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VOORWOORD 

Van de gelegenheid, die een voorwoord biedt, wil ik gebruik maken allen te 

bedanken, die hebben bijgedragen tot het voltooien van mijn universitaire stu

die en tot het realiseren van <lit proefschrift. 

Allereerst ben ik veel dank verschuldigd aan mijn vader en moeder, die mij 

in de gelegenheid gesteld hebben een akademische opleiding te volgen. Dat mijn 

vader de voltooiing van <lit proefschrift niet meer heeft mogen meemaken betreur 

ik ten zeerste. Oak aan zijn nagedachtenis draag ik <lit proefschrift op. 

Zeergeleerde Rozijn, beste Tom, met dankbaarheid zie ik terug op de jaren 

waarin onder jouw stimulerende en kritische begeleiding dit proefschrift tot 

stand is gekomen. De grote mate van vrijheid die je mij daarhij gegeven hebt en 

je bereidheid om te allen tijde over de problemen rond het onderzoek te willen 

diskussieren, heh ik altijd op zeer hoge prijs gesteld. 

Zeergeleerde Sussenhach, beste ~ohn, veel dank hen ik je verschuldigd voor 

de talrijke ideeen en suggesties voor het onderzoek. Ook dank ik je voor de 

grondigheid, waarmee je de manuskripten van artikelen en proefschrift heht door

genomen. 

Voor je bereidheid, Zeergeleerde Spies, beste Ferry, je ter wille van mijn 

onderzoek een jou volledig nieuwe techniek eigen te rnaken ben ik je zeer erken

telijk; het verheugt mij, dat een tweetal gemeenschappelijke publikaties het 

gevolg geweest zijn van onze samenwerking. De hulp van Thea de Ruyter de Wildt 

bij de uitvoering van deze experimenten mag niet onvermeld blijven. 

Ik beschouw het als een voorrecht, Hooggeleerde Jansz, om onder Uw inspire

rende supervisie te hebben mogen werken op het Laboratorium voor Fysiologische 

Chemie. Uw voortdurende belangstelling en kritische zin voor rnijn werk heb ik 

zeer gewaardeerd. 

Zeergeleerde Elbers, zeer erkentelijk ben ik U voor Uw bereidwilligheid om 

mede als promotor op te treden. Tevens dank ik U voor de gastvrijheid, die U 

verleende om een gedeelte van het in <lit proefschrift beschreven onderzoek op 

Uw laboratorium te laten plaatsvinden. 

Zeergeleerde Van der Vliet, beste Peter, de persoonlijke belangstelling die 

je altijd voor mijn werk toonde, heb ik als bijzonder prettig ervaren. 

Speciale dank hen ik verschuldigd aan Jos Hoekstra voor zijn hulpvaardig

heid bij de uitvoering van de experimenten. Tevens dank ik Hugo Alvares voor de 

verzorging van het glaswerk. 

Mijn kollega's Daan Ellens, Arend de Jong, Cees Monfoort, Paul Steenbergh 

en Paul van Wielink dank ik voor hun bijdragen tot de goede sfeer binnen onze 

adenovirus-groep. 



Ik dank allen die op enigerlei wi'ze aan de uitvoering van dit proefschrift 

hebben meegewerkt, met name Johan van der Rijst voor de diverse vakkundige te

keningen en foto's, George van Deijl voor de elektronenmikroskopische foto's en 

de Heer B.W. Imhof voor het persklaar maken van dit proefschrift. 

Mijn speciale dank gaat uit naar Rosa Lim en Ellen Vlak voor de eminente 

wijze, waarop zij het manuskript getypt hebben. 

Lex de Ridder, Piet Broeke en Freek van Zijl van de instrumentmakerij, 

Cees Hollenberg van de glasinstrumentmakerij en Isaac de Muijnck van de tech

nische dienst dank ik voor de kundige wijze, waarop zij de voor mij noodzake

lijke apparatuur hebben vervaardigd en onderhouden. 

De verzorging van de inwendige mens was immer in goede handen bij 

Jopie B~inkhof en Lies Hoogstraten en het kontakt met de buitenwereld kwam 

steeds tot stand via de Heer A.A. van Ameijden. 

De laboratoriumgemeenschap als geheel dank ik voor de samenwerking en be

hulpzaamheid. 

Hoogleraren, oud-hoogleraren, lektoren en docenten van de Fakulteit der 

Wiskund~ en Natuurwetenschappen, U ben ik dank verschuldigd voor Uw bijdragen 

tot mijn akademische vorming. In het bijzonder denk ik hierbij aan de wijlen 

Hooggeleerde Koningsberger en aan de Zeergeleerde Bloemers, die door hun enthou

siasme mijn belangstellingvoor de Molekulaire Biologie gewekt hebben. 

Zeergeleerde Sillevis Smitt_, beste Wolter, en Zeergeleerde Van der Saag, 

beste Paul, mijn eerste schreden op het gebied van het wetenschappelijk onder

zoek zijn gezet onder jullie inspirerende leiding. Deze periode is van blijvende 

betekenis geweest ·voor mijn verdere loopbaan. 

Lieve Ellen, het meest ben ik jou dankbaar voor je aktieve steun in de 

achter ans liggende periode en je voortdurende belangstelling voor mijn werk. 

Jouw opofferingsgezindheid heeft mij in staat gesteld dit proefschrift te 

bewerken · tot wat het nu is. Als dank voor alles draag ik dit proefschrift aan 

jou op. 
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INTRODUCTION 

I. GENERAL INTRODUCTION 

1 • I Adenovirus 

Adenoviruses are pathogenic entities causing diseases of the respiratory 

tract in their natural hosts. Since their discovery some twenty years ago (Rowe 

et al., 1953; Hilleman and Werner, 1954) about 80 serologically different adeno

vir11ses have been isolated from a variety of animals including man (Beladi, 

1972). 

Adenoviruses belong to the group of DNA tumour viruses. They contain DNA as 

their genetic element and many types can induce transformation of cells or even 

tumours in appropriate host animals (Trentin et al., 1962; Huebner et al., 1962). 

Among the DNA tumour viruses adenoviruses hold an intermediate position both in 

size and genetic complexity (Table I.I). 

About 33 human adenovirus serotypes have been isolated, mainly from 

biopsies of adenoids and tonsils. The classification of the human adenoviruses 

is surmnarized in Table I.2. Based on their hemagglutinating properties four 

serological subgroups can be distinghuised (Rosen, 1960). Based on their 

capability to induce tumours in newborn hamsters three groups of human adeno

viruses have been recognized (Huebner, 1967), a highly oncogenic group (A), a 

weakly oncogenic group (B) and a non-oncogenic group (C). The viruses of the 

three groups differ in the G+C content of their DNA (Table I.2). All human 

adenoviruses, including those of the non-oncogenic group C, are able to trans

form animal cells in vitro (Ponten, 1971). Members within each of these groups 

(A, B, C) are closely related as shown by DNA-DNA homology measurements between 

viral DNA's (Fujinaga and Green, 1966; Green, 1970), Within each group the 

members share about 85% of their nucleotide sequences. Adenovirus types of dif-

I-1 



Virusparticle Viral DNA 

diameter particle contour molecular 

of the virion weight length weight 

(run) (x 10-6) ( "1m) (x 10- 6) 

Parvoviruses 19- 22 5 . 4- 6 . 6 1. 2- 1. 5 1. 4- 1. 7 

Papovaviruses 40- 57 28-47 1 . 5- 2.5 3- 5 

Adenoviruses 65- 80 175 10-12 20-25 

Herpesviruses 95-105 1500 45-50 85-130 

Poxviruses 150-380 3000 75-100 150- 200 

. 

Table I . 1. Structural features of animal DNA viruses. The data are com-

piled from Hoggan (1971), Rose (1974), Crawford (1969), Philipson and Lindberg 

(1974), and Moss (1974). 
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ferent groups, however, share only 10-26% of their nucleotide sequences. 

Cultured cells are commonly used in studies of the interaction between 

adenoviruses and cells. Infection with adenoviruses can result in either lytic 

infection or abortive infection depending on the cell type. In the lytic infec

tion the interaction between cells and virus leads to virus multiplication and 

eventually to cell death. In nonpermissive cells the infection is abortive 

since no virus multiplication takes place. Under certain conditions the abor

tively infected cells may be permanently transformed, The various aspects of 

adenoviruses and their interaction with cells or host organisms have been re

viewed extensively i~ the last few years (Green, 1970; Schlesinger, 1969; 

Philipson and Lindberg, 1974). 

This introduction will be limited to the general aspects of adenoviruses 

and their lytic interaction with permissive host cells. Those aspects of (viral) 

DNA replication that are directly related to the subjects of the Chapters III-VI 

will be discussed in some detail in Chapter II. 

I. 2 Ar>ch1'.tectur•e and composition of adenovirions 

Adenoviruses are nonenveloped viruses with a particle weight of l75xl06 

daltons (Green et al,, 1967), These viruses are composed of DNA and protein 

only. The virion has a diameter of 65-80 nm (Horne et al., 1959) and consists of 

a DNA containing core within a protein shell, the capsid (Epstein, 1959). The 

capsid is composed of 252 capsomers arranged into an icosahedron with 20 trian

gular facets and 12 vertices (Horne et al,, 1959). The 240 capsomers, making up 

the faces and parts of the insides of the triangles, have six neighbours and are 

called hexons, whereas the 12 apical capsomers are surrounded by five hexons and 

are called pentons (Ginsberg et al., 1966). Each penton unit consists of a 

penton base, anchored in the capsid, and an outward projection called fiber 

(Valentine and Pereira, 1965) with a terminal swelling. Within the capsid a 

dense nucleoprotein core, 30-40 nm across, can be discerned, which contains all 
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Subgroup Sero types Serological Per cent 0ncogenicity 

subgroup G+C in DNA 

A 12, 18 and 31 IV 48-49 high 

B 3' 7' 11, 14, I 50-52 weak 

16 and 21 

C 1 , 2, 4, 5 III 57-59 none 

and 6 

8, 9, 10, 13 II 57-61 none 

20 and 22-28 

Table I.2. Classification of human adenoviruses. The classification into 

subgroups is based on the ability of the viruse.s to induce tumours into newborn 

hamsters (Huebner, 1967). The terms "high" and "weak" refer to the predictable 

frequency with which hamsters inoculated with virus develop tumours. Classifica

tion into serotypes is based on hemagglutination inhibition or neutralization 

assays (Norrby, 1971). Serological subgroup classification is based on the 

ability to agglutinate rhesus monkey and rat erythocytes. The percentage of 

guanosine (G) and cytosine (C) in adenovirus DNA has been compiled from Pina and 

Green (1965). 
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the DNA in association with 20 per cent of the virion proteins. 

The adenovirus particle contains at least 14 electrophoretically different 

polypeptides listed in Table I.3 (Anderson et al., 1973; Everitt et al., 1973; 

Lewis et al., 1974). Five of these are integral parts of hexons, pentons, 

fibers (polypeptides II, III and IV) and the core (polypeptides V and VII); the 

polypeptides VI, VIII and IX are associated with the hexons (Everitt et al., 

1973 and 1975). The small polypeptides X, XI and XII are probably cleavage pro

ducts formed during the processing of the precursor proteins (pVI, pVIl and 

pVIII) to polypeptides VI, VII and VIII (Anderson et al., 1973; Sundquist et 

al., 1973; Ishibashi and Maizel, 1974). This processing occurs during the later 

stages of virion assembly. The exact location of the other polypeptides in the 

virion is not well established but tentative locations have been assigned 

(Everitt et al., 1973 and 1975; Brown et al., 1975). The major and minor core 

polypeptides VII and V are rich in arginine (Laver, 1970; Prage et al., 1971; 

Russell et al., 1971) and are probably responsible for the highly folded or 

condensed structure of the viral DNA in the core (Brown et al., 1975). Upon 

gentle treatment of the virion with guanidine-HCl (Robinson et al., 1973; van 

Wielink, pers. commun.) or sarkosyl (Brown et al., 1975) the viral chromosome 

is unfolded and can be observed as a circular DNA protein complex. The protein 

in the sarkosyl complex is mainly protein VII (Brown et al., 1975). 

1.3 Properties of adenovirus DNA 

The DNA extracted after treatment of the virion with SDS, pronase and 

phenol consists of a linear duplex DNA molecule of about 23x106 daltons (van 

der Eb and van Kesteren, 1966; Green et al., 1967)~ 

The linear duplex DNA molecules of several bacteriophages are known to con

tain terminally redundant sequences. It is generally accepted, that terminal re

dundancies in linear DNA molecules are an essential feature in their replication. 

The DNA of the T-even bacteriophages is characterized by a circularly permuted 
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Protein Relation to the virion Molecular weight Number/virion 

II hexon 120,000 240 

III penton base RS,000 12 

III penton associated 66,000 -a 
IV fiber 62,000 12 

IVal virion component 60,000 -

IVa2 virion component 56,000 -
V c.:ore 48,500 180 

fpVI precursor protein VI 27,000 -
· f pVIII precursor protein VIII 26,000 -

VI hexon associated 24,000 420 

f pVII precursor protein VII 20,000 -
VII major core protein 18,500 1080 

VIII hexon associated 13,000 -
IX hexon associated 12,000 -
X virion component 6,500 50 

XI virion component 6,000 -
XII virion component 5,000 -

Table I.3. The polypeptides of adenovirus 2. The polypeptides of adeno

vi~us 2 were resolved by SDS-polyacrylamide-gel electrophoresis. Their re

lation to the virion, their apparent molecular weight and the number of poly

peptides per virion have been compiled from data of several authors (Maizel et 

al., 1968; Pereira and Skehel, 1971; Anderson et al., 1973; Everitt et al., 

1973; Everitt et al., 1975). The polypeptides X-XII are cleavage products of 

precursor proteins pVI-pVIII which arise during maturation of the virion 

(Anderson et al., 1973; Sundquist et al., 1973; Ishibashi and Maizel, 1974). 

f 1 . . . . . The po ypept1des pVI-pVIII are not present 1n intact v1r1ons. 
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repetition, indicating a circular stage in their replication (Kornberg, 1974). 

The linear duplex DNA molecules of adenovirus are neither circularly per

muted (Doerfler and Kleinschmidt, 1970; Doerfler et al., 1972; Ellens et al., 

1974) nor terminally redundant (Green et al., 1967 ; Younghusband and Bellett, 

1971). However, upon denaturation and renaturation these molecules form single

stranded circles (Garon et al., 1972; Wolfson and Dressler, 1972) that are 

destroyed upon treatment with exonuclease III (Garon et al., 1972). From these 

observations it has been concluded that adenovirus DNA contains inverted 

terminal redundant sequences on both strands. These sequences appear to have a 

length of 100-140 nucleotide-pairs in adenovirus type 2 DNA (Roberts et al., 

1974; Arrand et al., 1974) and to include the very ends of the molecule 

(Steenbergh et al., 1975). 

The two complementary strands of adenovirus DNA have been separated using 

poly (U,G) and poly (I,G) (Landgraf-Leurs and Green, 1971; Tibbetts et al., 

1974; Vlak et al., 1975; this thesis Chapters III and IV; Kubinski and Rose, 

1967). The strands of adenovirus DNA have also been separated by alkaline CsCl 

equilibrium density gradient centrifugation (Sussenbach et al., 1973; Sharp et 

al., 1974). These separation techniques are based on the difference in A+C con

tent of the two complementary strands. 

Specific fragmentation of DNA molecules can be obtained by digestion of 

these molecules with restriction endonucleases. Most of these enzymes, obtained 

from a variety of bacteria, recognize palindromic sequences (sequences that 

possess twofold symmetry about an axis perpendicular to the axis of the DNA 

duplex) and cleave the DNA at these sites. Because different enzymes attach dif

ferent palindromes each of them generates a characteristic set of cleavage pro

ducts during the digestion of DNA. Since the physical order of the adenovirus 

DNA fragments generated by digestion with several restriction endonucleases is 

known (Pettersson et al., 1973; Mulder et al., 1974), these fragments can be 

used to study the mode of transcription (Philipson et al., 1974; Sharp et al., 

1974; Tibbetts and Pettersson, 1974; Craig et al., 1974) and DNA replication 
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(Sussenbach et al., 1973; Tolun and Pettersson, 1975 ; Schilling et al. , 1975; 

Lavelle et al ., 1975; Vlak et al. , J975; this thesis Chapter IV). Furthermore, 

these fragments are used ~o locate the genes along the adenovirus chromosome by 

in vitro translation of fragment-selected messengers (Lewis et al., 1975), to 

locate the virus specific sequences in adenovirus-transformed cells (Gallimore 

e t al., 1974; Sharp et al., 1974) and to construct a physical map of mutations 

on the adenovirus genome (Sambrook et al., 1975). 
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2. THE LYTIC INFECTION 

2.1 Early events 

The initial stage of infection of adenovirus involves attachment to a re

ceptor on the plasma membrane of the host cell (Philipson et al., 1968). Sub

sequently, the virus is ingested by pinocytosis (Dales, 1962; Chardonnet 

and Dales, 1970a,b) or enters the cell by direct penetration (Morgan et al., 

1969). This penetration step is temperature dependent (Allison and Davies 

1974) which allows synchronization of virus uptake. In the cytoplasm the virus 

is gradually uncoated (Sussenbach, 1967; Lenberg-Holm and Philipson, 1969) and 

it is the subviral core which is transported into the nucleus. The uncoating of 

the virus and the transport of subviral cores seem to proceed under cellular 

rather than viral control (Lawrence and Ginsberg, 1967; Philipson, 1967; 

Groneberg et al., 1975). The entry of the subviral cores into the nucleus occurs 

through the nuclear pores by an energy requiring mechanism (Chardonnet and 

Dales, 1972). 

2. 2 Transcript-ion 

Inside the nucleus the parental viral DNA is transcribed by RNA polymerase 

II (Price and Penman, 1972; Walace and Kates, 1972) into high-molecular weight 

RNA molecules (Green et al., 1970; Wall et ai, 1972; McGuire et al., 1972; 

Bachenheimer and Darnell, 1975), which are processed (Parsons and Green, 1971) 

into messenger RNA molecules (Rose et al., 1965; Bello and Ginsberg, 1969) that 

contain a segment of poly (A) at the 3'-end (Philipson et al., 1971). After pro

cessing the messenger RNA is transported to the cytoplasm in the form of a 

ribonucleoprotein particle (Lindberg and Sundquist, 1974) to direct polysomal 

protein synthesis. Aside from the messenger RNA species, a virus-associated low

molecular weight RNA (VA-RNA, 5.5S) is synthesized in abundance late after in

fection (Ohe et al., 1969; Ohe, 1972). Its entire sequence of 156 nucleotides 
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Fig. I.1. Map of transcription of early and late cytoplasmic RNA sequences complementary to adenovirus type 2 

DNA (after Sharp et al., 1974). Data obtained by Tibbetts et al. (1974), Philipson et al. (1974) and Craig et al . 

(1974) corroborate this tent~tive scheme of transcription. The arrows show the position of early (waving lines) and 

late (straight iines) cytoplasmic RNA sequences on the genome. The arrow heads indicate the S' to 3' polarity of the 

transcripts from the two complementary strands. The 5 ' -ends of the H- and L-strand (the H- and L-strand correspond to 

the adenovirus type 2 DNA strands with the higher and lower buoyant density in alkaline CsCl gradients, respectively) 

are located at the right end left molecular end, respectively. By convention the A-T-rich end of the molecule is 

defined as the molecular right end (Sussenbach et al., 1973). Scale units are fractions of the total length of adeno

virus type 5 DNA. 



has been determined (Ohe and Weissman, J970) VA-RNA is frequently found in as

sociation with polysomes (Baum and Fox, J974), but its function remains to be 

determined. 

There appears to be a differential expression of the different genes with 

time. The switch from "early" to "late" gene expression (Green, 1970), which 

occurs at the onset of viral DNA replication, encompasses both a qualitative 

and a quantitative change with regard to the viral messenger RNA associated 

with polyribosomes. In the adenovirus infected cell the amount of cytoplasmic 

messenger RNA sequences complementary to adenovirus DNA increases from 10-40 per 

cent in the early period (Green et al., 1970; Parsons and Green, 1971; Wall et 

al., 1972) to approximately 90 per cent in the late period (Ginsberg et ul., 

1967; Pina and Green, 1969; Okubo and Raskas, 1971). Early cytoplasmic mes

senger RNA sequences are transcribed from approximately 25 per cent of the 

genome (Fujinaga and Green, 1970; Sharp et al., 1974), from specific regions of 

the duplex and from both strands (Tibbetts et al., 1974; Sharp et al., 1974; 

Craig et al., 1974). At least seven discrete species of early messenger RNA 

molecules have been resolved and mapped on the genome (Craig et al., 1974; 

Craig et al., 1975) and this number equals the number of seven polypeptides de

tected early after infection (Lewis et al,, 1975; Atkins et al., 1975). 

Late cytoplasu1ic messenger RNA sequences correspond mainly to one strand 

of the genome including those regions transcribed early after infection (Green 

et al., 1970; Patch et al., 1972; Tibbetts et al., 1974; Sharp et al., 1974). A 

tentative map of transcribed regions of adenovirus type 2 DNA, depicted in Fig. 

I. 1, includes the strand specificity and direction of transcription. The 

mechanism of the switch from early to late transcription remains to be eluci

dated. The presence of high-molecular weight RNA molecules both early and late 

after infection sugges~that the control is exerted at the post-transcriptional 

level, probably the cleavage step. 
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2.3 Translation 

The appearance of early viral RNA in the infected cell is accompanied by 

the synthesis of a number of infected cell specific proteins that can be de

tected as distinct bands by SDS-polyacrylamide-gel electrophoresis (Russell and 

Skehel, 1972; Anderson et al., 1973; Walter and Maizel, 1974; Ishibashi and 

Maizel, 1974). By innnunological means a so-called T-antigen, first detected in 

tumour bearing hamsters (Pope and Rowe, 1964; Russell et al., 1967; Shimojo et 

al., 1967), is found early after infection, but its relation to the infected 

cell specific proteins is as yet unclear. A polypeptide with a molecular weight 

of about 72,000 appears to be synthesized early as well as late after infection 

(Russell and Skehel, 1972; And~rson et al., 1973; Bablaniau and Russell, 1974) 

in large amounts. This protein binds preferentially to single-stranded DNA (Van 

der Vliet and Levine, 1973). This so-called DNA-binding-protein is virus coded 

(Van der Vliet et al., 1975) and involved in initiation of viral DNA repli

cation (Van der Vliet and Sussenbach, 1975). In vitro synthesis of early 

proteins, either from polysomes isolated from infected cells or from polysomal 

messenger RNA selected by hybridisation with adenovirus DNA, indi.cates the 

existence of at least 7 distinct non-virion proteins with molecular weights 

ranging from 11,000 to 72,000 (Lewis et al., 1974 -and 1975; Atkins et al., 1975; 

Eron and Westphal, 1975; Oberg et al., 1975; Saborio et al., 1975). 

Late after infection the virion structure proteins (Table I.3) are syn

thesized (Wilcox and Ginsberg, 1963; Russell et al., 1967; White et al., 1969; 

Horwitz et al., 1969). Cleavage of precursor polypeptides occurs shortly after 

their synthesis or during virion assembly (Anderson et al., 1973; Everitt and 

Philipson, 1974; Ishibashi and Maizel, 1974). In addition to the structural 

polypeptides, several non-structural, infected cell specific proteins have been 

detected (Russell and Skehel, 1972; Anderson et al., 1973). One of these is 

found in association with adenovirus messenger nucleoprotein particles (Lindberg 

and Sundquist, 1974). In vitro translation of late messenger RNA molecule in-
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dicated that all structural virion proteins are synthesized in addition to 

several non-structural proteins (Eron et al., J974; Anderson et al., 1974; Eron 

and Westphal, 1975; Lewis et al., 1975). Most of these proteins appear to be 

encoded by the virus (Mautner et al., 1975; Lewis et al., 1975). 

The adenovirus DNA consists of 35,000 base pairs and this DNA is large 

enough to code for 1 .lxJ06 daltons of protein. The proteins present in the 

virion cover about 55 per cent of the coding capacity of the viral genome. The 

non-virion proteins that are known to be virus coded and that are expressed 

both early and late after infection cover about 35 per cent of the viral 

chromosome. The function of the remaining sequences is not known. 

2.4 DNA replication 

Adenovirus DNA replication occurs in the cell nucleus. Viral DNA synthesis 

connnences 6-8 hr after infection (Ginsberg et al., 1967; Mantyjarvi and Russell, 

1969; this thesis Chapter VI) and reaches its maximum at 13 hr after infection. 

The synthesis of cellular DNA progressively decreases after virus infection and 

is completely shut off late after infection. This phenomenon facilitates the 

study of adenovirus DNA synthesis. 

The mechanism and localization of viral DNA replication will be reviewed in 

more detail in Chapter II. 

2. 5 Assembly and r•e lease 

During the late stage of infection host macromolecular synthesis is pro

gressively inhibited so that eventually only virus-specific macromolecules are 

synthesized, The virion structural proteins synthesized in tlu, cytoplasm are 

transferred to the nucleus (Thomas and Green, 1966; Velicer and Ginsberg, 1970; 

Horwitz et al., 1969). The capsid proteins are rapidly assembled into large 

crystalline structures(Morgan et al., 1957; Boulanger et al., 1970; Wills et 

al., 1973) which are characteristic for adenovirus infected cells. The adeno-
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virus maturation is dependent on the synthesis of arginine rich components 

of the virion (Rouse and Schlesinger, 1967; Russell and Becker, 1968) pre

sumably the core proteins V and VII. The preformed core is thought to enter pre

formed capsids (Sundquist et al., 1973) to form the mature virion . The viruses 

are released by rupture of the nuclear membrane or accumulation of virions in 

nuclear protrusions separated from the nucleus. Only 5-20 per cent of the viral 

DNA and proteins synthesized during the infectious cycle are incorporated into 

mature virions (Green, 1962; White et al., 1969; Horwitz et al., 1969). 
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INTRODUCTION TO THE PAPERS 

Both in prokaryotic and eukaryotic organisms the replication of DNA is a 

complex process which is still poorly understood. Initiation, elongation and 

termination have been recognized as distinct stages in the replication of a DNA 

molecule which are mediated by many protein factors. \✓ lwreas the DNA of 

prokaryotes is replicated as one unit of replication, the duplication of the 

eukaryotic chromosome occurs by tandem replication of many rcplicons. Although 

most of our knowledge about DNA replication has been obtained from prokaryotic 

systems i.e. bacteria and bacterial viruses (Klein and Bonhoeffer, 1972; Jansz 

et al., 1971), it becomes obvious that eukaryotic and prokaryotic DNA synthesis 

share common properties. The replication of eukaryotic DNA may be mimicked by 

the DNA replication of animal DNA viruses. •ThL'refore, cells infected by the 

relatively simple and well defined animal DNA viruses may be used as a model 

system in the study of eukaryotic DNA replication. 

With regard to the mechanism of DNA replication of animal viruses polyoma 

virus and simian virus 40 (papovaviruses) have been studied most extensively 

(for review: Salzman and Khoury, 1974). Both virusL'S contain circular double

stranded DNA which replicates via circular intermediates. Similar intermediates 

are also observed in the replication of bact('r iophagL' DNA (Kornberg, 1974) and 

mitochondrial DNA (Borst, 1972). ln contrast to tlw papovavirus DNA the genomL' 

of adenoviruses is a linear double-stranded DNA molecule (van der Eb and van 

Kesteren, 1966; Green et al,, 1967) which appears to replicate via linear inter

mediates (Sussenbach et al., 1972; van der Eb, 1973). Some aspects of the repli

cation of adenovirus DNA are described in Chapter IV. 

In the replicon model of Jacob ~,t cd, (1963) it is postulated that a close 

association between DNA and the cell membrane is a prerequisite for DNA repli

cation. In accordance with this model an intimate association of replicating 

DNA and cell membrane has been found in prokaryotic cells. In eukaryotic cells 
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the membrane of the nucleus may be involved 111 DNA replication, but the data 

reported in the literature are conflicting. The intranuclear localization of 

adenovirus DNA replication (this thesis, Chapters V and VI) may contribute to 

the understanding of the organization of euk.aryotic DNA replication. 

2.1 The rnecham'.sm of adcnooir1us DN1l 1•cplic::ut1:cm 

After infection adenovirus DNA molecules can be obtained from either whole 

cells or from isolated nuclei by a selective isolation procedure (Hirt, 1967). 

Replicative viral DNA has been isolated from infected cells (Pearson and Hana

walt, 1971; Bellett and Younghusband, 1972; van der Eb, 1973; Pettersson, 1973) 

and from nuclei incubated in oitPo under conditions which permit DNA synthesis 

(Sussenbach et at., 1972). 

Replicative intermediates of adenovirus DNA sediment faster in neutral 

sucrose gradients and band at higher densities in CsCl than matur0 adenovirus 

DNA molecules (Pearson and Hanawalt, 1971; Sussenbach 1:t u!,, 1972; Pettl•rsson, 

1973; van der Eb, 1973). In addition, they are able to bind to benzoylated

naphtoylated-DEAE-cellulose in the. presencv of I M NaCl (Sussenbach r::t ul., 

1972; van der Eb, 1973). These properties mentioned above are due to the 

presence of single-stranded DNA in replicating molecules (Sussenbach et al., 

1972; Robin et al., 1973; Pettersson, 1973; van der Eb, 1973; Lavelle et u.Z., 

1975; Tolun and Pettersson, 1975). Elt>ctron-n1icroscopic analysis of replicating 

adenovirus type 5 DNA molecules showed thew to be linear molecules, never ex

ceeding genome length (Sussenbach ~t al., 1972; van <ler Eb, 1973; Ellens et al., 

1974). These linear intermediates comprisi:, Y-shapt:d molecules with a sin[le

strandeci arm as well as unbranched molecules containing both single- and double

stranded rl:g,ions of variablv length. 

Jt bas Leen proposc•d (Sussenbach t'i al., 1972) that the branched internw

diates arise by DNA synthesis starting at one end of the duplex molecule, 

copying one parental strand and displacing the other strand at the same time. 

This displacement synthesis would lead to the release of a single-stranded DNA 

molecule which is later on converted into a duplex form by complementary strand 
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synthesis giving unbranched intermediates (Fig . II.J). 

Analysis of partially denatured replicating DNA molecules by electron 

micr oscopy revealed that replication of adenovirus type 5 DNA always starts from 

the adenine-thymine-rich end (Ellens et al., 1974) and proce eds while displacing 

the viral H-st rand (Sussenbach et al., 1973). Since the inverted terminal 

repetition (Garon et al., 1972; Wolfson and Dressler, 1972; Arrand et al., 1974; 

Roberts ~t al., 1974) includes the very ends of the molecule (Steenbergh et al,, 

1975) , it was proposed that not the terminus but a more internally located un

known sequence might determine the initiation signal at one end (Sussenbach et 

al., 1974) . 

Ac~ording to the displacement model of replication (Fig. II . I) only 

sequences of the H- strand are exposed as single- stranded stretches in re

plicative intermediates. The L-strand sequences are always in duplex form 

(Sussenbach et al., 1973). However, it was demonstrated recently (Lavell L· Jt ul~, 

1975; Tolun and Pettersson, 1975) that in replicative intermediates of adeno

virus type 2 DNA both parental strands can be found in a single-stranded form. 

These data suggest that DNA replication can be initiated on both ends of the 

molecule. 

Electron microscopy of replicative intermediates of adenovirus type 5 DNA 

demonstrated the presence of linear Y-shaped molecules, containing duplex 

regions in the displaced strand as well as unbranched linear molecules with 

single- and double-stranded regions of variable length (Sussenbach et al., 1972 ; 

Ellens et al., 1974). These observations suggest that occasionally comple

mentary strand synthesis occurs in a discontinuous fashion and thus may initiate 

at different sites on the genome. 

Polyoma and SV4O DNA is synthesized by a discontinuous mechanism on both 

daughte r strands as a series of relatively small (4- 5S) DNA segments somewhat 

analogous to the Okazaki pieces (F areed and Salzman, 1972; Pigiet et al. . , 197 3; 

Laipis and Levine, 1973; Okazaki et al., 1968). The 5'-end of the progeny DNA 

strands are linked transiently to RNA during replication (Sadoff and Cheevers, 
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1973; Magnusson ct al., 1973; Pigiet ct, al., 1974) suggesting that viral DNA 

synthesis involves repeated initiations of short fragments by RNA primers, ana

logous to the situation in Escherichia coli (Sugino et al., 1972). 

The replicating strands of adenovirus DNA were found to be smaller than 

genome size (Horwitz, 1971; Bellett and Younghusband, 1972; van der Eb, 1973) 

indicating that adenovirus DNA does not replicate via 1 inear concatenates .1 :; 

observed in T7 DNA replication (Watson, 1972) or by addition of progeny DNA to 

complete parental strands according to a rolling circle model (Gilbert and 

Dressler, 1968). The newly synthesized strands showed a continuum in size 

suggesting a sequential addition of single nucleotides to growing chains 

(Horwitz, 1971; van der Eb, 1973) rather than formation of chains by sealing 

of short pieces. 

However, in a report on DNA replication of CELO virus, an avian adenovirus, 

(Bellett and Younghusband, 1972), it was shown that the synthesis of this viral 

DNA proceeds via short pieces of about 9S, resembling the Okazaki pieces 

(Okazaki el al., 1968). The replication of adenovirus type 5 DNA may also pro

ceed via the synthesis of short pieces. We assumed that in this case such short 

pieces are not detectable because in vivo they are rapidly sealed into longer 

DNA chains. Using hydroxyurea, which prevents the sealing of short pieces, we 

are able to demonstrate that they are intermediates in adenovirus replication 

(Chapter IV). 

The nature of the short i :1terrnediatL"S in adt.>novirus type 5 DNA replication 

has been studied (Chapter IV) with the aid of restriction enzymes and separated 

strands of adenovirus type 5 DNA. The strand specificity of the short fragments 

was determined using the complementary strands of adenovirus type 5 DNA. In 

Chapter III the isolation and characterization of the complementary strands of 

adenovirus type 5 DNA is described. To locate the short fragments on the adeno

virus genome restriction enzymes were used. The restriction enzyme R.Hpa I, 

selected for this purpose, is one of the two restriction endonucleases found in 

Haemophilus para-influenzae (Sharp et al., 1973). It cleaves adenovirus type 5 
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DNA jnto seven unique fragments (Mulder et al., 1974). The relative position of 

the fragments on the adenovirus type 5 genome is shown in Fig. II. 2. 

2.2 LocaZ.ization of parental adenovirus DNA and its fate during replication 

Data on the fate of parental adenovirus DNA after the entry into the 

nucleus are scarce. Studying the fate of parental adenovirus types 2 and 12 

Burlingham and Doerfler (1971) have observed two components in addition to in

tact parental adenovirus DNA. One component, which sediments faster in nt!Utral 

sucrose gradients than intact adenovirus DNA, probably represents parental viral 

DNA integrated into cellular DNA (Burger Gt al., 1974) or parental viral DNA 

undergoing transcription (Doerfler et al., 1973). The other component, which 

sediments considerably slower than intact adenovirus DNA, may be parental viral 

DNA, partially degraded by the action of a putative virion-associated endo

nuclease (Burlingham and Doerfler, 1972). Similar components have not been ob

served in adenovirus type 5 infected cells. 

Apart from these studies, described above, data on the structural organiza

tion of adenovirus DNA replication in the nucleus are lacking. We have studied 

the localization and fate of adenovirus DNA during viral DNA replication by a 

combination of biochemical and electron microscopical methods (Chapter VI). 

2.3 Loc:alizatt'.on of acfonov,irus DNA rieplieo.tion in the cell nucleus 

Until recently the sites of adenovirus DNA replication in the nucleus were 

believed to locate in the electron-dense, nuclear inclusion bodies (Martinez

Palomo et al., 1967; Martinez-Palomo and Granboulan, 1967) in adenovirus in

fected cells. This conclusion was reached after observation with high resolution 

d . f . f d 1 h 1 db d 3 h 'd' f autora 1ography o 1n ecte ce ls tat 1a een expose to H-t yrn1 1ne or 

several hours. The relevance of this study to the intracellular location of re

plication sites is however questionable since the cells were examined at a time 

considerably later than the biosynthetic event occurred. Therefore, reinvesti

gation of the location of viral DNA replication sites was required and the more 

so as viral DNA was reported to occur exclusively in association with the 
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nuclear membrane (Pearson and Hanawalt, 1971). 

Investigations on the involvement of membr a nes in DNA replication have 

been performed in a variety of organisms and might be of great importance in 

the understanding of the mechanism and regulation of DNA replication. Initial 

investigations in bacteria st r ongly indicated that DNA of bacteria and bacte

rial viruses is permanently bound to the cell membrane during replication 

(Ryter and Jacob, 1963 ; Ryter and Landman, 1964 ; Ganesan and Lederberg, 1965; 

Smith and Hanawalt, 1967; Sueoka and Quinn, 1968; Snyder and Young, 1969; 

F ielding and Fox , 1970 ; O'Sullivan and Sueolrn, 1972; Parker and Glaser, 1974) . 

Sin ce DNA polymerases are also found to be associated with tl1e cell membrane 

(Knippers and Stratling, 1970; Smith ct 1d ., 1970; Okazaki Jt al. , 1970), it is 

generally accepted that DNA replication in bacteria occurs at the cell membrane 

(Klein and Bonhoeffer, 1972) as has been postulated in the replicon model 

(Jacob et- a l,, , 1963) . 

The reports that bacterial ONA is attached to and replicated at the cell 

membrane prompted speculation that DNA replication in eukaryotic organisms may 

occur at the nuclear membrane. Two approaches have been used to localize DNA 

replication in eukaryotic cells. The first involves fractionation of nuclei in 

order to isolate putative nuclear membrane-newly synthesized DNA complexes. 

Nuclei were fractionated using tile M-band technique (Tremblay et a Z., I 969). 

This teehnique is based on the observation that nuclear- membrane fragments 

easily associate with crystals of Mg- sarcosyl or Mg ·-Judecyl sulphate and can be 

separated from other nuclear consti.tuents by subsequent centrifugation in dis 

continuous sucrose gradients. After centrifugation the nuclear membrane frag

ments are predominantly found in the so-called M-band (Tremblay e t al., 1969). · 

By this method evidence ?has been obtained that DNA replication is associated 

with the nuclear membrane (Hanoka and Yamada, 1971; Pearson and Hanawalt, 1971; 

Mizuno et al., 197 O; Infante e t a l . , I 9 73; Hildebrand and Tobey, 19 73), and that 

such .an association is mediated by a protein (Yamada and Hanaoka, 1973). The 

second approach involves pulse-labeling of cells with tritiaLed deoxynucleotides 
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and the use of electron microscope autoradiography to determine the location of 

the nascent DNA in the cell. Initially such autoradiographic experiments seemed 

to confirm the results obtained by the M-band technique. It was found that DNA 

replication occurs at the nuclear envelope (Comings and Kakefuda, 1968; Mizuno 

Rt al., 1970; O'Brien et al., 1972), Later on, however, more accurate analysis 

revealed that DNA replication occurs throughout the nucleus (Williams and Ockey, 

1970; Fakan ct al., 1972; Huberman et al.., 1973; Wise and Prescott, 1973; 

O'Brien et al., 1973; Comings and Okada, 1974). Any synthesis which appears to 

be membranebound occurs late in the S period and is now believed to represent 

heterochromatin replication (Kay et al., 1971; Huberman et, ed., 1973). 

These two approaches have been applied to adenovirus infected cells in 

order to locate more precisely the sites of viral DNA replication. Pulse

labeled replicating DNA of adenovirus types 2 and 12 from infected cells 

appears to associate with the M-band. After a subsequent chase of radioactivity 

the labeled DNA does not associate any longer with the M-band (Pearson and 

Hanawalt, 1971; Shiraki et al., 1974). The association of replicating adeno

virus DNA with the M-band seems to indicate that replication takes place at the 

nuclear membrane. The isolated M-band complexes are able to perform limited DNA 

synthesis but the products have not been analysed thoroughly (Shiraki et ,1?., 

1974), The existence of a virus coded protein required for complex formation 

was suggested, since the parental DNA of the DNA minus mutant H3Jts13 was not 

able to associate with the M-band complex, when the infected cells were kept at 

the non-permissive temperature (Suzuki and Shimojo, 1974). It is pertinent to 

note here that the formation of a M-band complex may involve a complete re

arrangement of the nuclear constituents, which makes location of replication 

sites on the nuclear membrane doubtful. 

The second approach to localize the adenovirus DNA replication sites in

volves electron microscope autoradiography of infected cells pulse labeled with 

3H-thymidine late after infection. By this time the radioactivity administered 

is incorporated exclusively into viral DNA, since host cell DNA synthesis is 
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almost completely suppressed (Ginsberg et al. , 1967; Mantyjarvi and Russell, 

1969). From the electron- microscope autoradiographic studies it appears that 

replicating adenovirus type 12 DNA is found in all areas of the nucleus and not 

particularly on the nuclear membrane (Shiroki et al., 1974). Similar results 

were obtained for adenovirus type 2 DNA replication sites (Simmons e t al . , 

1974) . Therefore autoradiography of infected cells does not support the con

clusions reached from nuclear fractionation experiments . 

In view of these contradictory data we investigated the localization of 

adenovirus DNA replication in KB-cells by both electron microscope autoradio 

graphy and nuclear fractionation (this thesis, Chapter V). 
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SUMMARY 

The two complementary strands of adenovirus type 5 (Ad5) DNA bind to the 

ribocopolymer poly (U,G) to a different extent producing differences in buoyant 

density of the DNA-RNA complexes of about 15 mg/cm3, which permit strand sepa

ration by CsCl density gradient centrifugation. 

During the course of the separation the strands remain of genome length. 

The strands obtained by CsCl density gradient centrifugation were further puri

fied by self-annealing and hydroxyapatite chromatography. 

The strand of Ad5 DNA, appearing in the less-dense complex with poly (U,G) 

in neutral CsCl density gradients (L), shows in alkaline CsCl density gradients 

a higher buoyant density than its complement (H). 
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INTRODUCTION 

Adenovirus DNA is a duplex molecule with a molecular weight of about 

23 x 10 6 (van der Eb and van Kesteren, 1966; Green et al., 1967). The linear DNA 

molecules are neither circularly permuted (Doerfler and Kleinschmidt, 1970; 

Garon e t al., 1973; Ellens e t al., 1974) nor terminally red undant (Green e t al., 

1967) . 

The replication of adenovirus DNA takes place via linear intermediates 

(Sussenbach et al., 1972; van der Eb, 1973; Pettersson, 1973) according to a 

displacement type of synthesis (Sussenbach et al., 1972). A model of replica

tion has been presented in which DNA synthesis starts at the molecular right 

end and proceeds displacing one specific strand (Sussenbach et al., 1972; Ellens 

et al., . 1974; Sussenbach et al., 1973, 1974). 

Chain propagation in AJS DNA replication occurs discontinuously via the 

synthesis of short pieces of DNA of about 700 , 000 dalton (Vlak et al., 1975 ; 

Chapter IV). These short pieces contain sequences derived from all pieces con

tain complementary sequences for about 65% indicating that they originate from 

both strands of Ad5 DNA. The question from which particular strand the remaining 

35% of the short pieces are derived can be answered by hybridization of the 

short pieces with separated strands of Ad5 DNA. 

The differental binding of synthetic polyribonucleotides to the complemen

tary strands of bacteriophage DNA has permitted the preparative separation of 

complementary DNA strands as complexes with ribopolymers (Szybalski et al., 1971). 

The separation of the complementary strands of adenovirus types 2, 7 and 12 DNA 

molecules has been reported using the ribocopolymer poly (U,G) (Landgraf-Leurs 

and Green, 1971; Tibbetts et al., 1974) or poly (I,G) (Kubinski and Rose, 1967). 

The ·complementary strands of Ad2 and Ad5 DNA have also been separated by repeated 

alkaline CsCl density gradient centrifugation (Sussenbach et al., 1973; Sharp et 

al., 1974). Under these conditions the complementary strands differ in density 

about 3 mg/cm3 • 
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In this connnunication the separation of the complementary strands of Ad5 

DNA using the ribocopolyrner technique is described and their relation to the 

strands isolated by alkaline CsCl density gradient centrifugation is discussed. 

MATERIALS AND METHODS 

Cells and virus. KB cells were grown as monolayers in Hanks balanced salt 

solution supplied with 0.5% lactalbumin, 10% calf serum, 100 units of penicillin 

G per ml and 100 µg streptomycin sulphate per ml. Adenovirus type 5 was propa

gated in monolayers of KB cells, infected with a m.o.i. of 5000 particles per 

cell. Virus particle concentration was assessed by optical density at 260 nm in 

0.5% sodium dodecyl sulphate, 0.2 M NaH 2P04 • A value of A260 = 1 corresponds to 

a concentration of I .I x 10 12 particles per ml (Maizell et al., 1968). 

Pl1 eparia.tion of 32P-labe led AdS. To prepare 32P-labeled Ad5 the culture 

medium was replaced, 24 hr before infection, by Earle balanced salt medium sup

plemented with 0.5% lactalbumin hydrolysate and 2% horse serum. The concentra

tion of inorganic phosphates in the medium was reduced to one tent~ of the nor

mal concentration. At 6 hr after infection I µCi 32P (in the form of Na 3
32Po4 ) 

was added per 100 ml of medium. After 48-72 hr at 37° the detached cells were 

harvested by centrifugation (JO min, 2000 g and 4°) and washed several times 

with a solution containing 0.01 M Tris-HCl, pH 8.1. From these cells the virus 

was purified by the method of Green and Pina (1963). After two cycles of equi

librium centrifugation the virus was dialyzed against 0.01 M Tris-HCl, pH 8.1, 

0.15 M NaCl prior to isolation of viral DNA. 

Hydr•oxya.pa ti te chr•omatogra.phy. St' par at iun of single-stranded ( ss) and 

daub le-stranded (d • i DNA was performed by hydroxyapati te (HAP) chromatography 

essentially as described by Gelb et al. (1971). Hydroxyapatite, obtained from 

BioRad (Richmond, VA), was boiled in loading buffer (0.05 M NaP, pH 6.8, 0.4% 

SDS) prior to packing the column (0.5 cm x 0.5 cm). At salt concentrations below 
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0.05 M DNA (both ss and ds) is retained by the HAP column. When the temperature 

is raised to 60°, the DNA molecules that are entirely ss pass through the 

column with 0.15 M NaP, whereas DNA molecules that are (partly) ds are quanti

tatively recovered by elution with 0.4 M NaP. 

Annealing conditions. Annealing of DNA was performed in IM CsCl, 0.015 M 

trisodium citrate, 0 . 001 M EDTA, pH 7.5 in closed ampoules, coated with bovine 

serum albumin, at 80° for 48 hr. The concentration of DNA was about 0.25 µg per 

ml solution. Prior to annealing the DNA was desintegrated by sonic triatment to 

fragments of about 280,000 daltons as described by Sussenbach et al. (1973). 

After annealing the DNA samples were diluted to a salt concentration below 

0.05 Mand further analyzed by hydroxyapatite chromatography. 

Pur•ij'ication of j'ormamide. Connnercial formamide was observed to have high 

pH* Au,o ** A330 ** ~5*** 

c~nnnercial formamide 8.65 0.450 0.035 I .4446 

formamide .'..lfter 
treatment with char- 7,50 0.225 0.010 I .4420 
coal and amberlite 

formamide after 6.6 0.130 0.000 I .43 7 5 
ether extraction 

double-distilles 
6.5 water 0.000 0 . 000 I .3320 

Table I. Several parameters of formamide solutions during different steps 

of purification. The different purification steps are desc~ibed in Materials 

and Methods. *The pH was measured in formamide solutions (formamide:H20 = I :I) 

using a Radiometer model 28 pH meter and a GK232 C combined reference and glass 

electrode at 21°. ** optical density measurements were made with a Zeiss PMQII 

single-beam spectrophotometer with double-distilled water as a referenc ~ , 

***Refractive indices have been measured at 21° using an Abbe refractometer. 
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conductivity and optical density (260 to 320 nm), and an alkaline pH in unbuf

fered aqueous solutions. Since these properties of formamide solutions might 

interfere with annealing and analysis on hydroxyapatite, the formamide was 

purified by the following procedure. Step I: Formamide (Merck, p.a.) was stir

red for 90 min at room temperature with 40 g of Amberlite MBl mixed bed resin 

and 10 g carbo-adsorbens per liter. The suspension was filtrated twice through 

hard paper to remove resin and charcoal. Step II: the filtrate \·Jd.S extracted 

three times with diethyl ether ( <O. 02% H20); the residual ether and annnonia con-· 

taminants were removed by exhaustive purging with N2 -gas for 5 hr with vigorous 

stirring at room temperature. In Table I the selected parameters during the 

different purification steps are sunnnarized. The conductivity which should 

have been reduced after step I by the resin treatment has not been measured. 

SepaPat·ion of the complementary strands of Adb DNA. The purified virus was 

diluted with 0.01 M Tris-HCl pH 8.5, 0.001 M EDTA to a concentration of I .5 

A250 units per ml corresponding to 70 µg DNA per ml. Sarkosyl (Ciba-Geigy) and 

pronase B (Calbiochem) were added to the virus suspension to a final concentra

tion of 5 mg/ml and I mg/ml, respectively. After incubation of the virus sus

pension for 30 min at 37°, NaOH was added to a final concentration of 0.17 M. 

After 10 min at room temperature poly (U,G), dissolved in distilled water (I mg/ 

ml), was added; the mixture was innnediately neutralized with HCl and buf-

fered with one tenth volume of 0.5 M Tris-HCl, pH 8.5, 50 mM EDTA. The poly 

(U,G) to DNA ratio on the basis of weight was aboµt 5. The poly (U,G), purchased 

from Schwarz/Mann (lot no. 7001, U/G ratio 3, 3), was kindly supplied by 

Dr. L. Philipson. 

Solid CsCl was added to the mixture to give a density of I .788 g/cm 3 • Cen

trifugation was carried out in polyallomer tubes at 38,000 rpm for 65 hr at 10° 

in a Spinco 50 Ti angle rotor. Fractions of 0.15 ml were collected from the 

bottom of the gradients and the distribution of the radioactivity was measured 

by the Cerenkov method. The density of the gradient fractions was determined 

from refractive indices measured in an Abbe refractometer at room temperature. 
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Fig. 1. Separation of the complementary strands of 32 P- labeled AdS DNA as 

complexes with poly (U,G). Samples were prepared and banded in CsCl density 

gradients as described in Materials and Methods. Radioactivity of fraction of 

the gradient is measured by the Cerenkow method. The two major peaks were in

dicated as Hand L according to their relative positions in the gradi~nt. The 

bars represent the fractions which were pooled and recentrifuged as shown in 

Fig. I. --■----, 32 P-labeled AdS DNA. 
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After fractionation of the gradient the two main peaks (Fig. I) were pooled as 

indicated by the bars and they were separately recentrifuged (Fig. 2) in CsCl 

with an initial density of 1 .780 g/cm3 • The two peaks in Fig. l are indicated 

as poly (U,G) Hand poly (U,G) L,and presumably correspond to the separated 

strands of AdS DNA. 

Purifioation of the separated complementary str•ands of Ad5 DNA. To the 

fractions poly (U,G) Hand L, pooled as indicated in Fig. 2, NaOH was added to 

a final concentration of 0.14 Min order to remove and hydrolyze the riboco

polymer poly (U,G) from the DNA. After 30 min at room temperature a solution 

containing 50% formamide, 0.12 M phosphate (equimolar NaH2 P04 and Na 2 HP04 ), pll 

6.8, 0.4% SDS was added to give a concentration of 5 µg DNA/ml. The mixture was 

dialyzed, involving four changes, against the same buffer for 160 hr at 37° to 

allow annealing of contaminating strands. Separation of ss and ds DNA was per

formed using HAP column chromatography in the presence of 50% formamide. The 

commercial formamide is purified as described above. 

RESULTS 

Release of DNA fr>om the vfrion und bindfog of poly ( U, G) to the complemen

tary s tr•cmds. Vira 1 DNA was rel eased from 32P-labeled AdS virions by the com

bined action of sarkosyl and pronase as originally described by Hradecna and 

Szybalski (1967). The viral DNA was denatured with alkali (Na0H). This is pre

ferable to denaturation by heat, since the latter procedure induces de-purina

tion of DNA (Studier, 1969) that becomes alkali-labile (Landgraf-Leurs and 

Green, 1971). The ribocopolymer poly (U,G) with a ratio U:G of 3.3:J was added 

to the alkaline DNA solution in a DNA:copolymer ratio of I :5. Under the alkaline 

conditions used the size of the ribocopolymer is reduced to permit upon neutrali

zation complex formation with denatured DNA without interstrand formation 

(Habich et al., 1966). The copolymer poly (U,G) was allowed to bind to the de-
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Fig. 2. Rebanding of separated 32P- labeled AdS DNA-poly (U,G) complexes. 

The two fraction Hand L from the CsCl density gradient of Fig. I were recen

trifuged under conditions as described in Materials and Methods. Material of 

the rebanded H- and L-peak material distributions was pooled as indicated by 

the bars and stored at 4° . --11la--, 32 P- labeled Ad5 DNA. 
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natured strands by adjustment of the pH to 8.5. These conditions results in a 

max~nal bias in buoyant density between the two complementary strand complexes 

(Landgraf-Leurs and Green, 1971). 

Sepay,af;ion of the eomplement,ay,y stI'and eomplexes. The poly (U,G)-DNA 

complexes were analyzed in neutral CsCl buoyant density gradients as described 

in Materials anJ Methods. The distribution of 32P-Libeled AdS DNA (Fig. I) 

shows two peaks (Hand L) and a broad band at lower densities. The two peaks 

are called poly (U,G) Hand L with buoyant densities of l .812 g/cm 3 and I .796 g/ 

cm3, respectively. The material of the H- and L-peaks was rebanded (Fig. 2) and 

appears to be nearly homogeneous. The buoyant density of the peaks, however, is 

decreased to 1.783 g/cm3 and I .765 g/cm 3 indicating that some ribocopolymer is 

lost from the DNA-poly (U,G)-complex. 

Integr,-i ty of sepaY'ated s tr•ands of Ad5 DNA. On the bas is of recovery of 

32 P-radioactivity in the virions it appears that 15% of the initial amount of 

DNA (90 µg) is present in each of the two peaks. Analysis of samples from H- and 

L-peak by alkaline sucrose gradient centrifugation reveals that the separated 

strands are present in the complex as molecules of genome length (Fig. 3). 

PuY'iffoatfon of the complementay,y strands. The poly (U,G) in the H- and L

cornplexes was removed and degraded by alkali treatment. The strands wer~ dialyz

ed against 50% formatie at room temperature in order to allow contaminating 

strands to renature with their complement in excess. After sonic treatment the 

DNA was passed through hydroxyapatite columns as described in Materials and 

Methods. In each case about 85% of the self-annealed strands applied to the 

columns are recovered in the single-stranded fraction. The material purified 

from H- and L-bands was self-annealed an.:l annealed to each other in order to 

ascertain, that DNA from the H- and L-bands consists of separated complementary 

strands of AdS DNA. Analysis by HAP chromatography shows that the DNA from H

and L-band remain single stranded, whereas the mixture of near equal amounts of 

both strands is recovered in a double-stranded form (Table II). 
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Pig. 3 . Alkaline sucrose gradient centrifugation of separated strands of 

Ad5 DNA. Aliquots of poly (U,G) H- and L-band fraction (Fig. 2) were centrifug

ed on an alkaline sucrose gradient containing 0.3 M NaOH, 0.9 M NaCl, 0.01 M 

Tris-HCl, 0.001 M EDTA, and 0.1% sarkosyl for 16 hr at 29,000 rpm and 15° in a 

Spinco SW 41 rotor. --■--, 32P-labeled Ad5 poly (U,G) H-strand. 
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ss ds 

Poly (U,G) H-strand 100% 0% 

Poly (U,G) L-strand 100% 0% 

Poly (U,G) H+L-strand 15% 85% 

T~blc ll. Annealing of isolated poly (U,G) H- and L-strands. Purified poly 

(U,G) H- and L-strands were isolated as described in Materials and Methods. 

Aliquots of poly (U,G) H-strand (658 cpm 32 P-DNA equivalent to 0.25 µg DNA) and 

poly (U,G) L-strand (639 cpm 32 P-DNA equivalent to 0.25 µg DNA) were self

annealed and annealed to each other in IM CsCl, 0.12 M NaP, pH 6.8, 0.4% SDS 

for 48 hr at 80°, and analyzed by hydroxyapatite chromatography. The results 

are expressed as the percentage of input radioactivity in single-stranded (ss) 

and double-stranded (ds) DNA, respectively. 

Disty,·ibution of poly (U, G) H- and L-strand in alkaline CsCl buoyant 

density g1:•adients. Aliquots of poly (U ,G) H- or L-strand were centrifuged in 

alkaline CsCl density gradients together with 3H-labeled double-stranded Ad5 

DNA (Fig. 4). DNA strands isolated from poly (U,G) L-complexes of Fig. 2 banded 

at the heavy side of mature 3H-Ad5 DNA, whereas strands isolated from poly (U,G) 

H-complexes banded at the light side of mature 3H-Ad5 DNA. In these gradients 

the heavy and light strands of mature 3H-Ad5 DNA are superimposed fitting one 

curve. The poly (U,G) H-strand was found to be 3 mg/cm3 less dense than the 

poly (U,G) L-strand in alkaline CsCl density gradients. 

III-I I 



I 
E 
0.. 
0 

(L 
N 
(V') 

500 

L.O 0 

300 

200 

100 

3L. S 

l 

5 15 25 
fract i.on number 

Fig. 4. Distribution of poly (U,G) H- and L- strand in an alkal i ne CsCl 

density gr adient in r elation to 3H-labeled Ad5 complement ar y s trands . Aliquots 

of poly (U , G) H- and L-strand fr action (Fig . 2) wer e mixed with aliquots of 

3H- labeled Ad5 DNA and centrifuged in 7 . 0 ml CsCl density gradients in 0.01 M 

Tris-H~l, 0 . 01 M EDTA , 0 . 3 M NaOH, pH 12 . 5 for 65 hr at 10° , in a Spinco 50 Ti 

angle rotor. The initial density was I . 750 g/cm 3 • ------, 32P- labeled Ad5 

poly (U ,G) L- or H- str and ; ---•-- - , 3H- labeled Ad5 DNA. 
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DISCUSSION 

In double-stranded DNA molecules the two strands are not identical but 

complementary as proposed by the double-helix model (Watson and Crick, 1953). 

The isolation of the complementary strands can be obtained by taking advantage 

of the fact that a difference in base composition may exist in each of the 

strands e.g. one strand rich in guanine (G) and thymine (T) and the other strand 

rich in cytosine (C) and adenine (A), resulting in a buoyant density difference 

between the strands. In alkaline CsCl density gradients this buoyant density 

bias is magnified by preferential deprotonation of the T and G moieties, due to 

the high pH, and selective binding of Cs+ ions (Doerfler and Hogness, 1968). 

The genetic information of adenoviruses is conserved in a double-stranded 

DNA molecule of about 23 x 106 dalton (van der Eb and van Kesteren, 1966; Green 

et al., 1967). In alkaline CsCl gradients the buoyant density bias between the 

complementary strands of adenovirus DNA was found to be only 2-3 rng/cm 3 

(Sussenbach et al., 1973; Tibbetts et al., 1974; Sharp et al., 1974), which com

plicates complete separation of the strands on a preparative scale. 

The buoyant density bias is augmented by selective binding of ribocopoly

mers to the complementary strands. For the separation of the complementary 

strands of adenovirus DNA it appeared, that poly (U,G) is the most effective 

ribocopolymer (Landgraf-Leurs and Green, 1971). The strands of Ad5 DNA are able 

to bind poly (U,G) to a different extent, probably due to the presence of more 

dC and dA or d(AC) clusters in one strand. The differental binding of poly (U,G) 

to the complementary strands increases the bias in buoyant density to about 15 

mg/cm3 sufficient for separation in neutral CsCl density gradients (Fig. I). The 

two separated DNA-poly (U,G)-complexes, Hand L, appear to be fairly homogenous 

(Fig. 2) and to contain ~iral DNA strands of genome size (Fig. 3). The DNA was 

isolated from the complexes, and then self-annealed in order to obtain pure 

non-complementary sequences. Renaturation of the poly (U,G) H- and L-strand 

sequences occurred only, when mixtures of H- and L-strand material were annealed 
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(Table II). 

The identification of the strands isolated by the ribocopolymer binding 

technique in alkaline CsCl density gradients (Fig . 4) indicated that the stra 

strands present at the higher (H) and lower (L) buoyant density in alkaline CsCl 

density gradients correspond to the strands present in poly (U,G) L- and H-band, 

respectively, in neutral CsCl density gradients. Complementary strands isolated 

from Ad2 DNA (Tibbetts et al., 1974) showed the same relation between the strands 

isolated by alkaline CsCl buoyant density gradients and by the copolymer binding 

technique. 

Using the ribocopolymer binding technique the complementary strands of DNA 

of Ad2, Ad7 and Adl2 have been .i.solated (Kubinski and Rose, 1967; Landgraf-Leurs 

and Green, 197 I; Patch et al., 1972; Tibbetts e t al., 1974) . In this communica

tion the separation and preparative isolation of the two complementary strands 

of AdS DNA are described. These separated strands have been used in a study of 

the strand-specificity of the short pieces generated during AdS DNA replication 

(Vlak et al., 1975; Ch~pter IV). 
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The replication of adenovirus type 5 DNA occurs by discontinuous chain propagation via 
short pieces of DNA. These pieces accumulate if the infected cells are treated with 
hydroxyurea. They have a sedimentation coefficient of 11 S corresponding to a molecular 
weight of about 700,000, and they contain sequences deriv.ed from all parts of the 
adenovirus genome. Annealing and hybridization studies show that the short pieces 
represent sequences complementary to both strands of adenovirus type 5 DNA. 

INTRODUCTION 

Adenovirus type 5 (Ad5) DNA has a 
linear duplex structure and a molecular 
weight of 22.8 x 106 (van der Eb and van 
Kesteren, 1969). Evidence has been pre
sented showing that the replication of Ad5 
DNA proceeds in a semi-conservative fash
ion (van der Vliet and Sussenbach, 1972). 
Based on both biochemical and electron 
microscopic data a displacement model for 
the replication of Ad5 DNA has been 
proposed in which replication takes place 
via linear intermediates (Sussenbach et 
al., 1972; Ellens et al., 1974). According to 
this model, replication starts from the 
A-T-rich end of the molecule and proceeds 
by displacement of the H-strand, i.e., the 
strand with the higher equilibrium density 
in alkaline CsCl. This so-called displace
ment synthesis on the L-strand proceeds 
until a double-stranded daughter molecule 
of genome size is generated. Then synthesis 
of the complementary strand occurs on the 
displaced H-strand. Occasionally this syn
thesis of the complementary strand starts 
before the displacement synthesis has been 
completed. The question whether the syn
thesis of both complementary strands pro-

1 Part of this work has been presented at the 39th 
Cold Spring Harbor Symposium on Quantitative 
Biology 1974. 

ceeds continuously or discontinuously has 
not yet been answered. 

In a variety of organisms DNA is synthe
sized discontinuously. Chain propagation 
proceeds by the synthesis of small pieces of 
DNA linked to short stretches of RNA. 
These short pieces of DNA have different 
sizes ranging from 4-5 S in polyoma and 
S V 40 up to 8-11 S in bacteria and bacterial 
viruses (Okazaki et al., 1968; Magnusson et 
al., 1973; Fareed and Salzman, 1972). 

Replicative intermediates in the synthe
sis of DNA of the human adenoviruses 
types 2 and 5, upon alkaline denaturation, 
appear to contain pieces of DNA smaller 
than genome size (Horwitz, 1971; van der 
Eb, 1973). However, most of the pieces 
have sedimentation coefficients between 10 
and 34 S, the latter being the coefficient of 
single strands of genome size in alkaline 
sucrose gradients. From these data it has 
been concluded that chain elongation oc
curs by sequential addition of single nu
cleotides to the growing DNA rather than 
by joining of short pieces. In contrast to the 
human adenoviruses it has been shown 
that the replication of CELO DNA in 
chicken cells proceeds in a discontinuous 
fashion (Bellett and Younghusband, 1972). 
Replicative intermediates from this type of 
DNA appear to contain short pieces of 
about 12 S. 
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Magnusson (1973) and Laipis and Le
vine (1973) have reported that the exist
ence of short pieces in replicative interme
diates of polyoma and SV 40 DNA can be 
readily demonstrated if DNA synthesis is 
inhibited by hydroxyurea (HU). This drug 
lowers the levels of the intracellular deox
yribonucleoside triphosphate pools (Skoog 
and Nordenskjold, 1971) by inhibition of 
the enzyme ribonucleotide reductase 
(Krakoff et al., 1968). The accumulation of 
short pieces in the presence of HU is 
probably due to an inhibition of the joining 
step (Laipis and Levine, 1973). 

In our studies on the mechanism of Ad5 
DNA replication we were able to show 
discontinuity in chain propagation by the 
use of HU. 

MATERIALS AND METHODS 

Cell culture and virus infection. The 
growth of KB cells, the purification of Ad5 
and its DNA were performed as before (van 
der Vliet and Sussenbach, 1972). KB cells 
were infected at a concentration of 5 x 105 

cells/ml medium (Sussenbach et al., 1973). 
The infection with Ad5 was performed at a 
multiplicity of infection of 2000-3000 phys
ical particles per cell. 

Conditions of labeling and isolation of 
new viral DNA. HU (Sigma, St. Louis, 
MO) was added 18 hr after infection at a 
concentration of 10- 2 M. After 30 min of 
incubation in the presence of HU the 
infected cells were concentrated in the 
same medium to 5 x 106 cells/ml and 
subsequently exposed to radioactive thy
midine (methyl- [3H ]thymidine, 52 Ci/ 
mmole, Radiochemical Centre, Amer
sham, England) for a period of 30 min. 
Incorporation of radioactivity was stopped 
by dropping the incubation mixture into 
ice-cold phosphate buffered saline contain
ing 1 · mM nonradioactive thymidine. 
Viral DNA synthesized in the presence of 
HU was selectively extracted according to a 
modified Hirt procedure ( van der Vliet and 
Sussenbach, 1972). The Hirt supernatant 
fluid was fractionated by centrifugation 
through a neutral sucrose gradient. Frac
tions containing viral DNA were pooled. 
The viral DNA was then separated from 
residual cellular DNA by CsCl equilibrium 

density gradient centrifugation. The repli
cative viral DNA was analyzed on alkaline 
isokinetic sucrose gradients ( van der Vliet 
and Sussenbach, 1972). 

Hydroxyapatite chromatography. DNA 
was subjected to chromatography on hy
droxyapatite (HAP) columns.(0.5 cm x 0.5 
cm) as described by Flavell et al. (1972). 
HAP was obtained from BioRad (Rich
mond, VA). Sodium phosphate (N aP) 
buffers at pH 6.8 were used for elution. 
DNA in 0.05 M NaP was bound to the 
column at room temperature. Then the 
temperature was raised to 60° and single
stranded DNA molecules were eluted with 
0.15 M NaP, while further elution with 0.4 
M NaP yielded double-stranded DNA mol
ecules. 

Annealing conditions. After sonication 
single-stranded DNA was annealed at 80° 
for different periods of time in 1 M CsCl, 
0.015 M trisodium citrate, 0.001 M EDTA, 
pH 7 .5, in closed ampoules coated with 
bovine serum albumin. After annealing, 
the samples were diluted to a salt concen
tration of less than 0.05 M and further 
analyzed by HAP chromatography. Filter 
hybridization was carried out according to 
Aloni et al. (1969). Sonically treated and 
denatured Ad5 DNA was bound to Mil
lipore filters and incubated with sonicated 
single stranded DNA in 0.04% bovine 
serum albumin, 0.3 M NaCl, 0.03 M triso
dium citrate and 0.002 M EDTA, pH 7.5, 
at 70° for 16 hr. 

Separation of complementary strands of 
Ad5 DNA. The complementary strands of 
Ad5 DNA were separated by buoyant den
sity gradient centrifugation with poly(U, 
G) as described by Tibbetts et al. (1974). 
Poly(U, G), purchased from Schwarz/ 
Mann (lot no. 7001, U/G ratio 3.3), was 
kindly supplied by Dr. L. Philipson. The 
strand (H-strand) with a 2-3 mg higher 
buoyant density than its complement (L
strand) in alkaline CsCl appeared in the 
less dense complex with poly(U, G). A 
similar inversion in the relative positions of 
the separated strands in poly(U, G) and 
alkaline Cs Cl gradients, respectively, has 
also been observed for Ad2 DNA (Tibbetts 
et al., 197 4). In this paper the H-strand 
corresponds to the strand with the higher 
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density in alkaline Cs Cl. 
Fragmentation of Ad5 DNA. Ad5 DNA 

was digested as described by Sharp et al. 
(1973), with a restriction endonuclease 
from Haemophilus parainfluenzae (Hpa I). 
Hpa I was a generous gift from Dr. R. J. 
Roberts. Separation of the fragments was 
carried out by agarose gel electrophoresis, 
as described by Sharp et al (1973), in 0.7% 
agarose. For the isolation of the Hpa I 
fragments the gels were run in electropho
resis buffer containing 0.5 µg/ml ethidium 
bromide. Examination of the gels in direct 
illumination from a uv light source reveals 
the exact position of the DNA fragments. 
The fluorescent bands of DNA were cut 
from the gels and the DNA was recovered 
by electrophoresis into dialysis sacs. 

RESULTS 

HU was added 18 hr after infection to 
Ad5-infected KB cells at a concentration of 
10- 2 M. At this time after infection only 
viral DNA is synthesized as judged by CsCl 
density gradient centrifugation. At differ
ent times after administration of HU, DNA 
synthesis was measured by incorporation of 
[

3H ]thymidine for periods of 10 min (Fig. 
1). Within 30 min, DNA synthesis is re
duced to less than 5% of the control value. 
The residual DNA synthesis remains con
stant for a period of 70 min. 
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FIG. 1. Time course of viral DNA synthesis during 
inhibition with HU. At 18 hr p.i., HU was added to 
infected cells at a concentration of 10- 2 M. At 
different times after administration of HU, DNA 
synthesis was measured by incorporation for periods 
of 10 min of [3H]thymidine in acid-precipitable mate
rial. The relative rate of DNA synthesis in the 
presence of HU is expressed as the percentage of DNA 
synthesis in the absence of HU during a 10 min pulse 
with [3H]thymidine. 

The viral DNA synthesized in the pres
ence of 10- 2 M HU was further character
ized. After 30 min of incubation in the 
presence of the drug, DNA synthesis was 
allowed for another 30 min in the presence 
of [3H]thymidine. The pulse-labeled viral 
DNA was selectively extracted by a modi
fied Hirt procedure ( van der Vliet and 
Sussenbach, 1972) and subjected to the 
following purification steps. The pulse
labeled viral DNA was separated from low 
molecular weight material by isokinetic 
neutral sucrose gradient centrifugation 
(Fig. 2A). Fractions containing the repli
cating viral DNA, which sediments from 31 
to about 60 S (van der Vliet and Sussen
bach, 1972) were pooled. Subsequently this 
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FIG. 2. (A) Neutral sucrose gradient centrifuga
tion of viral DNA labeled with [3H]thymidine from 
30-60 min after HU administration. Labeling and 
isolation of viral DNA were performed as described in 
Materials and Methods. The viral DNA was cen
trifuged on an isokinetic sucrose gradient containing 
0.2 MNaCl, 0.01 MTris, pH 8.1, 0.001 MEDTA and 
0.1% sarkosyl for 16 hr at 21,000 rpm and 5° in a 
Spinco SW 25.1 rotor. The fractions containing repli
cating DNA were pooled as indicated by the bar. (B) 
CsCl equilibrium centrifugation of replicating DNA. 
DNA of the pooled sucrose gradient fraction (A, 
above) was subjected to CsCl gradient centrifugation 
in 0.15 M NaCl, 0.015 M trisodium citrate, 0.1% 
sarkosyl, pH 7 .5, at 38,000 rpm for 65 hr at 10° in a 
Spinco 50 Ti angle rotor. The fractions containing 
viral DNA were pooled as indicated by the bar. 
- -0- -, 3H-labeled Ad5 DNA; - -11111- -, 32P-labeled 
Ad5 marker DNA. 
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DNA was centrifuged to equilibrium in 
CsCl to separate viral DNA from remain
ing host DNA (Fig. 2B). The fractions with 
densities between 1.716 g/cm 3 and 1.732 
g/cm 3 containing the viral replicating DNA 
were pooled and further analyzed by alka
line sucrose gradient centrifugation. 

A typical sedimentation pattern of 
pulse-labeled viral DNA synthesized in the 
presence of HU is shown in Fig. 3A. Most of 
the pulse-labeled DNA is present as short 
pieces sedimenting between 8 and 20 S. 
The peak found at 11 S corresponds to a 
molecular weight of about 700,000 (Stud
ier, 1965). In different preparations the 
peak had sedimentation coefficients vary
ing between 11 and 13 S. A small percent
age of the labeled DNA sedimented near, 
but never exactly at the marker position 
(Fig. 3A). The pieces generated in the 
presence of HU can be chased into longer 
strands after removal of HU (Fig.SB). It is 
known from earlier observations that the 
inhibition of Ad5 DNA synthesis by HU is 
readily reversible (Sussenbach and van 
der Vliet, 1973 and Ellens et al., 1974). Our 
results show that the short pieces are 
probably transient forms in the replication 
of Ad5 DNA. The appearance of these short 
pieces is not due to breakage of longer 
strands. We reached this conclusion from 
the observation that viral DNA prelabeled 
for 20 min with [1 4C]thymine 2 hr before 
administration of HU remains of genome 
size during residual DNA synthesis in the 
presence of HU ( data not shown). 

The distribution of these short pieces 
along the adenovirus genome has been 
studied using a restriction endonuclease, 
Hpa I. Ad5 DNA is digested by Hpa I into 7 
fragments, which are denoted a, b, c, d, e, f 
and g depending on their electrophoretic 
mobility on gels (Mulder et al., 1974). In 
the following experiments only the frag
ments a, b, c and d, representing 89. 7% of 
the Ad5 DNA, were considered. Replicat
ing molecules synthesized in the presence 
of HU were isolated from a neutral sucrose 
gradient as indicated in Fig. 2A. These 
molecules were incubated with Hpa I dur
ing 16 hours at 37 ° and the digestion 
products were analyzed on agarose gels as 
described by Sharp et al. (1973). Fig. 4 
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Fm. 3. Alkaline isokinetic sucrose gradient cen
trifugation of viral DNA synthesized in the presence 
of HU. Replicating viral DNA was centrifuged on an 
alkaline sucrose gradient containing 0.3 M Na OH, 0.9 
M NaCl, 0.01 M Tris, 0.001 M EDTA and 0.1% 
sarkosyl for 16 hr at 36,000 rpm and 5° in a Spinco SW 
41 rotor. Fractions containing DNA with a sedimenta
tion coefficient of about 11 S were pooled as indicated 
by the bar and used for further analysis. (A) Replicat
ing viral DNA labeled for 30 min with [3H]thymidine 
in the presence of HU was obtained as described in 
Fig. 2. (B) Replicating viral DNA was labeled for 30 
min with [3H]thymidine in the presence of HU and 
then incubated for 45 min in the absence of HU in 
medium containing 2.5 x 10- 4 M unlabeled thymi
dine. This DNA was isolated by neutral sucrose 
gradient and CsCl gradient centrifugation as de
scribed in Fig. 2. - -0- -, 3H-labeled Ad5 DNA; 
- -11111- - 32P-labeled Ad5 marker DNA (348). 
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FIG. 4. Agarose gel electrophoresis of Hpa I
digested replicating viral DNA synthesized in the 
presence of HU. Replicating viral DNA was obtained 
as described in Fig. 2A. The arrows indicate the 
positions of Ad5 fragments obtained after digestion of 
32P-labeled mature Ad5 DNA. After electrophoresis 
the gels were cut into slices of 1.5 mm and radioactiv
ity was measured. 
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shows the electrophoretic pattern; the 
fragments e, f and g have run off the gel. 
Obviously there is radioactivity comigrat
ing with the Hpa I marker fragments a, b, c 
and d, indicating that the short pieces are 
derived from all parts of the adenovirus 
genome. A considerable part of the radio
activity does not comigrate with the 
marker fragments. This may be caused by 
the presence in the fragments of the single
stranded stretches from replicating mole
cules, which may affect the electrophoretic 
mobility. Furthermore, the Hpa I recogni
tion sites may be in single-stranded form 
that prevents the endonuclease action. 
That the short pieces were related to all the 
Hpa I fragments considered could also be 
demonstrated in another way. Mature Ad5 
DNA was digested and the fragments a, b, 
c and d were recovered in quantity from the 
gels. These fragments were sonicated, de
natured and subsequently bound to filters 
(Aloni, 1969). Short pieces generated in the 
presence of HU were isolated from alkaline 
sucrose gradients as indicated in Fig. 3A. 
The isolated short pieces were hybridized 
with the filter-bound Hpa I fragments. It 
could be demonstrated that the short 
pieces hybridized with all Hpa I fragments 
considered. As shown in Table 1 the per
centage of hybridization corresponds 
roughly to the relative size of the Hpa I 
fragments. These results indicate again 
that the short pieces generated in the 
presence of HU were derived from all parts 
of the genome. 

To answer the question whether these 
short pieces originate from both strands or 
from one particular strand, the following 
experiments were performed. Short pieces 
were obtained as described in Table 1. 
They were mainly single stranded as shown 
by HAP chromatography. A small portion 
(about 15%) behaved as double-stranded 
DNA, probably due to the presence of 
internal loops (Tibbetts et al., 1973). In 
order to determine whether the short pieces 
contain complementary sequences, anneal
ing was allowed in the presence of 1 M 
CsCl, 0.015 M trisodium citrate, 0.001 M 
EDTA at 80° for different periods of time 
(Table 2). Repeated analysis showed that 

TABLE 1 

HYBRIDIZATION OF SHORT PIECES WITH ISOLATED HPA I 
FRAGMENTS0 

HpaI Short pieces Relative 
fragments hybridized(%) size(%) 

a 10.1 32.3 
b 7.4 27.6 
C 6.3 20.2 
d 6.0 9.6 

a Short pieces labeled with 3H were pooled as 
indicated in Fig. 3A. The pooled short pieces were 
neutralized and dialyzed against 0.015 M trisodium 
citrate, 0.001 M EDTA, pH 7.5, for 48 hr and 
concentrated by ethanol precipitation. The short 
pieces were hybridized with Hpa I fragments. Two 
micrograms of Ad5 DNA were digested with Hpa I 
into 7 fragments. Each of the 4 larger fragments was 
isolated from agarose gels, and after sonication and 
denaturation immobilized on filters. The 4 types of 
fragments were hybridized separately with 3H-labeled 
short pieces as described in Materials and Methods. 
The concentration of the short pieces was below 
detection level with uv spectrophotometry. The hy
bridization is expressed as the percentage of input 
radioactivity (5234 dpm) bound to the DNA on duplo 
filters after correction for aspecific binding. The data 
on the relative size of the Hpa I fragments were 
obtained from Mulder et al. (1974). 

TABLE 2 

ANNEALING OF ISOLATED SHORT PIECES0 

Time of ss (%) ds (%) 
annealing (hr) 

0 85 15 
24 60 40 
48 41 59 
72 30 70 

140 41 59 

a Short pieces labeled with 3H and isolated as 
described in Table 1 were allowed to anneal for 
different periods of time (see Materials and Methods). 
After annealing the DNA was analyzed by HAP 
chromatography. The results are expressed as the 
percentage of input radioactivity (500 dpm) in single
stranded (ss) or double-stranded (ds) DNA respec
tively. The total radioactivity recovered from the 
column was almost 100% of the radioactivity applied. 

the short pieces do contain complementary 
sequences for about 65%, indicating that 
the short pieces originate from both 
strands of Ad5 DNA. The remaining 35% of 
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the small pieces may be derived from one 
particular strand. 

Another approach to establish that the 
small pieces were derived from both com
plementary strands is to determine 
whether the fragments hybridize with the 
separated strands of Ad5 DNA. Separated 
strands of Ad5 DNA were obtained as 
described in Materials and Methods and 
bound to filters. The isolated short pieces 
(Table 1) were allowed to hybridize with 
the separated strands for 16 hr at 70° in 0.3 
M trisodium citrate, 0.002 M EDTA, pH 
7 .5, and 0.4% bovine serum albumin. Table 
3 shows that the short pieces hybridize for 
18% with the L-strand and for 12% with the 
H-strand. These results support the previ
ous conclusion that the short pieces origi
nate from both strands and show in addi
tion that sequences of the H-strand type 
are present in excess. Although the excess 
of H-strand sequences is found in isolated 
short pieces, this excess might be a general 
property of DNA synthesized in the pres
ence of HU. To investigate this possibility 
the total replicative viral DNA generated 
in the prescence of HU (Fig. 2A) was 
hybridized with the L- and H-strand re
spectively (Table 3). Again there is a 
preference for hybridization with the L-

TABLE 3 

HYBRIDIZATION OF REPLICATING VIRAL DNA WITH 
SEPARATED STRANDS OF Ad5 DNAa 

Isolated short 
pieces 

Total replicative 
viral DNA 

Hybridi
zation 
with 

H-strand 
(%) 

12 

8 

Hybrid
ization 

with 
L-strand 

(%) 

18 

11 

Relative 
hybridi
zation 

L-strand/ 
H-strand 

1.5 

1.4 

a Viral DNA labeled with 3H and synthesized in the 
presence of HU was hybridized with the separated 
strands from Ad5 DNA. Three-tenths of a microgram 
of DNA from each of the separated strands was 
immobilized on a filter. The separated strands were 
hybridized with short pieces isolated as described in 
Table 1 and with total replicative viral DNA (Fig. 
2A). The hybridization is expressed as the percentage 
of input radioactivity (ca. 5000 dpm) bound to duplo 
filters after correction for aspecific binding. 

strand showing that the excess of H-strand 
sequences is a general property of viral 
DNA synthesized in the presence of HU. 
The percentage of hybridization in this 
case is lower than with the isolated short 
pieces. This is probably due to the com
petition of labeled DNA with unlabeled 
DNA present in the total replicative viral 
DNA. 

DISCUSSION 

In the present investigation HU has been 
used to show discontinuity in chain propa
gation during Ad5 replication. HU appears 
to be a potent inhibitor of viral DNA 
synthesis. Within 30 min after addition of 
HU, DNA synthesis has decreased to a 
level of 5% of the original value and there
after remains constant for at least 70 min. 
The product of the residual DNA synthesis 
is of viral origin as could be concluded from 
CsCl density gradient centrifugation of 
pulse-labeled DNA. Analysis of this DNA 
under alkaline conditions showed the pres
ence of short stretches of single-stranded 
DNA with a sedimentation coefficient of 
about 11 S. 

The short pieces are transient forms in 
Ad5 DNA replication, since in the absence 
of HU they can be chased into longer 
pieces. This observation further indicates 
that the effect of HU is reversible. The 
possibility that the short pieces are gener
ated by the breakage of pre-existing chains 
has been excluded. 

The short pieces originate from all parts 
of the adenovirus genome as shown by 
digestion of replicating viral DNA with 
Hpa I and hybridization of short pieces 
with Hpa I fragments. Assuming that the 
short pieces have a molecular weight of 
700,000, about 15 pieces can be aligned 
along the genome. The short pieces anneal 
for about 65% indicating that they are 
derived from both complementary strands 
of Ad5 DNA. About 35% of the short pieces 
does not anneal even after very long pe
riods, which is probably caused by an 
unequal distribution of sequences from L
and H-strands. Hybridization of the short 
pieces with the separated complementary 
strands of Ad5 DNA shows a relative abun
dance of pieces of the H-strand type. It is 
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tempting to assume that the non-annealing 
fraction of the short pieces is of the H
strand type. 

A relative abundance of newly synthe
sized H-strand sequences is also found in 
total replicative viral DNA synthesized in 
the presence of HU. The relative prepon
derance of pieces of the H-strand type 
probably reflects a difference in the rates of 
synthesis of the two complementary 
strands. This difference may be introduced 
by HU. Earlier observations (Sussenbach 
and van der Vliet, 1973) have shown that 
after removal of HU from cells, which were 
infected in the presence of HU, the synthe
sis of the two complementary strands is 
highly asynchronous. Only displacement 
synthesis takes place leading to an accu
mulation of H-strands. A preferential syn
thesis of H-strand sequences might also be 
induced upon addition of HU at later 
stages in viral DNA replication. On the 
other hand a difference in the rate of 
synthesis of the two complementary 
strands may be a normal feature of the 
replication of Ad5 DNA. This is suggested 
by a relative scarcity of L-strand se
quences in replicative intermediates ob
served by Sussenbach et al. (1973). 

Our studies show that chain propagation 
during Ad5 DNA replication proceeds via 
the synthesis of short pieces on both paren
tal strands as has been shown for polyoma 
and SV 40 (Pigiet et al., 1973; Fareed et al., 
1973). Such short pieces have also been 
demonstrated during the replication of 
CELO virus DNA (Bellett and Younghus
band, 1972). In previous studies on the 
replication of human adenovirus DNA in 
which no HU was used, such small pieces 
could hardly be detected (Horwitz, 1971; 
van der Eb, 1973). 

However, recent experiments in which 
Ad5-infected KB cells were pulse-labeled 
with [3H]thymidine at 20° have shown an 
accumulation of short pieces in the absence 
of HU. These pieces could be chased into 
strands of genome size (full details will be 
published elsewhere). These data support 
our former conclusion that Ad5 DNA repli
cation proceeds discontinuously. 
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Addendum Lu Chapter• 4 

Fragments of DNA sedimenting at about 10 Shave been found as intermediates 

in the replication of Ad2 DNA. These short pieces are generated during viral DNA 

synthesis in isolated nuclei of infected cells (Winnacker, 1975) and in intact 

cells (Pearson, 1975). The short intermediates in Ad2 DNA replication have 

characteristics similar to those of the short pieces in Ad5 DNA replication 

(Vlak et al., 1975; this thesis Chapter IV), They can be chased into molecules of 

genome length, they show complementarity and are derived from all parts of the 

genome (Winnacker, 1975). In Ad2 infected cells intermediates larger than 10 S 

fragments have been observed (Horwitz, 1971). These lon~er intermediates are 

probably multiples of 10 S fragments (Pearson, 1975). 

On tl1~ basis of their density in neutral cesium sulphate the short pieces 

of Ad2 DNA isolated from nuclei appear to contain RNA (Winnacker, 197 5). This 

may indicate that in adenovirus DNA replication chain propagation is initiated 

by RNA. The occurrence of RNA-DNA linkages during Ad5 DNA replication has been 

studied by 
32

P-transfer experiments. In such studies a transfer from a-
32

P-dAMP 

and dGMP to all four ribonucleotide monophosphates has been observed (Vlak and 

Rozijn, 1975), which suggests the existence of a RNA containing intermediate in 

Ad5 DNA replication. 
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The localization of adenovirus type 5 DNA replication has been investigated by both 
fractionation of isolated nuclei and electron-microscope autoradiography. Nuclear fraction
ation by means of the M-band-technique of Tremblay et al. (Tremblay, G. Y., Daniels, 
M. J., and Schaechter, M. (1969). J. Mol. Biol. 40, 65-76.) reveals that pulse-labeled 
adenovirus type 5 DNA cosediments with the nuclear membrane. On the basis of this 
finding it can be supposed that the site of viral DNA replication is at the nuclear 
membrane. However, electron-microscope autoradiography of infected cells shows that the 
pulse-labeled viral DNA is not located at the nuclear membrane but randomly distributed 
over the nucleus. It is concluded that the replication of adenovirus type 5 DNA occurs 
throughout the cell nucleus; the association of replicating viral DNA with a nuclear 
membrane complex should be considered as an artifact. 

INTRODUCTION 

In the replicon model of Jacob et al. 
( 1963) it is postulated that a close associa -
tion between DNA and the cell membrane 
is a prerequisite for DNA replication. In 
bacteria the association between DNA and 
cell membrane has been studied by a 
variety of techniques including biochemi
cal analysis of rapidly sedimenting com
plexes (Ganesan and Lederberg, 1965; 
Smith and Hanawalt, 1967; Parker and 
Glaser, 1974) and autoradiography (Ryter 
and Jacob, 1963). In bacteriophage sys
tems, rapidly sedimenting complexes con
taining replicating phage DNA and host
cell membrane have been observed (Knip
pers and Sinsheimer, 1968). From this it is 
assumed that bacteriophage DNA repli
cates in close association with the host-cell 
membrane. The intimate association of 
replicating DNA and cell membrane in 
prokaryotic cells may be required for the 
initiation event and the segregation of 

daughter chromosomes as proposed in the 
replicon model. 

In eukaryotic cells the nuclear mem
brane may be involved in the replication of 
the cellular DNA, which contains multi
ple replication units. However, conflicting 
data have been reported in the literature. 
In 1969 Tremblay et al. introduced a tech
nique for the isolation of DNA-cell mem
brane complexes from bacteria based upon 
the cosedimentation of membrane-bound 
nascent DNA and Mg2+-Sarkosyl crystals 
(M-band). By analogy with bacterial sys
tems, most cell fractionation experiments 
on the intracellular localization of DNA 
synthesis with the "M-band" -technique 
have been interpreted in favor of the at
tachment of replication sites to the nuclear 
membrane (Friedman and Mueller, 1969; 
Mizuno et al., 1971; Hanaoka and Yam
ada, 1971; Yamada and Hanaoka, 1973; 
Infante et al., 1973; Hildebrand and Tobey, 
1973). However, most electron-microscope 

535 

Copyright © 1975 by Academic Press, Inc. 
All rights of reproduction in any form reserved. 



536 VLAK, RO ZIJN AND SPIES 

autoradiographic investigations reveal that 
even after very short pulses with [3H ]thy
midine, DNA replication sites are ran
domly distributed throughout the nu
cleus (Williams and Ockey, 1970; Fakan et 
al., 1972; Huberman et al., 1973; Com
ings and Okada, 1973; Wise and Pres
cott, 1973). 

The replication of adenovirus DNA oc
curs in the cell nucleus. From their experi
ments in which the M-band-technique was 
used, Pearson and Hanawalt (1971) con
cluded that the DNA replication of adeno
virus type 2 (Ad2) may take place at the 
nuclear membrane. Shiroki et al. (1974) 
reported that replicating DNA of adenovi
rus type 12 (Ad12) is associated with the 
M-band. On the other hand Martines
Palomo and Granboulan (1967) and Shi
roki et al. (1974) showed by electron-micro
scope autoradiography that, after labeling 
of Ad12-infected cells with [3H]thymidine, 
the grains are randomly distributed 
throughout the nucleus. 

In view of the contradictory data on the 
location of adenovirus DNA replication in 
eukaryotic cells we investigated the local
ization of Ad5-DNA replication in KB cells 
by both electron-microscope autoradiogra
phy and nuclear fractionation with special 
reference to the involvement of the nuclear 
envelope. From these experiments we con
clude that the replication of Ad5 takes 
place randomly throughout the cell nu
cleus. 

MATERIALS AND METHODS 

Cells and virus. The growth of KB cells, 
the purification of Ad5 and its DNA were 
performed as before ( van der Vliet and 
Sussenbach, 1972). Suspension cultures 
were obtained by trypsinization of mono
layers and addition of the cells, at a con
centration of 5 x 105 cells per ml, to Earle's 
balanced salt medium containing 0.5% lac
talbumin, 2% calf serum, 100 units of 
penicillin G per ml and 100 µg of strep
tomycin sulphate per ml. Cells were in
fected with purified Ad5 at an m.o.i. of 2-3 
x 103 physical virus particles per cell. 
Virus-particle concentration was deter
mined from A 260 measurements (Maizel et 
al., 1968). 

Conditions of labeling. Radiochemicals 
were obtained from the Radiochemical 
Centre, Amersham, England. Cellular 
DNA was labeled with either [14C]T 
([2- 14C]thymine, 60 Ci/mole, 1 µCi/ml) or 
[

3H)TdR ( [6- 3H]thymidine, 22 Ci/mmole, 
1 µCi/ml) during at least two generations of 
growth. The nuclear envelope was labeled 
with either [14C ]choline ( [14C ]methylcho
line chloride, 60 Ci/mole, 1 µCi/ml) or 
[

3H)choline ( [3H]methylcholine chloride, 
16.5 Ci/mmole, 0.2 µCi/ml) during at least 
two generations of growth. For electron
microscope autoradiography cells were la
beled with [3H]choline at a concentration 
of 2 µCi/ml during two generations of 
growth. These labeling procedures were 
carried out on monolayer cultures of KB 
cells. 

At 18 hr after infection, infected or 
mock-infected cells in suspension were con
centrated to 5 x 106 cells per ml and 
subsequently exposed to [3H]TdR (43 Ci/ 
mmole) at concentrations ranging from 
7-200 Ci/ml for different periods of time. 
The incorporation was stopped by drop
ping the reaction mixture into ice-cold 
phosphate-buffered saline containing 1 
mM EDT A. The cells were washed twice 
with the same buffer, and samples were 
taken for electron-microscope autoradiog
raphy, preparation of nuclei or radioactiv
ity measurement. 

Formation of DNA-nuclear membrane 
complexes. Nuclei were isolated (Sussen
bach et al., 1972) and purified by discon
tinuous sucrose gradient centrifugation as 
described by Raskas (1971). The DNA-nu
clear membrane complex was isolated by 
the M-band technique as described by 
Tremblay et al. (1969) with some modifica
tions. Nuclei were suspended in 0.01 M 
Tris-HCl, 0.1 M KCl, pH 7.5, to a final 
concentration of 1-2 x 106 nuclei per ml. 
The suspension of nuclei (2 ml) was gently 
mixed with Sarkosyl NL 30 to a final 
concentration of 0.15% and kept on ice for 
10 min. Subsequently MgCl 2 (final concen
tration 0.01 M) was added to the nuclear 
lysate. Where indicated, the nuclear lysate 
was sheared by means of Vortex mixing for 
a period of 40 sec (Hanaoka and Yamada, 
1971). After the formation of the white 



REPLICATION OF ADENOVIRUS DNA 537 

Mg2+-Sarkosyl crystals (5 min in ice) the 
nuclear lysate was layered on top of a 
two-layer tube of sucrose (15 ml of 15% 
sucrose and 15 ml of 40% sucrose in 0.01 M 
Tris-HCl, 0.1 M KCl, 0.01 M MgCl 2 , 0.001 
MEDTA, pH 7.5). The M-band complexes 
were concentrated in a sharp, white band 
at the interface by centrifugation in an SW 
27 rotor at 4° for 18 min at 18,000 rpm in a 
Spinco ultracentrifuge. The top and inter
face fractions from the gradient were col
lected and the acid-precipitable radioac
tivity was measured. From both fractions 
the viral DNA was extracted according to 
the Hirt procedure ( van der Vliet and 
Sussenbach, 1972). 

Isolation and analysis of DNA. Total 
DNA was extracted from isolated nuclei 
with phenol. Viral DNA could be extracted 
according to a modified Hirt procedure 
(van der Vliet and Sussenbach, 1972). The 
extracted DNA was analyzed by CsCl den
sity gradient centrifugation. The nucleic 
acid solution in 0.15 M trisodium citrate, 
0.01 M EDTA, pH 7.5, was mixed with 
solid CsCl to a density of 1.700 g/cm 3 and 
centrifuged at 38,000 rpm for 72 hr in a 
Beckman Spinco 65 Ti angle rotor. Sam
ples were collected from the bottom of the 
centrifuge tube. The density of the gradi
ent fractions was determined from refrac
tive indices measured in an Abbe refrac
tometer at room temperature. Nucleic acid 
was precipitated with 5% trichlorocetic 
acid and collected on Whatman GFC fil
ters for radioactivity measurements. 

Lipid extraction. Isolated nuclei from 
cells labeled with [3H]choline and 
[

14C ]thymine for two generations were 
treated with 0.5 M perchloric acid at 0°. 
The precipitates were washed three times 
in order to remove unincorporated radioac
tivity. Lipids were extracted with a 2:1 
mixture of chloroform and methanol as 
described by Folch et al. ( 1957). 

Electron microscope autoradiography. 
Cells labeled with [3H]TdR or nuclei iso
lated from cells labeled with [3H]choline 
were fixed for 1 hr in a trial
dehyde-dimethy l sulfoxide (DMSO) fixa
tion in 0.1 M NaH 2POcNa 2HPO 4 buffer, 
pH 7.4 (3% glutaraldehyde-2% formalde
hyde-1 % acrolein-2.5% DMSO). The fixed 

cells were rinsed in the phosphate buffer 
(four changes over 1 hr) and postfixed in 
1 % OsO 4 solution containing the same 
buffer. Dehydration was performed in 
graded acetone. All procedures were car
ried out at room temperature. Embedding 
was done in Araldite. Thin sections 
(600-800 A) were cut and picked up on 
copper grids covered with a thin film of 
Pioloform F. The preparations were then 
coated with a carbon layer(± 50 A), stuck 
on microscope slides and covered after
wards with an Ilford L4 emulsion diluted to 
form a monolayer of silver halide crystals. 
After exposure for the desired time, the 
specimens were developed for 3 min at 19° 
in freshly prepared D 19. Fixation was done 
in 24% sodium thiosulfite. The prepara
tions were then stained with PbOH accord
ing to Millonig (1961). Preparations were 
examined in a Philips EM 201. 

Quantitative evaluation of the autora
diographs. For quantitative study of the 
distribution of grains within nuclei, photo
graphs of sections of labeled specimens at 
final magnifications of 8,040 or 13,400x 
were used. Within each nuclear cross-sec
tion on the prints, lines were drawn that 
were at all points away from the nearest 
nuclear membrane for distances of 0.5, 
1.0, 1.5, 2.0, 2.5, 3.0 and 3.5 µm, respec
tively. The maximal distance is 3.5 µm, 
because the average diameter of a nucleus 
in this cell type is about 7 µm. The lines 
divide the nuclear cross-sections in areas 
that have been denominated as a, b, c, d, 
e, f and g, respectively. Thus area a is 
located in close proximity to the nuclear 
membrane and area g is the most internal 
region of a nuclear section. The nucleolar 
regions were considered separately. The 
surface of each area was measured by 
integration, and the number of grains over
lying these areas was counted. Grains lying 
outside the nucleus were ignored; the 
amount of grains derived from background 
(radioactivity) was negligible. The grain 
densities are expressed as grains per 100 
µm 2

• Calculation of the grain distribution 
in peripherally cut nuclear sections may 
give erroneous results, as some of the grains 
found in internal areas may actually belong 
to the nuclear periphery. Therefore, nu-
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clear cross-sections smaller than 25 µm 2 , 

were excluded. 

RESULTS 

Characterization of Pulse-Labeled DNA of 
Ad5-Infected KB Cells 

The localization of adenovirus type 5 
(Ad5)-DNA replication in KB cells by both 
electron-microscope autoradiography and 
nuclear fractionation can be established 
only if the radioactivity administered 18 hr 
after infection is incorporated into repli
cating viral DNA and not into cellular 
DNA. Biochemically, Ad5-DNA can be 
distinguished from host-cell DNA by its 
higher density in CsCl (Pina and Green, 
1965). Figure 1 shows the density distribu
tion of total DNA isolated from infected 
cells 18 hr after infection. Cellular DNA, 
prelabeled with [14C ]thymidine for two 
generations of growth, bands at a density 
of 1.700 g/cm 3 and is clearly distinguish
able from DNA that has been pulse-labeled 
with [3H]thymidine (TdR) for 1 min. The 
majority of the pulse-labeled DNA bands 
at the density of 32P-labeled Ad5 marker 
DNA (1.716 g/cm 3

) and at higher densities. 
Such a density distribution of pulse-labeled 
DNA molecules is characteristic for inter-
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FIG. 1. CsCl equilibrium centrifugation of DNA 
from adenovirus infected cells. KB cells were prela
beled with [14C ]thymine for two generations of 
growth. At 18 hr after infection cells were labeled with 
[

3H]thymidine for 1 min at 37°. DNA from whole cells 
was extracted with phenol and subjected to CsCl 
gradient centrifugation in 0.15 M NaCl, 0.015 M 
trisodium citrate, 0.1 % Sarkosyl, pH 7 .5, at 38,000 
rpm for 65 hr at 10° in a Spinco 50 Ti angle rotor. 
-0-, 3H-labeled DNA; -Ill-, 32P-labeled Ad5 
marker DNA; - -b.- -, 14C-labeled KB-DNA. 

mediates in the replication of Ad5-DNA 
(Sussenbach et al., 1972; van der Eb, 
1973). It can be concluded that at 18 hr 
after infection about 90% of the radioac
tivity is incorporated into replicating viral 
DNA; the synthesis of host-cell DNA is 
almost completely suppressed. 

Fractionation of Isolated Nuclei 

Isolated nuclei, purified by centrifuga
tion through a discontinuous sucrose gradi
ent were fractionated using the M-band 
technique (Tremblay et al., 1969), as de
scribed in Materials and Methods. After 
centrifugation of the nuclear lysate, virtu
ally all of the cellular DNA, which has been 
prelabeled with [14C ]thymine is caught in 
the M-band complex (Table 1). Shearing of 
the lysate by agitation on a Vortimixer for 
40 sec breaks the long cellular DNA fila
ments and results in the removal of a 
considerable portion of the cellular DNA 
from the M-band complex. Prolonged agi
tation does not remove more cellular DNA. 
The relative amount of cellular DNA re
moved by shear from the M-band complex 
is the same in infected and uninfected 
cells. 

The location of the nuclear membrane 
after nuclear fractionation was determined 
using purified nuclei from cells prelabeled 
with [3H]choline for two generations of 
growth. The [3H]choline-containing frac
tion of the nucleus remains associated 
completely with the M-band complex even 
after shearing (Table 1). By means of a 
lipid extraction according to Folch et al. 
(1957), it could be demonstrated that la
beled choline has been incorporated exclu
sively into the lipid moiety of the nuclei. 
More than 95% of the 3H radioactivity was 
recovered in the lipid phase. The residual 
fraction consisting mainly of nucleic acids 
and proteins contained no radioactivity 
indicating that transmethylation or 3H 
exchange does not occur extensively in 
these nuclei. Therefore, an M-band com
plex can be isolated from purified nuclei 
that contains a minor part of the cellular 
DNA in- association with the nuclear lipids. 

To investigate the location of Ad5-DNA 
replication inside the cell nucleus, cells 
were pulse-labeled with [3H]TdR for differ-
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TABLE 1 
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LOCALIZATION OF VIRAL AND CELLULAR DNA AFTER NUCLEAR FRACTIONATIONa 

Sample Infection Shear Total cpm Top M-band 

Prelabeled Cellular DNA ( [14 C]T) 

Nuclear membrane ( [14 C]choline) 

1-Min pulse ( [3H]TdR) 

60-Min pulse ( [3H]TdR) 

1-Min pulse ( [3H]TdR), 60-min chase 

+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 

(40 sec) 

+ 

+ 

+ 

+ 

+ 

+ 

recovered (%) (%) 

1,775 9 91 
1,825 75 25 
4,705 12 88 
4,650 71 29 

995 8 92 
770 5 95 
976 3 97 

1,025 7 93 
75,500 6 94 
76,420 76 24 

2,916 4 96 
2,874 80 20 

a KB cells were uniformly labeled with [3H]TdR, [14C]T or [14 C]choline. As indicated, the cells were 
pulse-labeled with [3H]TdR for different periods of time, 18 hr after infection with Ad5. Purified nuclei were 
prepared from these cells and they were subjected to M-band analysis as described in Materials and Methods. 
When indicated, the nuclear lysate was sheared for 40 sec by means of Vortex mixing. The values are expressed 
as the relative amount of acid-precipitable radioactivity in the top and M-band fractions of the gradient 
compared with the total radioactivity recovered (average of three experiments). The recovery of radioactivity 
applied to the gradients was greater than 75%. 

ent periods of time at 18 hr after infection. 
As mentioned before, at this time after 
infection the pulse-labeled DNA corre
sponds to viral DNA. Nuclei from pulse
labeled infected cells were fractionated 
according to the M-band procedure. Af
ter a 1-min pulse of [3H]TdR almost all 
radioactivity is associated with the M
band complex, even if the nuclear lysate is 
sheared. In this respect, replicating Ad5-
DNA behaves differently from the bulk of 
overall labeled cellular DNA (Table 1). 
However, after a 60-min pulse of [3H]TdR 
or a 1-min pulse of [3H]TdR followed by a 
60-min chase, about 80% of the labeled 
viral DNA is removed from the M-band 
complex by shearing. The observed cosedi
mentation of pulse-labeled viral DNA and 
nuclear lipids, if a sheared nuclear lysate is 
used, strongly suggests that intermediates 
in Ad5-DNA replication are intimately 
associated with the lipid moiety of the 
nucleus, while mature viral DNA is not. 

It is known that replicating Ad5-DNA 
molecules contain extensive regions of sin
gle-stranded DNA (Sussenbach and van 
der Vliet, 1972). The observed association 
of replicating Ad5 DNA with the M-band 
complex, if sheared nuclear lysates are 

used, may be the result of an artificial 
attachment due to the presence of such 
extensive single-stranded regions. To in
vestigate this possibility, different forms of 
Ad5-DNA were added to isolated nuclei 
prior to nuclear fractionation (Table 2). It 
appears that native Ad5-DNA isolated 
from intact virus particles by phenol ex
traction is not associated with the M-band 
complex. When AdDNA is denatured by 
heat the single-stranded DNA molecules 
are to a certain extent attached to the 
M-band complex. However, isolated repli
cating Ad5-DNA molecules, although con
taining extensive regions of single-stranded 
DNA, are not associated with the M
band complex. Therefore it seems unlikely 
that the association of replicating Ad5-
DNA with the M-band complex originates 
from the presence of single-stranded re
gions in these molecules. 

Electron-Microscope Autoradiography 

Since pulse-labeled Ad5-DNA and nu
clear lipids cosediment in an M-band com
plex, it seems likely that the replication of 
Ad5-DNA takes place in proximity to the 
nuclear membrane. The location of the 
lipid moiety in the cell nucleus, which has 
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TABLE 2 

AssocIATION OF DIFFERENT FORMS OF Ao5-DNA WITH 
THE M-BANDa 

Sample Shear Total Top M-band 
(40 cpm (%) (%) 
sec) recov-

ered 

Native Ad5-DNA + 402 88 12 
(a2p) 

Denatured Ad5- + 367 67 33 
DNA (32P) 

Replicating Ad5- + 4830 99 1 
DNA, 1-min 
pulse (3H-TdR) 

a Nuclei purified from infected cells were mixed 
with either phenol-extracted, 32P-labeled Ad5-DNA 
or its denatured form (10 min at 95° followed by rapid 
cooling to 0°) or 3H-labeled intermediates in Ad5-
DNA replication before nuclear lysis. This replicating 
Ad5-DNA was extracted from infected cells by a 
modified Hirt procedure, after a 1-min pulse with 
[

3H]TdR. After M-band analysis, as described in 
Materials and Methods, the acid-precipitable radio
activity was measured and the values are expressed as 
the relative amount of radioactivity in the top and 
M-band fractions of the gradients compared to the 
total radioactivity recovered (average of three experi
ments). The recovery of raa-ioactivity applied to the 
gradients was almost 100%. 

not yet been identified as the nuclear 
membrane, is investigated by means of 
electron-microscope autoradiography. 
With the same technique, the location of 
pulse-labeled Ad5-DNA in nuclei of in
fected cells is determined in order to inves
tigate a possible structural relationship 
between replicating Ad5-DNA and the nu
clear membrane. 

Nuclei were isolated (Sussenbach et al., 
1972) from cells that were labeled with 
[

3H]choline for two generations of growth. 
Cytoplasmic contamination was removed 
by sedimentation of isolated nuclei 
through a discontinuous sucrose gradient 
(Baskas, 1971). An autoradiogram of these 
nuclei (Fig. 2) shows that most grains are 
located at or in close proximity to the 
nuclear membrane. The distribution of the 
grains over the nuclei is quantified as 
described in Materials and Methods and 
the results are listed in Fig. 3A. The 
majority of the grains is situated in area a, 
in which the grains are away from the 

nuclear envelope for a distance of 0.5 µm or 
less. This value represents twice the error 
limiting the autoradiographic resolution 
used (Bachmann and Sal peter, 1965). 
These results show that the [3H]choline 
radioactivity, which represents the lipid 
moiety of the nucleus, is incorporated al
most exclusively into the nuclear mem
brane. The origin of the grains in parts of 
the nucleus other than the region close to 
the nuclear envelope is not yet clear. 

Electron-microscope autoradiography of 
infected cells pulse-labeled with [3H]TdR 
for 1 min (Fig. 4) shows that the radioactiv
ity is confined to the cell nucleus. In 
contrast to what has been observed in 
[

3H]choline-labeled nuclei, the grains are 
not restricted to the nuclear envelope or 
regions adjacent to it, but they appear to 
be randomly distributed over the nucleus. 
To quantify this observation the grain 
densities over the different areas (see Ma
terials and Methods) have been deter
mined. The results have been summarized 
in a histogram (Fig. 3B). It appears that 
the grain densities in most areas are simi
lar. However, the grain density in the 
region close to the nuclear envelope (area 
a) is significantly lower than the densities 
in other areas. An essentially similar den
sity distribution of grains is observed in 
nuclei from cells that were pulse-labeled 
with [3H]TdR for 2 min (Fig. 3C) and 60 
min (Fig. 3D). The data from the histo
grams further indicate that nucleoli are 
less involved in Ad5-DNA replication than 
the nucleoplasm. At 18 hr after Ad5 infec
tion electron-dense, bandlike inclusion 
bodies are visible in the nuclei (Fig. 4). 
Their appearance is similar to that of the 
type II inclusion bodies described by Mar
tinez-Palomo et al. (1967) in Ad12-infected 
cells. While others have reported a strict 
correlation between the grains and type 
II inclusion bodies (Martinez-Palomo and 
Grandboulan, 1967; Shiroki et al., 1974), 
we find that the grains inside the nucleo
plasm are only partially located over such 
inclusion bodies. This discrepancy may be 
due in part to the stage of infection. 

The data from electron-microscope auto
radiography reveal that the grain distribu
tion in nuclei from infected cells pulse-
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Fm. 2. Electron-microscope autoradiograph of nuclei from cells that had been grown for two generations in 
the presence of [3H ]choline (2 µCi/ml). Nuclei were purified as described in the text. The specimen was 
processed as described in Materials and Methods; the exposure time was 9 weeks. The bar represents 4 µm. 

labeled with [3H]TdR does not coincide 
with the grain distribution in nuclei la
beled with [3H]choline. 

DISCUSSION 

In the present study the localization of 
Ad5-DNA replication inside the cell nu
cleus has been jnvestigated by both frac
tionation of isolated nuclei and electron
microscope autoradiography. For a correct 
interpretation of the results it has to be 
shown that, after pulse-labeling with 
[

3H]TdR 18 hr after infection, radioactivity 
is incorporated into viral DNA only. Sev-

eral authors have shown that when the rate 
of viral DNA replication is at its maximum 
the synthesis of host-cell DNA is sup
pressed (Ginsberg et al., 1967; Pearson and 
Hanawalt, 1971). On the other hand a 
stimulation of cellular DNA synthesis 
under these conditions is reported by Ta
kahashi et al. (1969). We demonstrated 
that in KB cells the synthesis of cellular 
DNA is almost completely suppressed at 18 
hr after infection; the newly synthesized 
DNA corresponds to viral DNA (Fig. 1). 
Therefore the radioactivity incorporated 
into DNA at 18 hr after infection can be 
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FIG. 3. Distribution of grains in nuclei from KB 
cells. The distribution of grains was measured in 30 
nuclei isolated from cells labeled with [3H]choline for 
two generations of growth (A) and in nuclei (40 for 
each pulse) from adenovirus-infected cells pulse
labeled with [3H]TdR for 1 min (B), 2 min (C) and 60 
min (D), as described in Materials and Methods. The 
grain density (expressed as grains/100 µm 2

) in nuclear 
cross-sections was measured in different areas, which 
were at each point away from the nuclear membrane 
for distances of 0-0.5 (a); 0.5-1.0 (b); 1.0-1.5 (c); 
1.5-2:0 (d); 2.0-2.5 µm (e); 2.5-3.0 (/) and 3.0-3.5 µm 
(g). The grain densities of the nucleoli (nu) were 
measured separately. See also Materials and 
Methods. 

used to trace viral DNA in electron-micro
scope autoradiography and nuclear frac
tionation experiments. 

To study the site of Ad5-DNA replica
tion, nuclear preparations were fraction
ated according to the M-band technique of 
Tremblay et al. (1969) with some modifica
tions. In our experiments the nuclear mem
brane was presumed to be monitored by 
the incorporation of [3H]choline into the 
lipid moiety of the cell nucleus. We demon
strated by lipid extraction that this radio
activity is incorporated into the lipid 
moiety of the nucleus. This lipid moiety 
represents the nuclear membrane as con
cluded from electron-microscope autoradi
ography (Fig. 2). Upon fractionation of 
isolated nuclei the nuclear membrane is 
always found associated with the M-band 
complex as could be expected from the 

hydrophobic character of the nuclear enve
lope. After shearing of the nuclear lysate 
only a minor portion of the cellular DNA 
remains associated with the nuclear mem
brane in an M-band complex. This DNA 
fraction is reported to be enriched with 
replicating DNA (Pearson and Hanawalt, 
1971; Yamada and Hanaoka, 1973; Hilde
brand and Tobey, 1973; Infante et al., 
1973). Pulse-labeled Ad5-DNA cosedi
ments almost completely with the nuclear 
membrane in an M-band complex unaf
fected by shear. When this pulse-labeled 
Ad5-DNA is chased into mature molecules 
the majority of the radioacitvity no longer 
cosediments with the nuclear membrane 
after shear. Our observations strongly sug
gest an intimate association of the nuclear 
membrane and the sites of Ad5-DNA repli
cation. Similar results were obtained by 
Yamashita and Green (1974) and Pearson 
and Hanawalt (1971) for Ad2-DNA and by 
Shiraki et al. (1974) for Ad12-DNA. 

The localization of Ad5-DNA replication 
in KB cells was also determined using 
electron-microscope autoradiography with 
special reference to the involvement of the 
nuclear membrane. As calculated from 
pulse-chase experiments ( unpublished re
sults) replication of Ad5-DNA proceeds at 
a maximal rate of about 1 µm/min, which 
is in agreement with rates for DNA replica
tion in other mammalian systems. There
fore, a pulse of [3H]TdR for 3 min or more 
could result in erroneous location of origi
nally peripheral grains in a more central 
position in the nucleus. Thus, pulses of 
[

3H ]TdR as short as 1 or 2 min are required 
to establish whether the nuclear membrane 
is actually involved in Ad5-DNA replica
tion. Analysis of autoradiograms (Fig. 4) of 
cells pulse-labeled with [3H]TdR for 1 min 
reveals that the grains are not restricted to 
the region adjacent to the nuclear enve
lope, although an intimate association be
tween the nuclear membrane and the sites 
of viral DNA replication was suggested by 
nuclear fractionation experiments. The 
grains appear to be randomly distributed 
over the nucleus. Furthermore, we con
clude (Fig. 3) that there are no major 
differences in grain distribution in nuclei of 
cells labeled with [3H]TdR for different 
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FIG. 4. Electron-microscope autoradiographs from Ad5-infected KB cells exposed to [3H]TdR for 1 min. The 
specimens were processed as described in Materials and Methods; the exposure time was 16 weeks. The bar 
represents 1 µm. Inset: bar represents 4 µm. 

periods of time. In all cases the region in 
close proximity to the nuclear membrane 
(area a) seems to be less involved in 
Ad5-DNA replication than other areas. 
One could speculate that the presence of 
peripheral heterochromatin concentrated 
at the nuclear membrane is prohibitive for 
the presence of viral DNA. These data 
indicate that the nuclear membrane is not 
involved in Ad5-DNA replication. On the 
contrary, the replication of Ad5-DNA 
seems to occur throughout the cell nucleus. 
In agreement with our data two recent 
electron-microscope autoradiographic 

studies showed that the replication of 
Ad12-DNA (Shiroki et al., 1974) and Ad2-
DNA (Simmons et al., 1974) is not associ
ated with the nuclear membrane. 

The data from electron-microscope auto
radiography and nuclear fractionation lead 
to opposite conclusions. It is most likely 
that the association of replicating viral 
DNA with the M-band complex has no 
functional implications. The temporal as
sociation between viral DNA and an M
band complex is highly dependent on the 
replicative state of the DNA, since mature 
Ad5-DNA is released from the complex 
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upon completion of replication. Since rep
licating Ad5-DNA molecules contain long 
stretches of single-stranded DNA, these 
regions may associate preferentially with 
the nuclear membrane or with the M-band 
complex, as has been suggested (Fakan 
et al., 1972; Huberman et al., 1973). Con
trol experiments, however, indicate that 
the association of pulse-labeled Ad5-DNA 
with the M-band complex is probably not 
due to the single-stranded regions in rep
licating Ad5-DNA molecules. It is more 
likely that proteins present in a DNA re
plication complex are responsible for the 
association of replicating DNA and the 
nuclear membrane, as suggested by 
Yamada and Hanaoka (1973). Recently the 
existence of an Ad31 virus-coded protein 
involved in both DNA replication and the 
formation of the M-band complex was 
proposed by Suzuki and Shimojo (1974). 
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SUMMARY 

The localization and fate of parental adenovirus type 5 (AdS) DNA in KB 

cells at the time viral DNA replication occurs has been ~nvestigated by 

electron-microscope autoradiography and biochemical methods. At 18 hr after 

infection the majority of the parental AdS DNA molecules is present in the 

nucleus. About 60% of these molecules are involved in viral DNA replication by 

this time, but about 40% have not yet replicated at all. Electron-microscope 

autoradiography of cells infected with 3H-labeled AdS reveals that replicating 

parental AdS DNA molecules are randomly distributed throughout the nucleus, 

while non-replicating viral DNA has a preference to locate in the periphery of 

the nucleus. Based on the experiments reported in this communication, the 

intranuclear fate of parental Ad5 DNA is discussed. 

VI-I 



INTRODUCTION 

During productive inf ection of ad enoviruses the process of virnl DNA 

H-!plicat io n i s confined to the cell nucl eus. Som(' autl,ors h ;1vL' :1ssig11e<l to th e 

nu c l ea r membran e a role in th e replication of celluL.ir (Frie<lm.:in ond Mueller, 

1969; Mi zuno e t al ., 1971; Ha naoka and Yamada, 1971; Yamada and Hanaoka, 1973; 

Infante e t a L , I 97 3; Hildebrand and Tobey, 1973) and adenov irus DNA (Pearson 

and Hanawalt, 1971). However, electron-microscope autoradiography of adenovirus 

infect ed cells has shown unequivocally that replicating viral DNA is distribuL

ed randomly over the nucleoplasm (Shiraki et al., 1974; Simmons et a l., 1974; 

Vlak et al ., 1975) . 

In the studies mentioned above the replicati~g viral DNA was labeled by 

means of short pulses of (3H) thymidine (TdR). Obviously, this _technique l eaves 

unnoticed the location of parental viral DNA in the nucleus. The role of 

parental adenovirus DNA as a primary template for viral DNA replication is 

evident, but data on the fate nnd localization of parental adenovirus DNA 

inside the nucleus are sc.:irce. This communication describes a combined bio-

chemical and electron-microscopic study of the localization and fate of 

parental adenovirus DNA during viral DNA replication. 

The results described in this paper suggest that the intranuci~ar localiza

tion of parental AdS DNA molecules depends on whether these molecules are in

volved in replication. Parental Ad5 DNA molecules not (yet) involved in iepli

cation seem to be held up in the nuclear periphery. 

MATERIALS AND METHODS 

Ce llr-; and v-ir•u s . KB eel ls were grown as mono layer cultures in basal 

Eagle's medium in Hanks balanced salt solution cont.:1ining 0.5% lactalhumin, 

10% calf serum, 100 units of penicillin G per ml and 100 µg streptomycin sul-

VI-2 



phate per ml. Suspension cultures were obtained by trypsinization of the mono

layers and addition of the cells to the above medium, at a concentration of 

5 x 10 5 cells per ml. Cells were infected with Ad5 that was labeled and pre

pared as described below, at a m.o.i. of 3000 physical particles per cell. Virus 

particle concentration was determined from A2 i, 0 llH:'as11rem<.~nts (Maizl'l ,•/, n/.J 

1968). 

Chemic:a ls and r>ad-ioiDuLopes. Hydroxyurea (HU) and 5-bromodeoxyurid inc 

(BrdU) were obtained from Sigma, St. Louis; 5-fluorodeoxyuridine (FdU) was a 

gift from Hoffman La Roche. 

( 3H)TdR ((6- 3H)thyrnidine, 43 Ci/mmole), ( 14 c)TdR ((2- 14 c)thyrnidine, 

57 mCi/mmole) and ( 3H)CdR ((S- 3H)deoxycytidine, 24 Ci/mmole) were obtained 

from the Radiochemical Centre, Amersham, England. 

Ur>epara l1'.on of labeled oir1us. Mono layer cultures of KB cells were infected 

with lysates of AdS infected cells. The lysates were obtained from AdS infected 

cells by three cycles of freezing and thawing. At 6 hr after infection ( 3H)TdR 

(J-10 µCi/ml medium) was added to the virus containing medium. The concentra

tion of ( 3H)TdR was increased to 100-200 µCi/ml medium when virus was prepared 

for electron-microscope autoradiography. Incubation was continued at 37° for 

48 hr when cytopathic effect was evident. From the detached cells the virus was 

purified by the method described by Green and Pina (1963). After two cycles of 

equilibrium centrifugation in CsCl the virus was stabilized with 1% bovine 

serum albumin (BSA) and dialyzed against three changes of 0.01 M Tris/HCl, 

0. 15 M NaCl, pH 8.1 for 24 hr in order to remove any contaminating ( 3H)TdR. The 

specific activities of the DNA from purified AdS ranged from 4-20 x 104 dpm/µg 

DNA at low initial concentrations of ( 3H)TdR to 7-15 x 10 5 dpm/µg DNA at high 

initial concentrations of ( 3H)TdR in the medium. 

Labeling of pr•ogenu 01'.1 1cll DNA with lh 1dll. Suspension cultures were infected 

with AdS containing 3H-labele<l DNA. At the tines indicated, 5-hromodeoxyuridine 

was added to these suspension cultures to a final concentration of 10-S Hin 

order to label progeny viral DNA. The density of newly synthesized DNA is in-
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creased after the replacement of thymine by 5- bromouracil. FdU was added to a 

concentration of 5 x 10- 6 M to inhibit thymidylate synthetase . DNA synthesis 

was stopped by pouring the incubation mixture into ice-cold phosphate buffered 

saline containing I mM EDTA . 

l sola lt' on and a.na l y r;iG oj' oira l ON/I. Cells wer e w.:ished thr ee times with 

ic e- cold phosphate buffered saline containing mM EDTA . Aliquots or cells 

(J x IO 7 ) were suspended in 7 ml hypotoni c solution ( 20 mM llepl's pl! 8. I , 0. 5 mM 

CaC1 2 , 1 mM dithiothreitol, mM MgC1 2) and allowed to swell for JO min at 0°. 

To prepare nuclei the cells were disrupted by 10 strokes of a Dounce homogeniz e r 

and subsequently 1/10 volume of I .5 M NaCl was added. Then NP 40 was added to a 

final concentration of 0.1% v/v and the suspension was layered on top of 8 ml 

0 . 25 M sucrose containing 20 mM Hepes pH 7. 8 , 50 mM KCl, 0. 5 mM CaCl 2 , I m,"'1 

dithiothreitol, I mM MgCl2, After centrifugation (10 min, 1000 x g _at 4°) the 

sediment contained nuclei free of cytoplasmic contaminants as observed in the 

phase contrast microscope; the supernatant was taken as the cytoplasmic frac 

tion. Viral DNA was extracted from intact cells, nuclei and cytoplasm using a 

modified Hirt extraction procedure. Cells or nuclei were suspended in 0.01 M 

Tris-HCl, pH 7.5, 0.01 M EDTA at a concentration of 5 x 10 5 per ml. To the 

suspension of cells or nuclei and to the cytoplasmic fraction sodium dodecyl

sulphate (SDS) was added to 0.1% and pronase to 500 µg/ml. After 30 min at 30° 

the SDS concentration was raised to 1% and after 5 min at room temperature NaCl 

was added to a concentration of IM. After 16 hr at 4° the suspension was cen

trifuged for 30 min at 30.000 g and the supernatant fluid containing viral DNA 

was used either directly or after dialysis against 0.15 M NaCl, 0.015 M Na 

citrate, 0.01 M EDTA, pH 7.5. 

Viral DNA was subjected to CsCl gradient centrifugation in C.15 M NaCl, 

0.015 M trisodium citrate, 0.1% sarkosyl, pH 7.5, at 35,000 rpm for 65 hr at 

10° in a Spinco 50 Ti angle rotor. The initial density was I .730 g / cm 3 . Mature 

32P-labeled Ad5 DNA isolated from intact virions was used as a density marker 

at 1.716 g / cm 3 . The positions of IIL and Hll virnl DNA in the gr.:idicnt were 



determined from the densities of HH viral DNA isolated from infected cells af

ter a pulse of ( 14 c)TdR in the presence of 10-5 M BrdU from IS to 18 hr after 

infection. The density of the different markers is calculated from refractive 

ind ices ( If t et a Z. , I 96 I ) . 

E'lPet-r•on-m-i,cPoscope aui-m•adiogPaphy. KB cells were infected with 3H

labeled AdS at a m.o.i. of 5000 physical particles per cell. Ad5 was prelabeled 

with 3H-thymi<line as described in the previous section. After incubation for 

18 hr at 37° in the presence or absence of 10-2 M hydroxyurea the cells were 

collected and washed three times with phosphate buffered saline A. The prepara

tion of the cells for thin sectioning, electron microscopy and autoradiography 

was as described previously (Vlak et al., 1975). For the quantitative and 

statistical evaluation of the autoradiographs the procedures described by Vlak 

et al. (1975) and Doornbosch (1959) were used. 

RESULTS 

To analyze the intracellular fate of AdS DNA during DNA replication by 

electron-microscope autoradiography and biochemical methods KB cells were in

fected with AdS particles containing 3H-labeled DNA. Progeny viral DNA could be 

distinguished from 3H-labeled parental viral DNA by the use of BrdU as a densi

ty label. 

1. Integrity of t'.ntracellulaY' parental Ad5 DNA 

Since the fate of parental viral DNA duri-.:1g replication will be followed 

by monitoring the 3H-radioactivity, it is necessary to assess the integrity of 

this DNA inside the cell. Aliquots of cells infected with 3H-labeled AdS were 

taken at two-hour intervalls until 20hr after infection. The cells were lysed as 

described in the legend of Fig. 1 and analyzed on alkaline sucrose gr~dients. 

Up to 20 hr after infection (Fig. I) the 3H-labeled parental viral DNA sediments 
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Fig. 1. Alkaline isokinetic sucrose gradient centrifugation of 3H-labeled 

parental Ad5 DNA. 20 hr after infection the cells were suspended in . 0 . 15 ml 

0 . 01 M Tris , pH 7.5, 0.01 M EDTA and mixed with 0.15 ml 0.01 M Tris, 0.01 M 

EDTA, 0.6 M NaCl, 0 . 3 M NaOH, 2% SDS on top of an alkaline sucrose gradient 

containini 0.3 M Na0H, 0.9 M NaCl, 0.01 M Tris, 0.01 M EDTA and 0.1% sarkosyl. 

After standing for 2 hr at room temperature, the lysate was centrifuged for 

16 hr at 28,000 rpm and 15° in a Spinco SW41 rotor.-- • --, 3H-labeled Ad5 

DNA; --- A --- , 32P-labeled Ad5 marter DNA. 
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at the position of Ad5 marker DNA at 34S. This demonstrates that there is no 

intracellular breakdown of parental viral DNA up to 20 hr after infection. 

2. InvollJement of' paY'entaZ- Ad,"> DNA in plr•aL DNJI 1•cpli'.eation 

Onset of' viral DNA rieplication. To monitor the involvement of parental Ad5 

DNA in viral DNA replication we have used BrdU as a density label. Any parental 

DNA molecule that has undergone replication can be distinguished from unrepli

cated parental viral DNA by analysis of the DNA on neutral CsCl density gra

dients. KB cells were infected with 3H-labeled AdS in the presence of BrdU as 

described in Materials and Methods. Samples from these cultures were taken at 

5 hr, 6 hr, 8 hr and II hr after infection and viral DNA was selectively ex

tracted from whole cells according to a modified Hirt procedure as described in 

Materials and Methods. The viral DNA was run to equilibrium in neutral CsCl 

density gradients. At 5 hr after infection (Fig. 2A) all the 3H-radioactivity 

banded at a density position of 1.716 g/cm3 (LL), corresponding to unreplicated 

parental DNA. At 6 hr (Fig. 2B) after infection a small amount of 3H-radioacti

vity is observed at a density slightly higher than I .716 g/cm3 , which probably 

represents replicating parental DNA molecules. At 8 hr after infection (Fig. 2C) 

22% of the 3H-radioactivity banded at a hybrid (HL) position of 1 .748 g/crr 3 • The 

value of 1.748 g/cm3 is close to the theoretical density shift of 6(pHL - PLL) 

0.036 g/cm 3 calculated for Ad5 DNA from the data of Rownd (1967) assuming that 

the A-T content of Ad5 DNA is 42 mol % (Pina and Green, 1965). These data 

indicate that under our conditions thymine in the heavy strand is replaced by 

5-bromouracil for about 88%. At II hr after infection the fraction of parental 

radioactivity banding at the HL position (not shown) had increased to 41%, in

dicating that at this time 41% of the parental viral DNA molecules has under-

gone at least one round uf replication. 

Our results demonstrate that under our conditions viral DNA replication 

starts between 5 and 6 hr after infection. This is in good agreement with pre

vious data based on the appearance of radioactivity at the density of viral DNA 

(I .716 g/cm 3 ) in CsCl density gradients after pulse-labeling of infected cells 
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Fig. 2. CsCl equilibrium centrifugation of Ad5 DNA isolated from cells infected with 3H-labeled Ad5. KB cells 

were infected with 3H-labeled Ad5 at a m.o.i. of 3000 physical particles per cell in medium that contained 10-2 M 

BrdU. At 5 hr (A), 6 hr (B) and 8 hr (C) after infection viral DNA was extracted from 6 x 107 cells according to a 

modified Hirt extraction procedure as described in Materials and Methods. CsCl density gradient analysis was per

formed as described in Materials and Methods. 32P-labeled Ad5 DNA was used as a marker. -- o -- , 3H-labeled parental 

Ad5 DNA; --- ! --- , 32 P-labeled Ad5 marker DNA;------, density gradient. 



(Mantyj arvi and Russell, I 969). The slow shift of the parental rad ioac it ivi ty 

from the LL to the HL density indicates that the parental viral DNA molecules 

get involved in replication in a highly asynchronous manner. 

!noolvement oj' pariental DNA in vir·al DNA r>eplz'.c:ot-fon at UI fn• uj'i;er• 

lion. For a correct interpretation of the autoradiograms, uhich were made 

at 18 hr after infection when viral DNA synthesis occurs at its maximum speed, 

it is necessary to determine the proportion of 3U-labeled parent;, I DNA \~l1ich at 

that time 1s actively involved in replication. For tl1is purpose we have <lensitv 

labeled replicating viral DNA with BrdU from 15 hr to 18 hr and from 15 hr to 

20 hr after infection of the cells with Ad5, that was 3H-labeled in its DNA. 

The viral DNA was extracted from whole cells and subjected to CsCl density 

gradient analysis. Fig. 3B shows that 3 hr after addition of BrdU 43% of the 

3H-radioactivity banded at the HL position. After 5 hr (Fig. JC) the amount of 

parental DNA at the HL position has increased to about 58%. To determine the 

proportion of the parental DNA that at 20 hr after infection has undergone at 

least one round of replication since the onset of viral DNA synthesis, we have 

exposed infected cells to BrdU from 5 to 20 hr after infection, From the results 

presented in Fig. 3A it can be calculated that 62% of the parental radioactivity 

3' 
bands at the HL position (I. 71+8 g/cm ) . 

The data presented in Fig. 3A and 3C demonstrate that after exposure of 

infected cells to BrdU from 6 to 20 hr and from 15 to 20 hr after infection, in 

both cases an equal proportion (~60%) of the parental radioactivity has shifted 

from the LL to the HL position. This indicates that once parental molecules have 

undergone one round of replication the parental strands continue to serve as 

templates in viral DNA replication. A remarkable finding is that even 20 hr 

after infection still 40% of the parental DNA mole1~ules have never replicated. 

This raises the question whether these molecules are located in the nucleus or 

in the cytoplasm. 
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Fi g. 3. CsCl equilibrium centrifugation of parental Ad5 DNA isolated from infected cells t hat were exposed to BrdU 

for different periods of time. KB cells were infected with 3H-labeled Ad5 at a m. o . i. of 3000 physical particles per 

cell. Viral DNA was isolated from 107 cells that have been exposed to 10-2 M BrdU from 5 to 20 hr (A) , from 15 t o 18 hr 

(B) and from 15 t o 20 (C) after infection . In experiment A the cells were also labeled with 14 C-TdR from 16 to 20 hr 

after infection, to determine · the position of RH DNA in the gradients . As described in Ma t erials and Methods t he vira l 

DNA was extracted from the cel ls according to a modified Hirt extraction procedur e and analyzed on CsCl dens ity gra

dients. 32 P-labeled Ad5 DNA was used as a marker. The arrows indicate the positions of LL , HL and RH Ad5 DNA. 

-- • -- , 3H-labeled parental Ad5 DNA; --- A --- , 14 C-labeled progeny Ad5 DNA . 
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Fig. 4. CsCl equilibrium centrifugation of Ad5 DNA isolated from whole cells (A), isolated nuclei (B) and cyto

plasm (C). KB cells were infected with 3H-labeled Ad5 and exposed to BrdU from 5 to 18 hr after infection. At 18 hr 

after infection the nuclear and cytoplasmic fractions were prepared from 3 x 10 7 cells as described in Materials and 

Methods. Viral DNA was extracted either from another 3 x 10 7 cells (A) or from nuclei (B) and cytoplasm (C) according 

to a modified Hirt procedure as described in Materials and Methods. CsCl density gradient centrifugation of viral DNA 

was performed as described in Materials and Methods. 32P-labeled Ad5 DNA was used as an internal marker. The arrows 

indicate the position of LL and HL Ad5 DNA. -- •-- , 3H-labeled parental Ad5 DNA; ---! --- , 32P-labeled Ad5 marker 

DNA. 



Fig. 5. Electron-microscope autoradiograph of KB cells infected with 

3H-labeled Ad5. KB cells were infected with 3H-labeled Ad5 as described in 

Materials and Methods. At 18 hr after infection specimens were prepared 

for electron microscopy and autoradiography as described earlier (Vlak et 

al., 1975); the exposure time was 14 weeks. The represents 4 µm. Nuc. = 

nucleus; Cyt. = cytoplasm. 
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~1. J,oeczli;~llticm of PepUeah'.ng mul non-repl-iualinu po.Y'ental 11db DN/l moleeules 

Cell fr•cwt;-fonation of /lei{; infected eeUs. The localization of replicating 

(HL) and non-replicating (LL) parental viral ONA inside the cell at 18 hr after 

infection has been investigated by analysis of the viral DNA of whole cells, 

isolated nuclei and cytoplasm on CsCl density gradients (Fig. 4). Replicating 

viral DNA (HL) in the cell (Fig. 4A) appears to be located in the nucleus (Fig. 

4B) as could be expected since the cell nucleus is the site of adenbvirus DNA 

replication. Of the non-replicating (LL) parental viral DNA only a minor frac

tion is present in the cytoplasmic fraction (Fig. 4C), the majority is found in 

the nucleus. 

Assuming that all HL molecules are located in the nucleus it can be cal

culated from the data in Table I that about 85% of the non-replicating parental 

Ad5 DNA is present in the nucleus. Inside the nucleus about 40% of the total 

parental radioactivity represents non-replicating Ad5 DNA; the remaining 60% of 

the radioactivity represents viral DNA that is tl1ought to be active in viral 

DNA replication at 18 hr after infection (see previous section). 

ElectPon-microscope autoradiography of Adb infected cells. The location of 

3H-labeled parental Ad5 DNA in KB cells at 18 hr after infection was investigat

ed using electron-microscope autoradiography as described in Materials and 

Methods. Cells were infected with 3H-labeled Ad5 of high specific activity. An 

autoradiogram of a cell at 18 hr after infection is shown in Fig. 5. In accord

ance with the data obtained by cell fractionation experiments, only a few grains 

are observed over the cytoplasm. The majority of the grains are concentrated 

over the nucleus. Inside the nucleus the grains appear to be randomly distribut

ed over the nucleoplasm. To quantify this observation we have determined the 

grain densities of different areas of the nucleus (Vlak et al., 1975). The 

results are summarized in a histogram (Fig. 6A). It appears that the grain den

sities are essentially equal in all areas of the nucleus, indicating that at 

18 hr after infection the 3H-labeled parental DNA molecules are randomly distri

buted throughout the nucleus. However, grains are virtually absent over the 
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Fig. 6. Electron- microscope autoradiography of KB cells infected with 

3H-labeled Ad5; distribution of grains in nuclei. The distribution of grains 

was measured in nuclei from cells infected with 3H-labeled Ad5 in the absence 

(A) ·or presence (B) of 10- 2 M HU (see also Materials and Methods). The grain 

density (expressed as grains per 100 µm 2 ) in nuclear cross - sections of A (24 

nuclei) and B (29 nuclei) was measured in different areas, which were at each 

point away from the nuclear membrane for distance of 0- 0.5 (a); 0.5- 1 .0 (b); 

1 . 0-1.5 (c ); 1.5-2 . 0 (d); 2.0-2.5 (e); 2.5- 3 . 0 (f) and 3.0-3.5 µm (g ). Cross-

sections smaller than 20 µm 2 were excluded. 
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nucleolar areas and over the electron-dense inclusion bodies, suggesting that 

the active sites of viral DNA replication are located in the nucleoplasm apart 

from the viral inclusions. These observations are in agreement with the data of 

Simmons et al. (1974) and Vlak et al. (1975) on Ad2 and Ad5 DNA replication, 

which indicate that grains derived from newly synthesized viral DNA are rarely 

located over the viral inclusions. 

Electron-microscope autoradiography of Ad5 infected cells that were pulse

labeled with 3H-thyrnidine (Vlak et al., 1975) has shown that the Ad5 DNA repli

cation sites are distributed randomly over the nucleus, with exception of the 

peripheral area "a" in which the grain density was significantly lower than in 

other areas. In contrast to these data the present experiments show that the 

grain density in the peripheral nuclear area is about equal to the densities in 

other areas. Taking into account the presence of unreplicated parental viral 

DNA in the nucleus, the autoradiographic data suggest that the grains that are 

locate~ in the nuclear periphery may represent parental DNA molecules that are 

not (yet) involved in replication. 

Electron-microscope autoradiography of KB cells infected with Ad5 in the 

presence of hydroxyurea (HU). The localization o.E parental AdS DNA in the nu

cleus in the absence of DNA synthesis was investigated by electron-microscope 

autoradiography of 3H-labeled AdS infected cells. DNA synthesis in the infected 

cells was inhibited by HU. HU is known to inhibit efficiently cellular (Young 

and Hodas, 1964) and viral DNA (Sussenbach and van der Vliet, 1973) synthesis. 

Fig 7 shows an autoradiogram of a cell at 18 hr after infection with 3H-labeled 

Ad5 in the presence of 10-2 M HU. The majority of the grains is found ic the 

nucleus suggesting a relatively unimpaired transport of viral DNA to the nucleus. 

Inside the nucleus most of the grains appear to be located in the regions ad

jacent to the nuclear membrane. Only a few grains are located at the nuclear 

membrane. Structures similar to the viral inclusions, which are normally ob

served in AdS infected cells have not been detected in cells treated with HU. 

The grain densities of different areas of the nucleus (Vlak et al., 1975) are 
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Fig. 7. Electron-microscope autoradiograph of KB cells infected with 

3H-labeled Ad5 in the presence of hydroxyurea. KB cells were infected with 

3H-labeled Ad5 as described in Materials and Methods, in the presence of 

10-2 M hydroxyurea. At 18 hr after infection specimens were prepared for 

electron microscopy and autoradiography as described earlier (Vlak et al., 

1975); the exposure time was 12 weeks. The bar represents 4 µm. Nuc. = 

nucleus; Cyt. = cytoplasm. 
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determined and the data are summarized in Fig. 6B. The grain density in area 

"a", which is in close proximity to the nuclear membrane, is significantly 

higher than in other areas of the nucleus. 

DISCUSSION 

Studies on the early interaction between adenovirus and cells (see for 

review: Philipson and Lindberg, 1974) have indicated that the DNA of cell 

associated virions enters the nucleus in the first few hours after infection as 

intact molecules. Data on the intranuclear fate of parental adenovirus DNA are; 

however, scarce. In the present paper we describe a combined biochemical and 

electron-microscopic study of the localization and fate of parental adenovirus 

DNA during viral DNA replication. 

It could be demonstrated both by electron-microscope autoradiography (Fig! 

5) and analysis of the radioactivity associated with isolated nuclei (Table I) 

that 18 to 20 hr after infection approximately 90% of the viral DNA in the cell 

is located inside the nucleus. The viral DNA is present as intact molecules 

(Fig. I). 

From the biochemical experiments in which BrdU was used as a density mar

ker, it appears that viral DNA replication starts at about 6 hr after infection. 

Gradually more of the parental viral DNA molecules become involved in viral DNA 

replication (Fig. 2). The entry of parental viral DNA molecules into the repli·

cRting pool is apparently highly asynchronous. Approximately 60% of the parental 

DNA molecules appear to have replicated (Fig. 3, Table I) and to be still active 

in viral DNA replication at about 18 hr after infection (Fig. 3). By this time 

a significant fraction (40%) of the parental DNA molecules have not yet repli

cated, although by far the most (90%) of the parental DNA is located inside the 

nucleus. Apparently the location of parental DNA molecules in the nucleus does 

not necessarily mean that they are bound to replic~te. 
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viral DNA HL peak LL peak 

isolated from dpm % dpm % 
--- -- - - - .. - •·-

cells 4,379 55 3,625 45 

nuclei 4,655 58 3,360 42 

- -·· 

1'able I. Distribution of replicating ~HL) and non-replicating (LL) 

parental AdS DNA in cells and nuclei at 18 hr after infection. Viral DNA was 

extracted at 18 hr after infection from cells and purified nuclei of cells, 

that had been infected with 3H-labeled Ad5 and exposed to BrdU from 5 hr af

ter infection, as described in the legend of Fig. 4. Viral DNA has been 

analyzed in 'CsCl density gradients, from which the radioactivity of the HL 

and LL peaks was calculated and expressed as percentage of the radioactivity 

in (HL + LL). 
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The presence in the nucleus, late after infection, of intact parental DNA 

molecules that have not (yet) replicated is difficult to explain. The entry of 

these unreplicated parental DNA molecules into the replicating pool may be 

hampered, because they have to compete with many progeny DNA molecules for pro

teins and/or sites involved in (viral) DNA replication. The possibility that 

these molecules are for some reason unable to replicate seems to be excluded by 

recent experiments (data not shown) in which viral DNA replication was synchro

nized by the use of HU. In the presence of HU the uncoating of the viral DNA 

and the transport to the nucleus seems to be relatively unimpaired (see also 

Fig. 7), hut viral DNA replication does not start (Sussenbach and van der Vliet, 

1973). When at 18 hr after infection the HU-block is released, a wave of rela

tively synchronous viral DNA replication occurs. Using BrdU as a density label, 

it was found that within 2 hr already 70% of the parental viral DNA had repli

cated. Twenty hours after the release of the HU-block about 90% of the parental 

DNA had replicated at least once, indicating that essentially all of the viral 

DNA molecules are suitable to serve as a template in DNA replication. 

Electron-microscope autoradiography of cells that were infected with 3H

labeled Ad5 reveals that at 18 hr after infection the majority of the grains are 

located in the nucleus, distributed at random throughout the nucleoplasm (Fig. 5 

Fig. 6A). Only a few grains are found over the nuclear membrane. The interpreta

tion of the grains in these autoradiograms in terms of actual sites of replica

tion of parental viral DNA is complicated by the fact that part of the grains 

represent parental viral DNA that is not involved in replication. In a previous 

study (Vlak ct al., 1975) we have demonstrated by electron-microscope autoradio

graphy of Ad5 infected cells pulse-labeled with ( 3n)TdR, that replicating viral 

DNA is found in all areas of the nucleus. However, the peripheral region that 

is in close proximity to the nuclear membrane (area "a") appeared to be less 

involved in viral DNA replication than other areas. This is in contrast to the 

present data, which show that the grain density in the peripheral nuclear area 

"a" is about equal to the densities in other areas. It is likely that the dis-
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tribution of replicating parental Ad5 DNA is similar to the distribution of 

pulse-labeled replicating viral DNA. Therefore, the relatively high grain densi

ty in the peripheral area "a" found in the present experiments, can be best 

explained by assuming that parental AdS DNA which has not yet replicated is 

largely confined to the periphery of the nucleus. 

In this context it should be noted that the peripheral area "a" comprises 

about 30 to 40% of the nuclear volume if one assumes the nucleus to be a sphere 

with a radius of 4 µm. Area "a" will, therefore, contain 30 to 40% of the total 

grains in tl1e nucleus which equals the fraction of parental Ad5 DNA that as 

judged from the biochemical experiments (Table I) has not yet replicated. This 

might also indicate that the fraction of parental DNA that has not (yet) repli

cated at 20 hr post infection has not been altered significantly by the BrdU 

treatment. 

The presence of non-replicating parental Ad5 DNA in region "a" is not 

unusual, since electron-microscope autoradiography of cells that were infected 

with 3H- labeled Ad5 in the presence of HU has shown, that parental ·Ad5 DNA mole

cules that are unable to replicate have a preference to locate in the periphery 

of the nucleus (Fig. 6B and Fig. 7). It seems as if in the presence of HU the 

Ad5 DNA molecules after entering into the nucleus are somehow prevented from 

spreading freely through the nucleus. Although this effect may be caused by an 

inhibitory action of HU on the intranuclear transport of viral DNA, it is more 

likely to be a direct consequence of the absence of DNA replication. We are at 

present investigating the latter possibility by studying the intranuclear loca

lization of the parental DNA of the Ad5 DNA minus mutant H5tsl25 at the non

permissive temperature. This mutant is defective in the initiation of DNA repli

cation (Ginsberg et al., 1974; van der Vliet and Sussenbach, 1975). 

The data presented in this communication may lead to the following picture of 

the intracellular fate of parental Ad5 DNA. After uptake and intracellular uncoat

ing of the virus, the viral DNA enters the nucleus through the nuclear pore com

plex (Chardonnet and Dales, 1972). Inside the nucleus the parental viral DNA mole-

VI-20 



cules not yet involved in DNA replication are held up in the peripheral regions 

ot the nucleus. The way the (replicating) parental viral is transported from the 

nuclear periphery to other areas of the nucleoplasm is as yet obscure. Once viral 

DNA replication has started the unreplicated parental Ad5 DNA molecules have to 

compete progressively more with progeny Ad5 DNA molecules, possibly for sites 

and/or proteins required for viral DNA replication. After replication of a 

parental DNA molecule the parental strands continue to serve as templates in 

viral DNA replication. The encapsidation of the progeny DNA molecules occurs in 

the nuclear inclusions (Martinez-Palomo et al., 1967; Simmons et al., 1974). 
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SUMMARY 

The purpose of the investigations described in this thesis was to gain insight 

in the localization of adenovirus DNA replication in eukaryotic cells and to 

elucidate some aspects of the mechanism of viral DNA replication. 

Chapter I gives a short review of the literature concerning the nature of 

adenoviruses and the lytic interaction between these viruses and eukaryotic 

cells. An introduction to the topics of the papers presented in the Chapters 

III-VI is given in Chapter II. 

Chapter III deals with the separation and purification of the complementary 

strands of adenovirus type 5 DNA by means of the poly (U,G) copolymer binding 

technique. The strand with the higher buoyant density in alkaline CsCl gradients 

appears in the less dense poly (U,G)-DNA complex in neutral CsCl gradients. The 

purified complementary strands of adenovirus type S DNA are used to determine 

the strand specificity of the short pieces in adenovirus DNA replication 

(Chap~er IV). 

The experiments described in Chapter IV have been performed to investigate 

whether the concept of discontinuous synthesis of DNA can be extended to the re

plication of adenovirus DNA. It is demonstrated that the replication of adeno

virus type S occurs by discontinuous chain propagation via short pieces of DNA. 

These short pieces of DNA accumulate if the infected cells are treated with 

hydroxyurea. The short pieces have a sedimentation coefficient of 11 S cor

responding to a molecular weight of about 700,000, and they contain sequences 

derived from all parts of the adenovirus genome. Furthermore, it is shown that 

these short pieces represent sequences complementary to both strands of adeno

virus type S DNA. 

Studies on the localization of adenovirus DNA replication in KB cells have 

been described in Chapter V. On the basis of the finding th.at after fractio

nation of isolated nuclei the replicating viral DNA cosediments with the nuclear 

membrane it was thought that viral DNA replication occurs at the nuclear 



membrane . However, the association of replicating viral DNA with a nuclear 

membrane complex appears to be artificial. Electron-micr oscope autoradiography 

of infected cells ~hows that the pulse-labeled viral DNA is not located at the 

nuclear membrane but is randomly distributed over the nucleus . It is concluded 

that the replication of adenovirus type 5 DNA occurs throughout the nucleus. 

In Chapter VI the localization and fate of parental adenovirus type 5 DNA 

in KB cells at the time viral DNA synthesis occurs have been investigated. 

Viral DNA replication starts about 6 hr after infection in a highly asyn

chronous manner. At 18 hr after infection the majority of the parental adeno

virusvirus type 5 DNA molecules is present in the nucleus. About 60% of these 

molecules are involved in viral DNA replication by this time, but about 40% have 

not yet replicated at all. Electron-microscope autoradiography of cells infected 

with radioactive adenovirus type 5 reveals that replicating parental DNA 

molecules are randomly distributed throughout the nucleus, while non-replicating 

viral DNA has a preference to locate in the periphery of the nucleus . Based on 

these experiments a model of the intranucle~r fate of parental adenovirus type 5 

DNA is proposed. 



SAMENVATTING 

De onderzoekingen beschreven in dit proefschrift hebben tot doel: 

- de plaats van de adenovirus DNA synthese in eukaryotische cellen te bepalen; 

- enige aspekten van het mechanisme van de virale DNA replikatie nader te be-

studeren. 

Hoofdstuk I bevat een kart overzicht van de literatuur over de aard van 

actenovirussen in het algemeen en over de lytische interaktie tussen deze virus

sen en eukaryote cellen. Een inleiding tot de onderwerpen van de artikelen 

(Hofdstukken III-IV) wordt gegeven in Hoofdstuk II. 

In Hoofdstuk III wordt de scheiding en zuivering van de komplementaire 

strengen van adenovirus type 5 DNA met behulp van de poly (U,G) kopolymeer 

bindingstechniek beschreven. De streng met de hoogste zweefdichtheid in alka

lische CsCl gradienten blijkt voor te komen in het lichtste poly (U,G)-DNA kom

plex in neutrale CsCl gradienten. De zuivere komplementaire strengen van adeno

virus type 5 DNA warden gebruikt om de streng-specificiteit van korte fragmen

ten in de adenovirus DNA replikatie te bepalen (Hoofdstuk IV). 

De experimenten beschreven in Hoofdstuk IV zijn uitgevoerd om te onderzoe

ken of de opvatting, dat DNA diskontinu gemaakt wordt, oak geldt voor de repli

katie van adenovirus DNA. Aangetoond kon warden, dat tijdens de replikatie van 

adenovirus type 5 DNA de ketenverlenging diskontinu verloopt via korte stukken 

DNA. Deze korte fragmenten kunnen warden opgehoopt door de ge1nfekteerde cellen 

te behandelen met hydroxyureum. De sedimentatie-koefficient van de korte frag~ 

menten is I I S, wat overeenkornt met een molekuulgewicht van 700.000. Hun base

volgorden blijken afkomstig te zijn van het gehele adenovirus genoom. Bovendien 

kon warden aangetoond dat deze korte fragmenten op beide strengen van het ade

novirus type 5 DNA gemaakt warden. 

Een onderzoek over de lokalisatie van adenovirus DNA replikatie in KB cel

len is beschreven in Hoofdstuk V. De waarneming, dat na fraktionering van ge

isoleerde kernen het replicerende virale DNA sedimenteert sarnen met het kern-



membraan, lijkt erop te wijzen, dat de virale DNA replikatie plaatsvindt aan 

het kerrunembraan. Het blijkt echter, dat deze associatie van replicerend viraal 

DNA met een kerrunembraan-komplex niet zonder meer betekent, dat het DNA in dit 

komplex ook werkelijk aan het kernmembraan gebonden is. Elektronerunikroskopische 

autoradiogtafie van geinfekteerde cellen laat zien, dat het kortgemerkte virale 

DNA zich niet op of nabij het kernmembraan bevindt, maar gelijkmatig verdeeld 

is over de kern. De konklusie is, dat de replikatie van adenovirus type 5 DNA 

overal in de kern kan plaatsvinden. 

In Hoofdstuk VI zijn de lokalisatie en de lotgevallen van het ouderlijke 

adenovirus DNA in KB cell~n bestudeerd. De virale DNA replikatie begint onge

veer 6 uur na infektie, maar de ouderlijke DNA molekulen raken niet alle tege

lijk betrokken bij DNA replikatie. Achttien uur na infektie is de meerderheid 

van de ouderlijke DNA molekulen aanwezig in de kern. Ongeveer 60% van deze mo

lekulen is op dit tijdstip betrokken bij de virale DNA replikatie, maar ongeveer 

40% heeft nog nooit aan DNA synthese deelgenomen. Elektronenmikroskopische 

autoradiografie van cellen, die geinfekteerd waren met radio-aktief gemerkt ade

novirus type 5, laat zien, dat replicerende ouderlijke DNA molekulen gelijkmatig 

verdeeld zijn over de kern, terwijl. niet-replicerend viral DNA zich daarentegen 

bij voorkeur bevindt in de perifere gedeelten van de kern, Via deze experimen~ 

ten is een indruk verkregen van de organisatie van de adenovirus DNA replikatie 

in de celkern. 
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I 

Het DNA van adenovirus redupliceert via de synthese van korte frag

menten. 

Dit proefschrift. 

II 

Het kernmembraan is niet betrokken bij de synthese van adenovirus DNA. 

Dit proefschrift. 

III 

De zichtbaarheid van "short filaments" in bet breukvlak van 

Acanthamoeba casteUani-celmembranen is niet alleen afhankelijk van de 

schaduwhoek tijdens de vries-breek procedure. 

Bowers, B. en Olszewski, T.E. (1974). 
8th Intern.Congr.Electr.Microsc., Canberra, 
Vol.II, p. 212. 

IV 

De onlangs gevonden tweede initieeringsplaats voor de eiwitsynthese op 

het RNA van poliovirus komt zeer waarschijnlijk pas beschikbaar na 

verstoring van de sekundaire struktuur van het RNA door ribosomen, die 

het "polyproteine" synthetiseren. 

Celma, M.L. en Ehrenfeld, E. (1975). J.f.1ol.Biol. 
98, 761. 
Villa-Komaroff, L., Guttman, N., Baltimore, D. 
en Lodish, H. (1975). Proc.Nat.Acad.Sci.USA. 
Il:..., 4157. 

V 

De toename van collagenase aktiviteit in de synoviale vloeistof bij 

p~tienten met rheurnatische arthritis en osteoarthritis kan ook op an

dere wijze verklaard warden dan door een toename in hoeveelheid colla

genase. 

Abe, S., Shinrnei, M. en Nagai, Y. (1975). 
J.Biochem. 73, 1007. 



VI 

Daar de mogelijkheid om insekten op verantwoorde wijze te bestrijden 

met insektenvirussen ondermeer bepaald wordt door hun specificiteit, 

client aan dit aspekt meer aandacht besteed te warden. 

WHO Technical Report Series (1973). No. 531. 

VII 

Men dient het ponsen van gaten op de plaats waar men girokaarten van 

een handtekening voorziet achterwege te laten. 

Girokaarten PCGD. 

VIII 

De argumenten, die Jazwinski et al. gebruiken om aan te tonen dat bet 

gen H eiwit van bacteriofaag ~X174 betrokken is bij de replikatie van 

~Xl74 DNA, zijn onvoldoende. 

Jazwinski, S.M., Marco, R. en Kornberg, A. 
(1975). Virology~' 294. 

IX 

De verschillen tussen in suspensie en in monolagen gegroeide neuro

blastomacellen, voor wat betreft de eiwitsynthese aktiviteit in vitP0, 

worden ten onrechte in verband gebracht met de neuronale aktiviteit 

van deze cellen. 

Zucco, F., Persico, M., Felsani, A., Metafora S. 
en Aug:..:sto-Tocci, G. (1975). Proc.Nat.Acad.E::.:i.,. 
~'.:'J... 72, 2289. 
Augusti-Tocco, A., Casola, L. en Grasso, A. 
(1973). Celi D-'i,ff. ~' 157. 

X 

Het is momenteel een luxe om in de puree te zitten. 



XI 

De verschillen in morfologie van Rhabdoviridae uit planten en dieren 

berusten niet op artefakten. 

Wagner, R.R. In: Comprehensive Virology, Vol.4 
(H. Fraenkel-Conrat en R. Wagner, eds.), p. 9 
Pergamon Press. 
Peters, D. en Schultz, M.G. (1975). Pr•oc. 
Koninkl.Ned.Akad.Wet. ~' 172. 

XII 

De veronderstelling van Pont Lezica e~ aZ., dat in eukaryoten de bij 

de overdracht van suikers betrokken lipide-intermediair een a-verza

digde polyprenyl-monofosfaat is, wordt niet voldoende ondersteund 

door hun experimenten. 

Pont Lezica, R., Brett, C.T., Romero Martinez, P. 
en Dankert, M.A. ( 197 5). Biochem. Biophys. Res. 
Commun. 66, 980. 

XIII 

De uitspraak van Sayers et al,: "Het adrenocorticotrope hormoon (ACTII) 

is een peptide, dat gesynthetiseerd en afgegeven wordt door de hypofyse 

om de sekretie van corticostero'iden door de bijnierschors te reguleren", 

geeft de huidige opvattingen over de werking van ACTH niet volledig 

weer. 

Sayers, G., Beall, R.J. en Seelig, S. (1974). 
In: Biochemistry of hormones (H. v. Rickenberg, 
ed.), p. I. Butterworth, London. 

XIV 

Zwart geld zit meestal bij witte boorden. 

J.M. Vlak, 1 maart 1976 
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