal viruses. 

From this investigation, it is seen that the mechanisms of 

radiation damage and its biological expression found for Ad 2, are 

similar to those fo~~d in other orgru1isms. Consequently , animal viruses 

are very attractive biological entities for a study of mechanisms in 

radiobiology . 



SUMMARY 

This investigation has shown that infection of human 

KB cells by adenovirus can lead to an abortive response in which only 

limited viral functions are expressed and no infectious virus is 

produced. The expression of several different functions of an oncogenic 

adenovirus (Ad 12 ) and a non-oncogenic adenovirus ( Ad 2) were examined 

after infection of human KB cells. These two viruses were assayed for 

their ability to form plaques ,nuclear inclusions and to prevent host 

cell cloning . 

Purified preparations of Ad 2 and Ad 12 were found to 

conta in some defective virus particles capable of preventin~ a cell fro m 

cloning but unable to induce inclusion bodies or form plaques . Preparat i ons 

also contained some defective particles capable of interfering with 

the replication of non-defective standard virus. The proportion of 

s uch defectives in Ad 12 was about 10 times hi ghe r than in Ad 2. At 

high input multiplicities the proportion of cells showing an inclusion 

displayed a nee;ative devia tion from the Poisson prediction. This 

deviation was interpreted as due to multiple infection by non-plaque 

producing particles interfering with inclusion body formation, such a 

hypothesis being supported by the fact that infection with UV-inactivat ed 

virus inhibited inclusion body formation. It is sugge5ted thnt the 

functional heteroge neity of AJ 12 may be related to its high oncogenicity. 

132 
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Following UV and gn.mrua irradiation, Ad 2 was assayed 

on huma n KB cells for the expres sion of the viral functions of 

adsorption, haemagglutination, clone inhibition , inclus ion body format ion 

and plaque product ion. It wa s calcula t ed using tar get theory, that the 

fraction of the adenovirus genome required for clone inhibition is 

probably between 0.3 and 0.43, and t he fraction required for inc lusion 

body for ma tion is probably between 0. 87 and 0.78. These results we r e 

compared t o the fracti~n of the adenovirus genome capable of carrying 

ou t other limited viral functions. The relevance of these fin di ng to 

t he current i deas in viral oncogenesis was discusse d. 

The irradiated Ad 2 was a lso assayed for DNA damage. 

After gamma irradiation of Ad 2 in a frozen suspension o f growth 

rner1. i 11ro, 0. ;.; Fd np;l e strand hreaks/rarl/1012 dalton a a nrl 0. 01 double 

strand breaks/rad/ 1012 daltons were produced in the viral DNA . An 

average 0f 4. 8 single strand breaks and 0.1 double strand breaks were 

induced per lethal hit as determined by plaque formation. ThiB suggested 

that single straud breakage in the Ad 2 DNA does not generaJ. ly resu l t in 

lethality. Some i nactivation mny r esult from double strand breakage 

a lthough other types of lesions such as protein damage, base damage a nd 
; 

singlestrand breakage may also play a role in the inactivation of Ad 2 

l 
by gamna irr adiation . 

After UV irradiation of Ad 2 suspended in growth medium 
0 

at 10 C. thymine dimers, cross-links and singl e strand breaks were 

detected in the viral DNA , The fraction of thymine present as dim <~r 

was 1.9xl0-6/ erg/mm2 over the linear portion o f the dose response curve . 

The number 6 f UV induced singl e strand breaks was 21 single strand 
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. 2 12 
breaks/erg/mm /10 - daltons, 3nd this may be an underestimate due to 

the technique used. An average of 30 thymine dimers and 1 single 

strand break were induced per lethal hit as measu r ed by plaque formation. 

Consequently, although it is possible that single strand breaks play a 

role in viral inactiva tion by UV, other t ypes of lesions such as cross-

links a nd thymine dimers must also be important. 



APPENDIX 

Assay of a Viral Function 

Virus preparations express a vari ety of different viral 

functions such as inclusion body formation and inhibition of host c ell 

cloning. It is convenient to express the titre of a preparation in 

terms of the ability of the virus to express a particular vira l function . 

Throughout this investigation , th e following method was used in order 

to determine the numbe r of functional unit s/ml ( FU/ ml ) of a virus 

pr eparation. 

Firstly, an assumed titre of X FU/rnl is assigned to the 

preparation. Twofold dilutions of the virus are then made and cel ls 

are infected at different input multiplicities. The fraction of cells 

surviving the particular viral funct ion under investigation is then 

plotted against the working input multiplicity,as in Figure 21. 

If the viral function under investigation results from 

infection of a single virus particle , then, from the Poisson distribution , 

the fra ction of cells not expressing this viral function is given by: 

Surviving Fraction = 
-M e •••••••fl•••e•••••(l) 

where M is the average number of particles, capable of expressing the 

viral function, infecting each cell. Thus M is the tru e MOI in FU/ ml. 
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FIGURE 24 

Assay of a Viral Function 
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Viral functions consistent with one hit kinetics will consequently 

yield exponential survival curves. 

From equation (1), when H = 1, then the surviving 

fraction of cells is 0.37. Consequently, when the fraction of cells 

which do not express the viral function is 0.37, then the input 

multiplicity i s 1 true FU/ml. Experimenta lly, a straight line is 

drawn throu e;h points consistent with an exponential inactiva tion . From 

this line, the working input multiplicity givin~ 0.37 survivors, is 

extrapolnted. In Figur e 21 , the wor kins HOI of 0.8 corresponds to 1 

true FU/ml. If the a ssumes titre was X FU/ml, then the true corrected 

titre is given by: 

(FU/m1 ) TRUE = (FU/ml )ASSUMED 

(Working MOI which e;ives 37% survival ) 

=· X = 1.25X FU/ml 

0.8 
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