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INTRODUCTION

I - 1 ADEHOVIBUSES

The structure and replication of the genomes of DNA containing animal

viruses are subjects of extensive investigations. This scientific interest is

strongly stimulated by the expectation that investigation of these viral systems

may reveal some of the general principles of the molecular biology of the euka-

ryoti c eel1.

From the five major groups of mammalian viruses with DNA genomes -

parvoviruses, papovaviruses, adenoviruses, herpesviruses, and poxviruses in

order of increasing complexity (Melnick, 1974) - the papovaviruses and adeno-

viruses have been especially useful in the study of DNA structure and replicat-

ion. Large quantities of viral DNA are readily obtainable from these viruses.

The comparatively small size of their genomes suggests that a number of cellular

functions play a role in viral DNA replication; this emphasizes the possibility

that the study of these viral systems may lead to a better understanding of DNA

replication in eukaryotic systems.

_T - 1-1 Adenovims infection

The interaction of adenovirus with the eukaryotic cell can result in

either an abortive or a lytic infection, depending on the cell type. In the

abortive infection, nonpermisive cells, in which the virus cannot multiply, may

become permanently transformed upon infection. Many adenovirus types even have

been shown to induce tumors when injected into newborn rodents.

The lytic infection in permissive cells leads to virus multiplication

and eventually to cell death. This type of infection causes respiratory diseases

in the natural hosts of adenoviruses. About eighty serologically different adeno-

viruses have been found in a variety of animal species (Beladi, 1972). Thirty-

three adenovirus serotypes have been isolated from human adenoi'd tissue.

The lytic infection cycle of the human types 2 and 5 (Ad2 ana Ad5) has

been studied most extensively. In short, the following events take place. The

virus adsorbs to the cellular plasma membrane, penetrates into the cell, and is

uncoated within 15 minutes after penetration (Sussenbach, 1967; Lonberg-Holm and

Philipson, 1969). Subsequently, the DNA enters the nucleus and 1-2 hours after

infection the first viral transcripts can be detected in the cytoplasm (early
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viral mRNA). Viral DNA replication begins at 6-10 hours after infection, and is >

required to initiate transcription of other viral genes (late viral mRNA). By \

18 hours after infection, 60% of the mRNA synthesized in the cell is of viral ;

origin (Raskas and Obuko, 1971) and 80S! of the polypeptides made are viral ;

structural proteins (White et al. , 1969). At the end of the infection cycle, x

the virions are assembled in the nucleus. •

I - 1-2 The virion •.

The virus particle is composed of DNA and protein. It has a molecular

weight of about 175 x 106 daltons (Green et al. , 1967), and contains 12-14% DNA.

It has an icosahedral structure with a diameter of 65-80 ran (Home et al.,1959).

In the purified virion of the human serotype 2, which has been studied in detail,

at least nine different polypeptides can be detected. Three major capsid proteins

(hexon, penton base, and fiber) and two core proteins, strongly bound to the DNA,

have been identified. The location of the remaining four polypeptides within the

virion is not well established (Philipson and Lindberg, 1974).

I - 1-3 Structure and properties of adenovirus DNA

The DNA in human adenovirus particles can be ectracted by treatment

with pronase, sodium dodecylsulphate and phenol (Green, 1964; Van der Eb, 1969).

The DNA thus obtained has a linear duplex structure and a molecular weight of

20-25 x 10s daltons (Green, 1967; Van der Eb, 1969).

Bellett and coworkers have shown that in the absence of a proteolytic

enzyme, employing an extraction with guanidiniura hydrochloride, DNA with a

circular duplex structure can be isolated front Ad2 virions. Treatment of these

double-stranded circles with pronase converts them into linear molecules (Robin-

son et al., 1973) (see Fig. 1-1). Similar structures have also been observed

for Ad5 DNA (Keegstra et al., 1977). They consist of linear duplex DNA molec-

ules which are kept in a circular form by a protein linker, probably covalently

bound to the 5'-terminal nucleotides of the DNA. The function of these DNA-

protein complexes is still unknown.

The question whether deproteinized adenovirus DNA itself has the

ability to circularize has been the subject of several studies. From these in-

vestigations it was concluded that adenovirus DNA, unlike a number of other

-*?"•"""
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Fig.I—1. Schematic diagram of different structural forms of adenovirus DNA.
Treatment of isolated virions with pronase and sodium dodecylsulphate
yields linear double-stranded DNA molecules. After denaturation and
reannealing at low DNA concentrations, single-stranded circles appear
due to the presence of an inverted terminal repetition in adenovirus
DNA. Extraction of virions with guanidinium HC1 releases a circular
DNA-protein complex, which is linearized by pronase digestion.

linear genomes, does not possess cohesive single-stranded molecular ends

(abIIIIIIaib>)> nor a terminal repetition (*,£,"™I*,£,), which would allow
circularization of the duplex molecule (Green et al. , 1967; Younghusband and

Bellett, 1971). Instead, an inverted terminal repetition (a«bI------t'a'^
has been observed, which enables single strands of adenovirus DNA to circular-
ize (Garon et al., 1972; Wolfson and Dressier, 1972) (see Fig.I-1). Inverted
terminal repetitions have also been detected in linear DNA molecules from other
sources, e.g. Tetvahymena mitochondrial DNA and adenovirus associated DNA (Arn-
berg et al. , 1975; Koczot et al. , 1973). It has been suggested that these in-
verted terminal repetitions may be involved in the replication of linear DNA
genomes, but their actual function is still unknown.

ifc

I - 1-4 Transcription of adenovirus DNA

In order to determine the regions of the adenovirus genome which are
transcribed during lytic infection, cytoplasmic RNA from infected cells was
hybridized to restriction enzyme fragments of adenovirus DNA. Fig.1-2 shows
the regions of Ad5 DNA transcribed at early and late times after infection.

'it. '>'

•€'
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Fig.IS. Transcription map of the adenovirus genome.

The nuclear and cytoplasmic transcription products of the viral r- and
1- strand are shown. The open arrows indicate early mRNA's, while late
mRNA's are indicated by the filled arrows. The early nuclear transcripts
are represented by the dashed arrows, and the late nuclear transcript i
is indicated by a solid arrow. This figure is based on data obtained ,
with Ad2 and Ad5 by several authors (Chow et al. , 1977; Flint et al. , '•
1976; Flint, 1977).

The early RNA is transcribed from four distinct regions of the genome

refered to as early regions 1-4. Early regions 1 and 3 are located on the viral

r-strand, and early regions 2 and 4 on the viral 1-strand. The late RNA is main-

ly transcribed from the r-strand.

Analogous experiments with nuclear RNA extracted from cells infected

with Ad2 have revealed that, starting from only a few initiation sites, large

transcripts of the viral DNA are first made within the nucleus. These large

transcripts are subsequently processed to give rise to the various viral mRNA

molecules (Evans et al. , 1977).

More detailed studies on the viral mRNA molecules surprisingly indic-

ated that this processing is a far more complicated event than just cutting of

the large transcripts to yield the viral mRNA's. It has been shown that adeno-

virus mRNA's contain nucleotide sequences at their 5'-ends which are not

transcribed from DNA sequences immediately adjacent to the structural gene,

but from sequences which map at distant locations in the viral genome (Berget

et al., 1977; Chow et al., 1977). These sequences, which are contained in the

nuclear transcripts, and which are subsequently detected coupled to all mRNA

molecules derived from the nuclear transcripts, are called leader sequences.

The mechanism by which one or more leader sequences are coupled to the main

body of the mRNA molecules, usualiy refered to as splicing, is still unknown.

The leader sequences are present only as single copies in a nuclear transcript,

and it is probable that only one mRNA molecule can be generated from one, often



.Comptamtntory strand synthesis"

Fig.IS. Model for the replication of adenovirus DNA (Sussenbach et «Z. , 1972;
Sussenbach and Kuijk, 1978).
In the first round of replication, initiation of displacement synthesis
may jccur at the left-hand end, proceeding to displace the viral
1-strand, as well as at the right-hand end, proceeding to displace the
r-strand (r and 1 refer to the direction of transcription of the strands,
rightward and leftward,respectively). After completion of the displace-
ment synthesis the displaced strands are completed by complementary
strand synthesis. Parental DHA is indicated by the solid lines; progeny
DNA is indicated by the wavy lines.

much larger, nuclear transcript. This mechanism of RNA processing may very well
play an important role in the control of gene expression by determining the
rates at which different mRNA's are produced.

I - IS Replication of adenovirus DNA

Studies on the mechanism of DNA replication of various prokaryotic
and eukaryotic organisms have revealed that generally circular intermediates
are invoked in replication. The parental DNA molecules in these systems either
have circular structures themselves, or are able to circularize by virtue of
specific base sequences at the termini of the linear molecule.

As was described in section 1-3, the ends of adenovirus DNA do not,
however, enable the molecule to form a covalently closed circular duplex. More-
over, biochemical and electron microscopical analyses of replicating Ad5 DNA
have shown that replication proceeds via linear intermediates. Y-shaped double-
stranded molecules with single-stranded branches and unbranched linear molecules
with a double-stranded as well as a single-stranded region have been observed
as intermediates in the replication process (Sussenbach et al. , 1972; Van der Eb,
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1973; Ellens et al., 1974). Biochemical studies have shown that Ad5 DNA replic- i

ation initiates with equal frequency at one of either molecular ends (Sussenbach'

and Kuijk, 1978) and that termination sites are located at both ends of the j

molecule (Sussenbach and Kuijk, 1977). a

Combination of all available data led to the postulation of the model j

for replication of adenovirus DNA shown in Fig.1-3. A remarkable feature of this \

model is that the replication of the two complementary strands of adenovirus DNA |

occurs in an asynchronous way. 1

I - 1-6 Initiation of adenovirus DNA replication

£•

One of the major unanswered questions in adenovirus DNA replication

concerns the mechanism of initiation of replication. Studies on other DNA syn-

thesizing systems have revealed that, although their replication mechanisms may

be quite different from oneanother, initiation always requires a free 31- OH

group as a primer. This group may be provided by an RNA primer molecule or by

nicking one of the strands of a double-stranded DNA.

In the case of linear adenovirus DNA, with origins of replication

located at both molecular ends, these initiation events are difficult to envis-

age. A short RNA primar molecule might be synthesized on the 3'-terminal regions

of the DNA strands, displacing the 5'-termini and providing 3'-0H groups for DNA

synthesis. No mechanism is known, however, by which the original 5*-ends of the

linear molecule can be restored after the removal of the RNA primer.Conservation

of the 5'-terminal sequence is also impossible if initiation occurs by nicking

one of the strands of a linear DNA molecule. In the latter case, part of the

parental strand functions as a primer and becomes part of the progeny strand

without being replicated.

Recently, it has been proposed that initiation of adenovirus DNA

replication might occur via a fold-back mechanism (Wu et al., 1977), as out-

lined in Fig.1-4. According to this model, a modification of the model proposed

by Cavalier-Smith (1974), DNA synthesis is primed by the 3'-end of the parental

molecule. The action of an endonuclease is postulated to restore the 5'-termi-

nus; this enzyme might remain covalently linked to the 5'-end, explaining the

presence of the terminal protein attached to adenovirus DNA.

Obviously, this hypothetical mechanism would require specific nucle-

otide sequences, called palindromes j^,',^';;) to be present at the molecular

ends of the DNA, allowing the formation of the hairpin structures. Electron
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Fig.1-4.

Hypothetical model for the initiation
of adenovirus DNA replication, accord-
ing to Wu et flj, (1977), based on the
model proposed by Cavalier-Smith (1974).

The terminus contains a palindromic
aucleotide sequence, which allows the
formation of a hairpin, prsviding a free
3'- OH group. This group is usad as a
primer for progeny strand synthesis
(dashed lines). For completion of the
molecular ends in the final stage, the
parental strand (solid lines) is cleaved
just outside the palindrome, releasing
a new primer which is used to replicate
the hairpin. The arrow indicates the 3'-
end of a strand.

microscopical studies have indicated that a fold-back structure of 34 + 10 nu-

cleotide pairs may be present at the termini of Ad2 DNA. The resolution of the

technique used, however, is insufficient to determine the exact nature of the

observed structures (Wu et al., 1977).

On the other hand, adenovirus DNA has been shown to contain an invert-

ed terminal repetition (see section 1-3). The length of this repetition in Ad2

DNA has been estimated to be between 100 and 140 nucleotides by restriction

enzyme analysis (Roberts et al., 1974), and 115 ± 10 nucleotides by electron

microscopical analysis (Wu et al., 1977). These at least partially identical

nucleotide sequences at the ends of the genome have been suggested to play a

role in viral DNA synthesis or oncogenesis or both (Garon et aj-., 1972). Experi-

ments described by Graham et al. (1974) suggest that these sequences are not

involved in oncogenesis, but that they might be required for virus replication.

This notion is strengthened by the location of the origins of DNA replication

at both molecular ends, since a common biological function may very well imply

the presence of identical nucleotide sequences.

The purpose of the investigations described in this thesis is to

analyze the primary structure at the ends of the Ad5 DNA. The results should

allow definite conclusions to be drawn regarding the nature of the inverted

terminal repetition and the presence of sequences which might give rise to

conforntational changes at the ends of the DNA; these sequences might be essential

in the process of initiation of DNA replication.
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I - P. DM SEQUENCE ANALYSIS

In the past few years, the development of new techniques has caused
a rapid progress in the sequencing of DNA molecules. About five years ago,
only a small number of short nucleotide sequences had been determined by
direct DNA sequencing techniques (for a review, see Salser, 1974). This was
mainly due to the lack of enzymes capable of degrading DNA molecules to small,
specific fragments. Direct DNA sequence analysis was restricted to the very
ends of long DNA molecules and to regions which could be protected during
aspecific degradation of the unprotected DNA, such as promoter or repressor-
binding sites. • .

Instead, RNA sequencing techniques were used much more extensively
(reviewed by Brownlee, 1972). Large RNA molecules were specifically degraded
by various RNAases, and the resulting relatively small oligonucleotides were
separated, isolated and analyzed. Many DNA sequences have been determined
indirectly, by analyzing the RNA transcribed from them in vitro.

The discovery of restriction endonucleases has greatly enhanced the
development of direct DNA sequencing methods. These enzymes can cleave large
DNA molecules into specific smaller fragments, making interesting regions of
the DNA easily accessible to sequence analysis.

I - 2-1 Restriction endonusleases

Restriction endonucleases recognize specific nucleotide sequences in
DNA molecules and subsequently cut these molecules (for a review, see Roberts,
1976). Two classes of restriction endonucleases have been distinghuished.
Class I enzymes cut at nonspecific sites away from the recognition sequence,
whereas Class II enzymes recognize and cleave a specific, often palindromic,
sequence. These Class II enzymes, producing specific fragments from large DNA
molecules, have become very useful, if not indispensable tools in molecular
biology. After the discovery of the f i rs t Class II enzyme in Haemophilus in-
fluenzae (Smith and Wilcox, 1970), their number has increased in excess of
100. Their occurrence in many groups of bacteria indicates the widespread
distribution of these enzymes throughout the bacterial world.

A restriction enzyme was originally defined as an enzyme involved in
a genetic restriction-modification system. For the majority of the restriction
enzymes presently known, however, this correlation has not been demonstrated,
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Fig.1-5. Determination of the recognition sequence of Sau 96 I.
Autoradiograph and schematic representation of the two-dimensional
fraetionation of oligonucleotides obtained by partial snake venom
phosphodiesterase digestion of Ad5 DNA fragments produced by Sau
96 I. The Sau 96 I fragments were labeled with 32P at their 5'-
ends. E and H refer to the directions of electrophoresis and
homochromatography, respectively. (Sussenbach et at. , 1978).

primarily because the interest in these enzymes lies not in their biological

properties, but in their usefulness as analytical tools.

Characterization of a restriction enzyme usually involves a description

of the cleavage patterns of phags lambda, adenovirus and simian virus 40 DNA,

and the determination of the recognition sequence. For most practical purposes,

the recognition sequence is the fundamental property which needs to be known

about a restriction endonuclease.

The methods employed for the determination of a recognition sequence

are illustrated by the example of an enzyme from staphyloaoaaus aureus PS 96,

Sau 96 I (Sussenbach,Steenbergh.Rost, van Leeuwen and van Embden, 1978). This

enzyme was discovered at the National Institute of Health (Bilthoven) and was

characterized in our laboratory.

The 5'-ends of Ad5 DNA fragments produced by restriction with this

enzyme were labeled using 74 polynucleotide kinase and (Y-32P) ATP in the same

way as described in chapter IV. Complete digestion of the labeled fragments to
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Enzyme Microorganism

Alu I Athrobacter luteua

BamE I Bacillus amyloliquefaciens H

Bgl II Bacillus globiggi

Eao RI Escherichia coli Rl 13

Hae III Haemophilus aegyptius

Hha I Haemophilus haemolyticus

Hind III Haemophilus influenuae R^

Hinf I Haemophilus influenzae fl_

i£>a I Haemophilus parainfluensae

Hpa II Haemophilus pavainfluenzae

Hph I Haemophilus parahaemolytieus

Hsu I Haemophilus suis

Kpn I Klebsiella pneumoniae OK 8

Sma I Serpabia mavcsscens S,

Sou 96 I Staphylococcus aureus PS 9ff

Tae I Theimoplasma aaidophilum

Taq I Thermus aquaticus YTI

Xba I Xanthomonas badrii

Xho I Xanthomonas hold cola

Recognition sequence (51 •+ 31) |

A G+C T i
G*G A T C C

A*G A T C T

G*A A T T C

G G*C C

G C G+C

A+A G C T T

G*A N T C

G T T*A A C

C;C G G

G G T G A N,

A A G C T T

G G T A C+C

C C C+G G G

G^G N C C

C G+C G

T+C G A

T*C T A G A

C*T C G A G

'8

Table I—I. Sources and recognition sequences of restriction endonucleases
mentioned in this thesis. + indicates the site of cleavage. For
Hsu I, the precise location of the cleavage site is not known.
N stands for any one of the four nucleotides.

5'-mononuc1eotides with snake venom phosphodiesterase showed that more than 99%

of the radioactivity was found in deoxyguanosinemonophosphate, while traces of

radioactivity were found in the three other nucleotides. Partial digestion with

snake venom phosphodiesterase led to a series of products including di-, tri-,

tetranucleotides etc. From analysis of the latter, the sequence common to all

5'-ends of the restriction enzyme fragments could be deduced; after 4 nucle-

otides the sequences diversified. From the autoradiograph in Fig.1-5, it was

concluded that the fragment strands specifically terminate with the sequence

5'-G-N-C-C , in which N stands for any one of the four nucleotides.

This sequence suggests that Sau 96 I recognizes the palindromic se-

quence 5'-G-G-N-C-C-3', and cleaves as indicated. This suggestion was confirmed

by determination of the sizes of the fragments produced by cleavage of simian

virus 40 DNA, the replicating form of phage <f.X174 DNA, and the Sim I-K fragment
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g; Fig. 1-6 Physical maps of Ad5 DNA.
ii'- The cleavage patterns of Ad5 DHA with nine restriction endonucleases
!=•- recognizing hexanucleotide sequences (see Table 1-1) are shown.

P
|W of Ad5 DNA with Sou 96 I and comparing these sizes with the expected lengths of

|~- the fragments predicted by the known nucleotide sequences of these DNA's.

I ' The recognition sequences of many restr ict ion enzymes are presently

|f known. In Table 1-1, the restriction endonucleases mentioned in this thesis are

if l i s ted , along with the names of their sources and their recognition sequences.

£ One of the most important applications of restriction enzymes has

Z~ been the physical mapping of viral genomes. A wide variety of restr ict ion endo-

P- nucleases has been used to generate unique fragments of adenovirus DNA. For Ad2

!• and Ad5 DNA in pa r t i cu la r , detai led physical maps have been constructed.Fig.1-6

gv shows the cleavage maps o f Ad5 DNA with nine r e s t r i c t i o n endonucleases. The

[;' information contained i n these maps has been extremely useful i n a great number

h of detai led studies of the genome, including mapping of chromosomal functions

h and nucleotide sequence analys is .
f,
I
i-'
f: I - 2-3 DNA sequencing procedures
t
Ij Besides the discovery of restriction enzymes, recent improvements in
•| gel electrophoresis systems have been essential to the development of direct

I
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DNA sequence analysis techniques. Electrophoresis in acrylamide gels allows the

separation of DNA molecules differing in length by a single nucleotide over a

considerable range of more than 100 nucleotides.

The methods which are presently being used for direct DNA sequence

analysis are based on a common principle. On a sequencing gel, four samples

are loaded containing DNA molecules of differing lengths,all derived from the

same sequence and having one end of that sequence in common. This common end

carries a radioactive label. One of the samples contains DNA molecules exten-

ding from the common end to each of the adenine (A) residues in the sequence;

the DNA molecules in the three remaining samples specifically terminate on cy-

tosine (C), guanine (G), and thymine (T) residues, respectively. After electro-

phoresis and autoradiography, each band in the autoradiograph represents DNA

molecules of which length and nature of the terminal residue are known. This

allows the sequence to be read directly from the autoradiograph.

Several approaches are feasible to obtain the products specifically

terminating with a particular one of the four nucleotides. In the "plus and

minus method" devised by Sanger and Couison (1975) and the "chain-terminating

inhibitors method" developed by Sanger et al. (1977), these products are formed

during enzymatic synthesis of the DNA in vitro on the isolated complementary

strand. According to the method devised by Maxam and Gilbert (1977), these

products are obtained by chemical cleavage reactions, specifically breaking

GNA molecules at a particular one of the four nucleotides.

In the analysis of the terminal regions of Ad5 DNA described in this

thesis, the latter direct ONA sequencing technique has been used. The details

of this sequencing method are outlined in chapter II.
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Strategy for the sequence catalysis of the termini of adenovivus type 5 DNA

The rapid evolution in DNA sequencing procedures is reflected by the

methods which were consecutively applied to detennine nucleotide sequences at

the molecular ends of adenovirus ONA. The results obtained with three different

sequencing techniques are described in chronological order in chapters III, IV,

and V.

The analysis of short nucleotide sequences at the very ends of Ad2

and Ad5 DNA using T4 DNA polymerase is described in chapter III. Sequence ana-

lysis by this method is restricted to the 3'-termini of linear double-stranded

DNA molecules (Englund, 1971).

Although irrelevant to the sequencing results obtained with this

method, it should be pointed out that the current views concerning the location

of the origins of adenovirus DNA replication differ from those stated in chapter

III. Recently, biochemical (Lavelle et al., 1975; Tolun and Pettersson, 1975;

Sussenbach et al., 1976) as well as electron microscopical studies (Lechner and

Kelly, 1977) convincingly showed that both molecular ends can serve as origins

of displacement synthesis (see Fig.1-3). Previous electron microscopical studies,

however, indicated that initiation of displacement synthesis would occur exclu-

sively at the right-hand molecular end (Sussenbach et al., 1973; Ellens et al. ,

1974). It is not clear why initiation at the left-hand end was not observed in

the latter experiments, but several possible reasons explaining the discrepan-

cies with recent findings have been suggested (Sussenbach et al. , 1976; Lechner

and Kelly, 1977).

The sequencing methods applied in chapters IV and V allow the deter-

mination of the complete sequence of restriction enzyme fragments up to about

200 nucleotides in length. Therefore, a longer DNA region of interest has to be

degraded specifically to fragments of about this size. This can be achieved by

the use of combinations of various restriction endonucleases. A detailed physical

map, showing the location of the recognition sites of these restriction enzymes

in such a region has to be constructed prior to sequence analysis.

A simple and rapid method for mapping of restriction enzyme recogni-

tion sites has been described by Smith and Birnstiel (1976). According to this

method, the two termini of a DNA or DNA fragment are labeled with 32P and the

labeled termini are separated, usually by digestion with a restriction enzyme

cutting the DNA only once. The resulting fragments, carrying radioactive label

at only one end, are subsequently digested separately with the restriction
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I

T TERMINAL
LABELING

I RESTRICTION
ENZYME I

(COMPLETE |

/

RESTRICTION
ENZYME II I

(PARTIAL | I

Physical map for restriction enzyme

Fig.II—1. Mapping of restriction enzyme
recognition sites according to Smith and
Birnstiel (1976).
* indicates the radioactive label.
For further details, see text.

endonuclease of which the recognition sites are to be localized. This digestion

should be incomplete, i.e. a l l possible part ial digestion products should be

generated during this incubation. The products are separated by gel electropho-

resis. After autoradiography of the gel , only the terminal subfragment and al l

partial digestion products containing this terminal subfragment are visible in

the autoradiograph. From the sizes of the partial digestion products, a com-

plete map of the restr ict ion enzyme recognition sites can be constructed. (Fig.

II-l).

• Restriction enzyme recognition sites within large terminal fragments

of Ad5 DNA, viz. Hpa I-E ( le f t ) and Hind I I I - I ( r ight ) , respectively, (Fig.1-6)

were mapped according to this procedure (chapters IV and V).

It-

Restriction endonuclease Hha I produces terminal fragments of 75

nucleotides long from both ends of the Ad5 DNA. The nucleotide sequences of

these DNA fragments were determined by direct DNA sequence analysis and by

analysis of the RNA randomly transcribed from the double-stranded fragments by

E. aoli RNA polymerase I (chapter IV).
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According to the latter method (Brownlee, 1972) labeled transcripts

of the DNA fragment are digested either with T, RNAase, producing oligonucle-

f-;;,; otides with a 3'-terminal guanosinemonophosphate residue, or with pancreatic f

I; RNAase, resulting in oligonucleotides with 3'-tera\inal pyrimidine nucleotide j

|t: residues. These oligonucleotides are separated in a two-dimensional system, j

jS composed of high-voltage electrophoresis on cellulose acetate and homochroma- >

|j= tography on polyethyleneimine cellulose. The nucleotide sequences of Tj RNAase .;

f> oligonucleotides are subsequently analyzed by digestion with pancreatic RNAase

|;i and with alkali, respectively, whereas pancreatic RNAase oligonucleotides are

§j digested with T. RNAase and with alkali, respectively. The products are cha-

Iv racterized by high-voltage paper electrophoresis. Due to the fact that T^ and j

|j- pancreatic RNAase oligonucleotides will partially overlap, and to the presence i!

rg of oligonucleotides with complementary nucleotide sequences, the primary struc- j

t": ture of the double-stranded DNA fragment can be derived from the results of |

»<v these analyses.

|/ In chapter IV, the determination of the nucleotide sequences of 194 S.

iif basepairs at both ends of Ad5 DNA is described, using the DNA sequencing tech- "*•

|v nique developed by Maxam and Gilbert (1977). Chapter V deals with the sequence '-;
£• analysis of the right-hand terminal 1078 nucleotides of Ad5 DNA, using the same <

|; sequencing method. |

Jr This procedure allows the determination of the nucleotide sequence of |

*: a terminally labeled DNA molecule by breaking the DNA at adenine ( A ) , guanine I

tC (G)» cytosine (C) or thymine (T) residues with specific chemical agents. The H

f.. method requires single-stranded DNA molecules labeled at one end or double- f§

y. stranded DNA molecules labeled at one end of one of the strands with 3 2 P . The |g

! molecules may be labeled at their 3 1 - or 5'-ends. The labeling techniques most fi
'- s-f

ft: frequently used, employing polynuclaotide kinase for 5'-ends,and terminal nucle- ;%

f otidyl transferase for 3'-ends,will label a double-stranded DNA fragment at both f|s.

tr ends. In order to separate the labeled termini, the fragment may be subjected to :JI

tj restriction enzyme digestion and gel electrophoresis. Thus, two subfragments, each |p'

\:. labeled at one end are obtained, which are now suitable for sequence analysis. ''0

| Alternatively, the two complementary strands of the double-stranded fragment may Jl|

\:. be separated on a gel after denaturation, and both strands, each labeled at one ff§

\i end, may be used for sequence analysis. :JH

B Four equal portions of the labeled DNA are subjected to specific che- ffil-

| mical reactions, modifying the DNA at A, G, C, or T residues, respectively. 1g

[ These reactions should be limited in such a way that only one residue for every %
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fifty to one hundred bases is modified. Subsequently, the modified base is re-

moved from its sugarmoiety. The exposed sugar-moiety is a weak point in the DNA

chain; an alkali- or amine-catalyzed series of beta-elimination reactions will

cleave the sugarmoiety completely from its 31- and 5'-phosphate groups. In this

way, for each of the four different bases, a mixture of radioactive fragments

is obtained extending from the labeled end of the DNA to all positions of a

particular base. The single-stranded fragments can be separated by polyacryl-

amide gel electrophoresis in 7M urea; their sizes reveal in order the points of

breakage. The autoradiograph of a gel, in which the products of the four dif-

ferent chemical cleavage reactions are separated in adjacent lanes, then shows

a pattern of bands from which the nucleotide sequence of the DNA can be read

directly.

This method is illustrated by the example of the DNA sequence in Fig.

II-2. All partial chemical modification reaction products of a Hae lll/Alu I

fragment derived from the right-hand terminal region of Ad5 DNA are listed, and

the corresponding autoradiograph of the sequencing gel from which the sequence

was derived is shown.

For the nucleotide sequence analyses according to this method descri-

bed in chapters IV and V, the following base specific modification reactions

were used:

a. DNA cleavage at adenine (and cytosine)

Strong alkali treatment at 90°C opens adenine rings, and, to a lesser

extent, cytosine rings, adjacent to the glycosidic bond. Subsequent incubation

with piperidine at 90°C leads to displacement of the ring-opened bases and to

strand scission by elimination of the 31- and 5'-phosphates at the residue

where ring-opening occurred. The reaction is about 855S adenine and 15% cytosine

specific.

b. DNA cleavage at guanine

Dimethyl sulphate methylates guanines at the N7 position and adenines

at the N'3 position. The 7-methyl-guanine ring is opened by incubation with

piperidine at 90°C. Under these reaction conditions the base is subsequently

displaced and the phosphate groups are eliminated from the sugarmoiety, result-

ing in strand breakage at guanine. The 3-methyl-adenine ring is either not

opened under these conditions, or is opened at a different site, not resulting

in the release of the base by piperidine. The cleavage reaction is therefore

guanine specific.



31

A T C
A
G
T
T
A
G
T
C
A
G
T
G
T
C
A
C
A
T
T

T

T

Hae III Alu I
5' +xCCCTTTTTTACACTGTGACTGATTGAG + 31

G:
XCCCTTTTTTACACTGTGACTGATTGA
XCCCTTTTTTACACTGTGACTGATT
XCCCTTTTTTACACTGTGACT
XCCCTTTTTTACACTGT
xCCCnTTTTACACT

A:
XCCCTTTTTTACACTGTGACTGATTG
XCCCTTTTTTACACTGTGACTG
XCCCTTTTTTACACTGTG
XCCCTTTTTTAC
xCCCTTTTTT

T+C:
XCCCTTTTTTACACTGTGACTGAT
xCCCTTTTTTACACTGTGACTGA
xCCCTTTTTTACACTGTGAC
xCCCTTTTTTACACTGTGA
XCCCTTTTTTACACTG
xCCCTTTTTTACAC
xCCCTnTTTACA
xCCCTTTTTTA
XCCCTTTTT
XCCCTTTT
XCCCTTT
XCCCTT
xCCCT
xCCC
xCC
xC

C:
xCCCTTTTTTACACTGTGA
xCCCnTTTTACA
xCCCTTTTTTA
xCC
xC
x

Fig.II—2. DNA sequence analysis according
to Maxam and Gilbert (1977).
A Hae III fragment was labeled at both 5'-
ends with 3ZP and cut with Alu I . The re-
sulting fragments were separated. The labeled products from the G, A, T+C, and
C specific partial chemical cleavage reactions on one of the Hae lil/Alu I frag-
ments are shown at the l e f t . * indicates the radioactive 5'-terminal phosphate
group. The autoradiograph of the 20% polyacrylamide gel in 7M urea in which these
products were separated i s shown at the right. Products cleaved at a C residue
are visible in the lanes displaying the products of the C specific reaction, of
the T+C specific reaction (lane marked T) and of the A,weakly C,specific reaction.
This Hae IIl/Alu I fragment corresponds to nucleotides 322-348 in Fig.V-2.
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c. DNA cleavage at thymine and cytosine

Upon reaction of thymine and cytosine with hydrazine these bases are

cleaved, resulting in ribosyl-urea residues in the DNA. Further reaction with

hydrazine produces hydrazones. All products of the hydrazinolysis reaction can

subsequently be displaced from the sugarmoieties by incubation with piperidine

at 90°C. This reagent also catalyzes the beta-elimination of the phosphate

groups from the residues of which the bases were displaced. In this way, the

DNA is cleaved with equal frequency at thymine and cytosine.

d. DNA cleavage at cytosine

The reaction of thymine with hydrazine is totally suppressed in the

presence of 2M sodiumchloride in the reaction mixture. The incubation with

piperidine results in specific cleavage at cytosine residues only.

The chemical modification reactions described here are almost completely random,

i.e. all repetitions of a particular base in a given sequence are modified with

similar frequencies. An exception, however, is constituted by the modification

of guanine residues. Within a continuous track of three or more guanine residues

the one closest to the 5'-end is often modified with higher frequency than the

other guanine residues; this frequency gradually declines and reaches its mini-

mum at the 3'-terminal guanine residue of the track.
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The 3'-Terminal Nucleotide Sequences of Adenovirus Types 2
and 5 DNA

P. H. STEEMBERGH, J. S. SUSSENBACH,* R. J. ROBERTS, AND H. S. JANSZ

Laboratory for Physiological Chemistry, State University of Utrecht, Utrecht, The Netherlands,*
and Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

Short nucleotide sequences at the 3'-termini of adenovirus types 2 and 5 DNA
have been determined using T4 DNA polymerase as described by P. T. Englund
(1972). The terminal sequences of both serotypes appear to be completely
identical. Both molecular ends of type 2 as well as of type 5 DNA terminate with
the sequence . . . pCpC.. . pGpApTpG'', consistent with the presence of an
inverted terminal repetition in adenovirus DNA.

The human adenoviruses type 2 (Ad2) and
type 5 (Ad5) contain linear duplex DNA mole-
cules with a molecular weight of about 24 x 10*
(6, 13), which are homologous to a large extent
(3). Denaturation of native adenovirus DNA
followed by renaturation at low concentrations
leads to the formation of single-stranded circles,
indicating that adenovirus DNA contains ter-
mini with an inverted repetition, i.e., identical
nucleotide sequences at both molecular ends of
the type

• A B C D ...D'C'B'A"1

B A ' B ' C ' D ' . . . D C B A ,

(4,14). The actual nature of the termini and the
function of this terminal repetition are still
unknown.

The structure of the termini of adenovirus
DNA is of particular interest from the point of
view of DNA replication and transcription.
Studies on the initiation of replication of Ad5
DNA have shown that the origin is located at
the A-T rich molecular end, suggesting that a
unique nucleotide sequence is situated at this
side of the molecule (12). To obtain more
information on the structure of the molecular
ends of adenovirus DNA, we have analyzed the
terminal nucleotide sequences. In this commu-
nication we report the determination of short
nucleotide sequences at the 3'-termini of native
Ad2 and Ad5 DNA using the method developed
by Englund (1, 2). This method is based on the
fact that T4 DNA polymerase contains a polym-
erizing as well as a 3'-5' exonucleolytic activity
(5). Incubation of linear duplex DNA with this
enzyme at 11 C in the presence of a single
deoxyribonucleoside triphosphate (dNTP)
leads to release of mononucleotides from the
3'-termini due to the exonucleolytic activity
associated with the polymerase. Once a mono-

nucleotide is released that can be replaced by
the enzyme's polymerizing activity by transfer
from the added dNTP, a steady state of release
and replacement is reached and the enzyme will
not further penetrate into the DNA molecule.
Using this exchange reaction, incubation of
DNA in the presence of each of the four a-
["PJdNTP's leads to a specific labeling of the
first dAMP, dTMP, dGMP, or dCMP residue
from the 3'-termini of a linear duplex DNA
molecule. The relative order of these residues
can be derived from the effect of unlabeled
dNTP's on the incorporation, e.g., the 3'-termi-
nal residue is that whose incorporation is unaf-
fected by any one of the other dNTP's.

These data in combination with those of
nearest neighbor analysis of the labeled DNAs
establish the complete sequence of a short
stretch of nucleotides from the 3'-termini of
linear duplex DNA.

MATERIALS AND METHODS
Materials. Ad2 and Ad5 DNA were isolated from

purified virions as described previously (11). Alkaline
sucrose gradient centrifugations showed that more
than 90% of the DNA was free of nicks. Unlabeled
dNTP's were obtained from Sigma, St. Louis, Mo.;
o-["P]dNTP"s (specific activity > 100 Ci/mmol)
were from New England Nuclear, Boston.

T4 DNA polymerase preparations were generous
gifts from H. Heyneker and B. M. Alberts. Micrococ-
cal nuclease and spleen phosphodiesterase were pur-
chased from Boehringer, Mannheim. Endonuclease
R-EcoRl was isolated as described by Mulder and
Delius (8).

Incubation conditions. A typical reaction mixture
(0.1 ml) contained S fig of adenovirus DNA, 7 /imol of
Tris-hydrochloride, pH 8.0,0.7 Mmol of MgCl,, 1 timol
of 2-mercaptoethanol, 0.05 nmol of one a-["P]dNTP
and 12 U of T4 DNA polymerase. Unlabeled dNTP
was added when indicated in a concentration of 0.25
mM. The reaction mixture was incubated at 11 C for

I
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150 min, after which 10 flitters of 0.5 M EDTA were
added to stop the reaction. The incorporation of
radioactivity into acid-insoluble material was mea-
sured by adding samples of the reaction mixture to 0.3 .
ml of 0.3 M EDTA. 0.3 M inorganic pyrophosphate
(PPO, pH 7.2, containing 0.3 mg of calf thymus DNA
per ml. After addition of 2 ml of 5% trichloroacetic ,
acid-0.01 M PPi, the acid-insoluble, material was
collected on Whatman GFC filter disks. The filters
were washed six timeB with 10 ml of 2% trichloroacetic
acid, 0.01 M PPi, rinsed once with ethanol, dried, and
counted in a liquid scintillation counter. -

Nearest neighbor analysis. Nearest neighbor
analysis was performed essentially as described by
Englund (2). After the T4 DNA polymerase reaction
had been stopped, 40 pg of calf thymus DNA was
added as carrier and the DNA was separated from a-
[••PldNTP's in the following way. DNA was precipi-
tated by addition of 2 ml of 10% trichloroacetic acid,
0.01 M PP1 at 0 C and was centrifuged for 10 min at
15,000 x g. The supernatant was discarded and the
precipitate was redissolved in 0.1 ml of 50 mM NaOH.
This procedure was repeated four or five times;
radioactivity in 0.1 ml of the supernatant had then
reached background level (20 counts/min). The pre-
cipitate was washed with ice-cold ethanol, dried, and
redissolved in 80 jilitera of 2.5 mM Tris-hydrochloride,
pH 9.0, and 2.5 mM CaCl,. Then 15 U of micrococcal
nuclease was added and the mixture was incubated at
37 C for 20 min. The pH was subsequently adjusted to
6.8 with 0.1 M HC1, and 0.2 U of spleen phosphodies-
terase was added. Incubation was continued for 90
min at 37 C. The reaction mixture was chromato-
graphed on Whatman no. 1 paper. The chromatogram
was developed using saturated ammonium sul-
phate-1.0 M sodium acetate-isopropanol (80:18:2) as
solvent (7,15). After drying, the four nucleotide spots
were visualized by UV light and cut from the chro-
matogram, followed by counting in a liquid scintilla-
tion counter.

Isolation of terminal fragments of adenovinu
DNA. After stopping the T4 DNA polymerase reac-
tion by addition of EDTA, the mixture was deprotein-
ized by addition of 1.8 ml of 0.16 M KCl and 2.0 ml of
chloroform-isoamylalcohol (24:1), followed by shaking
for 1 min. The aqueous layer was transferred to a
centrifuge tube, two times its volume of ice-cold
ethanol was added, and the mixture was allowed to
stand at -70 C for 30 min. After centrifugation at
- 5 C for 30 min at 35,000 rpm, the supernatant was
discarded. The precipitated DNA was redissolved in
90 mM Tris-hydrochloride, pH 7.9, 10 mM MgCl,,
and endonuclease R£coRI was added in a quantity
that digested the DNA completely in 45 min at 37 C.
After digestion the viral DNA fragments were depro-
teinized as described above. Gel electrophoresis of the
deproteinized DNA fragments was performed in 0.7%
aganae containing ethidium bromide as described by
Pettereson et al. (10). The positions of the fragments
in the gels were visualized by UV light. The distribu-
tion of the radioactivity was determined after slicing
of the gel. The slices were liquified by heating,
dissolved in counting solution, and counted in a liquid
scintillation counter.

RESULTS

The effect of unlabeled dNTP's on the
incorporation of various labeled nucleotides
in adenovirus DNA. Figure 1 shows the time
course of the incorporation of dCMP into Ad2
DNA in the presence of a-["PldCTP and T4
DNA polymerase. Similar results were obtained
with each of the other a-["PJdNTP's. The
maximal incorporation levels "with Ad2 as well
as Ad5 DNA varied between 1.6 to 2.0 residues
per DNA molecule. This is in agreement with an
incorporation of one residue of each nucleotide
per molecular end.

For sequence analysis the competitive effect
of unlabeled dNTP's on the incorporation of
each of the a-["P]dNTP's into adenovirus DNA
was studied. The results of these experiments
with Ad2 as well as with Ad5 DNA are summa-
rized in Fig. 2. For both types of DNA the
incorporation of ["P]dGMP was not influenced
by the presence of any one of the other dNTP's,
whereas incorporation of ["P]dTMP was only
inhibited by dGTP. Further, the incorporation
of ["PJdAMP was inhibited by dGTP and
dTTP, whereas the incorporation of ["P]dCMP
was affected by all three remaining dNTP's.

These results indicate that for Ad2 as well as
for Ad5 DNA the relative positions of the
labeled residues from the 3'-termini are
. . . C. . . A.. . T . . . G1'. The relative positions at
the left and right terminus must be identical
since the inhibition of incorporation of one
particular dNMP was always between 75 and
95%. If the relative positions at both termini
were different, inhibition values around 50%
may be expected, which were not observed.

The presence of identical relative positions at
both 3'-termini was verified for Ad5 DNA by
analyzing the incorporation of radioactivity at

60 120 180

fime in min

FIG. 1. Incorporation of l"P]dCMP into Ad2 DNA
by T4 DNA polymerase. Ad2 DNA was incubated
with T4 DNA polymerase and a-[nP\iCTP as de-
scribed in Materials and Methods. Samples were
taken at the times indicated and the incorporation
was determined by trichloroacetic acid precipitation.
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Fic. 2. Effect of unlabeled nucleotides on the incorporation of labeled nucleotides into Ad2 and AdS DNA.
Ad2 or AdS DNA were incubated in the presence of T4 DNA polymerase and a single a- {"P]dNTP, with or
without one of the other unlabeled dNTPs. The incubation conditions were as described in Materials and
Methods. The bars indicate the relative incorporations in the presence and absence of the unlabeled dNTFs,
respectively. The incorporation in the absence of unlabeled triphosphate was set at 200%.

each terminus separately. For this purpose, the
DNA incubated was isolated and subsequently
cut by endonuclease REcoRI (Fig. 2). This
restriction enzyme cuts Ad5 DNA into three
fragments which were separated by gel electro-
phoresis (9). Fragments A and B, representing
the molecular left and right ends, respectively,
were cut from the gel, after which the amount of.
radioactivity incorporated into each end was
measured. In no case did the radioactivity
found in the A and B fragment differ signifi-
cantly. The results of a typical experiment with
a-["P]dATP are shown in Table 1. The pres-
ence of unlabeled dCTP in the reaction mixture
had no significant effect on the incorporation of
["P]dAMP into either one of the terminal
fragments; dGTP and dTTP had a strong inhib-

TABLE 1. Incorporation of dAMP into the termini of
AdS DNA

Terminal
fragment

A
B

Incorporation of |"PldAMP (counts/min)

-

1638
1345

+ dCTP

1458
1095

+ dGTP

219
195

+ dTTP

208
122

" Ad5 DNA was incubated with T4 DNA polymer-
ase and a-l"P]dATP in the presence or absence of one
of the three unlabeled dNTP's as indicated. After the
incubation the DNA was isolated, digested with endo
R-EcoRI and fragments were separated by agarose-
gel electrophoresis (see Materials and Methods). The
Table shows the results of Cerenkov counting of the
gel slices containing the terminal fragments A and B.
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iting effect on the incorporation at both molecu-
lar ends. This is completely in agreement with
the results shown in Fig. 2 and verifies that for
Ad5 DNA the relative positions of the four
dNMP's are the same at the right and left
3'-terminus.

Nearest neighbor analysis. Further infor-
mation on the nucleotide sequences at the
3'-termini was obtained from nearest neighbor
analysis. Ad2 as well as Ad5 DNA were incu-
bated with T4 DNA polymerase and each of the
four a-[SIP]dNTP's, respectively, after which
the viral DNA was precipitated with 10% tri-
chloroacetic acid. After repeated washings the
DNA was digested completely to 3'-mononu-
cleotides with micrococcal nuclease and spleen
phosphodiesterase. The mixture of mononucleo-
tides was separated by paper chromatography,
after which the radioactivity in each nucleotide

was determined. Figure 3 shows the results of
the nearest neighbor analysis of Ad2 and Ad5
DNA. In all cases the transfer of "P to one of
the four 3'-mononucleotides was 60 to 80%,
whereas the remaining 20 to 40% of the radioac-
tivity was found divided over the other three
nucleotides. This indicates that the same dinu-
cleotide sequences are present at both molecu-
lar ends. The results in Fig. 3 show that for Ad2
as well as Ad5 DNA both termini contain the
dinucleotides pTpG, pApT, pGpA, and pCpC.

Combination of these data with the relative
positions . . . C . . . A . . . T . . . G" leads to the
conclusion that the 3'-terminal sequences of
Ad2 and Ad5 DNA are . . . pCpC . . . pGpAp-
TpG".

DISCUSSION
Using the T4 DNA polymerase technique

Ad 2 DNA Ad 5 DNA

m
c
y
Q_

100

50

r

n f l
l'a-Zp JdGTP

n i—i
dTMP dAMP dCMP dGMP dTMP <3AMP dCMP

r
0)
u
a>
a.

100

50

|a-VldTTP
•

r-, n 11 _
dGMP dTMP d*MP dCMP dGMP dTMP dAMP dCMP

FIG. 3. Nearest neighbor analysis of Ad2 and Ad5 DNA labeled in the T4 DNA polymerase exchange
reaction. After incubation ofAd2 orAd5 DNA in the presence of T4 DNA polymerase and a single a- l"P]dNTP,
the DNA was isolated and the nearest neighbor of the incorporated ["P\dNMP was determined as described in
Materials and Methods. The bars indicate the percentage of "P transfer to each of the four dNMP's.
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described by Englund (2) the following 3'-termi-
nal sequence . . . pCpC . . . pGpApTpG1' has
been 'established at both ends of Ad2 and Ad5
DNA. During the specific labeling of the first
residues we also observed some aspecific label-
ing varying between 10 to 20% in the inhibition
reactions and about 30% in the transfer of label
during the nearest neighbor analysis. Aspecific
labeling might be caused by the presence of
random single-stranded breaks at which the
combined exonuclease-repair reaction might oc-
cur. A second factor might be the occasional
"slipping" of T4 DNA polymerase past the first
nucleotide in the sequence that can be ex-
changed. This process becomes more prominent
at temperatures above 11 C (2).

The results presented in this paper are con-
sistent with two possible structures for the
adenovirus DNA termini. One possibility is that
the ends are flush with the sequence

•• pCpApTpC . . . pGpG . . . pCpC . . . pGpApTpCW

, HoGpTpApGp . . . CpCp . . . GpGp . . . CpTpApCp,

The other possibility is that there is a 5'
single-stranded extension of one nucleotide with
the sequence

1 pCpApTpC . . . pGpG... pCpC . . . pGpApTo,,1

,. HoTpApGp... CpCp . . . GpGp . . . CpTpApCp,

Both structures would give identical results in
the experiments described in this paper.

More complicated structures involving a 3'
single-stranded extension are highly unlikely
in view of the sensitivity of circular single-
stranded adenovirus DNA to Escherichia coli
exonuclease III as reported by Wolfson and
Dressier (14).

The identical sequences at the 3'-ends of Ad2
and Ado DNA indicate a high degree of similar-
ity between both DNA's. This is in agreement
with earlier observations (3). The identical
sequences at the 3'-ends of adenovirus DNA
confirm the model of an inverted terminal re-
dundancy proposed by Wolfson and Dressier
(14) and Garon et al. (4).

Our data do not reveal a structural basis for
the fact that the replication of Ad5 DNA always
starts from the molecular right end of the
molecule (12). Since the inverted repetition
extends to the very end of the molecule, it
seems unlikely that the origin of replication is
located at the ultimate end of the righthand
terminus. However, a location of the origin more
internally has not been excluded and further

studies on the structure of the molecular ends
are in progress. - - - - - - ...i
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CHAPTER IV

THE WCLEOTIDE SEQUENCE AT THE TERMINI

OF ADENOVIRUS TYPE 5 DNA

(Nucl.Acids Res. 12 (1977), 4371-4389)
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F The nucleotide sequence at the termini of adenovirus type 5 ONA

P.H. Steenbergh, J. Maat*, H. van Ormondt', and J.S. Sussenbach

Laboratory for Physiological Chemistry, State University, Utrecht and 'Laboratory for Physiological
Chemistry, State University, Leiden, Netherlands

ABSTRACT

The sequences of the first 194 base pairs at both termini of adenovirus
type 5 (Ad5) DNA have been determined, using the chemical degradation tech-
nique developed by Maxam and Gilbert (Proc. Nat. Acad. Sci. USA 74 (1977),
pp. 560-564).
The nucleotide sequences 1-75 were confirmed by analysis of labeled RNA
transcribed from the'terminal Hhal fragments in vitro. The sequence data
show that Ad5 DNA has a perfect inverted terminal repetition of 103 base
pairs long.

INTRODUCTION

Human adenoviruses contain linear double-stranded DNA molecules with a
molecular weight of 20-25 million .' . I t has been shown that in the virion
a protein molecule is covalently linked to both 5'-terminal nucleotides of
adenovirus DNA and that a circular DNA-Drotein complex can be isolated from
virions ' . The mechanism of replication of this DNA molecule has been the
subject of extensive investigations (for a review see Levine et a l . ).

Recently, experiments have been performed in various laboratories on the
location of in i t iat ion and termination sites of adenovirus DNA replication6"9-.

ft ipl
Combination of al l available data ~ suggests that adenovirus DNA reniica-
tion starts at either one of the two molecular ends, proceeds disolacing one
of the parental strands, and terminates at the other end of the molecule. The
displaced strand is replicated in the opposite direction after completion of
the displacement synthesis. Recent studies on the init iat ion sites of renlica-

• tion have indicated that ini t iat ion occurs within the terminal 75 base pairs .
However, the mechanism of ini t iat ion is s t i l l completely obscure.

A potential structural basis for the in i t ia t ion of adenovirus DNA re-

plication at both molecular ends is provided by the identical nucleotide

sequences at both termini of the type i '. lA.B'C'D'""--- D ' C T A ' ^ ' 1 "



The presence of this inverted terminal repetition was suggested by the
observation, that denaturation of native adenbvirus DNA followed by
renaturation at low concentrations leads to the formation of single-stranded
circles11*'15*. The length of the terminal repetition in Ad2 DNA was estimated
to be between 100 and 140 nucleotide pairs by restriction enzyme analysis .
This, however, does not prove that the terminal repetition is a perfect one.
Both molecular ends of Ad2 as well as of AdS DNA were shown to terminate
with the sequence pCpC- - - -pGpApTpG^, indicating that the inverted
terminal repetition extends to the very ends of the molecule .

The present report concerns the sequence analysis of the terminal 194
nucleotides at both ends of the Ad5 genome, with the a\m of determining the
exact length of the inverted terminal redundancy as well as the degree to
which this repetition is perfect. The possible relation between the deduced
sequences and the mechanism of DNA replication will be discussed.

MATERIALS AND METHODS

Materials

-18)Ad5 DNA was isolated from purified virions as described previously

Restriction endonucleases Bpal and I I , anal and Haul were purified according

to Sharp et a l . 1 9 ' , Greene and Mulder2 0 ' , and Roberts and Hyers , respect-

ively. Bphl was a generous g i f t of Dr. R.J. Roberts, and Hhal and ffaelll were

purchased from Bioiabs (Boston, Mass.). Bacterial alkaline phosphatase (BAP F)

was purchased from Worthing ton Biochemicais (Freehold, N.J. ) . T/j-polynucleo-

tide kinase was purified according to the method described by Richardson .

Fraction VI was again eluted over a DEAE-celluiose column, concentrated on a

small phosphoceilulose column and stored until use at -20° C in 50% glycerol.

T} RNAase was obtained from Sankyo Co. (Tokyo). Pancreatic RNAase and spleen

phosphodiesterase were from Boehringer (Mannheim). E. ooli DNA dependent RNA

poiymerase, free from ATPase, DNAase and RNAase act iv i t ies , was a generous

gi f t of Drs. C. van Kreyi and H. Bos. Carrier tRNA and yeast RNA used in

homomixtures were purchased from BDH (Poole). ( Y - 3 Z P ) ATP (specific activity

2000-4000 Ci/mmole) and (o-32P) NTP's (specific activity 250 Ci/mmole)were

obtained from The Radiochemical Centre (Amersham). Unlabeled ribonucleoside

triphosphates were purchased from Merck (Darmstadt). Dimethylsulfate (99%

pure, gold label) was obtained from Aldrich-Europe (Beerse), hydrazine (95%

pure) from Eastman Chemicals (Rochester, N.Y.) and piperidine (99« pure) from

Merck (Darmstadt). Aery1amide and bisacryiamide (ultra pure) were from BDH
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(Poole) or Serva (Heidelberg). Urea (ultra pure) was purchased from Schwarz-

Mann (Orangeburg, N.Y.). Cellulose acetate strips for electrophoresis were

obtained from Schleicher and Schllli (Dassel). Polyethyieneimine thin layer

plates (20 x 20 cm) for homochromatography from Macherey-Nagel Co. (DUren)

were washed according to the procedure described by Southern and Mi tchel l 2 3 ' .

Large restriction, enzyme fragments [>Z%), derived from the termini of

Ad5 DNA, were Isolated by Introducing the material of the 2.5* poly aery1amide

slabgel, on which they were separated, Into a glasswool-plugged 10 ml dispos-

able pipette. A dialysis membrane was attached to the end of the pipette.

Membrane, pipette and reservoirs of the apparatus In which the pipette was

f i t ted contained 20 mM Tris-HCl pH 7.8, 2.5 mM sodium acetate, O.S mM EDTA.

The fragments were collected In the membrane by electrophoresis ' . After

16 hrs at 100 V the current was reversed for 30 m1n. The contents of the

dialysis membrane was combined with an equal volume of buffer In which the

emptied membrane had been heated at 60° C for 30 m1n. After concentration

with n-butanol the fragments were purified further by elution over a Sephadex

G-100 column In 2 mM Tris-HCl pH 8.0, 0.0S mM EOTA. Small restriction enzyme

fragments were recovered, usually from 5% polyacry 1 amide gels, by the gel

elution procedure described by Maxam and Gilbert2 .

Five to ten pmoles of one of the larger terminal restriction enzyme

fragments, I .e . the Jtoul fragment I or the Bpal fragment E, were digested

with' a second restriction enzyme. The resulting mixture of fragments was

eluted over a Sephadex 6-100 column In 50 mM Tris-HCl pH 8.0 to remove the

phosphate usually present in restriction enzyme preparations. The eluted

fragments were dephosphoryiated by the addition of alkaline phosphatase

(final concentration 4 U/ml) and incubation for 1 hr at 37° C. The phosphatase

was removed by three extractions with an equal volume of freshly destined

phenol saturated with the Tris-buffer. After concentration with n-butanol the

fragments were again eluted over a Sephadex G-100 column In the same Tris-

buffer and precipitated with ethanol after the addition of sodium acetate to

0.3 M and standing at -70° C for 15 min. The precipitate was washed once with

ice-cold 75* eihaiiol.



The 5"-ends of the dephosphorylated fragments were labeled with (Y- 3 2P)

ATP and poiynucleotide kinase as described by Maxam and Gilbert 2. The pre-
cipitate was dissolved in 42.5 V1 5 mM Tris-HCl, pH 9.5, 10 mM EDTA, 0.1 mM
spennidine, heated at 100° C for 3 min and chilled in ice-water. After
addition of 5 pi 0.5 M Tris-HCl, pH 9.5, 0.1 M MgCl2, 50 mM dithiotreitol,
the mixture was transferred to the dried (y-3zP) ATP. The final ATP con-
centration was 2 uM. Several units of polynucleotide kinase were added and
phosphorylation was allowed to take place for 30 rain at 37° C. The reaction
was stopped by the addition of 4 yl 0.5 M EDTA, followed by heating for 2 min
at 100° C. The mixture was eluted over a Sephadex G-100 column in 2 mM Tris-
HCl pH 8.0, 0.05 mM EOTA, to separate the phosphorylated fragments from un-
reacted (Y- 3 2P) ATP. The fractions containing the DNA were concentrated with
n-butanoi, MgCl2 was added to 3 nW and the fragments were renatured by
incubation at 60° C for 2 hrs.

The original 5'-ends of Ad5 DNA will not be labeled by this procedure265.
Terminal fragments therefore will be labeled at the 5'-ends resulting from
the restriction enzyme digestion only. Non-terminal fragments will be labeled
at both 5'-ends. Before separating the labeled fragments on a 5% polyacryl-
antide slabgel, a restriction enzyme digestion was in some cases included at
this point to cut a non-terminal fragment of interest.
Fragments from which the sequence was to be derived were cut from the gel
after autoradiography for 30 min, isolated after addition of 50 ug carrier
tRNA, and divided into four equal portions.

The chemical degradation reactions were carried out exactly as described
25)

by Gilbert and Maxam . Specific cleavage at guanine residues was achieved by

methylation with dimethylsulfate, at adenine residues by ring-opening with

alka l i , at cytosine and thymine residues by hydrazinolysis and at cytosine

residues alone by hydrazinolysis in 2 M NaCl, in a l l cases followed by

incubation with piperidine. The reaction products were fractionated on 12 and

20% polyacrylamide slabgels (40 x 20 x 0.15 cm), containing 90 resp. 50 mM

Tris-borate pH 8.3, 1 ciM EDTA, 7 M urea, at 600-1000 V. Usually two or three

runs were performed with each set of samples. In short runs the bromphenoi-

blue tracking-dye moved about 30 cm, in long runs the xylene cyanol F.F.-

marker moved about 30 cm. The same Tris-borate buffer without urea was used

.,*•"
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as reservoir-buffer. Samples were loaded in 50% formamide directly after
heating at 100° C for 3 min. After electrophoresis the DNA-bands were
immobilized within the gel by precipitation with 10% acetic acid. Autoradio-
graphy was for 3-14 days.

|;: Incubation mixtures were essentially the same as described by
ft Blackburn27): 25 mM Tris-HCI pH 7.8, 8 mH KC1, 10 mM HgCl2, 5 mM dithio-
p. treitol, 0.5 mM EDTA, 0.8 mM potassium phosphate, three unlabeled ribo-
%% nucieoside triphosphates at a concentration of 0.5 mM each and one (a-32P)
j|; ribonucleoside triphosphate at a concentration of 0.05 mM.
|v 0.1 yg of the double-stranded restriction enzyme fragment was denatured by
|: heating at 100° C for 3 min, cooled rapidly in ethanol-dry ice and added to
<|" the reaction mixture. RNA polymerase was added to bring the molar template
|f to polymerase ratio to 1:3. The final volume was 25 yl. The transcription
pc reaction was carried out for 3 hrs at 37° C and was stopped by the addition
|: of 25 ul 20 mM EOTA, containing 2 mg/ml tRNA. This mixture was extracted with
|1 an equal volume of freshly destilled phenol, saturated with 10 mM Tris-HCI
I pH 7.5, 0.1 M NaCl, 1 mM EDTA, and eluted over a Sephadex G-50 column in the
| latter buffer to remove the low molecular weight materials. The RNA eluting
I in the void volume was precipitated with ethanol and dissolved in a small
p- volume of water.

The labeled transcripts were digested with either Tj RNAase or RNAase A
for 30 min at 37° C at an enzyme to carrier tRNA ratio of 1:5 or 1:10,
respectively. The digestion products were separated on cellulose acetate
strips and polyethyleneimine thin layer plates by the standard two-dimensional
system described by Brownlee and Sanger , in the modification of Volckaert
et ai. . The homochromatography was performed at 60° C with 3% RNA homomix,
which was hydrolysed for 30 min at pH 12.8 at room temperature. The labeled
oligonucleotides were located by autoradiography and eluted as described by
Volckaert et al.29).

The oligonucleotides from the Ti RNAase fingerprints were digested with
pancreatic RNAase or hydrolysed with alkali. The products were characterized

.-3
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by electrophoresis on DEAE paper at pH 3.5 or on Whatman 540 paper at pH 3.5,

respectively, according to Barrel 1 . The oligonucleotides from pancreatic

RNAase fingerprints were digested with Tj RNAase or hydrolysed in alkali.

The products were characterized in the same way. All products were located

by autoradiography. The relative amounts of the products were determined by

cutting the spots from the paper and measuring the Cerenkov radiation in a

liquid scintillation counter.

RESULTS

Res t r j c t i on en ẑ rme jrnags _of_the_termi_ni _o-f _Ad 5 _DNA

Right-hand texminua

The restriction enzymes Haul (Hindlll) and Smal produce terminal frag-
ments of 3% (tfaul-l) and 2% (Staal-L) of genome length, respectively1' .
Subfragments of Hsul-l produced by various restriction enzymes were mapped
according to the method described by Smith and Birnstiel . The ff8ul-l
fragment was labeled at both 3'-ends and cut with anal, which results in two
fragments, each labeled at one 3'-end. The labeling procedure with exonuclease
I I I and Klenow-polymerase wi l l be described3 . The labeled fragments we're
isolated from a 3% polyacrylamide gel and digested with different restriction
enzymes under such conditions that a l l possible partial digestion products
were generated. The products were separated by electrophoresis on a 5% poly-
acryl amide slabgel. The lengths of the terminal 3'-labeled subfragment and of
the partial digestion products containing this terminal subfragment were
calculated from the autoradiogram. From these data the restriction enzyme
maps could directly be constructed. The positions of the restriction enzyme
sites relevant to the experiments described in the next section are shown in
Fig. 1.

Left-hand terminus

The restriction enzymes Hpal and Smal produce terminal fragments of 42
(Hpal-l) and 3% (Steal-K), respectively31*'31'. Detailed restriction enzyme
maps of the ttpal-Z fragment with Hpall, Haelll, Alul,. Taql, and Hinf w i l l be

described . The Hhal and Sphl recognition sites within the flpal-E fragment
were mapped by a combination of data obtained from partial digests, according
to the method described for the right-hand terminus, from cross-digestions of
the Hhal and Hphl fragments with restriction enzymes of which the map was
already known, and from sequence analysis results available at that time.
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Figure 1. Location of restriction endonuclease recognition sites at the
termini of Ad5 DNA. The nucleotide sequences derived by the
chemical modification technique are indicated by arrows start-
ing from the labeled 5'-terminal nucleotide.

These maps were confirmed by the complete nucleotide sequence of the flpal-E
fragment . The sites mentioned in the following section are indicated in

t$ght-hand terminus
'• The 3% terminal ftsul-l fragment was digested with Hhal and the resulting

subfragments were labeled at their 5'-ends with kinase. The 75 base pairs
fragment derived from the end of the Ad5 genome wi l l be labeled at the 5'-end
of the Bha cleavage si te only, since the original terminus of Ad5 ONA is
insensitive to the action of phosphatase26^.- The adjacent Hhal fragment, 400
base pairs long, w i l l be labeled at both S'-ends. In order to make the latter
fragment directly available for sequence analysis the whole mixture of frag-
ments was digested with Baelll before electrophoretic separation. The 75 base
pairs terminal Bhal fragment and the 275 base pairs Hhal/Haelll fragment were
cut fnjm the gel and used for sequence analysis. From these experiments the
sequence from nucleotide 70 towards the terminus and from 80 to 140 could be
derived. To establish the sequence between nucleotides 70 and 80 and from
140 onwards, the ffaal-I fragment was digested with flpfel. Again the subfrag-
ments were labeled, digested with Haelll and separated. The 105 base pairs
terminal HphI fragment and the 245 base pairs Hphl/Haelll fragment were
analysed. Representative gels for the analysis of the f i r s t 100 nucleotides
are shown in Fig. 2.
The sequence from 1-194 determined from these experiments is shown in Fig. 3.
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G A T C G A T C

Figure 2.
Sequencing gels of the right-hand terminal Hphl fragment-(a and b, short and
long run, respectively) and Hhal fragment (c, short run, and a and e, two lon-
ger runs).
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Left-hand terminus
Sequences at this end of the genome were determined starting from the

Npal-E fragment. This fragment was digested with Hhal, Bpall or Bphl, the
resulting fragments were labeled and, only in the case of Bphl, further
digested with ffaelll. Tie terminal Hhal (75 base pairs), Bpall (190 base
pairs), and Bphl (105 base pairs) fragments, as well as the 180 base pairs
Hphl/Haelll fragment adjacent to the terminal Hphl fragment, were isolated
for sequence analysis. The sequences derived from these experiments are shown
in Fig. 3.

Right
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I C C C T T G C'C C C 6 OC.'C A C T 6 C

110 120

T - A G G T T T T A ' G G & C G G I A G T A A C T T G T A T 6 T G T T 6 G G A A T T G T A G T T T T C T T
A - T C C A A A A T ' C C C G C C ' T C A T T G A A C A T A C A C A A C C C T T A A C A T C A A A A G A A

ieo

A A A A T G G G A A
T T T T A C C C T T

G T T A C
C A A

A C G T A A c
T GIC A T T G

ISO 110

T G G G A A
A C C C T T

A A C G G A A G T G A C G A T T T .
T T G C C T T C A C T G C T A A A .

Left

S'-C A T C A T C A A T A A T A T A C C T T A T T T T G G A T T G A A G C C A A T A T G A T A A T G A G
3'-G T A G T A G T T A T T A T A T G G A A T A A A A C C T A A C T T C G G T T A T A C T A T T A C T C

Hhal f. \ __ J
G G G G T G G A G T T T ! G T G A C G T < ' G G C G:C'GYGYC'G!T G G G A A!CVG'GVC*G!G!GTTA C G
C C C C A C C T C A A A ' C A C T G C A ' C C G C : G C C C C G C : A C C C T T : G C C C C G C|C.C A C T G C

-. 1;
T ' A G T l A 6 T 6 T G ' S G G 6 A ' A l G T G T G V I T G T T 6 C A | A G T G T G ' G C G S A A | C A C A T G T A A
* | T C A | T C A C A C ' C G C C T ' T | C A C A C T A C A A C G T | T C A C A C C 6 C C T T | 6 T G T A C A T T

180 Hhal
G C G A C G G A T G T G G C A A A A < G T G A C G T > T T T T G G T G T 6 C G C C G G T G T '
C G C T G C C T A C A C C G T T T T ' C A C T G C A ' A A A A C C A C A C G C GG CC A C A •

Hpalt
Figure 3.
Sequences of nucTeotides 1-194 at the termini of Ad5 DNA. The arrows indicate
the end of the inverted terminal repetition.
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The terminal 75 base pairs Hhal fragments from both ends of the Ad5 ONA
were isolated. The DNA was first digested with Stml, the terminal fragments K
(3%) and L (2%) were isolated, and these were digested with Hhal. The products
were visualized after electrophoretic separation under UV light by ethidium
bromide staining. The L fragment was cut into three fragments (400, 160 and
75 base pairs in length) while six fragments were produced from the K fragment
(550, 190, 120, 115, 75 and 35 base pairs).

Transcripts were made from both 75 base pairs terminal fragments. The
kinetics of RNA synthesis by E. coli RNA polymerase using a 71 base pairs
denatured restriction enzyme fragment in the same system have been
described3 K Analysis of the RNA on urea gels ' showed that only very
little specific transcription products are formed. They are visible in the
autoradiogram (Fig. 4) as distinct bands superimposed on a smear, indicating
that transcription is initiated and/or terminated with little preference for
any specific site on the fragment.

Tj RNAase and pancreatic RNAase fingerprints of the transcripts, labeled
separately with each of the four ribonucieoside triphosphates were made
(Fig. 5) and all products were analysed. Fingerprints and oligonucleotide
analysis results from transcripts synthesized on the two terminal Hhal frag-
ments were completely identical. In Tables 1 and 2 only the analysis results
for the longer Tj RNAase and RNAase-A products that were reproducibly present

•start

-116

• 7 7

Figure 4.
Urea-gel analysis of the RNA transcribed
from one of the terminal Hhal fragments.
3ZP-labe1ed 5S RNA from BaailluB Ueheni-
formie (116 nucleotides in length) and tRNA
from yeast (mean length 77 nucleotides)
were used as length markers.
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Hu
.AC

A U E

Figure 5. Tj RNAase fingerprints of transcripts laoeied with (o-32P) GTP (A)
and fo-3zPl UTP (B) and pancreatic RNAase fingerprints of trans-
cripts labeled with («-35P) CTP (C) and (o-32P) UTP (D). Electro-
phoresis (E) was from left to right and homochroraatography (H)
from the bottom upwards.

in all four different fingerprints are listed. These products are numbered in
Fig. 5. As a consequence of the randomness of the transcription reaction many
minor spots are present in the fingerprints; these were much less reproducible
and after analysis turned out to be incomplete Tj or pancreatic RNAase oligo-
nucleotides. The analysis results for shorter products, one to three nucleo-
tides in length, could easily be misinterpreted, because the number of incom-
plete products having the same overall composition as the complete RNAase
oligonucleotides is evidently much higher here.

From the data in Table 1 and 2 the sequence of the oligonucleotides
could be derived directly, except for the longer Ti RNAase oligonucleotides
T6, T7 and T8. The correct order of the products from oligonucleotide T6 was
determined by two-dimensional separation of the products produced by partial
spleen phosphodiesterase digestion from the 5'-end of T6 from a transcript
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Figure 6.
Two dimensional separation of the
products generated by partial diges-
tion of T6 from a transcript labeled
with (o-32P) GTP with spleen phospho-
diesterase. The sequence UAUAUUAUUG
corresponds to nucleotides 16-7 in
the DNA sequence.

is

labeled with (a-3ZP) GTP, in which case only the 3'-ternrinal nucleotide is

labeled (Fig. 6 ) . From the data in Table 1 no unique sequence can be concluded

for oligonucleotides T7 and T8. All data are in agreement with the sequences

given in the last column of the table, which are derived from nucleotides

34-17 and 66-35 in the DNA sequence. They are also confirmed in part by

sequences of oligonucleotides complementary to T7 and T8, i .e . P3 and P4 con-

firm T7, while T2, T4, T5 and P6 confirm T8, and by analysis of some incom-

plete Tj RNAase oligonucleotides. Fig. 7 shows the location of the oligonucleo-

tides from Table 1 and 2 in the sequence.

P3 P4
T5 T4

10 20 ' 30 ' ' ijO 50 ko ' 70 $hal

5'-CATCATCAATAATATACCTTATTrTGGATTGAAGCCAATATGATAATGAGGGGGTGGAGTTTGTGACGTGGCGC
3'-GTAGTAGnATTATATGGAATAAAACCTAACTTCGGTTATACTATTACTCCCCCACCTCAAACACTGCACCGCG

T6 T8 T3
P5 P2

| j Figure 7. The DNA sequence of the terminal Hhal fragments, showing the
£ location of the nucleotides which correspond to the Tj and
I pancreatic RNAase products in Tables 1 and 2.

I1

t
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Tibie 1 OMgonucleotides produced by Ti HHAise digestion

OHjo-
nuclMtide

n

T3

T4

T5

T6

T7

T8

Libel

6

A

U

C

6

A

U

C

6

A

U

C

G

A

U

C

6

A

U

c
6

A

U

c
G

A

U

C

6

A

U

C

Ptncmtic-
RUtse products

U

G

AU

c
G

C.AC
1 1

AMI

G.AU.AUI
1 1 1

AU

C.G.WUI
1 1 2
AU.AW

1 1
C

m
AU

AAS

C , M G , M U . M M U

C^AAAC

Alkaline hydro-
lysis products

5 1

Deduced sequence

c
c
G

a
u

G.A.U
1 1 1

A

U

G,U
1 3
A.U
3 I

A.G
1 1

A.U.C
5 1 2
A.U.C
2 1 1

S 1 1
n.u.c
4 2 2
A.U.C
3 4 S

AUUG(A)

UUU6(U)

CCACG(U)

AUAAU6(A)

CCAAUAUG(A)

«(G)

UCACAAAroeCAKCCC-
-MCWUWCAUHWB(fi)
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Table 2 OUgonucleotides produced by pancreatic RNAase digestion

1
1

I
I

Oligo-
nucleotide

n

P2

P3

P4

PS

P6

Label

G

A

U

C

G

A

U

C

6

A

U

C

6

A

U

C

G

A

U

C

G

A

U

C

Tt RNAase
products

AMC

MAC

AAAAU

AAAAU

G

G

AU

AA6

G.AAG
1 1

C.AAS
1 1

AAG

U.AA3
1 1

6

AG.G
1 1

G

U.AG
1 1

Alkaline hydro-
lysis products

A.U
3 1

A

G

G

A.U
1 1

G.A
1 1

G.C
1 1
A.G
1 1

A.G
1 1

G

K

Deduced sequence

AAAC(U)

AAAAU(A)

GGAU(U)

GAAGC(C)

AAGGU(A)

GGAGU(U)

Tables 1 and 2.
Analysis results for the longer T, RNAase and pancreatic RNAase oligonucleo-
tides. When more than one product was formed, the relative amounts are given.

DISCUSSION

35|A_seguence_anal^sis

From the sequencing gels of the right-hand terminal Hhal and Bphl

fragments of Ad5 ONA the sequence of the f i r s t 100 nucleotides of the 1-strand
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could be determined. Analysis of the adjacent Hhal and Hphl fragments resulted
in the sequence of nucieotides 80 to 194 in the r-strand. The sequence of the
first 185 nucieotides from the r-strand at the left-hand terminus was estab-
lished by analysis of the terminal Hhal, Hphl and Hpall fragments. By analys-
ing the second Hphl fragment the sequence of nucieotides 110 to 185 in the
1-strand was confirmed and extended to nucieotide 194, just beyond the Hpall
site.

The sequences derived by the analysis of the longer Ti RNAase and pan-
creatic RNAase oiigonucieotides confirm the sequences of nucieotides 6 to 72
in the terminal Hhal fragments (Fig. 7). No oiigonucieotides, complete or in-
complete, were detected with a sequence corresponding to the first 25 nucieo-
tides of the ONA sequence at the 5'-ends of the Ad5 DNA. Variations in poly-
merase to template ratio, salt or ribonucleoside triphosphate concentrations,
temperature and addition of synthetic primers to the transcription reaction-
mixture gave the same results. The reason for this is not clear, but it might
be caused by the fact, that the RNA-polymerase preferentially initiates tran-
scription with the incorporation of a guanosine residue; transcription in that
case would start at nucleotide 26, which is confirmed by the presence of P3 in
the fingerprints. A second unique oligonucleotide not present in the finger-
prints predicted by nucieotides 48 to 56 in the DNA sequence is the pancreatic
RNAase product GAGGGGGU(G). Probably this oligonucleotide was specifically
lost by aggregation, which is a well known phenomenon for such guanosine-rich
sequences, especially when the G-residues form a consecutive run 9»3''.

From the sequence analysis results Ad5 DNA is shown to contain an invert-
ed terminal repetition of 103 base pairs, i.e. the first 103 base pairs at the
right-hand terminus of the Ad5 genome are completely identical to the first
103 base pairs at the left-hand terminus, while the adjacent sequences up to
nucleotide 194 do not show any significant homology. A striking feature of the
terminal repetition is the asymmetric distribution of AT and GC base pairs.
The first 50 base pairs are 72% AT and 28% GC while the next 50 are 26% AT
and 74% GC.

In Fig. 3 repeated and paiindromic sequences longer than 5 nucieotides
have been marked. The longest repetition is located at the left-hand terminus,
where the sequence between 105 and 116 is repeated from 130 to 141. The only
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palindromic sequence is located between nucleotides 161 and 170 at the right-
hand terminus.

CoraBarison_with_the_seguence_at_the_tennini_of_Ad2_DNA

Recently the nucleotide sequence of the f i r s t 134 nucleotides at the
right-hand terminus and the f i r s t 156 nucleotides at the left-hand terminus
of Ad2 DNA have been determined3 ' . These sequences are nearly completely
identical to the Ad5 DNA sequences. At the left-hand terminus the adenosine
residue in position 154 in Ad5 DNA has been replaced by a cytidine residue in
Ad2 DNA. This difference accounts for the fact , that Ad2 DNA, containing the
sequence 5'-AGCGCCGG-3', is cut at this point by the restriction endonucleases
Hpall, Mhal, and Haell, while Ad5 DNA with the sequence 5'-AGCGACRG-3' is not.
Two other differences occur between nucleotides 120 and 130 at the right-hand
terminus, viz. the adenosine residue in position 126 and the guanosine residue
in position 130 in Ad5 DNA are reported to be cytidine and adenosine residues
in Ad2 DNA, respectively. The only difference between Ad2 DNA and Ad5 DNA
within the inverted terminal repetition consists of the deletion in Ad2 DNA
of the A/T base pair in position 8 of the Ad5 sequence.

The 3'-tenninal nucleotide may constitute another difference between the
two serotypes. The T4 polymerase exchange reaction, used in earlier experiments
to determine the terminal nucleotide sequence in Ad2 and Ad5 DNA, does not
discriminate between the structures

pCpC . . . . pGpApTpGpH pCpC . . . . pGpApTĵ  17)
GpGp CpTpApCp5>

 a n d GpGp CpTpApCp5,

The present data show, t h a t Ad5 DNA does conta in the 3 ' - terminal guanosine

residue. In Ad2 DNA, however, the 3 ' - te rmina l nucleot ide has been reported to

be a thymidine res idue. Both ONA's contain the 5 ' - terminal cytosine res idue,

which is probably covalently linked to the circularizing protein.

A model for the in i t iat ion of replication of eukaryotic chromosomes has
been proposed by Cavalier-Smith39'. An analogous mechanism, based on self-
priming, i .e. the formation of hairpin-loop structures at the termini of the
duplex, has been suggested for adenovirus DNA replication110'. The sequences at
the termini of Ad5 DNA presented in this paper, however, do not support this
mechanism. Inverted repeats, which would allow the formation of such struc-
tures, are not present at the termini. Possibly, nucleotide sequences located
beyond nucleotide 194 are involved in the formation of such structures, and
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palindromic sequences have been reported to be present about 180 nucleotides
from each terminus of Ad2 DNA . On the other hand, the length of the region
involved in the formation of such hairpin-loops was estimated to be less than
50-20 nucleotides by in vivo labeling experiments . If the termini of the
adenovirus DNA are covalently linked in some stage of the replication process,
the inverted repetition would form a long palindromic sequence, possibly
functioning as recognition signal for one or more proteins involved in the
initiation of DNA replication. Alternatively, the protein covalently linked to
the 5"-ends of adenovirus DNA itself may serve as a primer in the initiation
event.

I

The terminal nucleotide sequences described in this paper are probably
not transcribed into stabile mRNA. Hybridization studies, in which early as
well as late mRNA were annealed to restriction enzyme fragments of adenovirus
DNA', have indicated, that regions at both ends of the genome, amounting to
1-2% of the total DNA, are not complementary to cytoplasmic RNA .
The sequences certainly do not encode protein products, because stopcodons are
present in all possible reading frames, 13 in the right and 12 in the left
terminal 194 nucleotides, 8 of which are located within the inverted terminal
repetition.
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THE NUCLEOTIDE SEQUENCE OF THE RIGHT-HAND TERMINUS OF ADENOVIRUS TYPE 5 DNA

AND ITS IMPLICATIONS FOR DNA REPLICATION AND TRANSCRIPTION

P.H.Steenbergh and J.S.Sussenbach
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The Netherlands.

ABSTRACT

The nucleotide sequence of the right-hand terminal 3% of adenovirus

type 5 (Ad5) DNA has been determined, using the chemical degradation technique

developed by Maxam and Gilbert (Proc.Nat.Acad.Sci.USA 74 (1977), pp 560-564).

This region of the genome comprises the 1003 basepairs long Hind III-I fragment

and the first 75 nucleotides of the adjacent Hind III-F fragment. The sequencing

results are discussed in relation to the initiation of DNA replication and to

transcription of this part of the genome. The sequence data do not support a

mechanism of initiation of DNA replication via hairpin priming as proposed by

Cavalier-Smith (Nature 250 (1974), 467-470).

INTRODUCTION

The mechanism of replication of the linear double-stranded adenovirus

DNA has been the subject of extensive investigations (reviewed by Levine et

al.u and Winnacker 2 ^ ) . Biochemical and electron microscopical experiments

have indicated that replication proceeds via a displacement mechanism 3-10">.

Replication starts at either end of the linear double-stranded DNA and proceeds

displacing one of the parental strands. The displaced strand is later replicated

in the opposite direction. All types of replicative intermediates have a linear

structure.

One of the major gaps in our knowledge of adenovirus DNA replication

is the mechanism by which the 5'-ends of the linear duplex are replicated. In a

number of linear DNA molecules {e.g. lambda and T7 DNA) perfect terminal repet-

itions are present, allowing the formation of circular or concatemeric replic-

ative intermediates. Based on the structure of these intermediates several

models for the mechanisms of DNA replication of th-:;se DNA's have been propos-

ed n \ However, adenovirus DNA possesses an inverted terminal repetition, which

prohibits circularization or concatemerization of the double-stranded DNA.

A model for the replication of 5'-ends of linear chromosomes avoiding
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circularization or concatemerization has been proposed by Cavalier-Smith 12>l.
According-to this model, a self complementary hairpin-loop at the 3'-end of the
DNA provides a 3'-0H group suitable for priming of DNA synthesis. Subsequently,
the parental strand is nicked at a specific site opposite the original 3'-term-
inus, which is now part of the progeny strand. The 3'-0H at the nick provides
a primer for DNA poiymerase to copy the sequences present in the hairpin struct-
ure. The original 3,'-terminal structure of the parental strand thus becomes, in
an inverted form, the 5'-end of the progeny strand. If the nucleotide sequence
involved in the initial formation of the loop-back structure is not a perfect
palindrome, the model predicts the existence of two classes of progeny DNA
molecules, one for each orientation of the 3'-terminal sequence, which moves
from the parental to the progeny strand. It has been shown that the structure
of adenovirus associated virus DNA is consistent with this model 131. Inter-
mediates with a terminal hairpin structure have also been observed during
replication .of the autonomous parvoviruses i1*'15"!.

An analogous mechanism has been proposed for the replication of
adenovirus DNA 1G\ The pre-.nce of special arrangements of nucleotides at the
termini of Ad2 DNA has been suggested by the electron microscopical observation
of some type of secondary structure at the molecular ends. The number of nucle-
otides involved in this structure is estimated to be between 50 and 100 at each
end. The resolution of the methods used, however, is insufficient to determine
the exact nature of the observed structures, which seem to involve base pairing
as in a tRNA clover leaf, rather than a single hairpin-type inverted repeat 16<l.
Furthermore, palindromic sequences have been reported to be present in Ad2 DNA
at about 180 nucleotides from the molecular ends lr>.

Nucleotide sequence analysis is the most direct approach to test
whether or not spacial arrangements other than the linear duplex structure can
exist at the ends of adenovirus DNA. The nucleotide sequence.of the first 194
basepairs at both termini of Ad5 DNA, including the 103 nucleotides long in-
verted terminal repetition, has already been described 181. The present report
concerns the nucleotide sequence of the right-hand terminal 3% (1078 nucleotides)
of the Ad5 genome.

MATERIALS AND METHODS

Materials

Ad5 DNA was isolated from purified virions as described previously 191.

Restriction endonucleases Hha I and Hph I were purified according to Roberts
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et al.20^ and Kleid et al.2U, respectively. Hae III and Hinf I were purified

according to the method described by Takanami and.Kojo 2£1-. Restriction endo-

nucl eases Hind III, Hpa II and Alu I were purchased from Boehringer (Mannheim),

Sma I from Biolabs (Beverly, MA), and Tac I and Taq I from BRL (Bethesda, HD).

Bacterial alkaline phosphatase (BAP F) was from Horthington (Freehold, NJ), and

T 4 polynucleotide kinase from Boehringer (Mannheim). (y-
3ZP)ATP (specific activ-

ity 2000 - 4000 Ci/ramole) was bought from the Radiochemical Centre (Amersham).

Dimethylsulfate (98%) was obtained from Merck-Schuchardt (MUnchen), hydrazine

(95+%) from Eastman-Kodak (Rochester, NY) and piperidine (99%) from Baker

Chemicals (Deventer). Acrylamide (99%), bisacrylamide (ultra pure) and urea

(99.5%) were from BDH (Poole).

DM sequence analysis

The isolation of the Hind III fragments of Ad5 DNA, the labeling of

the 5'-ends of restriction enzyme fragments, and the DNA sequencing procedure,

according to the method of Gilbert and Maxam 231, have all been described pre-

viously 18'1.

The only significant technical modification consisted of the omission

of the heat-denaturation steps before and after the incubation with T^ polynu-

cleotide kinase. This resulted in the incorporation of about 70% of the radio-

activity incorporated when the denaturation steps were included. The autoradio-

graph of the gel in which the labeled fragments were separated, however, showed

much less background when heat-denaturation was omitted. The fragments were

exclusively labeled at their 5'-ends, suggesting that random nicks in the DNA,

probably causing the background after denaturation, were not labeled in this

way.

RESULTS

In order to obtain specific subfragments suitable for sequence determ-

ination according to Maxam and Gilbert, the Ad5 Hind III-I fragment was degraded

with various restriction endonucleases. The details of the procedure used for

mapping of restriction enzyme recognition sites within the Hind III-I fragment,

according to the method developed by Smith and Birnstiel 2h^ , has been described

previously 181. The physical maps of the Hind III-I fragment with restriction

endonucleases Alu I, Hae III, Hha I, Hinf I, Hpa II, Hph I, Tae I and Taq I

are shown in Fig.V-1. The longest subfragment of Hind III—I which can not be

digested further by these restriction enzymes has a length of 150 nucleotides,
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Fig.V—l. Cleavage maps of the Hind III-I fragment of Ad5 DNA. The arrows indic-
ate the sequences (51 -̂  31) which could be derived starting from the
various 5'-labeled restriction enzyme recognition sites. The following
combinations of restriction enzymes were used: Alu I x Hha I ; Alu I x
Hae III ; Hae III x Hha I ; Has III x Alu I ; Hha I x Hae III ; Hha I
x Hpa II ; Hinf I x Hha I ; Hpa II x Hae III ; Hpa II x Binf I ;' #pfc I
x Hae III ; Hpk I x ®2a I ; Tae I x £pfe I ; Tag I x Hinf I.
Hind III-I was digested with the first enzyme of a given combination.
The resulting fragments were labeled at their 5'-ends, and were digest-
ed further with the second enzyme-.

small enough to permit accurate sequence analysis by the method used.

DNA sequence analysis
The Hind III-I fragment was digested separately with each of the

restriction endonucleases mentioned above. The resulting fragments were labeled
at their 5'-ends with kinase. Thus, using an enzyme which cuts the Hind III-I
fragment n times, n+l labeled fragments were obtained. Of these fragments, n
were labeled at both 5'-ends, the fragment derived from the right-hand end of
the genome being labeled at i ts left-hand end only, since the original terminus
of Ad5 DNA is insensitive to the action of phosphatase 2 5 1 . Sequence analysis
requires fragments which are labeled at only one 5"-end. In order to cleave the
fragments labeled at both 5'-ends, the mixture of labeled fragments was further
incubated with a second restriction enzyme. The combinations of enzymes used are
mentioned in the legend of Fig.V-I.

A sequence of about 80 nucleotides, starting from the labeled 5'-end
of each of the restriction enzyme fragments, could be established from the
sequencing gels. Fig.V-1 shows the approximate lengths of the sequences which
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ig.y-2. Sequence of the first 1078 nucleotides at the right-hand end of Ad5
DBA in the r-strand.
The recognition sites of the restriction endonucleases in Fig.V-1
are indicated.
The arrow at nucleotide 103 indicates the end of the inverted
terminal repetition.
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Fig.VS. Sequencing gels of two regions of the Hind III-I fragment,
a-d: Region between nucleotides 658 and 727 in Fig.V-2. a and b represent a short and longer
run of the Binf 1/ Hha I fragment between nucleotides 652 and 940, labeled at the Hinf I site
in the r-strand. c and d are a short and long run of the Hae III/ Alu I fragment between the
nucleotides 730 and 672, labeled at the Hae III site in the 1-strand.
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.V-S (continued) e-i: Region between nucleotides 1000 and 887 in Fig.V-2. e, f, and g are a short and two
longer runs of the left-hand terminal Hae III fragment of Hind 1II-I digested with Alu I
after labeling (nucleotides 1005-887, 1-strand). h and i are a short and longer run of
the Hha 1/ Hpa II fragment between nucleotides 938 and 883, labeled at the Hha I site in
the 1-strand.
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were determined starting from the various restriction enzyme recognition sites. ;

In addition to the Hind III-I fragment, the sequence of the first 75

nucleotides of the adjacent Hind III-F fragment was analyzed. The Hind III-F

fragment was isolated as described for Hind III-I. Hind III-F was labeled at

both 5'-ends with 32P using polynucleotide kinase and was subsequently digested

with Bpa II. The two labeled terminal Hpa II fragments (400 and about 700 nucle-

otides long) were separated by polyacrylamide gel electrophoresis, and subjected

to sequence analysis. From double digestion experiments with Sma I and Hpa II of

the Hind III-F fragment it is known that the shortest terminal Hpa II fragment

is located adjacent to the Hind III-I fragment (results not shown). This was

confirmed by the sequencing results obtained from the longer terminal Hpa II

fragment of Hind III-F, which contains a Hpa I recognition site eight nucleot-

ides inward from the labeled Hind III site, corresponding to the Hpa I - F / D

junction in Ad5 DNA at map position 89.1.

Fig.V-2 shows the sequence of the first 1078 nucleotides in the

r-strand at the right-hand terminus of Ad5 DNA. As indicated in Fig.V-1, about

50% of the sequence has been established by analysis of both complementary

strands. In those regions where only one strand was analyzed, the sequence is

based on the results of at least two independent experiments.

Some representative sequencing gels are shown in Fig.V-3.

DISCUSSION

General features of the sequence

The primary structure of the right-hand terminal 3% of the Ad5 genome

has been determined using the chemical modification sequencing technique devel-

oped by Haxam and Gilbert 23'1. The sequence of nucleotides 1 - 194 has been

reported previously IB'1.

The r-strand of this region of the genome, shown in Fig.V-2, is very

rich in T residues. Over one third of the 1078 nucleotides analyzed are T resi-

dues. The sequence contains 26 tracks of four or more T residues, in contrast

to only few A, C, and G tracks, respectively.

Electron microscopical analysis of partially denatured Ad5 DNA has

shown that the terminal 3% of the genome have a high denaturation grade, indic-

ating a relatively high A+T content in this region 261. This observation is

confirmed by the sequence data, the overall A+T content being about 55%. Regions

with A+T contents of 75% or more are found between nucleotides 370-400, 480-530,
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Fig.V-4. a. Region between nucleotides 169-233 in the r-strand at the right-
hand end of Ad5 DM. This type of structure may form after exonuclease III
treatment of the DNA, inhibiting repair synthesis of the l-strand by DNA poly-
merase I at 5°C, as observed by Padmanabhan et al. for Ad2 DNA 1 7 \

b. Almost identical nucleotide sequences in the .terminal regions of
Ad5 DNA. The sequence from the right-hand end is part of the structure in a,
the sequence from the left-hand end is part of a similar structure ̂  '.

c. Possible hairpin structure involving nucleotides 1010-1039 of the
r-strand at the right-hand end of Ad5 DNA. The boxed ATG might be an initiation
codon for the proteins encoded by early region 4.

d. Comparison of sequences in the right- and left-hand terminal regions
of Ad5 DNA shortly upstream of possible ATG initiation triplets, with the 3'-
terminus of 18S ribosomal RNA. The data concerning the left-hand end have been
described by Van Ormondt et al. z7^.

f

I
-•«¥



76

and 790-830. The small region at the end of the DNA molecule with a low denat-

uration grade observed in these partial denaturation studies may be explained

by the high G+C content (75X) of nucleotides 50-100 in the sequence.

Three palindromic arrangements of nucleotides are present within the

sequence analyzed, located between positions 161-170, 711-736, and 1010-1039

in Fig.V-2, respectively.

Initiation of DNA replication

The nucleotide sequence of the terminal 3% of the right-hand end of

Ad5 DNA does not substantiate a mechanism of initiation of adenovirus DNA

replication by the formation of a fold-back structure involving the 3'-end of

the DNA molecule as proposed by the model of Cavalier-Smith 121. Since there is

definitely no perfect palindrome present at the right-hand end of Ad5 DNA, the

unique character of the sequence also excludes this model.

For Ad2 DNA, evidence for secondary structures both within the invert-

ed terminal repetition 161 and at about 180 nucleotides inward from the ends 171

has been obtained by electron microscopical and nuclease susceptibility studies,

respectively. However, from the nucleotide sequence of the inverted terminal

repetition of the closely related Ad5 DNA it is not clear how the structures

within the inverted repeat are formed. On the other hand, the secondary struct-

ure observed around nucleotide 180, may be explained by the formation of the

hairpin structure depicted in Fig.V-4a, involving nucleotides 169-233. At the

left-hand end of Ad5 DNA, a possible hairpin structure between nucleotides 156

-233 in the 1-strand has been described 271. Interestingly, stretches of 17

nucleotides with almost identical sequences (see Fig.V-4b) are situated in the

centres of these hypothetical hairpin structures.

Recently, several studies have been performed which resulted in a

more precise localization of the origins of adenovirus DNA replication io>28i_

All data presently available indicate that the origins of replication are

located at, or very close to, the two molecular ends, probably within the

first 260 basepairs 2">. Although the sequence data exclude a hairpin-loop type

of initiation mechanism, they do not give any indication as to the actual

mechanism of initiation of DNA replication.

An alternative model for the replication of linear chromosomes has

been described by Heumann 291. In this model, the presence of internal repeats

of the terminal sequence of the DNA allows the replication of the chromosome

ends. The nucleotide sequence of the right-hand terminal 3% of Ad5 DNA does not

contain a repeat of the terminal sequence, which would support this type of

replication mechanism.

,*\
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A model proposed by Rekosh et a£.3tn, suggests that the protein acts

as a primer for DNA replication. Other possible initiation mechanisms would

require the formation of circular double-stranded intermediates by joining of

the molecular ends. However, covalently closed circular intermediates have

never been observed in adenovirus replication, and, if they occur, must be

extremely short-lived. Further studies on early replicative intermediates will

have to be performed to solve the problem of initiation of adenovirus ONA

replication.

Transeription
The nucleotide sequence presented in this paper is part of a region

of the Ad5 genome transcribed at early times after infection. This region,
refered to as early region 4, between 91 and 99 map units, is believed to
encode at least two early proteins which have been identified in infected cells
during the early phase of viral infection; an U K protein and a less prominent
19K protein 31">.

Transcription of early region 4 is in the leftward direction 32.331_
Four co-transcripts have been mapped in this region of Ad2 DNA. All have their
3'-end at 91.0 + 0.4 map units 3V>. These co-transcripts are 1500, 1600, 1900,
and 2300 nucleotides long, respectively. The 1500 nucleotides long co-trans-
script is not reproducably observed. The other three co-transcripts all have
sequences spliced to their 5'-ends which map at 99.1 + 0.6 map units. The
length of the leader sequence(s) is estimated to be between 15 and 50 nucle-
otides 35">.

According to these data, the nucleotide sequence from which the
leader sequence is transcribed is located somewhere around nucleotide 300 in
the 1-strand. The nucleotide sequence of the RNA would be identical to the
sequence of the r-strand shown in Fig.V-2. The RNA transcribed from the
sequence extending to the left of this leader sequence is spliced out of the
primary transcript. The main body of the 2300 nucleotides long co-transcript
starts around position 800 in the DNA sequence 35">. Regions with a very high
content of G and T residues are present closely to the presumed splicing
points. One region, between nucleotides 201-268, is 87% G+Tand contains two
tracks of 16 6 and T residues. A second, shorter region with a similarly
high G+T content is located between nucleotfdes 357-393. Around position 800,
a region between nucleotides 751-820 contains 77% G+T, with stretches of 12
and 11 G and T residues. Interestingly, such G+T rich regions are also present
in early region 1, at the left-hand end of M 5 DNA, of which the nurleotide
sequence has been analyzed 2n . Between nuclootides 1122-12?!, a region with
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80% G+T, containing stretches of 18 and 12 G and T residues, is located close-

ly to one of the splicing points in early region 1 35">. A relative abundancy of

•T residues near_splicing points has also been reported for thechick ovalbumin

gene,-where T residues are common in the intron sequence immediately preceeding

an intron-exonijunction "3M .

From the fact that many nonsense codons would be present in all

reading frames of RNA transcribed from either of the strands of the terminal

3% of Ad5 DNA, it can be concluded that this region does not encode any

protein products. The ATG triplet at position 1042, however, is not followed

by nonsense codons within the sequence analyzed. This ATG may function as the

initiation codon for the U K or 19K protein encoded by early region 4. The

location of this initiation codon shortly downstream from the palindromic se-

quence between nucleotides 1010-1039 (see Fig.V-4c) may be significant.

Directly preceeding this possible initiation codon a stretch of

nucleotides is present which shows complementarity with, the 3'-^ .id of 18S

ribosoraal RNA 371 (Fig.V-4d). A similar sequence is found in a number of

other mRNA's. The sequence CTCCGAG (nucleotides 1034-1040) is also present

in the 1-strand at the left-hand end of Ad5 DNA (nucleotides 530-536) and has

been suggested as a possible ribosome binding site 27"> (Fig.V-4d).
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GENERAL DISCUSSION

pi* 7 7 - 2 Initiation of DNA replication

Whereas the process of termination of DNA replication may be a rather

aspecific biological event -merely an obligatory stop of the polymerization re-

action at the end of the template- this certainly does not apply to initiation

of DNA replication. Since DNA polymerases, unlike RNA polymerases, are unable

to initiate polynucleotide synthesis de novo, linear nor covalently closed cir-

cular duplex DNA.molecules are suitable substrates for DNA polymerase. In a

specific biological event, these molecules must first be modified in such a way,

that a template-primer complex is formed, providing a basepaired 3'-0H group to

which deoxyribonucleotides can be added.

This event may, for instance, be the synthesis of a small piece of

RNA on one of the strands of the double-stranded molecule by RNA polymerase.

The 3'-terminus of the RNA primes the subsequent DNA synthesis. In a final

stage of the replication, the RNA primer is removed and is replaced by DNA.

This type of initiation mechanism has been proven to be operative in the re-

plication of the circular DNA of the plasmid ColEl (Tomizawa et al. , 1977).

Alternatively, the 3'-0H group may be provided by a deoxyribonucle-

otide. The replication of double-stranded $X174 DNA, for example, is initiated

by the endonucleolytic action of a phage-coded protein, which nicks one of the

DNA strands at a specific site (Langeveld et al. , 1978). This process results

in a template-primer complex, on which DNA is synthesized according to an uni-

directional "rolling circle" mechanism (Eisenberg et al. , 1977).

VI - 2 Replication of linear- DMA molecules

Linear DNA molecule pose an additional problem to our understanding

of DNA replication. In circular DNA molecules, all sequences located upstream

of the priming 3'-OH group can be conserved during replication as the replic-

ation fork moves around the whole circle back to the point of initiation. In

linear molecules, however, sequences located upstream of the priming 3'-0H

group can not normally be conserved, since the replication fork does not return

to the site of initiation of replication.

One obvious way of overcoming this dilemma is the formation of circu-
lar or concatemeric replicative intermediates during the replication of a linear
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DNA molecule, allowing the replication fork to move from initiation site to

initiation site within a circular or concatemeric molecule. Experimental evi- '•

dence supporting these mechanisms of DNA replication has been obtained for a ;

number of linear DNA's. The DNA's of phage lambda and related phages, for in-

stance, possess short complementary single-stranded ends, allowing the DNA to

form a circular duplex (Thomas and MacHattie, 1967). It has been shown that

lambda DNA replication, at least in early stages of the infection, proceeds

via circular intermediates (Takahashi, 1974,1975; Reuben and Skalka, 1977).

Other linear duplex genomes, e.g. DNA of phage T7, possess terminal

repetitions, which may be converted into complementary single-stranded ends by

the action of an exonuclease. Although this might lead to circularization of

the DNA as in the case of lambda DNA, newly synthesized DNA from this phage

has been detected in the form of concatemers of several times the length of

the original parental DNA (Thomas and MacHattie, 1967; Carlson, 1968; Kelly

and Thomas, 1969; Ihler and Thomas, 1970). These concatemers are thought to be

cleaved to unit length DNA molecules, which are subsequently assembled into

virus particles (Watson, 1972).

An alternative mechanism for the replication of the 5'-ends of linear

genomes has been suggested by Cavalier-Smith (1974). This model, which, involves

the formation of hairpin structures at the 3'-ends of the linear DNA molecules,

is discussed in detail in chapter I (section I - 1-6).

Clearly, these different solutions to the problem of replication of

the 5'-ends of linear DNA molecules depend on the nucleotide sequences at the

ends of the DNA molecule. The terminal sequences should either be complementary

to oneanother, or should both contain paiindromic arrangements of nucleotides.

VI - 3 The terminal nucleotide sequences of Adi DNA

From the nucleotide sequences at the termini of Ad5 DNA, as derived

in the foregoing chapters of this thesis, it can be concluded that this linear

genome does not replicate according to one of the mechanisms described above.

The termini of Ad5 DNA do not contain complementary nucleotide sequences allow-

ing circularization or concatemerization of the molecule, nor are paiindromic

arrangements of nucleotides present at the molecular ends.

However, the ends of Ad5 DNA do show a different kind of unusual

arrangement of nucleotides. From the sequence analysis data described in chap-

ter IV it was concluded that Ad5 DNA possesses an 103 basepairs long inverted
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Ad5 (Ad2) 51- -CAT-CATCAATAATATACCTTATTTTGGATTGAA—-GCCAATATGATAATGAGG-

Ad3 51- TC-TCTAT-ATAATATACCTTAT—AGATGGAATGGTGCCAACATGTAAATGAGG-

-GGGTGGAGTTTGTGACGTGGCGCGGGGCGTGG-GAACGG6-GCGGG-

-TAAT TTAAAAAAGTGCGCGCTGTGTGGTGATTGGCTGCGGG-

Fig.VI-1. Comparison of the 5'-terminal sequences of Ad5 (Ad2) DNA (see chapter
IV) and Ad3 DNA (A.Tolun, personal communication).
In order to obtain maximal homology, a few gaps have been introduced
in the sequences. Identical nucleotide sequences are underlined.

'••A
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terminal repetition. Although the function of these exactly identical nucleotide

sequences at the molecular ends is still unknown, it is tempting to speculate

that they are involved in the replication of adenovirus DNA. For Ad5 DNA, expe-

rimental results have been obtained suggesting that the inverted terminal repe-

tition is essential for replication but not for transformation (Graham et til. >

1974). A second indication for the involvement of the inverted repetition in

the process of DNA replication may come from the exact way in which these se-

quences are conserved. Two independently replicating sequences of 103 nucleo-

tides long would not normally be expected to remain identical at all positions.

The fact that they do, probably indicates that the terminal sequences are in

some way compared to oneanother during replication.

It is interesting to note that the inverted terminal repetition of

Ad2 DNA, which is a member of the same, non-oncogenic, subgroup, is completely

identical to that of Ad5 DNA. In chapter IV, two differences between Ad2 and

Ad5 DNA within the inverted terminal repetitions are mentioned. The 3'-terminal

nucleotide of Ad2 DNA, however, has recently been reported to be a deoxyguano-

sinemonophosphate residue as in Ad5 DNA (J.Arrand, personal communication). In

a final stage of the work described in this thesis, the nucleotide sequence of

the right-hand terminal 75 basepairs long Bha I fragment of Ad2 DNA was analyzed

using the Maxam and Gilbert technique as described for Ad5 DNA. The results (not

shown) are completely identical to those obtained for Ad5 DNA.

Ad3 DNA, however, has been reported to contain a rather different

terminal nucleotide sequence, although some stretches of nucleotides are iden-

tical to Ad2 and Ad5 DNA sequences (A.Tolun, personal communication) (see Fig.

VI-1). Preliminary nucleotide sequencing results concerning Ad7 DNA, belonging

to the same, weakly oncogenic, subgroup as Ad3, indicate that this DNA has

terminal sequences identical to those reported for Ad3 DNA (R.Dijkema, personal

communication).

It is not yet possible to conclude whether t * sequences common to all
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four serotypes are conserved due to specific functions of these sequences, or

that they merely reflect a common origin in their evolution.

It has been shown that Ad5 DNA can be extracted from purified virions

as a DNA-protein complex, with protein molecules of 58K molecular weight attach-

ed to both 5'-erids of the molecule (Keegstra et al. , 1977). Such DNA-protein

complexes have also been isolated from Ad2 virions (Padmanabhan and Padmanabhan,

1977; Rekosh et al., 1977), from Ad3 virions (Daniell, 1976), from CELO adeno-

virus virions (Rekosh et al. , 1977), from simian adenovirus type 7 (Estes,1978),

and from a murine adenovirus (Larsen and Nathans, 1977). The exact nature of

the, probably covalent, chemical bond between the terminal protein ,and the DNA

is not known. It has been shown that DNA-protein complexes of adenovirus are

also present in infected cells (Girard et al., 1977; Estes, 1978; Robinson et

al., 1978; Van Wielink, 1978).

A similar DNA-protein complex has been described for the Bacillus

subtilis phage $29 (Harding and Ito, 1976; Salas et al. , 1978). The terminal

protein of $29 DNA has been characterized as an early viral protein essential

for DNA replication. An analogous role for the terminal protein in the adeno-

virus system has been suggested (Van Wielink, 1978)s but its actual function

still remains obscure. However, in the attempts to explain the replication of

adenovirus DNA, a function for the inverted terminal repetition as well as for

the terminal protein will have to be considered.

VI — 4 Hypothetical models for adenovirus DNA replication

As adenovirus DNA does not seem to replicate along the lines of any

known scheme of DNA replication, several hypothetical models introducing new

elements have been proposed.

Robinson et al. (1973) and Robinson and Bellett (1974) suggested that

adenovirus DNA might replicate as covalently closed circular DNA-protein com-

plexes, which might be cleaved to linear DNA by the action of the terminal pro-

tein. This protein might be inactive under normal circumstances, only cleaving

the DNA under the conditions applied for the isolation of the DNA; after cutting

the DNA the protein might remain attached to its 5'-ends. On the other hand, the

terminal protein might possess nicking as well as closing activity, enabling the

linear DNA to assume a covalently closed circular structure only during replic-

ation. However, intracellular covalently closed circular replicative intermediates
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cbaa'b'c

ba
3'

•ba5.

c b a
* c'b'a ,

COMPLEMENTARY
STRAND SYNTHESIS

5rib'c----» cba3

abc«

a'b'c'"
,abc-

•c'b'a'

•cba

-c'b'a'

Fig. VI-2. Hypothetical model for the replication of adenovirus DNA.
•fjer formation of a circular duplex, the strands are nicked by an
endonuclease (E^) as indicated, at the internal ends of the inverted
repeat. DNA synthesis starting at the 3'-OH groups at the nicks con-
verts this structure into a linear double-strandt. ; ciecule contain-
ing palindromes of 206 nucleotides long at both ends. This configur-
ation allows the formation of hairpin loops at the ends and the
molecule may replicate as indicated. The original ends are restored
by the action of endonuclease E2. The presence of terminal protein
molecules attached to adenovirus DNA may be explained by the binding
of the endonuclease E2 to the 5'-ends of the nicks, which it creates.

have not been detected, which makes this type of mechanism less likely. Also,

the model does not indicate a function for the highly conserved inverted ter-

minal repetition. It is not probable thataZ06 basepairs long palindrome would

be required as a recognition sequence for the terminal protein.

An alternative model for adenovirus DNA replication has been suggested

by Rekosh et at. (1977). They propose that the terminal protein provides the

primer for DNA synthesis.After recognition of the parental 3'-terminal sequence

the protein itself might act as a primer. Alternatively, the protein might first

bind specifically to a nucleotide before or after binding to the DNA. The DNA

might subsequently be replicated in a linear form, while the protein might re-

main attached to the new 5'-end. Priming by a protein, however, has never been

observed in any system of DNA replication.

:: 7 •::
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A third hypothetical model for adenovirus DNA replication is outlined |

in Fig.VI-2. Although this model also involves the formation of covalently close<|

circular intermediates, these might be extremely short-lived. Shortly after the 1

formation of the circular intermediate, the parental strands are nicked by an J

endonuclease at specific sites located symmetrically to the site of ring-closure.

The internal ends of the inverted terminal repetition are the most obvious can-

didates for these sites. DNA synthesis starting at the 3'-0H group at the nick i

produces a linear DNA molecule with 206 basepairs long palindromes at both ends. |
•t

This linear molecule may subsequently replicate according to the mechanism pro- j
posed by Cavalier-Smith (1974), modified as indicated in Fig.VI-2. This model i

accounts for the linear form of adenovirus replicative intermediates, as well as -!j

for the conservation of the sequences within the inverted terminal repetition. \

The original 31- and 5'-ends of the DNA are restored by the action of a second ]

endonuclease, which might remain covalently linked to the 5'-ends, thus explain- 3

ing the presence of terminal protein molecules attached to adenovirus DNA. \

In the current state of our knowledge of adenovirus DNA replication, \

however, there are no decisive arguments which favour one of the three models J

described aDove. \

VI - 5 Nualeotide sequences of origins of DNA replication

The location of the origin of DNA replication of a linear DNA molecule

is theoretically irrelevant to the problem of the replication of the molecular

ends. In T7 DNA, for instance, the origin of DNA replication is located intern-

ally, and its position has no bearing on the mechanism of concatemerization,

which ensures the replication of the molecular ends (Watson, 1972).

In adenovirus DNA, however, origins of DNA replication are located at

or very close to the molecular ends (Sussenbach and Kuijk, 1978). Consequently,

in this case the initiation event probably has to be looked upon as an integral

part of the mechanism to conserve the structure of the molecular ends in the

progeny DNA. In fact, the hypothetical mechanisms suggested for adenovirus DNA

replication like the Cavalier-Smith model, the protein priming mechanism, and

the model in Fig.VI-2, are based on this supposition. Therefore, it is question-

able whether it is meaningful to compare the terminal nucleotide sequences of

adenovirus DNA with other nucleotide sequences containing origins of DNA replic-

ation, which are involved in different mechanisms of replication.

The nucleotide sequences of a number of origin containing regions are

presently known.As in the case of adenovirus DNA.the presence of the initiation

• > >
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Plasmid ColEl 4
5' —GGGGGCG -.AGCTATGGAAAAACGCCTGCT 3' i
Phage <|>X174 \
5' —CCCCCAACTTGATATTAATAACACTATAG 3' 1
Phage lambda *
51 —GGGGGACACAAAAAGACACTATTACAAAAGAAAAAAGAAAAG 3' J
Simian virus 40 ;j
5'—TTTTTGCAAAA-(12)-AAAAAA-(30)-GGCCGAGGCGGCCTCGGCCTCTGCATAAATAAAAAAAA 31 1

•4

Polyoma v i r u s '*>
5' —TGTTTTGACAAGTT- (18) -TCTTTTT- ( 1 1 ) -GCGGGCCAGGGGCCCGG 3 ' |

BK v i rus 1
5' —AAAAGAATA- ( 1 1 ) -AAATAGTTTT- ( 9 ) - AGAAAAA- (42) -GGCGGCCTCGGCCTCTTATATATTATA § 3 ' ;i

Adenovirus types 2 and 5 I
51—AATAATATACCTTATTTT-(45)-GGCGCGGGGCGTGGGAACGGGGCGGG 31 ;

Fig.VIS. Alternating G+C and A+T rich stretches of nucleotides in seven DNA p
regions containing origins of DNA replication. |
This figure is a compilation of comparisons of nucleotide sequences s |
between the ColEl, ij>X174 and lambda origin (Sherratt, 1978), the f
simian virus 40 and polyoma virus origin (Soeda et al. ,1978), the '1
simian virus 40 and BK virus origin (Dhar et al. , 1978), and the |
simian virus 40 and adenovirus type 5 origin (Winnacker, 1978). >i
Parenthesized figures refer to numbers of nucleotides omitted from |
the sequences. 4

!

site of DNA replication within these regions has been infered from the analysis fi

of early replicative intermediates. In most instances the mechanism of initia- i

tion and the exact location of the origin at the nucleotide level are not '%

known.

One of the few examples of precisely localized initiation sites of

DNA replication is the origin of <j>X174 DNA replication (Langeveld et al. ,1978).

The nucleotide sequence surrounding the nick introduced in double-stranded

$X174 DNA was analyzed after incubation of the covalently closed supercoiled

DNA with the purified endonuclease in vitro (see also section VI-1). A compar-

ison of this nucleotide sequence with sequences present in related phages may

clearly be of interest.

The origin of replication of the plasmid ColEl has also been local-

ized at the nucleotide level (Tomizawa et al., 1977). The nucleotide sequences

of the primer RNA molecule and of the region of the DNA on which this primer is

synthesized are known. The region about the RNA/DNA junction is rich in A+T

residues and is preceeded by a G+C rich region; this type of sequence arrange-
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meat has been suggested to function as a termination signal for RNA polymerase

(McMahon and Tinoco, 1978). Interestingly, alternating A+T rich and 6+C rich

regions have also been identified in the origin containing regions of simian

virus 40 (Dhar et al., 1977), polyoma virus (Soeda et at.,1977), and BK virus

DNA (Dhar et al., 1978). The replication of the DNA's of these viruses may also

initiate via an RNA primer.

It is doubtful, however, that it is significant to compare, for in-

stance, the <{>X174 origin sequence with the ColEl replication origin, in view

of their different mechanisms of initiation of DNA replication. The terminal

sequences of Ad5 DNA show little or no homology with the origin containing

regions of other DNA's. This probably emphasizes that the mechanism of initia-

tion of adenovirus DNA replication differs from the mechanisms of initiation

of DNA replication of those other DNA's. However, it is noteworthy that a common

element in all origin containing sequences mentioned above is constituted by the

presence of alternating A+T rich and G+C rich regions (Fig.VI-3).The significance j

of this phenomenon, if any, is not yet understood. i

REFERENCES

Carlson,K. (1968) Intracellular fate of deoxyribonucleic acid from T7 bacterio-
phages. J.Virol. 2, 1230-1233.

Cavalier-Smith,T. (1974) Palindromic base sequences and replication of eukary-
ote chromosome ends. Nature 250, 467-470.

Daniell,E. (1976) Genome structure of incomplete particles of adenovirus.
J.Virol. 19, 685-708.

Dhar,R., Subramanian,K.N., Pan.J. and Weissman.S.M. (1977) Nucleptide sequence
of a fragment of SV 40 DNA that contains the origin of DNA replication and
specifies the 5'-ends of early and late viral DNA. J.Biol.Chem. 252, 368-
376.

Dhar.R, Lai,C.J., and Khoury,G. (1978) Nuci^otide sequence o£ the DNA replic-
ation origin of human papovavirus BKV: sequence and structural homology
with SV40. Cell 13, 345-358.

Estes.M.K. (1978) Characterization of DNA-protein complexes from simian adeno-
virus SA7. J.Virol. 25, 917-922.

Eisenberg.S., Griffith,J., and Kornberg.A. (1977) <jiX174 cistron A protein is a
multifunctional enzyme in DNA replication. Proc.Nat.Acad.Sci.USA 74, 3198-
3202.

Girard.M., Bouche,J-P., Marty,L., Revet,B., and Berthelot,N. (1977) Circular
adenovirus DNA-protein complexes from infected Hela cell nuclei. Virology
S3, 34-55.

Graham,F.L., Abrahams,P.J., Mulder,C., Heyneker.H.L., Warnaar,S.0., De Vries,
F.A.J.; Fiers.W., and Van der Eb.A.J. (1974) Studies on in vitro trans-
formation by DNA and DNA fragments of human adenoviruses and simian virus
40. Cold Spring Harbor SympjQuantBiol. 39, 637-650.

Harding,N.E. and Ito.J. (1976) DNA replication of bacteriophage <j>29: isolation
of a DNA protein complex from Baeillus subtilis cells infected with wild-



91

type and with a suppressor sensi t ive mutant. Virology 73, 389-401.
Ihler.G.M. and Thomas,C.A. (1970) Equal incorporation of both parental bacte-

riophage T7 deoxyribonucleic acid strands into in t race l lu la r concatemeric
deoxyribonucleic acid. J .Viro l . 6, 877-880.

Keegstra.W., Van Wielink,P.S., and Sussenbach.J.S. (1977) The visualization of
a c i rcular DNA-protein complex from adenovirions. Virology 76, 444-447.

Kelly,T.J. and Thomas,C.A. (1969) An intermediate in the replication of bacte-
riophage T7 DNA molecules. J.Mol.Biol. 44, 459-475.

Langeveld.S.A., Van Mansfeld.A.D.M., Baas,P.D., Jansz.H.S., Van Arkel.G.A., and
Weisbeek.P.J. (1978) Nucleotide sequence of the or igin of replication in
bacteriophage cfiX174 RF DNA. Nature 271, 417-420.

Larsen,S.H. and Nathans,D. (1977) Mouse adenovirus: growth of plaque-purified
FL virus in ce l l lines and characterization of v i r a l DNA. Virology 82, 182-
195.

McMahon.J.E. and Tinoco.I. (1978) Sequences and efficiencies of proposed mRNA
terminators. Nature 271, 275-277.

Padmanabhan.R. and Padmanabhan,R.V. (1977) Specific interaction of a protein
at or near the termini of adenovirus 2 DNA. Biochim.Biophys.Res.Comm. 75,
955-964.

Rekosh.D.M.K., Russell,W.C., Bel le t t ,A.J .D. , and Robinson,A.J. (1977) A protein
covalently linked to adenovirus DNA. Cell 11, 283-295.

Reuben,R.C.and Skalka.A. (1977) Identification of the s i t e of interruption in
relaxed c i rc les produced during bacteriophage lambda c i rc le replicat ion.
J .Virol . 21, 673-682.

Robinson.A.J., Younghusband.H.B., and Bellett.A.J.D. (1973) A circular DNA-
protein complex from adenoviruses. Virology 56, 54-69.

Robinson,A.J. and Bellett,A.J.D. (1974) A circular DNA-protein complex from
adenoviruses and i t s possible role in DNA repl ica t ion. Cold Spring Harbor
Symp.Quant,Biol. 39, 523-531.

Robinson.A.J., Bodnar.J.W., Coombs.D.H., and Pearson,G.D. (1978) Replicating
adenovirus 2 DNA molecules contain terminal protein. Cell , in press.

Salas.M., Mellado.R.P., Venuela.E., and Sogo.J.M. (1978) Characterization of
a protein covalently linked to the 5'-termini of the DNA of Bacillus sub—
tilis phage <j>29. J.Mol.Biol. 119, 269-291.

Sherratt.D. (1978) Replication or igins . Nature 272, 404-405.
Soeda,E., Miura,K., Nakaso.A., and Kimura,G. (1977) Nucleotide sequence around

the repl icat ion origin of polyoraa virus DNA. Febs Let t . 79, 383-389.
Soeda,E., Kimura,G., and Miura,K. (1978) Similarity of nucleotide sequences

around the origin of DNA repl icat ion in mouse polyoma virus and simian
virus 40. Proc.Nat.Acad.Sci.USA 75, 162-166.

Sussenbach,J.S. and Kuijk,M.G. (1978) The mechanism of replication of adeno-
virus DNA. VI.Localization of the origins of the displacement synthesis.
Virology 84, 509-517.

Takahashi,S. (1974) The ro l l ing c i rc le replicative structure of bacteriophage
lambda DNA. Biochim.Biophys.Res.Comm. 61, 657-663.

Takahashi.S. (1975) Structure of the oligomeric c i rcular molecules of a bacte-
riophage lambda DNA. Virology 64, 319-329.

Thomas,D.C. and MacHattie,L.A. (1967) The anatomy of v i r a l DNA tcolecules.
Ann.Rev.Biochem. 36, 485-518.

Tomizawa.J., Ohmori.H., and Bird,R.E. (1977) Origin of replication of col ic in
El plasmid. Proc.Nat.Acad.Sci.USA 74, 1865-1869.

Van Wielink.P.S. (1978) Thesis State University Utrecht: A DNA-protein complex
from adenovirus type 5 and i t s possible role in v i r a l DNA repl icat ion.

Watson,J.D. (1972) Origin of concatemeric T7 DNA. Nature New Biol. 239, 197-201.
Winnacker,E.L. (1978) Adenovirus DNA: structure and function of a novel re -

plicon. Cell 14, 761-763.



92

SUMMARY

The purpose of the investigations described in this thesis is the

determination of nucleotide sequences at the molecular ends of the linear ade-

novirus type 5 DNA. Knowledge of the primary structure at the termini of this

DNA molecule is of particular interest in the study of the mechanism of replic-

ation of adenovirus DNA. The initiation- and termination sites of adenovirus

DNA replication are located at the ends of the DNA molecule.

Chapter I consists of a general introduction on adenoviruses, with

particular emphasis on aspects related to the DNA replication, and on DNA se-

quence analysis techniques, accentuating the restriction enzymes, which are

essential to this field of investigation.

Chapter II deals with the strategy employed for the analysis of nu-

cleotide sequences in adenovirus DNA. This strategy was mainly determined by

the rapid evolution of DNA sequencing techniques over the past few years. Chap-

ters III, IV, and V comprise three papers in chronological order on sequence

analysis at the termini of adenovirus DNA, reflecting some of the stages of

this evolution. Some methods, which are mentioned in these chapters, but not

described in detail, are further elucidated in chapter II.

Chapter III describes the analysis of the sequence of a small number

of nucleotides at the termini of adenovirus type 2 and type 5 DNA. The results

indicate that type 2 and type 5 DNA possess identical terminal sequences, and

that the inverted terminal repetition in adenovirus DNA extends to the very

ends of the DNA.

Chapter IV concerns the analysis of the nucleotide sequences of two

75 nucleotides long fragments derived from the termini of adenovirus type 5

DNA. These sequences were investigated by analyzing the RNA transcribed from

these DNA fragments in vitvo. This chapter also delineates the determination

of these sequences, and an extension of the analysis to 194 nucleotides at both

termini, using a direct sequencing procedure. This procedure, termed partial

chemical modification technique according to Maxam and Gilbert, is based on the

principle that DNA can be cleaved at specific sites by certain chemical agents.

From the sequencing results it was concluded that adenovirus type 5 DNA con-

tains an inverted terminal repetition of 103 basepairs.

Chapter V describes the analysis of the nucleotide sequence at the

right-hand terminus of adenovirus type 5 DNA up to nucleotide 1078. The same

direct DNA sequencing technique was used for this analysis.

The results of the nucleotide sequence analyses are discussed in the
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final sections of chapters I I I , IV, and V, and in the general discussion
(chapter VI). The relation between the nucleotide sequences and the mechanism
of DNA replication is particularly stressed in these discussions. Some of the
models proposed for adenovirus DNA replication can be excluded in virtue of
the primary structure presently known; alternative models, which are not at
variance with the terminal nucleotide sequences, are described in chapter VI.

I
• - t

1
4



94

Het doel van het in dit proefschrift beschreven onderzoek is de bepa-

ling van basevoigorden aan de uiteinden van het lineaire DNA van het adehovirus~

type 5.-Kermis van de primaire structuur aan de uiteinden van dit DNA molecuul

is met name van belang in net kader van de studie betreffende het mechanisme

van replicatie van adenovirus DNA. De start- en eindpunten van de adenovirus

DNA replicatie zijn aan de uiteinden van het DNA raolecuul gelegen,.

Hoofdstuk I omvat een algemene inleiding over adenovirussen, waarbij

vooral aspecten, die verband houden met de DNA replicatie benadrukt wqrderi, en

over DNA sequentie analyse technieken, waarbij;:het accent valt op de voor dit

terrein van onderzoek onmisbare Yestrictie enzymen.

In hoofdstuk II wordt de^strategie uiteengezet, die werd gevqlgd voor

de bepaling van basevolgorden in adenovirus DNA. Deze werd hoofdzakelijk be-

paald door de zeer snelle ontwikkeling in DNA sequehtie tecHnieken geclurende de

laatste jaren. In de hoofdstukken III, IV en V werden in chronologische volg-

orde drie publicaties over sequentie analyse aan de uiteinden van adenovirus

DNA opgenomen, die enkele stadia van deze ontwikkeling weergeven. Enkele in

deze hoofdstukken genoemde, maar niet verder beschreven technieken worden in

hoofdstuk II nader uiteengezet.

Hoofdstuk III beschrijft de analyse van de volgorde van een kiein

aantal nucleotiden aan de uiteinden van adenovirus type 2 en type 5 DNA. De

resultaten geven aan, dat de terminale sequenties van type 2 en type 5 DNA ge-

lijk zijn, en dat de terminale duplicatie inversie in adenovirus DNA zich uit-

strekt tot aa,i het eindstandige nucleotide.

In hoofdstuk IV wordt de bepaling van de basevolgorden van twee 75

nucleotiden lange fragmenten beschreven, die afkomstig zijn van de beide uit-

einden van adenovirus type 5 DNA. Deze sequentie-7 werden onderzocht door ana-

lyse van het RNA, dat in vitro werd getranscribeerd van deze DNA fragmenten.

Dit hoofdstuk bevat tevens de bepaling van deze sequenties, en een uitbreiding

daarvan tot 194 nucleotiden aan beide uiteinden, met behulp van een directe DNA

sequentieanalyse methode. Deze methode, de zg. partiele chemische modificatie

techniek volgens Maxam en Gilbert, berust op het principe, dat op specifieke

piaatsen in het DNA breuken kunnen,worden aangebracht met behulp van bepaalde

chemische agentia. Uit de sequentie gegevens volgt, dat adenovirus type 5 een

terminale duplicatie inversie van 103 baseparen bezit.

Hoofdstiik V beschrijft de analyse van de basevolgorde aan het rechter

uiteinde van adenovirus type 5 DNA tot nucleotide 1078. Hiertoe werd gebruik

, , ] ; , ^ _ i ,
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van dezelfde directe DNA sequentie techniek.

De resultaten van de sequentie analyses worden in de discussies beho-

rende bij de hoofdstukken III, IV en V, en in de algemene discussie (hoofdstuk

VI) besprokeri. De nadruk ligt hierbij steeds op het verband tussen de base-

volgorden en net mechanisme van DNA replicatie van adenovirussen. Enkele van de

geponeerde modellen voor de adenovirus DNA replicatie kunnen op grond van de

thans bekende primaire structuur worden verworpen; alternatieve model!en, die

niet in strijd zijn met de terminale basevolgorden, worden in hoofdstuk VI be-

schreven.
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Ook Peter van der Vliet ben ik ze&r erkentelijk voov het door hem
getoonde interesse in mijn werk en zijn daaruit voortkomende ideeen en adoiezen.

Alle ovevige msdewerkers van het Laboratoriian voor Fysiologische
Chemie uil ik hierbij bedanken voov de pvettige samenwerking, waarbij ik Truus
Kuijk, Hetty van Teeffelen^ en Fans van Mansfeld met name wil noemen. Johan van
der Rijst en Freek van Zijl wil ik _,i het bijzonder bedanken voor hun inspan-
ningen bij respectievelijk het verraardigen van het teken- en fotowevk in dit
proefschrift, en van de vele gel-electroforese apparaten.

Een groot deel van de in dit proefschrift beschreven experimenten werd
uitgevoerd binnen de ruimten van het Instituut voor Moleculaire Biologie. Alle
leden van de verschillende vakgvoepen behorende tot de groep die mij in deze
periode zo gastvrij in haar midden heeft opgenomen wil ik hiervoor hartelijk
bedanken.

Voov de prettige samenuerking tijdens een deel van het onderzoek
beschreven in hoodstuk IV van dit proefschrift wil ik de medewerkers van het
Laboratorium voov Fysiologisahe Scheikunde in Leiden bedanken, in het bijzonder
Bans van Ormondt en Jan Maat.

Tenslotte wil ik George Steven dank zeggen voor het met kritische
Schotse ogen dooviezen van het manuscript van dit proefschrift.
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CURRICULUM VITAE

De schrijver van dit proefschrift werd op 20 december 1949 te Zeist

geboren. Aan het lyceum "Schoonoord" aldaar behaalde hij in 1968 het diploma

gymnasium B. In datzelfde jaar begon hij met de studie Scheikunde aan de

Rijksuniversiteit te Utrecht. Het kandidaatsexamen Sj werd in juni 1971 af-

gelegd, het doctoraalexamen scheikunde in december 1973; dit omvatte de keu-

zerichting biochemie (Prof. Dr. G.H. de Haas), waarbij hij werkte onder lei-

ding van Dr. W. Nieuwenhuizen, en de bijvakken immunologie (Prof. Dr. R.E.P.A.

Ballieux) en farraacologie (Prof. Dr. D. de Wied), waar hij werkte binnen de

werkgroep neurochemie (Dr. W.H. Gispen) onder leiding van Dr. R. de Kloet.

Met ingang van 9 januari 1974 werd hij als wetenschappelijk ambte-

naar verbonden aan de interfacultaire werkgroep voor Moleculaire Biologie van

de Rijksuniversiteit te Utrecht op een aan deze vakgroep toegewezen formatie-

post van de research pool.

Sedert 1 mei 1975 was hij verbonden aan het Laboratorium voor Fysio-

logische Chemie van de faculteit der Geneeskunde der Rijksuniversiteit Utrecht

in dienst van de Nederlandse Organisatie voor Zuiver Wetenschappelijk Onder-

zoek (ZWO) in het kader van een door de Stichting Scheikundig Onderzoek in

Nederland (SON) gesteund project.

Het in deze beide functies uitgevoerde onderzoek binnen de werkgroep

Adenovirussen van het Laboratorium voor Fysiologische Cheraie is in dit proef-

schrift beschreven.



STELLINGEN

behorende bij het proefschrift \ ? ;

Nucleotide sequence analysis of regions of adenovirus 5-DNA

containing the origins of DNA replication

I

De replicatie van adenovirus DNA verloopt niet volgens het door Wu et al.

voorgestelde model.

M.Wu, R.J.Roberts en N.Davidson (1977)
J.Virol. 21, 7&&.

Dit proefschrift.

II

Het werk van Ariga en Shimojo gericht op het exact vaststellen van de initiatie-

en tenninatieplaatsen van de adenovirus type 12 DNA replicatie roept voldoende

vraagtekens op om er een bij hun conclusies te plaatsen.

H.Ariga en H.SUmojo (1978)
Virology 85, 98.

Ill

De identificatie en classificatie van Baculovirussen dient bij voorkeur te

geschieden door middel van analyse van het DNA.

R.J.Cibulsky, J.D.Harper en R.T.Gudauskas
(1977) J.Invertebr.Pathol. 29, 182.

L.K.Miller en K.P.Daves(1978)
Appl.Environ.Mierobiol. 35, 1206.

IV

Het door Godson voorgestelde model voor de bacteriofaag G4 RF replicatie v/orcit

onvoidoende gesteund door zijn experimented resultaten.

G.II.Godson (1977) J.Mol.Biol. 117, 353.

De conclusie van Pollock et al. , dat de expressie van de genen A en B van bac-

teriofaag *X174 gereguleerd wordt door andere dan de direct voor deze genen

gelegen promotoren, is vermoedelijk onjuist.

T.J.Pollock, I.Tessman en E.S.Tessman
(1978) J.Mol.Biol. 124, ^k^.
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De meeste modellen voor fibrinogeen geven waarschijnlijk niet de natieve

configuratie weer, daar hierbij geen rekening is gehouden met de invloed

van de onder fysiologische omstandigheden aan dit eiwit gebonden calcium-

ionen op de molecuulstructuur. '""•'-• ,".•''•
C.E.Hall en H.S.Slayter (1959)
J.Biophys.BibcHem.Cytol. 5, 11.

G.KSppel (1967)
Z.Zellforseh.Mikrosk.Anat. 77, UU3.

G.Hudry-Clergeon, G.Marguerie, L.Pouit
en M.Suscillon (19T5) Throml].Res.(?,533.

VII

Het is waarschijnlijk, dat een "gene insertion" mechanise een belangrijke

rol speelt in de codering van de antigeen receptor op het oppervlak van T

lymfocyten.

J.D.Capra en T.J.Kindt (1975)
Immunogenetics 1, U17.

M.Smith en K.Hirschhorn (1978)
Proc.Hat.Acad.Sci.USA 75, 336T-

VIII

De prominente posities van Kastin en Schally op de lijst van raeest geciteerde

(co)auteurs zullen niet verder verbeteren door hun publicatie over de enkepha-

line opname door de hersenen (Kastin et al. , 1976) na het verschijnen van de

zorgvuldigere studie hierover van Cornford et al.

Current Contents 212B, 9 (1978)

A.J.Kastin, C.IIissen, A.V.Schally en
B.C.Coy (1976) Brain Res.Bull. 2,583.

E.M.Cornford, L.D.Braun, P.D.Crane en
W.H.Oldendorf (1978)
Endocrinology 103, 1297.

IX

Het geeft te denken, dat er in Nederland van enige noemenswaardige zomertijd

geen sprake raeer is geweest sedert de overheid op economische gronden heeft

gemeend deze zelf te moeten gaan invoeren.

P.H. Steenbergh 30 januari 1979


