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I. GENERAL INTRODUCTION

I.1. Introduction

In each organism duplication of the genetic material is one
of the most fundamental processes. For the eukaryotic cell
this is a formidable task since in a time-lapse of a few
hours only, a genome with a length of up to several meters,
has to be copied. This genome, subdivided into several
chromosomes, consists of chromatin, i.e. DNA intimately
associated with a number of classes of proteins, of which
the class of the histones in one of the most prominent. The
replication process, therefore, requires coordinately a
correct duplication of DNA, the synthesis of the right
amounts and types of proteins and the assembly of these
components to form two daughter chromatin strands that

are identical to the parental one. Moreover, the mechanism
has to provide for that in each cell cycle duplication takes
place only once. It will be clear that, besides temporal
regulatory processes, functional organization of the genome
for replication during interphase has received considerable

attention in recent years.

I.2. Chromatin Structure

The basic structural unit of chromatin, whether in interphase
or during mitosis, is the nucleosome (1-5). It consists

of a stretch of DNA of approximately 200 base-pairs, complexed
to a histone octamer (2,6,7) consisting of 2 molecules of
HZA’ HZB' H3 and H4 each. This structural repeating unit

can be further subdivided into a “core particle", consisting
of 140 base-pairs (8-11) wound around the outside of the
histone octamer (12-16), and a "linker", i.e. a stretch of
DNA of 40-60 base-pairs on the average, varying from species
to species (10,11,14,17) and even within a species (18).
Core-particles can be isolated from chromatin by a limit
digestion with Staphylococcal nuclease, since the linker-
regions are more susceptible to the action of the enzyme
(8-11,19) . Further analysis has revealed that DNA is wound
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around the cylindrical histone octamers in 1,75 turns
(15,20,21), so inducing one negative supercoil for each
nucleosome (22). Ultrastructurally, chromatin appears in a
beads—-on-a-string conformation (1,2,23,29), in which the
positioning of the nuclosomes along the DNA strand is
a-specific with respect to base-sequence (24,25). In vivo,

and partly due to histone H, which interacts with the linker-

region (26,28), the beaded ;tructure most likely exists in

a more compact, solenoidal form (29,30). It is generally
thought that the metaphase chromosome consists of a super-
structure of the solenoid, in the modelling of which non-
histone chromosomal proteins may play an important rdle
(31,32).

Analysis of chromatin structure with DNase I showed that
core-DNA is accessible to the nuclease, which cleaves DNA

at intervals of 10 base-pairs. This could indicate that DNA
is not smoothly bent arcund the histone-core (33), but
instead exists in a periodically kinked form with a repeat
length of 10 base-pairs (32,34).

With respect to DNA-replication, as well as to transcription,
this basic organization of chromatin has important consequences.
For instance, it provides one of the levels of regulation

of the above-mentioned processes.

I.3. Chromatin Replicaticn

The eukaryotic genome appears to be replicated in a temporally
and spatially ordered pattern. It has been shown that specific
parts of the genome replicated at defined periods within

the S-phase (35-37), which suggests the existence of multiple
units of replication. These units were shown to exist in
subsequent years and were called "replicons" (38,39).
Replicons appear to be clustered, i.e. duplication of sets

of adjacent replicons takes place simultaneously (38-41). In
each replicon, synthesis of daughter strands was found to
start at a specific "origin" (42). From each origin two
replication forks emerge, indicating that replication proceeds

bi-directionally (38,43-45). As a consequence, "replication-



loops" are generated, which have been demonstrated to exaist
ultra-structurally (46). Termination seems to take place
1rrespective of the base-sequence, where two replication
loops fuse (47). The size of replicons has been shown

to vary from species to species (48) and,within a species,
has been shown to depend on the stage of development (46).
The observed values averaged 20-60 um (48).

I.4. Intermediates of Replication

Since all known DNA-polymerases can only synthesize DNA 1n

the 5'-3' direction (49), DNA-replication at first was thought
to proceed 1n semidiscontinuous way. However, with the
probable exception of small DNA-virusses (50-52), DNA-
replication 1s now assumed to occur discontinuously on both
parental strands (53-55).

Primary products of this process are the so-called "Okazaki
fragments", replicative intermediates sedimenting at
approximately 4S (51-54,56,57). In vitro, Okazaki fragments
were shown to be primed by RNA-fragments of approximately 10
base-pairs (58,59). Studies using intact eukaryotic cells,
however, have provided contradictory evidence on this subject
(54,60-62) . RNA-priming would be consistent with the fact

that none of the known DNA-polymerases 1s able to 1nitiate

new DNA-chains (49).

The striking similaraity of the length of the Okazaki fragments
and the repeat length of nucleosomal DNA suggested that
i1nitiation of Okazaki fragments might be directed by the
periodicity of spacing of the nucleosomes along the DNA-
strand (63,64).

Okazaki fragments have been postulated to be i1nitiated between
the nuclosomes 1in the linker region (63,64), possibly in a
pre-fork mode of DNA-synthesis (63,65). The fact that, in
vitro, the fragments are 1nitiated at random with respect

to template base sequence (58,59), as would be expected

from the positioning of the nucleosomes, 1s i1n agreement

with this postulate.

In the next step of the replication process, Okazaki fragments



which seem to be incorporated into nucleosomes prior to
ligation (66,67), are ligated to ultimately from intermediates
of replicon size (53,54,56,57,68,69). Whether this elongation
mechanism proceeds by the way of classes of intermediates of
discrete lengths is still a matter of controversy, though
their occurrence has been reported (53,69,70). In the final
step the replicon-sized intermediates are joined to form
mature chromosomal DNA (53,68,69).

I.5. Inhibitors of DNA-synthesis

Evidence confirming the phased mechanism of DNA-replication
has been provided in abundance by studies that employ
inhibitors affecting DNA-synthesis. Putative targets of

such inhibitors are initiation (both of S-phase and of
individual replicons), elongation of nascent chains and
ligation of primary and secondary replicative intermediates.
Inhibitors affecting initiation of S-phase generally do not
act directly on the replication process, but instead, mostly
seem to influence one or several steps in Glnphase. This
class of inhibitors, more or less falling outside the scope
of this thesis, comprises several inhibitors of protein

and RNA-synthesis and certain categories of mitogens (71,72).
Initiation of replicons can be inhibited by damaging the

DNA by means of irradiation. Doses introducing 1 hit,
presumably a single-strand break for every 109 dalton DNA
(the size of a replicon-cluster), are sufficient to produce
this effect (73-75). Since this target size also corresponds
to the size of the supercoiled subunits of the chromosome
(76), it is generally assumed that, because of the relaxation
of the supercoil in the replicon-cluster, initiation of
every single replicon of that cluster is prevented (74,75).
Inhibitors, such as actinomycin D, a known inhibitor of
replicon initiation (77), acridines and anthracyclines, which
by intercalating into DNA reduce its amount of supercoiling
(78) , might have an effect similar to that of X-rays.
Alternatively, their helix-stabilizing properties (79-81)
could also be the reason for their effect on replicon

initiation, for which analogous to initiation of transciption
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(82) a localdenaturation at the origin 1s considered to be

an essential step (63,64).

However, also inhibitors with a completely different mode of
action affect initiation of replicons, Ara-C. a competitor
with dC for DNA-polymerase (83,84), for instance, was shown
to prevent the onset of replicon duplication (85). No clear
reason for this effect 1s known at this moment but a cause
might be an enrichment of origins with G-C-sequences (86).
Finally, 1t is necessary to mention inhibitors of protein
synthesis, although their effect on replicon initiation

only seems to be an indirect one (87).

A reduction of the rate of chain elongation seems to be the
most manifest effect of inhibitors of protein synthesis
(87,88). It was, therefore, concluded that DNA-replication
was highly dependent on ongoing protein synthesis,possibly of
histones (89) . The nature of this coupling, however, i1s not
yet quite clear (87,90,91).

Other classes of inhibitors have also been shown to retard
fork progression. Amongst them 1s the class of the nucleoside
analogues, which exert their action either by competitive
inhibition of DNA polymerase (83,84 92) or by altering the
properties of the 3'-ends of the nascent chains as a consequence
of their incorporation into the DNA (93-95). A similar
phenomenon 1s observed, when substances affecting nucleotide
metabolism, such as hydroxyurea and FdUrd, are used (96,97).
Whether the inhibitors reducing the rate of fork progression,
simultaneously inhibit ligation of primary replicataive
intermediates, 1s hard to determine, for as a consequence

of inhibition of ligation, there will also be a relative
accumulation of Okazaki fragments 1n pulse-labelling experiments.
On the other hand, ligation of replicon-sized intermediates
to form mature chromosomal DNA has been observed to be
affected by an inhibaitor of protein synthesis, cycloheximide
(98) . That ongoing protein synthesis 1s required for this
process, might also be i1indicated by the observation that

2n vitro DNA-synthesizing systems, such as isolated nuclezy,
which lack protein synthesis, usually are defective 1n thas
respect (99-101).



1.6, Replication and Intranvclear Structures

In the bacteria the cell-envelope has been shown to be
involved in the process of duplication of the genome (102,103).
Analogously, for eukaryotic cells, the nuclear envelope has
been proposed to play a comparable r86le. This seemed to be
confirmed by the observation that replicating DNA was
preferentially found ain the 'M"-band (104,105), which consists
of a complex of Mg-sarcosinate and membrane-material (106).
Autoradiographic studies, however, revealed that synthesis

of DNA occurs throughout the nucleus and 1s not confined

to reqgions in the i1mmediate proximity of the nuclear

membrane (107-109). Thas apparent contradiction was solved
when by means of extraction of interphase nuclei with high
concentrations of salt, the existence of a fibruous network
within the nucleus was demonstrated (110-113).

Comparable observations were done on isolated and dehistonised
metaphase chromosomes (114,115). The nuclear protein structure
1s generally believed to consist of a pore complex-lamina,
which apparently can be 1i1solated separately (116,117),
residual nucleol:i and an internal network or matrax (110,
112} . In conformity with the autoradiographic observations,
biochemical analysis revealed that the replicating DNA 1s
associated with the nuclear protein structure preferentially
(118-120).

The aim of the study, presented in this thesis, was to gain
further insight in the relationship between replicating
chromatin and the i1ntranuclear protein structure. Accordingly,
both the mechanism of the replication of chromatin and the
mode of attachment of replicating DNA to the nuclear structure
were studied.

Replication was analysed mainly by interfering ain the

process by means of two different inhibitors of DNA-synthesis,
1.e. arabinosylcytosane, to whaich chapter 2 1s devoted,

and daunomycin, the mode of action of which i1s described in
chapter 3. In chapter 4 the attachment of dehistonised,

replicating DNA to the nuclear protein structure 1s examined



1in deta1l, using several different nucleases as probes.

In chapter 5 1t 1s 1investigated whether replicating DNA 1is

attached to the nuclear protein structure in one site only.

Finally, in chapter 6, the efforts and the results thereof,

to gain insight in chromatin structure of newly replicated

DNA are described.
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Summary

Arabinosyleytosine at a 1-107* molar concentration inhibited thymidine
incorporation into DNA by more than 95% In sucrose gradients the labelled
dThd was predominantly found 1n short DNA chains Labelled arabinosylcyto-
since (aC) was incorporated into DNA, as was labelled dThd, indicating that 1t
causes a preferential inhibition of the chain polymerization rather than termi-
nation of nascent chains This was confirmed by the observation of the con-
version of short chains to normal size DN A molecules in chase experiments.

In the absence of NaCl and at neutral pH a release of more than 50% of the
nascent label as single strands was repeatedly observed upon sucrose gradient
centrifugation This release could be significantly reduced by 1 M NaCl, indicat-
ing that in the presence of aC the 1n vivo structure was preserved This was
further confirmed by the fact that aC did not cause detachment of DNA from
a rapidly sedimenting nuclear structure

Based on these results, a replication model slhightly different from the one
suggested by Okazaki, 1s proposed, in which nitiations of new nascent chains
can occur at certain distances ahead of the replication fork.

Introduction

In recent years inhibitors which interfere in a specific way with the replica-
tion process have been used succesfully 1n investigations on DNA synthesis and
its regulation The overall rephcation compnses a number of steps, of which the
mitiation of replicons, the initiation of new DNA chains, the polymerization of
the nascent chains and the joining of Okazak: fragments by polynucleotide
ligase are putative targets of such inhibitors.

Abbreviations SDS sodium dodccyl sulphate aC arabinosylcytosine dThd, deoxythymidine
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The antitumor agent arabinosylcytosine (aC) [1—3] has been shown to be a
powerful inhibitor of DNA synthesis in eukaryotic organisms but the mode of
its action is not yet entirely clear. In the cell the nucleoside is converted to
aCTP [4] and incorporated into replicating DNA [5—7]. DNA synthesis, in
vitro, is apparently terninated after aCMP has been attached to the 3'-end of
the growing chain [8], however, in vivo experiments show the nucleotide to be
incorporated into internal positions [5—7,9]. DNA-polymerase activity in
vitro is apparently inhibited by competition of aCTP with dCTP (10—14],
while there is some evidence that, in vivo, the initiation of new replicons is
inhibited preferentially [15]. Other mechanisms of action of the inhibitor have
also been suggested [16,17]. The main aim of this investigation was to establish
the effect of aC on the initiation and elongation of Okazaki fragments. Particu-
lar attention was paid to the release of nascent single strands.

Materials and Methods

Source of materials used. 1-3-D-Arabinosylcytosine was purchased from
Sigma and used without further purification. [Me-*H]dThd (20 Ci/mmol),
[5-*H]aC (15 Ci/mmol) and [2-'*C]dThd (52.8 Ci/mol) were products of
N.E.N. Pronase (nuclease-free) was obtained from Calbiochem. Calf thymus
DNA was from Boehringer and hydroxyapatite (DNA-grade) from Biorad. All
other chemicals were of analytical grade.

Cell culture and labelling procedures. Calf liver cells were grown in mono-
layer culture as described previously [18], except that a serum concentration
of 10% was used. All labelling and inhibition experiments were performed at
37°C using pre-warmed solutions. DNA was prelabelled by addition of 0.04
uCi/ml [“C]dThd for at least 36 h. After growing in label-free medium for
another 2 h cells were pulse-labelled with 5 uCi/ml [*H]dThd for 10 min or 1 h
in the presence or absence of aC, or with 100 uCi/ml [*H]dThd for 1 min
without inhibitor. When aC was used, cells were routinely preincubated with the
inhibitor for 30 min. For experiments on inhibition kinetics the cells were
grown and prelabelled on cover slips. These were transferred to the medium of
choice for appropriate times. The cells were then washed in 0.9% NaCl and dis-
solved in 0.5% SDS and appropriate volumes of the solution were used for the
determination of the radioactivities [19].

Sedimentation analysis. Cell lysates were prepared in 0.5% SDS as described
previously [19,20] and gently homogenized by passsage through a 20 cm long
capillary with a diameter of 1 mm (10 times at a pressure of 0.5 atm.). 4—6 ml
of the lysates were layered on the top of either 20—65% neutral (10 mM Tris -
HCI, pH 7.5) or 5—25% alkaline (0.1 M NaOH containing 10 mM EDTA)
sucrose gradients. The latter were prepared on a cushion of 4 ml 65% sucrose.
The centrifugations were performed in a SW 27.2 rotor for 17 h at 20°C and at
24 000 or 20 000 rev./min, respectively. Fractions were collected starting from
the bottom of the tube. For determinations of the sedimentation values the
low molecular weight fractions of neutral sucrose gradients were combined, calf
thymus DNA was added as a carrier and the DNA was precipitated by mixing
with 2.5 vols. of 96% ethanol containing 1% potasssium acetate. After storing
for 16 h at —15°C the precipitate was collected by centrifugation and redis-
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solved in a 0.1 M NaOH solution containing 0.5% SDS and 10 mM EDTA. A
sample of 1.0 ml was layered on top of a 5—20% alkaline sucrose gradient and
centrifuged at 36 000 rev./min in a SW 40 rotor for 17 h at 20°C. S-values were
estimated according to McEwen [21].

Chromatography on hydroxyapatite. The procedure described previously
[22] was used with minor modifications. Combined peak fractions of the
neutral sucrose gradients were digested with 50 ug/ml pronase for 30 min at
37°C. The samples were then diluted with an equal volume of 0.04 M phos-
phate buffer (pH 7.0). Hydroxyapatite, washed twice with 0.02 M phosphate
buffer, was added and adsorption was allowed to proceed for 20 min. The sus-
pension was poured onto a column and DNA was eluted by a 0.02—0.5 M phos-
phate gradient [23]. Fractions of 2 ml were collected for the determination of
the radioactivity.

Determination of the radioactivitiy. DNA containing samples of appropriate
size were processed [20] and the radioactivities were counted in a Philips
Liquid Scintillation Analyser using a toluene-base scintillation fluid.

Results

1. Accumulation of replication intermediates

In the standard dose-response experiments it was found that the [*H]dThd
incorporation into DNA was inhibited by more than 90% at aC concentra-
tions of 1 uM and higher. Therefore, experiments were routinely carried out at
aC concentrations of 1 - 10°* M, ensuring an inhibition of more than 95%.

It was then investigated whether this inhibition was due to a reduced rate of
initiations of new chains or whether other steps of the replication process such
as chain elongation or joining of Okazaki fragments were preferentially
affected. This was done by comparing sedimentation patterns of newly syn-
thesized DNA in neutral and alkaline sucrose gradients.

['*C]dThd prelabelled cells were labelled for 1 h with [°H]dThd in the pres-
ence and absence of aC. The sedimentation patterns of *H- and '*C-labelled
DNA of the uninhibited cells coincided fairly well (Figs. 1A and C). However, the
*H counts of the pulse-labelled DNA, in neutral gradients, exhibit one peak
coinciding with the prelabelled DNA, and in addition, a slowly sedimenting
peak. In alkaline gradients the two peaks were also predominant, though all
other size classes were present (Figs. 1B and D). Increased amounts of pulse-
labelled DN A which sedimented slowly in alkaline sucrose gradients were also
obtained by use of lower aC concentrations [15], but so far this material has
not been further analysed.

It might be argued that the slowly sedimenting DNA is degraded DNA and
the labelled dThd-nucleotides are reincorporated into replicating DNA. How-
ever, chase experiments in the presence of aC showed no change of chain length
of the pulse-labelled low molecular weight DNA and only a partial decrease in
the amount of this material after 120 min (Fig. 2, column A).

In contrast, in the absence of aC, all slowly sedimenting DNA was shifted to
the peak of '*C-prelabelled DNA in about 120 min (Fig. 2, column B) indicat-
ing that this material represents a regular intermediate of the replication pro-
cess.
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Fig 1. Sucrose gradient sedimentation patterns of labelled DNA from SDS-lysed cells. Cells, prelabelled
with [14C]dThd, were pulse-labelled for 1 h with [3H]dThd 1n the absence (A and C) and in the presence
(B and D) of 1 - 1074 M aC. Neutral gradients A and B, alkaline gradients® C and D.

[H)aC was incorporated into DNA in essentially the same way as was [*H]
dThd. Sedimentation analysis, on neutral sucrose gradients, of DNA labelled at
both low and high concentrations of the inhibitor (Figs. 3A and B) also demon-
strated the occurence of a fraction of 3 S-DNA. This DNA could be chased
into high molecular weight DNA (Fig. 3C), and no loss of label was observed
even when the chase was prolonged to 4 h.

2. Analysis and origin of the slowly sedimenting DNA

The DNA synthesized in the presence of aC was further analysed by chroma-
tography on hydroxyapatite. Almost all of the label of the rapidly sedimenting
fraction was eluted at the position of DNA duplexes, while the slowly sedi-
menting pulse-labelled DNA was recovered in the single-stranded DNA fractions
(Fig. 4). Essentially the same results were obtained with DNA of control cells
which were labelled for 1 min in the absence of aC (results not shown). Others
have also found similar results for the majority of the fractions of slowly sedi-
menting nascent DNA, isolated under non-denaturing conditions [20,22,
24—217].
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fraction
Fig 2 Neutral sucrose gradient sedimentation patterns of DNA from pulse-labelled cells, which were sub-
sequently incubated in aC-contaiming and aC-free medium Cells, prelabelled with [14C]dThd, were pulse-
labelled for 1 h with [3H]dThd in the presence of 1 10~% M aC (except for the control) The cells were
then transferred to label-free medium containing either 1+ 1074 M aC (column A), or without inhibitor
(column B). Cells were incubated for 2 h and were then lysed 1n SDS. B1. control, 1 h pulse without aC
0, 1 h pulse 1n the presence of aC: 120, 1 h pulse 1n the presence of aC followed by 2 h chase.

There is strong evidence that the release of nascent single strands from repli-
cating DNA occurs by branch migration. This branch migration is facilitated by
low stability of the double helix in the isolation media usually employed [22}.
The release can be considerably suppressed when lysates are prepared at high
NaCl concentrations which stabilize the secondary structure of the DNA
molecule. A greatly reduced release was also observed when nuclear lysates of
cells labelled in the presence of aC were prepared in 1 M NaCl/pronase [22]

27



466

dpm A B C
H
L L -
10° 102 2102
p e |2
L L N
N 5 40 15 20 N 5 10 15 20 i 5 10 15 20
fraction

Fig. 3. [3H]aC incorporation into DNA. Cells were pulse-labelled for 1 h with 5 uCi/ml (3H]aC of dif-
ferent specific activities and the SDS-lysates were analyzed on necutral sucrose gradients. Sedimentation
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Fig. 4 Chromatography on hydroxyapatite |!4C]dThd-prelabelied cells were pulse labelled for 1 h with
[3H]dThd 1n the presence of 1+ 10”4 M aC and then lysed in SDS. Slowly sedimenting and bulk DNA
were 1solated from neutral sucrose gradients, then adsorbed on hvdroxvapatite and cluted with an increas-
1ng concentration phosphate buffer Elution patterns of (A). slowly sedimenting, and (B), bulk DNA.
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(Fig. 5A). Centrifugation in neutral sucrose gradients resulted in a significant
proportion of the *H-labelled DNA sedimenting slightly ahead of the peak of
the parental DNA. When this fraction was isolated and redissolved in 0.5% SDS
the 3 S nascent chains were again released in alkaline as well as neutral sucrose
gradients (Figs. 5B and C).

Recently, Wanka et al. [28] have shown that replicating DNA remains

-0-0-0

fraction

Fig. 5. Suppresston of release of 3 S-chains by 1 M NaCl. [!14C]dThd prelabelled cells were pulse-labelled
for 1 h with {7H)dThd in the presence of 1 1074 M aC. Nuclei were isolated and dissolved in 1 M NaCl/
pronase. (A) Sedimentation pattern of the nuclear lysate on a neutral 1 M NaCl/sucrose gradient. DNA
from fractions 4—7 was 1solated, resuspended 1n SDS and analysed on neutral (B) and alkaline (C) sucrose
gradients
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Fig. 6. Association with the rapidly sedimenting nuclear structure. [14C]dThd prelabelled cells were
pulse-labelled for 1 h with [3H]dThd in the presence of 1 - 10™% M aC or for 1 min 1n the absence of the
inhibitor. Nucler were 1solated and dissolved in 1 M NaCl. Sedimentation patterns on neutral sucrose
gradients [28) of DN A from aC treated cells (A) and 1-min pulsed cells (B). Total incorporation* (A), 14C.
12 400 dpm. *H- 25 200 dpm, (B), '“C 14 400 dpm; *H: 7000 dpm.

associated with a rapidly sedimenting structure in nuclear lysates prepared in
1 M NaCl. Such a structure could play an important role in the ordered replica-
tion of the nuclear DNA molecules [29]. Therefore, to examine whether the
inhibition by aC might be accompanied by a dissociation of the replicating
DNA from this nuclear structure, a NaCl lysate was prepared from nuclei iso-
lated from cells which were grown in the presence of both label and inhibitor.
Fig. 6A shows that the newly synthesized DNA remained preferentially associ-
ated with the rapidly sedimenting structure. Obviously, the inhibition by aC
has no effect on the binding of the replicating DNA.

Discussion

Our labelling experiments show a relative accumulation of short nascent
DNA chains in the presence of aC. The sedimentation values vary up to 5 S
with a maximum at 3 S (results not shown), while Okazaki fragments in
eukaryotes are about 4 S [30,31]. The most likely cause for a preferential
accumulation of growing Okazaki fragments is a deceleration of the poly-
merization process, at an unchanged, or slightly decreased rate of initiation of
new chains. This is consistent with the observation, in vitro, that the DNA
polymerase activity is inhibited by aC in a competitive way {11—14].

This conclusion was reached previously by Wist et al. [14]. They showed
with an in vitro system, that aCTP reduced the length of Okazaki fragments
produced during a 60-s pulse by 50%. Further, contrary to our observations,
these nascent chains could be chased, al rates near to those in inhibited nuclei,
into high molecular weight DNA.

We have shown that the labelling patterns are not, to any significant extent,
caused by aC-induced repair processes, degradation of newly synthesized DNA,
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or detachment of replicating DNA from the rapidly sedimenting nuclear pro-
tein structure. The low molecular weight DNA increases to normal size DNA
chains during chases in the absence of aC, indicating that it represents regular
intermediates of the DNA replication.

Our results indicate that, as in other systems [5,7,9], aC is incorporated into
DNA in internal positions. One may assume that this is the normal case, at least
in mammalian cells, and that the chain termination, as found in vitro [8], is not
representative for the in vivo situation.

The incorporation of label into DNA chains which are multiples of Okazaki
fragments indicates that joining of these fragments continues in the presence
of aC. Fridland [15] has found an increase in the average size of longer DNA
chains during inhibition by aC. From the shift of the sedimentation peak from
38 to 70 S he concluded that the initiation of new replicons is inhibited. Initia-
tion of Okazaki fragments and initiation of new replicons may therefore be
considered to be different types of processes. It is obvious that the interference
of aC with the initiation of new replicons must be stronger than that with the
formation of Okazaki chains. Nevertheless, the mode of action might be the
same if one assumes that the origins of replicons are enriched with clusters of
cytosine sequences and, therefore, would be particularly subject to the action
of aC. Future experiments will have to show whether the initiation of new
replicons is inhibited by aC in this way or whether a basically different mecha-
nism is involved.

Relcase by branch migration of nascent single strands from duplexes with
parental strands requires that the complementary regions in the opposite
parental strands are fully unpaired [22]. According to the conventional Oka-
zaki model of replication this above mentioned release can only apply for the
chains which are polymerized in the direction of the fork movement [32], i.e.
only the strands which, in principle, could be synthesized continuously. Thus
release of nascent single strands from unhibited [22] and aC inhibited cells is
proof of a two-strand discontinuous replication. Such a mechanism has also
been inferred from results obtained with HeLa cells [33,34], bacteriophages
{35], and mammalian viruses [36].

Release of single stranded DNA by brach migration would only apply for
the leading Okazaki pieces in the replication fork. These leading Okazaki pieces
would only account for a small fraction of the pulse-label incorporation into
nascent DNA. Our data show, however, that up to 50%, occasionally even
more, of the pulse-label was released as single-stranded 3 S material. A simple
interpretation of these data is possible on the basis of a modified version of the
concept of pre-fork replication [37] and the microbubble hypothesis [38]
shown in Fig. 7.

According to this model new Okazaki fragments are initiated at a certain dis-
tance ahead of the two forks of the active replicon. Duplexes of nascent and
template strands are formed in such a way that the complementary regions of
the parental chains remain unpaired. Consequently branch migration will
release the nascent chains from both template strands and therefore is not
limited to a maximum of 50% of the pulse-labelled chains. In particular, the
proportion will increase as the number of small pre-fork eye loops piles up un-
der conditions of inhibition of the chain polymerization at an unchanged rate
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Fig. 7 Diagram of the involvement of pre-fork imitiation 1n the DNA rephcation A, B and C represent
successive sieps involving formation and growth of small pre-fork eve loops by imtiation and polymeniza-
tion of Okacsaki fragments The main fork moves by alteration of the polymernization of nascent chains
and by the fusion of the pre-fork eye loops with the main loop of the active rephcon Several modifica-
tions of the basic model can be envisaged varying numbers of pre-fork eye loops, varving distances
between the initiation points, varving rates of polymerization of ithe nascent chains, etc

of initiation as found in the presence of aC. The model also accounts for the
presence of a greater number of uncompleted Okazaki fragments than that
required for the original Okazaki model |30]. One might also consider a slight
modification of the model, in which the regions between the main fork and the
pre-fork eye loops have become single stranded by the action of certain classes
of proteins. These are able to melt out the double-stranded parental DNA and
are supposed to keep the strands separated until the complementary nascent
strands are synthesized [39].
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The effect of the intercalaung agent daunomycin on DNA svnthesis was studied in cultured bovine
liver cells At low daunomycin concentrations (1 and 2 pM) the rate of [*H]Jthymidine mcorporation
decreased progressively with the duration of exposure to the imnhibitor This was accompanied by
a shift ol nascent DNA ntermediates of replicon size to higher sedimentation values on sucrose
gradients, indicating that daunomyvain preferentially aflects the mnuation of repheating units, both

m asvnchronous and synchronized cells

At high daunomyain concentiations (12 M) the rate of chain growth was also markedly re-
duced This was indicated by a rapid and nearly complete cessation ot the ['1]thymidine mcorpora-
tion and an accumulation of nascent DNA intermediates of low molecular weight These observations
are discussed 1n relation 10 a pre-lork mode ol DNA synthess

Daunomycin, a potent anticancer agent [1.2] of
the anthracycline group. has been shown to be a strong
mhibitor of DNA and RNA synthesis [3—6] The
compound exerls its mhibitory effect by binding to
the DNA template [7—11] by which process both
the charged amino group of the daunosamme sugar
residue and the chromophore are involved

Daunomycin 15 taken up into ntact cells rather
rapidly [4 7.12.13] and accumulation n the cell was
shown to be closely cortelated to the degree of inhibi-
tion of nucleic acid sythesis [4.13] While i vno DNA
and RNA synthears are inhibited 1o about the same
extent [4 13 14] mvirro the DNA polymerase seems
to be slightly more sensttive to the drug than RNA
polymerase [6] This was recently conliumed for the
closely related anthracychine compound adriamycin
[15]

Several authors [16.17] have presented evidence
for the requirement of a short stretch ol RNA as a
primer (o1 DNA synthesis  Recently. Barthelemy-
Clavey ct al [18] demonstrated that m vifio daunomy-
cm inhibits miation of RNA synthests probably by
interlering with the stiand-opening step. which trans-
forms the RNA-polymeraseDNA complex to a specihe
and stable form [19] [ longation of the RNA strands
did not seem to be affected wignificantly indicating
that once imtiauon has occuned. dissociation of
daunomycin [rom the opened helix 15 last enough not
to be rate-limiting

On the basis ot these considerations 1t was mvesti-
gated whether daunomycin might also preterentially
mhibit the mitiation step of the replication process
A prehminary indication that one type of mitiation,
1 ¢ the imuation of new rephcons, 15 affected 15 the
observation that mne the degree of inlubiubn of
DNA synthesis mncreases upon prolonged incubation
of cells with low concentrations of the inhibior [4]

MATI RIALS AND MI THODS
Cell Cultire and [ abelling Procedu es

Bovine hiver cells were grown 1in monolayer cul-
tures. either on coverships ar in Carrel-flasks, as de-
scribed previously [20] except that a serum concentra-
tion of 10°, was used

All labelling and nhibition experiments were
pettormed at 37 C using pre-warmed solutions DNA
was pre-labelled by addition of 004 pCrml [2-*C -
thymudine (52 & Crmol) for at least 36 h Aflter grow-
ing n label-tree medum for another 2 h. cells were
pulse-labelled with [Me-'H]thymudine (20 Cr mmol) in
the presence or absence of daunomycin (Bochninger)

For experments on the hinetic aspects of the
mhibiion by daunomycin, the cells were grown and
labelled on covershps These were translerred to the
medium ol chowe for the appropriate time  Pulses
were termmnated by rmmsing the cells with ice-cold
09°, NaClin SOmM Tris-HCIpH 80
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Svachronzation Proccdu e

To cells, grown m monolavers i Roux bottles,
thynudine was added to a imat concentiation ol 2 mM
After 184 ol exposute  the thymudime-contaming
medium was replaced by [resh medium [*C Jthymidime
was added to a bnal concentration ot 4 02 pCr ml and
the cells were allowed 1o grow tor 15 h Subsequently
the cells were blocked tor a second time by riemoving
the radioactive medium and adding medium contain
mg 2mM thynudime The block was 1eversed alter
22 h Faperments were petlotmed duning the panod
of masmmal DNA-svatheuc activity ¢ 8 halter the
ternunation of the second block

Sedimentation Anal s

Celllysates were prepared im0 87 sodium dodecy !
sullate as descuibed previously [21] Appropriate
samples were layered on the top of cither 200 62
neutial (O mM Ton-HC T pIT 8 0)or > 257 Jalkaline
(0 1M NaOH contamimg 10mM 1T DTA) suaose
aadients  The latter were prepated on 65°, sucrose
cushions contammg 0 4 ¢ CCHml To the samples 1o
be analysed on alkalme gradients NaOtfand 1 DT A
wete added to himal concentiations ol 0 1 Mand 10 mM
tespectively  Centrifugation condiions will be given
with the hgutes

} or the determimation of the eflect ol daunomven
on the mittation of replicons nucler were first isolated
from the cells in 017, Truton X-100 1 S0 mM Tus-
HCTcontaming 10mM T DTA ptIS 022} and punihed
by ngorously forang the suspension twice throush
a hypodermic needle with a drameter of 0 7mm  The
nucler were then collected by centtilugation and re-
suspended inan appropriate volume ol Triton Tis
I DIA (02 mltor cachcovenshp) Subsequentls 0 4ml
ol the suspension was lavered on top of 5 25
alkaline sucrose gradients prepared on 63 suciose
custons contamme 0 4 ¢ CsClml between two dode-
Asullate layers (0 6 mi each  (inal concentiations
05 sodium dodecylsultate 0 1M NaOHL 10 mM
EDTA) and Ivsis was allowed to proceed lor 2hin
the dark at toom temperatuie Centilugation was
perdormed ot 17 h at 14000 1ev nun and at 20 ¢
ma SW-271oton

Fractions were collected starting lrom the bottom
ol the tube and processed as desanbed elsewhere [21]
Ihe radioactiviies weie counted moa Philips 1SA
using a toluene-based sanullation lud

Sedimentation coelficients were estimated accord-
g to Mcl wen [23]

RESUL 1S

To quanuly the inhibitory eflect of daunomycin
on the process of DNA replhicaton  dose-response
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expetiments were performed 1t was lound that con-
centtations of daunonivan ol 10 pM and higher m-
mbited [Hthynudine meorporation mto DNA by
more than 90 1 cells pre incubated with the -
hubttor Jor 48 nun (Fig 1A)

From the ume courses ol inhibition one can con-
clude that at the gher concentrations tested maxi-
mal mhibitory eflect was 1cached withm 30 45 min
At the Towest concenuation however mhibiion was
not complete even alter 90 min | rom these observa-
tons some tentative conclusions can be drawn con-
cermng the mode of action ol daunomvan At the
lowest concentiation (1 pM). initation of new reph-
cons could be mhibited prelerentially while 1ephea-
tion of rephcons alieads mitiated mav be less aflected
As a consequence  the number of aclive replicons
and thetelore the {Mjthvamdme ncorporation will
decrease with incicasing duation of exposuie 1o the
mhubitor At lugher concentiations  elongation of
the nascent chams within the sull-actiive repheons
will also become inhibited  thus causimg o moie
immediate teduction of the [*Hjths midine incorpora-
Lon

Tonvestgate further which step of the replication
process 1s aflected by daunomyamn the sedimentation
pattetns ol both continuoushy-labelled and  pulse-
labelled DNA were analvsed on alkaline sucrose
gradients  For tas purpose [M*Clihynudine  pre-
labelled cells wete pulse-labelled tor 1 h with [*II]}-
thymidine in the presence of two different concentra-
tions ol daunomyuin As a contiol pre-labelled cetls
were also pulsed tor | hon the absence of the inbior
Lig 2A shows that the scdumentation patterns ol both
pie-labelled and pulse-labelled DNA [rom unimhibited
cells comude Tarrly well [ ssenuallv the same was
tound when cells had been pulse labelied n the pres-
ence of 1 pM daunomyan (Fig 2B) Interestingly 1t
was found that the pulse-labelled DNA obtamed from
cells veated with 12 uM daunomycein could be re-
solved o a class ol relatinely slowly sedimenting
DNA and o cass with a sedimentation value close
to that of the pre-labelled DNA (Fig 2¢) The lotmer
cldss does not seem 1o consist ol nascent chains of one
definne length but shows a broad distnbution over
darange [tom & S 10 255 and s simular to the distiibu-
uon after short pulses in the absence ol the mhibitor
[his selatne accumulation of low-molecular-werght
intermediates mdicates that in the presence ol 12 uM
daunomyun chamn elongation and possiblv ligation
are inhibited markedly

Chase expernments were then done 1o see whether
the slowly sedimenting class ol DNA represents
regular intetmediates ol the rephcation process [MC -
Thyvimdine pre-labelled cells were pulse-labelled with
CHthymidine for 1h m the presence of 12 M
daunomycin The cells were then immediatehy trans-
fenied to label-tree and imhibitor free medum and
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then incubated for up to 3 h Fig 3 shows that within
these 3 h the gieater part ol the nascent label can be
shilted to the position ol the peak of the pre-labelled
DNA  This indreates that the slowlv sedimenung
DNA chans are regulat replication intermediates

From the observed shilt one can conclude that
mmhibtion by daunomvain 15 not eastlv reversible
To obtam more definite data the tollowimg expenment
was performed Cells were fusthy treated with 12 pM
daunomvan for 45> min after which they were trans
ferred o mhibitor-tree medium and incubated for
vanous perrads of time Subsequently samples of the
cells were pulse-labelled with [PH)thviudine lor 1h
after which the level of inhibiwion compared to cells
not treated with daunomvain and the DNA distnibu-
tion on alkaline sucrose gradients were determined

Alter both 1 h and 2h of incubation the rate of
incorpordation was sull inhibted by 97 | and the
major part of the pulse label was found 1 the low
molecular weight intermediates indicating that the
rale of cham growth s sull reduced markedls (Fig 4B

and C) However 20 h after removal of the inhibitor
the pulse label was meorporated 1into high-molecular-
weight DNA (Fig 4D) but the rate ol incorporaton
m this experiment amounted to only S5°, ol the
control rate These obsetvations mdicate that inhib
tion of DNA replication by high concentiations ol
daunomvein is onhy parth reversible

As pointed out above the process of mitiation
seems 1o be the most hikely target for the action of
daunomycn Two tvpes of mitiation can be discerned
imitiation ol 1ephicons and imtiavon of Okazake irag-
ments The time course ol inhibrtion at I ™M suggested
that the former 1s preferentiallv aflected by daunom-
can Since Fridland recently showed that the cyto-
static agent arabmosvi-cviosime mhibits imtiation of
new rephicons pielerenually [24) a simlar approach
was chosen to estabhish more precisely the mode of
action of daunomycin

Brieflv cells were preincubated with 1 pM dauno-
myvein for various pentods of time alter which they
were labelled with [*HJthymidine for 12 min i the
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T S Fffcct of prc mcubagion with 1 M danonty o on the scdimantation patrcon m alkalind sucrose grachonts Clls pre labelled with [C]

thyvimidine (O
dwmomyan ater vanious preomeubaooen times W min (@

O) were pulse labedied with 10 pCemi P Jthaandine tor 12 nun in the ibsenee (+
m 0mm(e

+ ) and in the presencee of 1 pM

®) nd 4@ @) nun Nucler were ol wed and Ivsed

m sodium dodeavisuli e on top of the gridient Centnfugation was performed 1in a SW271 rotor dor 17 h w 14000 rev mm Total
I () ) 0N000 () R7I00 10) VIK00 (@) 23°00dis pun 100 "FC (O) was on nverze K000 dis nun I the pastert ol the control (4 )

f
frwcuon 1 contamed 20 of the ol 'l

presence ol the inhibitor  The sedimentation patterns
ol the labelled DNA obtained [rom these lysates are
shown i big §

[t can be seen (rom g S that without pre-incuba-
ton the *ll-labelled DNA s resolved into two classes
One class represents DNA ol extremely lngh molecular
weight (over 100 8) and most probably consists of
multuiples of teplicons ot replicons Tigated to fully
duphcated DNA  The other Jdass showng a broad
distribution between 105 and B80S with a peak at
305 15 though to consist of nascent and partially
replicated repheons Upon increasing duration ol pre-
incubation 1t can be seen that the peak ol this dis
tribution shifts o higher sedimentation values This
can be taken to indicate that replicons once mitiated
continue to be clongated but that the mhibitor reduces
the rate at which new replicons are mitated which
results 1 a reduction of the number ol the smaller
mtermeduites Since a blocking ol cells in the Gy phase
by daunomvyvan has been reported [25] 1t had to be
shown that the observed shilt was not caused by this
cffect of daunomvamn  Therefore we perlormed an
experiment simular to that described above  using
S-phase cells obtamed alter a double-thymidine block
As shown in Fig 6 A maximal DNA svnthesis oc-
curred at approximately 8 h alter release ol the cells
from the second block  Consequently  experiments
were perlormed starting at the beginming of the ninth
hour As can beseenn Fig 6B at | yM daunomvan,
essentially the same shift 10 gher sedimentation
values of replicon-sized intermediates was observed

as lound 1n asynchronous cells This shift is not the
consequence ol a proporuon ol the cells leaving
the S phase and cntermg the Ga phase during the
pre incubation tme since control cells pulsed erther
at Bor 9 h alter release (tom the thvnudine block
showed a similar distribution pattern ol their repheon-
sized DNA intermediates

Finally we exammed whether daunomyain alfected
the kineties of intiation and elongation ol Okazaki
ltagments Cells premncubated with 1 uM or 12 uM
daunomvan lor 45> min were brielly pulse-labelled
with ['Hthymidine Subsequent andlysis on alkahne
sucrose gradients showed that at both concentrations
ol daunomvan the length of the Okazaky Iragments
was equal to that of the Okazaki {ragments obtamed
from uninhibited cells (Fig 7A and B 1 uM evpern-
ment not shown) At both concentrations the absolute
amaount of label 1o the short chamns was reduced but
only at 12 uM was a significant relative increase ol
label 1n the Okazaks fragments observed suggesting
a markedly reduced rate of chain elongation This
was conhirmed by the hinding that in the presence ol
12 uM ol the mhibitor the Okazakt [ragments were
meorporated o high-molecular-weight DNA - at
considerabls lower rates than i control cells (Fig 7C
and 1)

DISCUSSION

Our results confirm the observation that dauno-
mycin 15 a potent mhibitor of eukaryotic DNA
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replicauon The concentiation dependence ol inhubi-
tion was fairly similar to that found by Ruscomi et al
[4] However. most probably duc to the fact that n
our experiments the cells were pre-incubated with
the nlubitor. the level ol inhibiion observed was
somewhat higher Fssentially the same results wete
obtained by Bachur et al {13]

As shown before [4.2.13]. daunomycin s taken
up by ccells rather rapidly Release of the mhibiot

from the DNA has been shown (o occur at a very
low rate [12] This most probably 15 the 1eason for the
persistent mhubition of the [*H)thymidine incorpora-
tion aftet removal of daunomycain [rom the medium
It might also explain the altered distribution pattern
ol pulse-labelled DNA. even alter 3 h of incubation
m daunomycm-free medium

Obvious shott-tetm dettimental eflects of dauno-
mycin were not observed i the course ol thys study
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No loss of *C labelled DNA could be observed during
mcubations lollowng  daunomyan  admimistiation
confitmng the lact that hardiy any detached cells were
detected U pon prolonged incubation in inhibitor
free medim (ollowmg a 1-h exposure to | pM dauno-
myan between 25, and 50°, ol the cells were lound
to be markedlv enlarged (at the 36th hour) while
then shape 1esembled that of ibioblasts  The temain
der ol the cells appeated to be rather normal Detached
cells were hardly lound even atter 96 h ol incubation
However when cells had been ticated with 12 M
daunomycin for 1 h a sigmficant amount ol detached
cells could be observed alter 36 h while alter 96 h
hardlyv any attached cells were detected

Morcover  upon sucrose gradient centrifugation
mm expeniments on the eflect ol daunomycin on the
initiation of rephcons the peak of #C-labelled DNA
did not show a signihcant broadening upon prolonged
mcubation with 1 g™ inlubitor  This idicates that
strand scisston or formation of alkali-labile bonds
as 4 consequence of daunomyan mtercalaton did
not occur on & detectable scale This 15 apparenthy
contranry to the lindings ol Schwarts {26) but m our
experiments onh DNA strands below 100S were
analvzed  while Schwartz studied only very-high
molecular-werght DNA (over 200 S) The latter system
theretore was much more sensitive 1o the daunomycin
elTects mentioned above

From the time courses of inhibition some tentative
conclustons concerming the mechanism ol miubition
bv daunomyan can be drawn At 12 pM [*H]thym
dine ncorporation ceases rather abrupthy At | pM
however  the incorporation only decreases slowly
maximal mhibition bemg reached much later than at
the hugher concentration One possible explanation
for this observation could be that atter addition ol
daunomvan only 1eplhicons  already nitiated  are
completed while no (o1 hardly any) new rephicons
statt 1o be duplicated The [*H]thyvidine mcorpora-
tion should then cease alter o pettod of time needed
to complete the largest repheon provided that the
mhibition of replicon intiation were complete The
observation that a tairly constant rate of imcorpora-
ton of 207 15 attamed after 60 mun of exposure
suggests that the imuatuon 15 not totally blocked
Ths effect might also be contrnibuted to by an apparent
mcrease nomter ongin distance of repheons due o
the blacking ol a proportion of the ongims

The assumption ol a preterential inhibitton of the
mitahion step s turther supported by an analvsis ol
the distribution of intermediate-length DNA chains
Both m asvnochronous and m svnchromized cell cul-
tures a shufy of rephcon-sized intermediates to higher
sedimentation values was observed upon prolonged
incubation with 1 pM daunomyan This can be ex-
plamned by a decrease ol the number of short growing
chatns by the decreased rate of replicon mmitiation

ETA

In additton due to the larger distances between opera-
tinve ongins 1 actinve repheon clusters the number of
chams longer than repheon length will also increase

Ientatnnelv the preterential mhibttion ol the repli-
con mtation by daunomvem could be explamed n
the wav suggested for the imtlation of tanscnption
[1’] Both processes require local strand separation
in the DNA double helix This opening would be
counteracted by the known double-heha-stabihzmg
cllect of daunomyuin and would be in agreement with
1esults obtamed with another mtercalating  agents
actmomvern 12 [27] This interpretation mav be over
simplificd however 1n view ol our recent evidence
suggesting that mitiation of Okazaki fragments also
tequites local strand separation n pre-fork loops [28],
possiblv between successinve nucleosomes [29] The
data presented m this study do not provide evidence
for a pteterentual inhibinon ol the wmiation ol
Okazakt tragments in a way comparable to the
mhibition ol replicon mitiation The suggestion that
the selective inhibition of replicon intiaton at low
daunomycain concentrations 15 due o the double-
helin stabilizing effect of daunomyan therelore re-
mams uncertam  This 1s even more so since a similar
prelerential inhibition has been observed by low con-
centrations ol arabinosyleytosine [24] which has no
ctlect on the double helix stabihity

In brief these results suggest that i sprte of possible
stmularities  the two types ol muation are distinetly
dilferent One can think of vatious explanatons lor
the diflerential sensttivities of the two (vpes ol intha-
tion For mstance ongins ol rephicons could dilles
from the remainder ol the DNA m base composition
or sequence and might therelore be more sensitive
towatds daunomyun (and arabinosylevtosme) Alter-
natively the origms of replicons could be complesed
to protums diflerently from the rest of the chromaun
supposedly because they are attached 10 a nuclear
matnx [30] Another possibility 1s that the change ol
the DNA supercol structure caused by intercdlating
agents [31] nught affect imuaton ol clusters of 1epli-
cons [32,33] The results turther show an additional
eflect of daunomvain at 12 uM  From the accumula-
tion ol small rephicative intermediates and the reduced
rate of incorporation ol Okazaks [ragments into high-
molecular-weight DNA 1t can be concluded  that
cham clongation 15 also mmhibited 10 a signtheant
extent  This eflect s probably comparable 1o the
ellect of the inhibiion on DNA synthesis in cell-tree
svstems i virro [6.9 15] Due to the lugh level of inhi-
bition the primary daunomycin effect (1¢ blocking
ol the mitation of replicons) becomes obscured The
reduction of the elongauon rate can be explamed by
assuming that, even at the low concentration dauno
myun, mtercalated into DNA nterferes with the
translocation ol the polvmerase molecule along the
DNA strands Though this 1s not a signiheant effect

43


http://prelerenti.il

416

ot
of

1 M higherconcentrations (1 ¢ (ncreasing amounts
mtercalated daunomyvan molecules) will cause an

increasing teduction of the rate of chain elongation

Lhis eflect nught also be contnibuted to by daunomy

i bound 1o DNA onlv electrostaticly for mstance in
a stacked torm
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Chapter IV

ANALYSIS OF THE ATTACHMENT OF REPLICATING
DNA TO A NUCLEAR MATRIX IN MAMMALIAN
INTERPHASE NUCLEI
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ABS LRACT

The 4 t.chnent of 1eplicaty ¢ DNA 10 o rapr?ly ccca enting nuciear
ctructurt was 1nv- stigated by Jigeotion vith various nuc eacess Vhen DML wa~
evaduall, removed by DNa ¢ I, pul.e label incorporaied during eitncr 1 rin
or durirg | rour in the orecunce of a akino ylcyto ine, mer i11med preferer—
+_ally attacned to tro muc_car <tracturcs Sirgle strana pecific aigestion
by nuclea e 54 or s*aphyloccserl nuclea e at .ow concentration. causea a
t¢lca e 0° woat 30% of the pusce lao 1, vathout a1gnilicantly affecting
tne 1ttlacnrcnt of randomly labcl.ied DNA. Ihe relea.ed material hed a low
¢dimentatiorn ~oefricient .rd containcd 1.t of the Ckacakil fragmeni.e. Tnc
rcna.ning pul e leo>l wee 1 ace 11 to further argee tiom by douaole
trard oveciii~ nacle~sc activaly n n tre bulk DNa. The recu_ts st,ee 1
that ar wttacnict of the ruolication orx to tne nuclear structure cecars
a2t .tc oehirl out clewe to the braren pointe

INTRCDUC L .CN

Cnro o omal DNA of aarralizi ce.l a2s founc to oe a.tachked o a nuclear
tructure vhicn i r 1 %t nt to 2 hNMac' (1). Fro1 tte 1o ul.. of enzymavic
arge tion experi ent 1 wppraria that proteinc cre the main conporer o 1m=—
volvew 1n tne  tabili ation o *he 3 ru turc. Bioche 11cel ard ultrasiruciurar

tuate (2) reicalie tn & tre ro*ulrl eruet e 1 c.ated to vhat has ocer

de erio d repectively 1 nacle rprot 11 matrix (2) or po~u complex=lal in.
(e

Repelmt _ry; DNA e 11¢ ) 2 atel ro tne mu lear oro*eir cor poiunt
2y 1 llleion o0 1te 1o ¢ 9 tr reoliccvion 1o1b (1)e 10e (aDeTL Pt TeoOT=

L YV h on v e deml el 1n Oruer 10 ontdalr a 10 ¢ detirlca 1. 17hi into the
cav of biniiry ol toe reolic.tiy DMA -clicale o L, ates of ruclc. labelled
1r 1VC Wreer virioad conl.itions we1l  d pe ted «1*n diunfoient DIA dograiding
nogt a1l tne deg maletion v1ieric of pul ¢ 1ab 'lea a=d ¢o tinuo.sly

laovtlea DNA wert ¢orpaica.
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VATERIALS AND MET.ILDS

Cell culture and lavelling proczdurcts Monolayers of bovine liver cells

were grown 1in Carrcl-—{lacks as described elsewhere (%), except that a serum
conceniration of 10% was used. DNA was pre-labollea oy addition of 0404
uC1/ml 2—14C-ufhd (spec. activity 52,8 uCi/mrole, NEN) for at least 30 hours.
Alter growirg cells in label-free medrum for anolher 2 hours, mc-3H—dPnd
(spec. activity 20 Cl/mmOle, NEN) was added. The cells were pulse labelled
for 1 or 26 minuses wilh S0 pCl/W] ard 5 pCl/nl respectively, When ara<C
(S1gma) was uced, the cells were preincubated with tne inhibitor for 30 mi-
nutes after which they were pulse lahellea with 10 u01/nl 24=dTrd for 1 hour
1n thce presence ot ara-(, The 1ncorporation of label was stopred by rinsing
the cells with ice—~cold Q.4% Triton, 50 mM Tras—HC1 buffer pd 8.0.

Prepaiatior. of nuclear lysates and sucrose gradient centrilugation.

Nuclear lysates were proparcd a. described elsestere (1). Briefly, nucled,
1solatea 1n 0.1% Triton, 5 mM [ris-HC1l, pii 8.C, were suspended in 50 mM
Tris-HC1l pH £.0 ard an c¢qial volune of 2 M NaCl was added. The lysate was,
genlly homogenized ond layereda on & neutral, 1 % NaCl containing 15%-40%
sucrose gradient, preparcd on a 9% sucrose cushion containing 0.4 g/nl CsCl.
Centrifugation was perfermed in a Spinco SW .7=2 rotor for 1 hour at <20 000
rpr and at 20%. To analyze the 351ze diolribulion of pulie labelled nascent
DNA chaias, nuclei were dissolvea in 0.5% 315, 0.1 M NaOh, 10 m ED7A, The
lysate was layered on a ,%=2C% alkaline sucrose gradicnbt preparea on a 65%
3uCTOwe clLrhion. Centrifugacv.on Jas performed in & Spinco SW 27=1 rotor for
17 hour< at 24 000 rpn and at 20%. The gradients were fractioned otarting
from tne tottom of the ‘ube. The fractionc were procrssed and the radioacti-
vity was determinea as acseribed previously (6).

Enzymatic DNA a.pestionss Nuclcar lysates in 1 M NaCl were subjected

to one of the allowaing nuclease treatmnerts:

ae DN13¢ le Lysates were incubated with various concentrations of LNasve I
(Sigma, electrophoretically purifiea) in the pre .ence of 745 M MgClZ tor
30 minuter at 3{00.

be Kuclca~c 5, For iacubaticn: witn S1 (S15ma) the pH of the naclear ly=-

sates Wa, lowered 10 4.9 by 2auing 0.5 M sodium acctate ouffcr (pH 4.5)
to 2 11nal conciriration of 09.05 Me Incubationt with the engyre were

. )
carried out ir he proserse of 1 M ZnS0, tor 30 ranates al 37 C.

4

Ce Stavhyloco~cus ruclew ,ce Lys:tes were incubatea with various concentra—

T1on. of Siaphylococcu. nuclease (dorthlngton) i lhe precence of 1 mH
C.JCl2 fo. 10 minuies al }700.
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d. When sacce ssive incuosations with muclease S,' and Dhase I were carried out,
the pH was firstly lowerca 1o 4.5 as describea abeve, Nuclease S,' wdas
acaed to a final coacentration of 3 pg/ml, and the camples incubatel as
described aboves The 1ncubation was terminated by addition of Qo5 ¥ Tiig—
HC1l pH 3.0 and 0.23 M EDTA to i‘q.r.a.l concentrations of €O mM and 2 ml res—
pecliveiys Then DNase I was aaded and the samples were incubated in the

presence of 10 nM MsCl, 1or 30 minutes at 3’;00.

2
In all cases deccribed, the incudavions were terminatzed by addition oif Q.75 M

EDTA to a final concencration ol 30 M,

RrLULTS
1e Release of DNA by Dllase T digestione Nuclear DNA attached to the

protein comporent can be isolited as a rapialy sedimenting complery from nu~
clear NaCl lysate~ by ultracentrifugation (1)« A preferential assoriation of
ncewly replicated DNA «» th the protein comporent wa. ascwred in vicw of the
relativc errichment of pulse label, in perticilar a“ter partial relecase of
DNA by shearing or limitel DNagse treatment.

For a more precise determinetion of the DNA rogions attacted to the pro=
teain ¢ Lructure, nuclear lysates of cells pulse laibelled r'or 1 main and 20 min
respectively, were digested with varying concentrations of DNace I. Fige 1
shows that a DNase treatment which renoved 95% of the total (pre=labclled)
DNA, t1l] left 40% of the 1 mir pulre labelled DNA attached to the nuclear
protein componeént. Identical recults werd obtained with lysater prepered in
2 M N.,Cl. The %H/MC vatio of the DNA present ain the rapidly sedimenting
cemplex incret ed continuourly, as the release of DNA by the cnzyme progres—
sed (fige 1E)e An incrcase of the ratio was also observed when lysates ob-
taincd after pulse labelling for 20 min were treated with DNa.e I, or # rc
oxpo ‘ed to various degr>er of hearing, However, ohe relazive Al{/MC rat.ios
alter a 20 vir ml e epe (o7 0 Treertl, Lower thail thote on*in-d oficy
pul v Jacellang for 11 .n (Toge 13)e 1 £agg te 21235 whe moo  acaly tyme
the 17¢d DRA rucil oe located very close Lo the attachrent site:, or, z2n
cther nord., the rcgror of attackment ruct ke »ext to the roplication ferk.

This {arcang vy cor forned by another experiment cariied out aftex
labellziner DNA (or 1 *Your inm =he presevce ol “00 LV arabinocsylcyto.ines “hic
analonic hi been choun to cluce a tilrony ro luetior o thr »ate of DNA chain
erevth (7)o Thuw, 1t oo pre.wcnce of wribirosyleytosine only o limited region
arjree1r to the replicatror fork bccore. labelled durine« onc hour Lncorpord—

t.o of radioactive thymid rce The ru ult. or lhe DNase dige<tion of the

il
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50| 19 50

percent total dpm

«— 1 min. pulse
o0 20 MiNn. pulse
« « 20 min. pulse (shear)

3H/14C -ratio

x-x- 60min. pulse ara.C

106 50 o
percent “C.DNA

Effect oi DNase I sticn o1 the label digstribution in nuclear

A muclear lysate was preparcd from cells pulse labelled for 1 min with
3H=dThis The lysate was divided into 4 portion: and DNase I was added to
final concenirations of O (A), 0.3 (B), 0.6 (C) and 1 (D) ug/ml. After
ingubastion the samples were analyced by sucrose gradient centrifugation.
Direction of cerntrifugniior was from right to left. The numbers in each
panel represent the ratios of the perecentlages *H and 14C dpm present in the
rapidly redimenting meturizl. The average tolal dpm per gradient were 19 00C
for %I and 11 000 fer M. Fig. B rhowa the 3H/19C-~ratios o the rapidly
sedimenting complex as a “unetion of the proportion of Lotal DNA remaining.
Results of experiments with different labelling programs are shown. For

h separate curve one auslesr lysate was useds In one experiment (shear)
adea r-lenss of DNA from the complex v ob:azined by shearing, i.e.
rles were forced variousr time:r through a 0.5 am glass capillary atv a
sare 0f 1 atine

nuelear Jysates Trom osuch cells were very similar to those obtained with a

1 zin pulce cxwperiment withous inhibiter (fige "E).

;¢ of DNA by nuclease 51. The data reported so far indicate

Lret, in conuracst Lo prokaryotes (cere B), discontinuour syathasis of bath
dewgshier ctrands 2 the guneral mode ef replicatien in eugaryolie crganisma
(7, 9, 10)s Tric irplic:s thet short unpaired regions oscur temporarily in

he pareunial stronds bohind Lhe branch pointe In order to find out whether

el

j

iLheoe rerions are acog ble Lo uingle strand specific nucleases while the

D¥A iz bound to the nuclear siruclure, we have digested nuclear lysates with
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ruclease S1. Fig. 24=D shows trat after a 1 min pulse about 30% of the pulse
label was reroved by enzyme concentrations which did ot significantly affect
tre amount of bound pre-labelled DNA. The alrost exclusive release of pulse
label at low enzyme concentrations i1s also indicated by the abrupt decrease
of the 3H/M'C rati1o of the complex (fig. ZB). Similar results were obtained
using cells pulse labelled for 1 hour in the presence of arabinosylcytosine.
The decrease in the ratio was only slightly greater when high enzyme concen-—
trations were used which also released marked amounts of pre-labelled DNA.
Apparently, only a limited portion of the most recently synthesized DNA 1s
removed from the complex by the action of the single strand specific enzyme
activity. The pulse label released after a 20 min pulse was only 10% or even

less (fig. E).

E 1007 T . 100
o A J . 8 R C D
a " n T n B
L d L}
2 sol {|na 1 floes 1 ftoe2 » 076 50
-
S L 1 1
I}
|
g o - 1 Ny | 3 _Jo
i1 s 1© 1 1 5 10 1B 1t S5 10 15 1 5 10 15
E
o
8 o e 1 MIn pulse
|
S ° « o 20min pulse
2 ... =~ -« 60 MiIn pulse ara-C
z
™
0s |
e ey ey
100 50 )
percent '“C.DNA
Figure 2. Effect of nuclease Sq1 aigestion on the label dastribution :in
gl < 1 ©

nuclear ly atese

Portions of & nuclear lysate preparel 23 de.cribed 1n fige 1, were digested
with 0 (&), 1 (B), 3 () 2nd 10 (D) wg/nl auclease Sq. For Miriher (etails
sce fige 1. The average total dpm per gradicnt vere 12 000 for Y1 end 13 000
for 14c. Fige E shows the 3H/14C ratios of the rapidly - dimenting complex
as a fuaction of the proportion of tobtal DNA rcmaininge. Results Irom exper.—
rents with dafferent lavelling prograns are <lown., For each scparate curve
one nucicir ly.ate wac usede In each curve the point at the righect ¢ prA
percensage represents the non-incubated control.
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I+ is a reasonable acsumption that the releaged materizl mainly consivts
of Orazaki fragmerts hydrogen bonded to umall speciec of tae complementary
p. rental chairs cul out by the nucleause. This assunption was compabible with
the results o” chromatography on hydroxyapabtite (data not shown) and by the
sedirentation analy.1s presented 1r fige 3s On prolorged centrifugation the
pulse labell=d maserial sedimeats at a much lower rate than tre cmall amount
of pre-=l:belied DNA wiricl 15 generally released from the complex due to un—
avoidable chearing (i)e It can oe roughly estimaied thwt the amrount of the
parental fragmevt , bound to the Okaraki pieces 1c of the order of 0.01% of
the total ruclear DNA. Thic 1c copatible with thke rnegligible proporiion of
pre=label ausociaied w.th the slowly scdzrenting peax of pulse labellod DNA
(fig. .).

Finally it was found thet th: arour' c1 pulie labz]l rel:ired from 1
corples by 1101800 S‘I A& 30 thz ume order z. the avount of pilse lahel
Jourd in Ovawal1 piecc: under ‘he sime Zabelling conditionse These are re-—
presented by the material cedaimenting at a rate o 1 ss than 10 S in alkaline

The pes tbality had to ke 1ule i out that th» acsessibality to nucleare
51 <1ght ne caused oy 4 modifica~iow of the complex at pH 445, the pH optz—
~ur for the nucleace {“1). We have thercfere curried out DNeze I dise tioms
at pH 4.3, 1..ng higher enzy—e concertratiors. The recults, not reporiea

here, wer. zhe zane =u those al ol 8.0 prosentcd in the precedins section.
1 h

20[ 1 J20
A B
£
a
o 10 ]
— 30S as 30S 3S
& I It \ v '
9 10 40 410
-t l
5
o 1 r i ]
8,'3
‘o | 000 1 \°°°‘°vooovo~o_ 0
L e : N . X
1 5 10 15 1 5 10 15

Fr,ure 3, Sedirentilion analycis of the pulze labr lled DNA fragments re—

1 a3 ny necleasce 3q digestion,

A nuetear 1y ale wi. propared as desceribed and o portion of it #as incubated
v1th 3 p,’;/'rl nuclea .o 5«44 The semale () ~rd an wuadigested control (A) vere
cer ~1fwxd for 17 houre et 24 000 rpme [he totwl dpm per gradicent w~-re:

A. JH: 7 099 dpn (78% in frassion 1); 110 4 260 (73% in fristion 1).

3. 2H: 3 050 apn (22% w Prection 1) 10 5 600 (67% ir. fracticr 1.

224

52



Nucleic Acids Research

30 A | lao
£
)
] 10S 38
w 20 + [ 2 120
[+]
-t
4] + ] 1o
1.
[
Q%

9

o,
o,
[o] 000000000008y
i 1

1 S 10 15

X u‘? 0-0-0-0-00 0 0
5 10 15

fraction

Figure 4. Analysis of the size distribution of pulse labelled DNA, present
1n the various nuclear lysates.

Nuclei, 1soluted from c:1lls, pulss labelled fer 1 or 20 minutes, or fer 60
minvtes wn the presence of ara=C, werc lysed in alkaline SDS. The SIS lysates
4ere inalysed in alkaline sucrose gradientse. (4) 1 minute pulsc, (B) 20 minu—
tes pulse, (C) 60 minutes pulsc in thz precerce of ara~C. The total dpm 1n
gradients A-C vere as Tollows: A: . 26 250 dpms Y. 20 150 dpm (64% in
fraction 1). B: 3M: 2 075 800 dpm; 1g: 14 350 dpr (36% in fraction 1). C:
3H: 116 500 dpmgy 14C: & 000 dpm (41% in fraction 1),

Digestion with RNase was found to have no efrect (7).

From these data onc can conclide thet the a'tacihrent of the replicating
DNA, although close to Lhe replicaticn fecrk, does not 11clude those parts of
the parentzl sirernde to which Ok-~zak: fragmente are hydrogern bondede.

3¢ Release of DNA by Staphvlococ:us avclcasce In order %o avora the

uncertainties arising from the incubation with ruclease S1 at low pH, we
digested muelear lysales ~t neutrel pH with staphylococcal nuclease, which
hac a preferential sirgle strand specificilby (12, 11). It was furthcr ex—
pceted that due to the ability of the enzyme <o dusrade douwble strended DNA
as well, rhe combined aclavitics 2% hwigher enzyre ccncenbra‘’ions right lead
to new insights aboul the attachmeni sises as discus.aed belowe

Fige 5 cheur Lhet, in spite o the clight double cirand nucleolytic
activity of the enzyme, the digesuioan at low enzyme concentrations of nuclear
1lysates preparcd after labolling for 1 Tin showed a cimilar decrease ol the
3H/14C rati1o in the bound DNA as observ:d by digession with rnuclease 1°
This indirates agair the preferential releave of nas:ent DNA oy breeks in the
ringle strandcd resioase As could be exprcted therc tas an increacing release
of randomly labeclled DNA at higher enzynie conenntretions. Simultaneously, the
3H,/MC ratio of the DNA, -till associated with the cemplex, increcscds. An

essenlially sinilar increase of the rat:zo was found when a nuclear lysate was
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Figure 5. Effect ol Staphylococcus nucleasce digestion on the label dastri-
tution 1in nuclear lysates,

Fortions of 2 nuclear lysete prepared 1o descrabed in fige 1 were digested
with Staphylococcus nuclease at the following conce.trations: ¢ (A), 0.5 (B),
1.0 (C)and 2 pg/ml (D)o For turther Jdetails see fige 1. Average dpm were

71 500 dpm for 3 and 11 500 for 14¢ recpectivelys Fige F chows the 3H/14C
ratios of the rapidly sedimenting cnomplex as a fTunct _on of DNA remaininge.
Results from experaiments with different labelling programs are chowne For
each separate curve one nuclcar lysate w2s urede In each curve the poxint ab
the highest 1 DNA percentage represents lhe non-incubated coatrol. In one
experinent a2 nuclear lysate, prepared from cells pulre labelled for 1 mirute
uas 1ncubated with ruclease $q ard subsequenlly the various wsamples were di-—
gested by LNase I at concertrations of 0, 0.3, 0.5, 1.0 and 147 ug/ﬁl re 5=
pectively.

Jigested by DNase I after the nascent DNA regioncs had been removed by
nuclease S1 (flg. 5E). Apparently, a marked proportion of vhe pulse labelle?
DNA which 1s not rcroved by single stranl specific nucleolytic activity, is
situatel at or close to the DNA regron attached to the protein stiucture. For
obvious reassas the changes of the label ratios were much less pronounced in
the complex obtained after a 20 mir pulce lapel experiment.

When a similar digestion by s*aphylococcus nuclease <as carried oul with
a nuclear lysate preparcd after labelling cells for 1 hour in tne presence of
arabinosylcytosine, a marked decreare of the 3H/MC ratio at low enzyme con—

centrations was ag.lir obszrved. In contrast to the 1 min ani 20 m.n palse ex—
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periment, however, the ratio did not chow the increace cbserved during the
release of moot of the randomly labelled DNA a’ high enzyme concentrations
(fige 5E). This difference 1s most likely to be due to he mode of inhibition

of the DNA rcplicetion by arabinosylcytosine as will be discu-sed belows

DISCUSSION

Models on the rpatial and temporal crgaraization of thc DNA replication
during the S phase and segregation of the daughter molecules in mitosis im-
ply the cxastence of a ccaffold-like structure to whica the DNA 1s attached.
Dangman (14) suggectcd that cuch a sbtructure - at trat time believed ‘o be
represented by the nuclear envelope - would provide binding sites for the
origins of the tandenly arranged replicors (see fige. 6).

Recent ultrasiructural studies on histonc—depleted metaphase chromoso—
mes have revealed a central rcaf©old to which the DNA molecule 1s anchored
at intervals comparzble to known replicon lengths (°5, 16). Essentially, the
structure shows a number f features inherent 1o the model just mentioned.
Indirect evidence of the binding of chromosomal DNA to az scaffold-like nu—
clear protein structure, rcsistant to 2 M NaCl, has also been obtained with
interphase nuclei (1). The results ruggested that, apart from this bindaing
which possibly occurs at the origins of replicons, replicat._ve IDNA was
attacted by addition?l binding sites located ~lose to the replication forks.
This firding 1s important, oecause 1t gove. experimental evidence for another
postulate of the Dingman modcl, which 1s the ettachment of the replacation
point.

A more precise location of the bound DNA region was obtained by study-—
ing the release of pulse labell=d DNA from the complex by prod.cing random
breaks in the DNA molecule by DNase I or chearing. The probability of a DNA
fragment being released from a DNA loop (flg. f) by such breaks will decrease
the closer 1t 1s situated to a bound region. The resalts presentea above show
that the release of pulse label 1s particularly low after very short pulses,
ind.cating that the attachment must occur close tc the most recently synthe—
sized DNA scgment, 1.e. to the replication forke A similar conclusion can be
drawn from the results of DNase I digestion after a more selective labelling
of the replication fork 1in the presence of arabinosylcytocine,

If the oinding of the fork would occur just slight’ly ahead of the branch
point as shown in fig. 6B, the removal of the pulse laoelled part immediately
adjacent to tne branch point by for example nuclease 31 would result in a

disconnection to the DNA-molecule, Consequently ithe remaining pulse label
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Figure 6. A: Model of the spatial organization of the DNA in the nucleus
iaccordlng to Dingman). DNA 15 attached Lo the matrix at the origins of re-
plication {Op; Ofs Oy anc Og). 0F and 0f represent replicated origins. Addi-
tional pinding to the matrix takes place at the replication forks (R).

B: B. and B, represent two poosible modes of attachment of the
replication forks to the matrixe Our resulls are compatible with the occar-—
rence of an attachment site (AS) bchinc thc branch peint.

would then be cituated at a free ends Random breaks by, for example, subsce—
quent dige wtion with double strand specific nucleasce should then recult an a
rreferential releace of the rcrairing pulse labelled regione Our rewults,
however, show that the rubsequert rclease of pulce label by DNase I or high
concerlrations of Staphylococeal nuclease occurs at a rlower rate than the
release of the randonly lepellec DNA. Obvioucrly there mu t be an attachrenl
of the n plication fork beh.nd the region which 16 cut out by the sangle
strand nuclea:tce, This mode 1o precented in fige 682. This rlndlﬁg docs not
rule out the pousibalaty of additional binding sitcs just ahcad of the branch
poant or within the cingle strand gapo.

A differcent result was obtained after pulse labelling in the precencc of

araoinocrvleytosine, in that the 3%/140 ratio of the bound DNA was not oigi-
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ficantly altered by high Staphylococcus nuclease concentrations as compared
+o low concentrations, Thic 1z for the following reason. It 1s inherent to
the Dingman moael that origins of replicens are abtached 1o a nuclear scaf-
folde In an asynchronous cell culturc these origins will be pulse labelled
at random just like any other part of the nuclear DNA. The average 3H/MC
rat10o of the origins will this pe the same as the ratio of the total nuclear
DNA, and double strand nuclease activity would not cause an alteration of the
latter except for the contribution wkich 1s due to the attachment of zthe
pulse labelled replication pointse Only few origins of replicons will become
labelled in the presence of arabinosylcytosine which has been shown to be a
strong inhibitor of the initiation of new reolicons (17). Release of DNA
fragnents by double strand breaks will ther result in a decrease of the
3H/MC ratio of the complex, which more or less compensates the increase
owing to the attachment of parts of the pulse labelied replication lforks.

We would like to point out that our interpretation would possibly need
some modification 1f, owing to erroncous incorporation of incorrect deoxy-—
rioonucleotides (for imstance dUMP) as observed under certain conditions 1n
bacterial systems (18, 19) post replication repair woula occure This might
lead to resynthesis of more or less extensive DNA-''patches". Pulse label
incorporated into cuch petches could be re:zistent to nuclease S1, and 1f
attached to the protein siructure, also less accessinle to DNase I. If repair
would take place rapidly, the thercby induced ~ingle sirand gaps would be
locate 1 near to the branch pointe. Such a mechanism, which coula make a
gemi=41scontinuous mode of DNA synthecis appear to be totally discontinuous,
would not affecl our interpretations, However, these phenomena have not been
observed 1n mammalian cells so faie In addition we have found that the appa-
rent labelling petterns of replicailive intermediates in our cell strain are
not affected significantly by any kind of repair rcplication (10).

The exact location of the attachment site 1¢ of particular intereust for
the Function of Lhe nuclear structure in the replication nodel proposed by
Dingman (14). A mosi important point of the model 1, that 1t provider a
mechanism for the complete unwinding of the parental DNA molecule, which a1c
required for the reparation of the two daughter molccules during the -~ub.e—
quent mitosis. This 15 explained by *he perticular tpa 12l fziudaon of “ie
or1gie as well ar the e plication for o tle scalfolc (tee fige )o The
unwinding occur: a a onsequence of the tran-loc.tior o7 the DNA uwole Jlo
:lone *re mplicceiion oinding atc.e Obviou,ly corpl te unwinling o u oc

(n-ured 1. Ska bindaing occur. t, or at lea t extends into, 1h 2 hrinche -
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of the fork. Such a mode of binding 1s strongly supported by our results,

ACKNOWLE DGEMENT

We thark Dr, K.Rs Mitchelson for critical reading of the manuscript.

This i1nvestigetion was supported in part by the Netherlands Foundation for

Chemical Recearch (Sc0oM.) with financial aid of the Netherlands Organization

for the Advancement of Pure Re.earch (Z.WeDe)e

REFERENCES

Te

Warka, F., Mullenders, L HsPe, Bckers, AeGeMs, Pennings, LeJe., Aelen,
JeMehe 'ni Eygensteyr, J. (1977) Biochem. Biophyse Res. Comrmun, 14,
739-747.

2. Schel, JoHoNo (1977) Dissertation, Nijmegen.
3. Berezney, Re and Coffey, D.S. (1974) Birochem, Biophys. Res, Commun, 60,
1410=1417.
4, Aamon<on, R.P. and Blobel, G. (1975) Proc, Natl, Acad. Sci. USA 72,
1007-1011,
5¢ P1iek, AeCoMe (1971) Kon. Neds Akad, Wet. Co 74, 303-31C.
€e Wank:, F. (1974) Expe. Cell R se %5, 409-414,
7« D1 jkwel, P.A, and Warka, F. (197f) Biochim. Biophys. Acta 520, 461-471.
8. 0livere, B.ule (1978) Proc. liatl, A-ads Sci. USA 75, 238-242,
9. Sheiran, R., Hambert, J. and Pearlman, R.E. (1978) Ann. Rev. Biochem. 47,
277=-315,
10e Waika, Fo, Brouns, RaMeGeVeFe, Arlen, JeMsAo ard Eygensteyn, J. (1977)
Nucl. Acide Rewe 4, 2C83-2097.
11¢ Vogt, v.¥e (1973) Eur. J. Biochem, 23, 192~200.
124 Dirk er, M L. ara Dekker, C.A. (1960) Brochemn. Biopbyse Rew. Commune 2,
147-155
13. Wing.rt, L. and von Hippel, P.H. (1948) Biochir. Biophys. Acta 157,
114126,
14« Dingman, C.We (1974) 5. Theor. Bicls 43, 187-195.
15, P.ulson, JeRe and Laermli, U.Ke (1977) Cell 12, 817-828,
16+ Housran, D. and Huberman, J.A. (1975) J. Mol. Biol. 94, 173-181.
17+ Fradlard, A. (1977) Bi)chem, Biophyt. Res. Cormmun. 74, 72=78.
18, Tjey B.K., Nymin, P.Os, Lehmar, I.R., Hochhaucer, S. arnd Weitrs, Re (1977)
Proce Nall, Acade Sci. USA 74, 154=157.
19« 1ye, B.K., Chier, J., Lehman, I.Ro, Duncan, B.K. and Waerner, H.R. (1978)
Proce Na‘le, Acuade 3r1, USA 75, 233=237,
230

58



Chapter Vv

THE STRUCTURE OF THE ATTACHMENT SITE






V. THE STRUCTURE OF THE ATTACHMENT SITE

V.1l. Introduction

In chapter 4 it has been shown that in the replication points
DNA is attached to the nuclear matrix behind the branch point.
The existence of an attachment site in front of the branch
point could neither be demonstrated nor ruled out by our
results. The reason for this is the aspecific labelling of
parental DNA with 14C-dThd, as will be pointed out below.

O On. On.2
—_—— e
\

Bt

I

S IINEG S SN |
: =T o0 ="

On CIN L ! ] -
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Fig. 1. Model of the spatial organization of replicating DNA.

DNA is attached to the nuclear scaffold at the replication origins of
the individual replicons (0_, O 417 0 +2). Additional attachment
sites (R) were shown to exi8t b&hind Bé branch points. In case of
absence of attachment sites (R') in front of the replicating regions,
digestion by single-strand-specific nucleases (arrows) of the single-
strand gaps opposite to growing Okazaki fragments should cause
detachment of the unreplicated loop from the nuclear matrix.

From figure 1 it is obvious that detachment of the Okazaki
fragments from the nuclear matrix by single-strand-specific
nuclease will be accompanied by release of part of the
parental DNA when an attachment site in front of the branch
point does not exist. The DNA detached consists of the un-
replicated loops between pairs of approaching replication
points, originating from successive origins within clusters

of replicons. However, since approximately 105 replicons

(1-3) have to be duplicated in 12 hours (the length of S-phase
in our cell-line (4)), and since the average duplication time
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for a replicon is assumed to be 30 minutes (5,6), at each
moment in S-phase approximately 4% of the replicons are
actively engaged in the process of replication. As these
replicons on the average will have been duplicated for 50%,

one can expect an upper limit of 2% of the randomly labelled
DNA to be susceptible to the action of single-strand-specific
nucleases. The actual amount that will be detached, is most
likely to be even somewhat smaller. This is due to the fact
that part of the DNA of the terminal replicons of each

cluster will remain bound to the nuclear matrix after digestion
of the single-strand regions because of its attachment to

an inactive terminal replicon of an adjacent cluster. Therefore,
one has to expect a release of 1-2% of the randomly labelled
DNA from the nuclear matrix, obtained from asynchronuous cells,
by the action of single-strand nucleases. As this proportion

is within the experimental error of the method employed, a
different approach had to be adopted.

During S-phase DNA does not seem to be replicated randomly.

A temporal order seems to exist in which DNA sequences that
are duplicated in a particular period in one S-phase, are
duplicated in the corresponding period in each following
S-phase (7-12). Consequently, if in synchronized cells only
the, for instance, early replicating clusters of replicons
would be labelled in one S-phase and Sl-digestion would be
carried out early in the next S-phase, one would expect a
considerable part of the label to be detached from the nuclear
matrix in case of the absence of an attachment site in front
of the branch point. A second advantageous effect of syn-
chronization is that because of the increase of the pro-
portion of cells in S-phase, the absolute amount of replicating
DNA and consequently the amount of label susceptible to
nuclease S1, will also increase. Therefore, an experimental
scheme was designed in which cells were synchronized at the
beginning of S-phase by two successive blocks of excess
deoxynucleotides. Between the blocks DNA was pulse-labelled
and after the second block the Nuclease Sl-digestion was

carried out.



V.2. Materials and Methods

V.2.1. Cell synchronization and labelling procedures.

To asynchronuous cells, grown in monolayers as described
elsewhere (4), 2mM dAdo was added for 16 hours. The dAdo-
containing medium was then removed, the cells were washed with
fresh medium and medium containing 50 uM dGua was added. This
nucleotide was present in the medium to shorten recovery

time since due to excess dAdo, the dGua-pool is depleted most
(13) . Subsequently replicating DNA was labelled with 0.5 uCi/ml
14C-dThd (spec. activity 52.8 mCi/mmol; NEN) for 30 minutes
starting 20 minutes after release from the dAdo-block. Then

the dGua- and 14

medium, in which the cells were allowed to grow for another

C-dThd-containing medium was replaced by fresh

10 hours to complete S-phase. 2mM dAdo was again added for

16 hours, after which the block was lifted as described before.
Thereupon 3H—dThd (20 uCi/ml; spec.activity 20 Ci/mmol; NEN)
pulses of 5 minutes were given at the times indicated, after
which the nuclei were isolated.

When dThd was used to synchronize cells, a protocol as described
in chapter 3 was followed. Between the blocks replicating

DNA was labelled with 14C-dThd at the time of maximal DNA-
synthetic activity, i.e. 6-9 hours after release from the

block.

V.2.2. Analysis of the nuclear lysates .

Nuclei were lysed in 2M NaCl and the lysates were treated
with nuclease S1 as described in chapter 4. The lysates were
then analysed on 15-40% neutral sucrose gradients, which

were spun at 20,000 rpm in SW27II-rotors for 1 hour.
Alternatively, the lysates were analysed for the amount of
14C—dThd—labelled DNA detached by Nuclease S1 by spinning down
the rapidly sedimenting material in a Sorvall HB-4 rotor for
20 minutes at 8,000 rpm and determining the amount of label in

the supernatant.
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V.2.3. Density labelling and isopyenic centrifugation,

To cells, synchronized by a double-block and labelled with
l4C—dThd for 1 hour between the blocks, 10 uM 3H—BrdUrd

(2,5 uCi/ml; NEN) was added at an appropriate time after the
second block. Samples of cells were taken at the times
indicated. The cells were then lysed in 0,5% SDS in 50 mM
Tris-HCl1 pH 8.0 and the lysates were digested successively with
50 ug/ml RNase A (Sigma) and 50 ug/ml pronase (nuclease-free;
Sigma) for 30 minutes each at 37°c. DNA was subsequently
isolated and analysed on CsCl-gradients as described before
(14) .

V.3. Results

In the first approach, the analysis of whether or not attachment
to the nuclear matrix occurs in front of the branch point,

dAdo was used as the blocking agent, After the first block
14C-dThd was added to label early replicating clusters of
replicons. Cells were then allowed to complete S-phase after
which they were again blocked in medium that contained dAdo.
After reversal of the second block, cells were pulse-labelled
for 5 minutes with 3H—dThd at various times, in order to

label nascent DNA, which served as an internal control for

the Nuclease S1 digestion. Nuclear lysates were then prepared,
treated with Nuclease S1 and analysed on sucrose gradients.

In Fiqure 2 both the experimental scheme and the results of

3 seperate experiments are given. Compared to the results
presented in chapter 4, it is obvious that digestion by

Nuclease S1 detaches considerably more 14C—labelled DNA from
the rapidly sedimenting complex obtained from selectively
labelled cells than from the complex obtained from continuously-
labelled asynchronuous cells, Moreover, though the proportion
of 14C—labelled DNA detachable by Nuclease S1 immediately

after release from the second block seems to be rather variable,
the amount released nevertheless tends to decrease in time,

as one would expect to occur,

However, as synchronization by excess dAdo might cause lesions
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Fig. 2.a. Protocol of the experiments to analyse the Vuclease SI-
sensiiivity of selective%a labelled DNA. Cells were synchronized by
successive dAdo-blocks. ~'C-dThd was present for 30 minutes between
the two blocks. Samples, taken at different times after release of
the cells from the second block, were digested by Nuclease S1 and
the amount of label released from the nuclear matrix was determined.

2.b. Teme—-course of detachment by Nuclease S1 of selectively
labelled DNA from the nuclear matrix obtained from cells synchronized
by dido.

(15,16) control experiments had to be performed to see whether
the synchronized cells showed the normal replicative type

14c_arha
for 1 hour between the two dado-blocks. Subsequently, following

of DNA-synthesis. Therefore, cells were labelled with

the second block, 3H-BrdUrd was added and samples were
taken at different times. DNA was isolated, purified and
analysed on CsCl-density gradients. Surprisingly, even
after 24 hours of labelling with BrdUrd, a shift of the
14C-labelled DNA to intermediate density could not be
observed (Figure 3). This indicates in all probability that
dAdo had blocked replicative DNA-synthesis irreversibly and
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Fig. 3. Isopyenic analysis of DNA labelled in successive S—-phase in
dAdo-synchronized cells. Cells were synchronized by alﬂouble dAdo-block.
3 hours after the first block, DNA wgs labelled with ~'C-dThd for 1 hour.
Immediately after the second block, “H-BrdUrd was added and the shift
of the "’'C-labelled DNA to intermediate density was followed on CsCl-
gradients. Samples were taken at 3 (3), 4.5 (B), 6.5 (C) and 24.5 (D)
hours after the time of addition of "H-BrdUrd to the cells.

Tgtal dpm per gradient were:

1 H: A: 4,734 B: 14,260 C: 23,800 D: 126,000

4u: 1,810 1,810 1,650 1,200

has induced some type of unscheduled DNA-synthesis. Moreover,
a marked proportion of the cells was found to stop proliferating
and ultimately died. Since the observed effect of Nuclease

S1 is obviously not related to replication and since for

this type of experiments an undisturbed replication is an
absolute prerequisite, the use of dAdo for synchronization
procedures had to be abandoned. As an alternative, dThd was
used in all further experiments.

Employing dAThd as the synchronizing agent it was firstly
investigated whether the cells could enter S-phase after the
double-block. Therefore, a density-shift experiment, similar
to the one described above, was done. Figure 4 shows that

DNA, which had been labelled for 1 hour with %c-dThd 7 hours
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after the lafting of the first block, had completed 1its

shift to intermediate density between 14 and 18 hours after
release of the cells from the second block. It can, therefore,
be concluded that DNA labelled between the blocks, 1s
replicated in the next S-phase but that, possibly due to the
synchronization procedure, the temporal order of replication
1s not very strict.
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Fig. 4. Isopycnic analysis of DVA labeiled in successive S-phases in
Thd-synchronized cells. Cells were synchronized by a double dThd-block.
7 hours after fglease of the cells form the first block, DNA was
%abelled with ~'C-dThd for 1 hour. 6 houii after the second block,
H-BrdUrd was added and the shift of the " "C-labelled DNA was followed
on CsCl-gradients. Samples were taken.,at 1.0 (A), 2.5 (B), 8.0 (C), and
23.5 (D) hours after addition of the ~“H-BrdUrd label.

tal dpm per gradient were:

: A: 61,670 B: 171,960 C: 355,000 D: 510,600
14c, 2,850 3,550 4,030 5,110

Since replicative DNA-synthesis seems to proceed in thas

4c-1abelled DNA
could be analysed next. To that purpose cells were labelled
with 14C-dThd for 1 hour between the successive dThd-blocks.

After release from the second block samples were taken at the

system, the Nuclease Sl-sensaitivity of the !

times indicated and nuclear lysates were prepared, which were
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treated with Nuclease Sl. Figure 5,a. shows that the pro-
protion of 14C—labelled DNA, detached by Nuclease S1 in the
S-phase following the second block, attains a maximum at a
time corresponding to the period of labelling in the previous
S-phase. After several hours the proportion detached decreases
to values still significantly higher than those in unsyn-
chronized cells. The time=~course seems to indicate that an
attachment site in front of the fork might be absent, though
evidence is still rather inconclusive, This could be due to
loss of phase synchrony as a result of the synchronization
procedure (17), as also is indicated by the broad maximum.
Since the density-shift experiments do not exclude excess
dThd-induced repair synthesis, which occurs simultaneously
with replication, it had to be ruled out that the Sl1-
susceptibility of the 14C—labelled DNA was to some extent

the consequence of the single-strand gaps and nicks, which
are known to be generated temporarily by certain types of

repair (18).
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Fig. 5. Time-courses of detachment of 14C—Zabelled DHA from the nuclear
matrix by Nuclease SI. 14

Fig. 5.a. Cells were labelled with ~'C-dThd for 1 hour, starting 9 hours
after release of the cells fram the first dThd-block. After the second
block, samples were taken at the times indicated (t=0 corresponding to
the time of release of the cells from the second block) and treated
with Nuclease Sl.

5.b. As under a., except th? between the blocks cells were goth
continuously-labelled with = 'C-dThd and pulse-labelled with “H-dThd
for 1 hour starting 9 hours after release from the first block.
-o——e——e-: Dulse-labelled DNA.

0- -0- -0 : continuously-labelled DNA.
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To examine the contribution of repair, a slightly different
experiment than the one described above was performed.
Immediately following the first dThd-block the cell population
was divided into two. Between the blocks one of the samples
was labelled with 1%
only labelled for 1 hour at the time of maximal DNA-synthetic

activity. Figure 5.b. shows that the 14C—pulse—labelled DNA

C-dThd continuously while the other was

was most sensitive to Nuciease S1 immediately after the time
corresponding to the period, in which in the previous S-phase
the label had been present. The continuocusly-labelled DNA
showed a relatively constant, though rather high, Nuclease S1-
susceptibility. This observation confirms the results
presented before, though the rather small difference between
the proportions of DNA detached from the nuclear lysates,
obtained from 14C—pulse-labelled and 14C—continously—labelled
cells respectively, only allows cautious conclusions. Further

experiments will be needed for corroboration.

V.4. Discussion

The existence of a stringently fixed temporal order for the
replication of DNA in eukaryotic cells is still under in-
vestigation., One of the main difficulties in precisely
demonstrating this temporal order lies in the absence of
natural synchrony in higher eukaryotes. This is contrary, for
instance, to the high degree of synchrony of replication
occurring in macroplasmodia of Physarum polycephalum, in
which organism DNA-duplication was shown to follow a fixed
order (7). In yeast too, this was demonstrated (10).

In higher eukaryotes the presented evidence indicates that
replication does not proceed completely at random throughout
S-phase. In synchronized cells certain DNA-classes were found
to be duplicated in ordered time-sequences (12). This temporal
order, however, does not seems to be very strict (17,19) and
synchronization by a number of drugs was found to have a
disturbing effect on the sequence programming (17,18).
Nevertheless, the occurrence, to some extent, of sequence

programming has to be considered a prerequisite for this

69



study which 1s aimed at demonstrating the existence or absence
of an attachment site in front of the replication fork.
Evidence presented on the Nuclease Sl-sensitivity of the
selectively labelled DNA of cells synchronized by excess dThd,
suggests that at times somewhat later than the time of
labelling 1in the previous S-phase, an 1increased amount of

DNA could be detached from the nuclear matrix. As this

amount 1s higher than the background level, 1.e. the pro-
portion of detached DNA continuously labelled between the
successive dThd-blocks, this observation favors the model in
which the unreplicated loops between two approaching repli-
cation points are not attached to the nuclear matrix. The
amount of selectively labelled DNA, detached by Nuclease S1,
however, 1s relatively low. Most probably this 1s a consequence
of a rather low degree of sequence programming, as 1s indicated
by the density-shift experiments. DNA, pulse-labelled between
the successive dThd-blocks, was found to be duplicated
throughout the whole of the next S-phase. In case of the
existence of a stringently fixed temporal order of replication
an abrupt shift would have been found. Excess dAdo disturbed
the replication process even more, blocking DNA-synthesis and
reducing cell-viability.

In view of the detrimental effects of the synchronization
procedures which have been used in this study, the results
presented cannot be considered to be more than tentative.
Confirmation will have to be obtained from experiments with
cells synchronized by mitotic selection or, assuming the
mechanism of DNA-replication in lower and higher eukaryotes

to proceed esentially similar regarding spatial organization,

with naturally synchronous systems such as Physarum polycephalum.
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VI. CHROMATIN ORGANIZATION IN THE REPLICATION POINTS

VI.1l. Introduction

The major part of nuclear chromatin has been shown to be
organized in nucleosomes (1). These structural repeating units
consist of a histone octamer around which a 140 base-pair
segment of DNA is wound. Along the DNA string, successive
nucleosomes are separated by linkers of an average length

of 40 to 60 base-pairs, to which histone H1 is bound. The
linker regions are readily accessible to nucleases, while the
DNA-segment associated with the histone octamer is strongly
shielded (1,2). Whether or not this structure is retained in
the immediate vicinity of the replication point is not yet
clear. Ultrastructural data have been presented indicating

that chromatin structure on both sides of the replication

fork is identical (3).

Most biochemical evidence, however, shows that newly replicated
chromatin, in vivo, is more susceptible to endonucleolytic
degradation than is the remainder of the chromatin (4-7).

One of the hypotheses presented to account for this difference
is an asymmetric segregation of the parental nucleosomes

during replication, resulting in a transient absence of nu-
cleosomes from one of the two double helices behind the
replication fork (4). Recent results seem to confirm this
assumption (8).

Further evidence in support of this view has been obtained

from studies on replication in the absence of protein synthesis,
i.e. Zn vitro replication (9,10) or replication in the presence
of cycloheximide (11). Aditionally, it was observed that the
nucleosomes immediately behind the renlication fork have an
altered conformation (9,10,12).

It has been suggested that the unshielded internucleosomal
regions give access to transcriptional and replication factors
(13,14) . In particular Okazaki fragments might be initiated

at these sites. This is compatible with the finding that the
size of Okazaki fragments roughly matches the average length

of the DNA segment contained by the nucleosome (15). Initiation

of Okazaki fragments in the internucleosomal regions could
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imply the occurrence of pre-fork replication loops (13), for
which we have recently provided experimental evidence (16).
Furthermore we have shown that replicating DNA is intimately
associated with a nuclear protein skeleton, which can be
isolated from nuclei that have been lysed in 2M NaCl (17).
After removal of the histones by the high salt concentration
and owing to the single-strand gaps between the growing
nascent strands, a substantial part of the nascent DNA can
be cut out by single~strand-specific nucleases and can be
separated from the skeleton by centrifugation (18). In this
study we investigate whether the single-strand gaps in the

DNA of replicating chromatin are shielded by nucleosomes.

VI.2. Materials and ilethods

VI.2.1. Cell culture and labelling procedures.

Bovine liver cells were grown in monolayers in Carrel-flasks
as described elsewhere (19), except that a serum concentration
of 10% was used. DNA was pre-labelled by addition of 0.02 uCi/ml
2—14C—dThd (specific activity 52.8 mCi/mmol; NEN) for at least
30 hours. After growing the cells in label-free medium for
another 2 hours, the cells were pulse-labelled for 1 minute
with 50 uCi/ml me—3H-dThd (specific activity 20 Ci/mmol; NEN).
Incorporation was stopped by rinsing the cells with ice-cold
0.1% Triton X-100 in 50 mM Tris-HC1l, pH 8.0. Nuclei were then
isolated as described before (17) and resuspended in 50 mM
Tris-HC1l pH 8.0.

VI.2.2. Enaymatic digestions and preparation of the nuclear

lysates.

For digestions by Nuclease S1 the pH of the nuclear suspension
was adjusted to 4.5 by adding 0.5 M acetate-buffer (final
concentration 50 mM). Incubations were carried out for 30
minutes at 37°C in the presence of 1 mM ZnSO4.

Incubations with the single-strand-specific nuclease from
Physarum polycephalum, isolated as described elsewhere (20),

were carried out in 50 mM Tris-HC1l pH 8.0 for 30 minutes at 37°%.
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All incubations were stopped by addition of EDTA to a final
concentration of 30 mM. Subsequently nuclear lysates were
prepared as described before (18), except that a final
concentration of 2 M NaCl was used, Alternatively, lysates

of which the pH was adjusted to 4.5 after lysis of the nucle:,
and lysates obtained from nuclei, which had been incubated

in medium of pH 4.5 for 30 or 60 minutes, were subjected to
digestion by Nuclease Sl1.

Furthermore, lysates were 1ncubated with the Physarum enzyme
after 10-fold dilution waith 50 mM Tris-HCl pH 8.0. To avoad
reassociation of histones with the DNA attached to the nuclear
skeleton, heparin was added to a final concentration of

20 ug/ml (21).

VI.2.3. Sedimentation analysis.

The lysates were analysed on neutral, 2M NaCl containing
15-40% sucrose gradients, prepared on 65% sucrose cushions
containing 0.4 g/ml CsCl. Centrifugation was performed in a
Spinco SW27II rotor for 1 hour at 20,000 rpm and at 20°c.
Fractions of 2.5 ml were collected starting from the bottom
of the tube and the radioactivity was determined as described
before (22).

VI.3. Results

We have shown recently (18) that incubation of the rapidly
sedimenting DNA-protein complex, obtained from nuclei lysed

in 2M NaCl, with the saingle-strand-specific enzyme Nuclease

S1 results in detachment of a substantial part of the nascent
DNA without concomitant loss of detectable amounts of parental
DNA. The nascent DNA detached was shown to consist almost
exclusively of Okazaki fragments hydrogen bonded to parental
segments.

In order to investigate whether the single-strand regions

1n replicating DNA are protected by nucleosomes from the action
of single-strand nucleases, pre-labelled cells were pulse-
labelled with 3H—dThd for 1 minute and the nuclei were isolated.
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Subsequently, part of the nuclei was incubated with Nuclease

S1 and then lysed 1in 2M NaCl. The other part was first lysed

in 2M NaCl, after which the lysate was treated with the
single-strand nuclease.

Sedimentation analysis of the untreated NaCl-lysates 1n sucrose

gradients revealed that almost 100% of the DNA remained

attached to the nuclcar skeleton (Figure l.a.). Incubation
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Fig. 1. Effect of Nuclease S1 digestion on nuclear lysates and ruclet.
Nucle1r were 1sglated fram 14c-drthd-labelled cells, which were pulse-
labelled with SH-dThd for 1 minute. Half of the nuclei was lysed in

24 NaCl and the lysate was divided into 3 portions. Nuclease 51 was added
to final concentrations of 0 (&), 100 (B) and 1000 (C) units/ml. “he other
half of the nuclei was also divided into 3 portions and Nuclease Sl was
added to final concentrations of 0 (D), 100 (E) and 1000 (I) umts/ml. Sub-
sequently the nucle1l were lysed by addition of NaCl to a final con-
centration of 2M. All lysates were analysed by sucrose gradient centri-
fugation. Sedimentation 1s fram raght to left. The numbers in each panel
represent the ratios of the percentages of 34 and l4c present 1in the
rapidly sedimenting material. 3 14

Average total dpm per gradient were 2,500 for ~H and 8,000 for ~°C.
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of the nuclei at pH 4.5 prior to lysis had no effect on the
sedimentation pattern (Figure 1.d.). In accordance with our
previous results (18), digestion of the NaCl-lysates with
Nuclease S1 resulted in a 30% release of the pulse-labelled
DNA without significant loss of pre-labelled DNA (Figures

1.b. and 1.c.). Treatment of nuclear suspensions with the
enzyme caused only a very small and variable release of nascent
DNA (Figures 1.d. and l.e.).

Routinely, between 60 and 90% of the pulse-label released by
digestion of nuclear lysates remained associated with the
rapidly sedimenting complex when whole nuclei were digested.
The most plausible reason for the inaccessibility of newly
replicated DNA in chromatin is a partial shielding of the
single-strand regions by nucleosomes. It is not likely that
Hl-histones are involved, because digestion of nuclei in the
presence of 0.4M NaCl gave the same results as incubations
performed without NaCl (results not shown).

A particular disadvantage of the use of Nuclease 51 is its
requirement for a low pH. Microscopical examination showed that
at pH 4.5 the nuclei had shrunk to about half their original
diameter. This implies that an artificial reorganization of the
nuclear proteins, and maybe also some displacement of nucleo-
somes along the DNA-strands, cannot be excluded. Moreover,

it had to be made sure that the relative insensitivity of

newly replicated chromatin towards Nuclease S1 is not due

to a collapse of a very labile structure of replicating chroma-
tin in a medium of low pH and low ionic strength. Therefore,
nuclei were first incubated at pH 4.5, then lysed by addition
of 2M NaCl and digested as described before. The pre-treatment
had no significant effect on the release of nascent DNA from
the nuclear skeleton (Figure 2). Moreover, preliminary elec-
trophoretic data indicate that the poly-peptide composition

of the rapidly sedimenting complex, cbtained from nuclei
incubated at pH 4.5 for up to 60 minutes, did not differ
significantly from the poly-peptide composition of nuclear
skeletons isolated at pH 8.0 (Schellinx, unpublished results).

Whether these observations imply that chromatin structure in
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F19.2. sffect of the 4ncabation  f raclet at pl 4.5 on % stror of
nuclear ZJSatLS bJ Nuclease €1. Nuclei were 1solated from l4c-dTha-
labelled cells, which were pulse-labelled with 3H-dThd for 1 mnute.
Nuclei were lysed in 2M NaCl immediately (A and B) or after incubation
in medium of pH 4.5 for 60 minutes (C). Nuclease Sl was then added

to final concentrations of 0 (A) and 300 (B and C) units/ml. For
further details see under figure 1. 14

Average total dpm per gradient were 2900 for 34 and 2200 for M.

medium of pH 4.5 1s identical to chromatin structure under
physiological conditions, remains to be proven. For this reason
we have performed similar experiments with a recently described
single-strand-specific endonuclease of Physarum polychephalum
(20), which has 1ts maximal activity at pH 8.0. The strong
inhibition of this enzyme by high concentrations of salt made
1t necessary to reduce the NaCl-concentration of the lysate

to 0.2 M. The reassociation of histones with the DNA was
prevented by addition of heparin. Figure 3 shows some
representative results. Like Nuclease S1, the Physarum enzyme
specifically detaches nascent DNA (panels A to D). The amount
of pulse-label released from the rapidly sedimenting complex
(44% 1in this particular experiment) was always larger than

the amount released by Nuclease S1. When nuclear suspensions
were digested with the Physarum enzyme, 22% of the pulse-label
was detached, while treatment of another portion of the same
suspensions with Nuclease Sl only resulted in detachment of

14% of the pulse-label (panels E and F), On the average, the
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amount of pulse-label released from the nuclear skeleton by the
Physarum endonuclease, added to nuclei, varied from 40 to 50%
of the amount released by the enzyme added to nuclear lysates.
Approximately the same percentage of nascent DNA was released
by the Physarum enzyme, when nuclei had been digested in the
presence of 0.4 M NaCl, suggesting that the Hl-histones do

not protect single-strand regions from the action of the

enzyme.,
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Fig. 3. Effect of Physarum Zn-endonuclease digestion on nuclear iysates
and nuclei. Nuclei were igelated from 14C-dThd-labelled cells, which
were pulse-labelled with “H-dThd for 1 minute. A portion of the nuclei
was lysed in 2M NaCl, the lysate was diluted tenfold and divided

into 2 portions. Zn-endonuclease was added to final concentrations of
0 (A) and 300 (B) units/ml. The remainder of the nuclei was divided
into 4 portions. Zn—-endonuclease was added to 2 portions in final
concentrations of 0 (C) and 300 (D) units/ml and, as a control,
Nuclease S1 was added (after adjustment of the pH to 4.5) to final
concentrations of 0 (E) and 300 (F) units/ml. For further details

gee under figurT41. Average total dpm per gra%ient were 1,000 {or
H and 600 for 1°C in (A) and (B) and 3,600 for 3H and 2,350 for l4c
in (C) through (F).
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VI.4, Discussion

Replicating DNA in eukaryotic cells is attached to a high-
salt resistant nuclear protein skeleton (18,23,24). The
attachment site has been shown to be located closely behind
the branch point of the replication fork (18), in such a

way that the Okazaki pieces, hydrogen-bonded to the parental
DNA segments, can be removed specifically by the single-
strand-specific Nuclease S1. In the present chapter it is
demonstrated that the nascent pieces can be cut out with the
same specificity, and even slightly higher efficiency, by a
recently isolated and characterized single~strand nuclease of
Physarum polychephalum (20). The accessibility of the single-
strand regions is strongly reduced in chromatin. The amount

of nascent DNA released from intact chromatin in isolated
nuclei by the Physarum enzyme is only 40-50% of that released
by digestion of histone-depleted DNA, With Nuclease S1 the
difference between digestion of chromatin and histone-free

DNA is even greater, and, moreover, somewhat less reproducible.
This is possibly due to artificial changes of chromatin
structure by the low pH, which is required for the enzyme

to be active, We will, therefore, base our further discussion
solely on the data obtained from the experiments with the
endonuclease of Physarum polychephalum.

Our results clearly show that part of the single-strand
regions are effectively protected by chromatin proteins. The
protection is not significantly altered when the Hl-histones
are removed by 0.4 M NaCl. Apparently, the internucleosomal
linkers are equally accessible to micrococcal nuclease (25)
and the single-strand-specific nuclease. We, therefore, suggest
that the single-strand regions, not accessible to the Physarum
enzyme, are in some way associated with the histone cores of
the nucleosomes.

Based on recent results (16-18), Figures 4.a. and 4.b.
diagrammaticly show two possible chromatin structures of the
replication fork, From diagram 4.a. it can be inferred

that release of a piece of nascent DNA can require up to 4
single-strand regions to be digested. For example, for release

of the fragments between the initiation points I and II single-



strand breaks have to be introduced at sites 1, 2, 1' and 2°'

or 3'. The fragments will not be released, 1f one of the
single-strand regions at sites 1,1' or 2 1s not accessible

to the enzyme. It can be roughly estaimated that 1naccessibility
of only 2 to 3 out of 10 single-strand regions would be
sufficient to reduce the release by about 60% as found in our

experiments with the Physarum nuclease.
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Fig. 4. Schematic representation of the chromaiin structure in the
trmediale vicinity of the repli~ation fork.

4.a. Okazakl fragments are 1nitiated between the nucleoscmes. Conse-
quently, all single-strand regions (1,2 and 3, 1', 2' and 3")

between the growing Okazaki fragments are located in the internucleoscomal
spaces and, therefore, can be digested by single-strand-specific
nucleases.

4.b. Okazaki fragments are initiated within the nucleosomes. Consequently,
only a minor amount of the single-strand regions between the Okazaki
fragments will be located in the internucleosamal spaces.

If one assumes that initiation of Okazaki fragments occurs

near the center of the internucleosomal regions, the amount

of nascent DNA removed by digestion of chromatin with a
single-strand-specific nuclease should be equal to that

removed by digestion of histone-depleted chromatin. This 1s

the consequence of the fact that, i1in spite of the presence

of nucleosomes along the DNA, a stretch of 20 to 30 nucleotides
w1ll remain accesslble at each single-strand region. However,

1f the Okazaki fragments are initiated randomly within the
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internucleosomal regions, some of those regions might become
too short to be accessible to the enzyme, and, therefore,

will not be broken.

On the other hand, 1f synthesis of Okazaki fragments would
start withan the nucleosomes, single-strand regions ain the
internucleosomal spaces would also occur, though in a smaller
number (Figure 4.b.). Since they appear in one branch only,
1t can be roughly estimated that no more than 15% of the
label, residing in the Okazaki fragments, will be released

by the action of single-strand-specific nucleases. The
observed release, on the average approximately 40% of the
Okazaki fragments 1s, therefore, more compatible with initiation
of the Okazaki fragments occurring in the internucleosomal
spaces, as shown in Figure 4.a.

Another factor, which might affect the results, i1s the
possibility of a translocation of the nucleosomes during the
experimental procedures. The chance of translocation occurraing
in media of low 1onic strength and at a pH near to neutral,
however, seems slaight (26) and might even be disregarded. On
the other hand, under the conditions required for the Nuclease
Sl-digestions, the i1#n vivo structure might not be retained
completely.

Knowledge of the chromatin structure around the replication
fork 1s required for a precise understanding of the duplication
of the eukaryotic genome. The experimental approach for an
analysis of this structure 1s severely hampered by 1ts dynamics
and 1nstabilaity. Results obtained so far with Staphylococcal
nuclease are believed to be related mainly to a region behind
the replication fork (4). The use of single-strand-specific
nucleases 1s more specifically directed to the replication
fork proper. The tentative conclusion from our results 1is

that Okazak: fragments are initiated at arbitrary positions
wilithin the internucleoscomal segments of the DNA in chromatin.

This 1s 1n agreement with the model proposed by Rosenberg (13).

84



References

1.
2.
3
4
5

11.

12.
13.
14.
15.

16.

17.

18.

19.
20.

21.
22.
23.
24,

25.
26.

Kornberg, R.D. (1977) Ann, Rev. Biocham. 46, 931-954.
Sonnenbichler, J. (1979) Naturwiss. 66, 244-250Q.

Knight, S.L. and Miller, O.L. (1977) Cell 12, 795-804.

Seale, R.L. (1976) Cell 9, 423-429,

Hildebrand, C.E. and Walters, R.A. (1976) Biochem. Biophys. Res.
Commun 73, 157-163.

Levy, A. and Jakab, K.M, (1978) Cell 14, 259-267.

Burgoyne, L.A., Mobbs, J.D. and Marshall, A.J. (1976) Nucleic
Acids Res. 3, 3293-3304.

. Seidman, M.M., levine, A.J. and Weintraub, H. (1979) Cell 18,

439-449,

. Seale, R.L. (1978) Proc. Natl. Acad. Sci. USA 75, 2717-2721.

Schlaeger, E.J. and Klempnauer, K.H. (1978) Eur. J. Bichem. 89,
566-574.

Riley, R. and Weintraub, H. (1979) Proc. Natl. Acad. Sci. USA 76,
328-332,

Schlaeger, E.J. and Knippers, R. (1979) Nucleic Acids Res. 6, 645-656.
Rosenberg, B.H. (1976) Biochem. Biophys. Res. Commn, 72, 1384-1391.
Hewish, D.R. (1976) Nucleic Acids Res. 3, 69-78.

Sheinin, R., Humbert, J. and Pearlman, R.E. (1978) Ann. Rev.

Biochem. 47, 277-316.

Dijkwel, P.A, and Wanka, F. (1978) Biochim. Biophys. Acta 520,
461-471.

Wanka, F., Mullenders, L.H.F., Bekers, A.G.M., Pennings, L.J.,

Aelen, J.M.A. and Eygensteyn, J. (1977) Bichem. Biophys. Res.

Commun. 74, 739-747.

Dijkwel, P.A., Mullenders, L.H.F. and Wanka, F. (1979) Nucleic Acids
Res. 6, 219-230.

Pieck, A.C.M. (1971) Proc. Kon. Ned. Akad. Wet. Ser. C 74, 303-310.
Waterborg, J.H. and Kuyper, C.M.A. (1979) Biochim. Biophys. Acta

571, 359-367.

Adolph, K.W., Cheng, S.M. and Laemli, U.K. (1977) Cell 12, 805-816.
Wanka, F. (1974) Exp. Cell Res. 85, 409-414.

Berezney, R. and Coffey, D.S. (1975) Science 189, 291-293.

Wanka, F. and Mitchelson, K.R. (1979) Proc. 4th Eur. Physarum Workshop
120, 409-416.

Sollner-Webb, B. and Felsenfeld, G. (1975) Biochemistry 14, 2915-2920.
Weischet, W.0. (1979) Nucleic Acids Res. 7, 291-304.

85






Chapter VII

SUMMARY/SAMENVATTING






VII. SUMMARY

Recent research in the field of the eukaryotic DNA-replication
has led to a more detailed understanding of the molecular
mechanism of this process and its temporal regulation. In

the first chapter, a no doubt concise survey of this field
has been presented.

Contrary to the structure of the cell nucleus, on which
recently some attention has been focused, a lot less is

known of the spatial organization of nuclear DNA. Moreover,
data on the relation between DNA-replication and nuclear
structures are almost completely lacking. To this subject,

a major part of this thesis has been devoted. Since in

nearly all studies of DNA-replication inhibitors can be

very useful tools, the mechanism of action of two of those
substances was analysed. The results of these analyses

are presented in chapters 2 and 3.

Arabinosylcytosine (ara-C), which is described in chapter 2
(in a concentration of 10-4M) was found to reduce the rate

of chain elongation of growing DNA-strands markedly. This

was indicated by a significant increase of the proportion of
label incorporated into Okazaki fragments. These primary
intermediates of the replication process were ligated to
growing DNA-strands in the presence of the inhibitor, though
at a greatly reduced rate compared to controls. This observation
suggests that the Okazaki fragments, synthesized in the
presence of ara-C, are regular intermediates of DNA-replication.
Finally, based on the fact that, after lysis of cells in
media of low ionic strength, most of the Okazaki fragments
were observed to have single-strand properties, a model

was designed in which the primary replication intermediates
are initiated in front of the replication fork.

Daunomycin, too, retards fork progression significantly at
concentrations of 10_5M, as is shown in chapter 3. This
effect, however, obscures another consequence of the addition
of daunomycin to the cells, inhibition of the initiation

of new replicons., This primary effect of the inhibitor,

already occurring at concentrations of 10—6M, results in
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2 reduction of the number of nascent DNA-chains of replicon
length,

In the second part of this thesis, a study of the spatial
organization of replicating DNA is presented. Previous

work, performed in this itaboratory, demonstrated that on
sucrose gradients a rapidly sedimenting protein complex can

be isolated from nuclei that had been dissolved in 1 or 2

M NaCl, Almost all nuclear DNA was found to be attached to
this skeleton, The mode of attachment of DNA to the skeleton
was analysed in chapter 4. To that purpose DNA was pulse-
labelled for several different periods of time and subsequently
the isolated DNA-protein complexes were digested by various
DNA-degrading enzymes.

Digestion experiments with DNase I, which introduces nicks
into DNA randomly, revealed that continously-labelled DNA

was removed from the complex much more efficiently than was
pulse-labelled material. Moreover, the susceptibility of
pulse-labelled DNA was found to decrease with decreasing pulse
lengths. This indicates that DNA synthesized most recently,

is most intimately associated with the protein skeleton and
that, therefore, an attachment site has to exist in the
immediate vicinity of hte replication fork.

Contrary to DNase I, digestion by single-strand-specific
nucleases, such as Nuclease S1, results almost exclusively

in release of nascent DNA from the skeleton. This is the
consequence of the fact that this enzyme introduces gaps

and nicks into the single-strand parental DNA between the
growing Okazaki fragments. As expected, the material detached
was found to exist of the Okazaki fragments, base-paired to
short stretches of parental DNA.

Digestion with DNase I of the complex, from which the

Okazaki fragments had been removed, demonstrated that the
remainder of the pulse-labelled DNA, consisting of mature
Okazaki fragments ligated to fully duplicated replicons, still
was intimately associated with the nuclear skeleton. A similar
conclusion could be drawn from experiments using Staphylococcal
Nuclease, This enzyme, which preferentially degrades single-
strand DNA, first releases the Okazaki fragments from the
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complex before detaching the rest of the DNA,

Taken together, these observations suggest that replicating
DNA is not bound to the rapidly sedimenting protein structure
in the regions, where Okazaki fragments are being synthesized,
The attachment site will rather be situated at some distance
behind the replication fork. Whether this attachment site is
the only location, in which replicating DNA is bound to the
nuclear skeleton, remains to be established.

Therefore, in chapter 5, it was investigated whether single-
strand-specific nucleases are able to remove additional
parental DNA from the rapidly sedimenting complex beside the
parental material base-paired to the Okazaki fragments. It is
well known that replicons are duplicated in clusters. In case
of the absence of an attachment site in front of the replication
fork, single-strand-specific nucleases should be able to
detach the not yet replicated parental DNA, located between
two approaching replication forks. As the potentially de-
tachable material only constitutes a minuscule proportion of
the total amount of parental DNA, a method had to be, and was,
developed to label this fraction selectively. From the results
obtained from experiments performed with the selectively
labelled DNA, it can be concluded tentitatively that attachment
sites in front of the replication fork are absent.

In the final chapter of this thesis (chapter 6) an analysis

of the chromatin structure of replicating DNA is presented.

In chapter 4 it was demonstrated that the single-strand-
specific enzyme Nuclease S1 removes Okazaki fragments from
histone-free replicating DNA. In viveo, however, the DNA-

chain is wound around cylindrical histone complexes, so
adopting the so-called nucleosomal conformation. It appeared
reasonable to assume that replicating DNA, associated with
histones,would be less susceptible to the action of single-
strand-specific nucleases than histone-free DNA actually is.
This assumption was verified experimentally with two different
single-strand-specific enzymes, Neither of the two nucleases
was able to detach from intact chromatin more nascent DNA than
40-50% of the amount which could be removed from histone-

depleted chromatin. Based on this observation a model was
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proposed suggesting that individual Okazaki fragments are

initiated randomly within the internucleosomal spaces.

SAMENVATTING

Het onderzoek dat in de laatste jaren gedaan 1s naar het
verloop van de DNA-replikatie in eukaryotische cellen, heeft
een aantal belangrijke 1inzichten opgeleverd in het mechanisme
van die replikatie op molekulair nivo en 1in de temporele
regulatie ervan. In het eerste hoofdstuk wordt een, nood-
gedwongen beknopt, overzicht gegeven van de stand van zaken
op deze onderzoeksterreinen.

Hoewel de struktuur van de celkern recentelijk wel wat meer
belangstelling heeft gekregen, 1s over de ruimtelijke or-
dening van het DNA in de kern veel minder bekend. Dit geldt
evenzeer, en mogelijk zelfs nog in versterkte mate, voor de
samenhang tussen het verloop van de DNA-replikatie en struk-
turen 1in de kern. Aan dit onderwerp 1is 1in dit proefschrift
dan ook de nodige aandacht besteed.

Omdat bij vrijwel ieder onderzoek, waarin de DNA-replikatie
onder de loep wordt genomen, remstoffen een nuttige rol kunnen
spelen werd het werkingsmechanisme van een tweetal van die
inhibitoren nagegaan. Het tweede en het derde hoofdstuk zijn
hieraan gewijd.

Arabinosylcytosine (ara-C), dat in hoofdstuk 2 aan de orde
komt, blijkt in de door ons gebruikte koncentratie van 10-4
molair de groeil van de DNA-ketens zeer sterk te vertragen.
Dit uit zich ondermeer in een duidelijke toename van de
relatieve hoeveelheid 1ngebouwde radioaktiviteit in de Okazaki
fragmenten. Deze primaire intermediairen van de DNA-synthese
werden ingebouwd in groeiende DNA-ketens, z1j het dat dit in
aanwezigheid van ara-C slechts zeer langzaam gebeurde. Dit
wijJst erop dat de Okazaki fragmenten, gevormd in aanwezigheid
van de remstof, normale tussenprodukten zijn van de DNA-
replikatie. Tenslotte werd, als verklaring voor het feit dat

de gesynthetiseerde Okazaki fragmenten ten gevolge van de
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lyseprocedure grotendeels enkelstrengs zijn, een model ont-
worpen dat impliceert dat de Okazaki fragmenten geinitieerd
worden v&6r de replikatievork.

Ook daunomycine, dat in het derde hoofdstuk beschreven

5 molair de keten-

staat, remt bij koncentraties rond 10~
groeisnelheid in sterke mate. Hierdoor wordt echter een

ander gevolg van de toevoeging van de inhibitor over-
schaduwd, te weten remming van de initiatie van nieuwe
replikatie-eenheden (de zogenaamde replikons). Dit primaire
effekt van daunomycine, dat zich uit in een vermindering

van het aantal nieuw gestarte ketens van replikon-lengte,
treedt al op bij een koncentratie van 10-6 molair.

Het tweede deel van dit proefschrift is volledig gewiid aan
de bestudering van de ruimtelijke struktuur van het replice-
rend DNA. Eerder op dit laboratorium uitgevoerd onderzoek

had aangetoond dat uit kernen van kalfslevercellen door lyse
in 1 of 2 molair NaCl een op sukrose gradienten snelsedi-
menterend eiwitkomplex geisoleerd kan worden, waaraan vrijwel
al het DNA gebonden is. De wijze van aanhechting van het DNA
aan dat skelet is nader onderzocht in hoofdstuk 4. Daartoe
werd het DNA gedurende verschillende tijden radiocaktief ge-
merkt en vervolgens met een drietal DNA-afbrekende enzymen
behandeld.

Uit de experimenten met DNase I,dat willekeurig verspreide
knippen aanbrengt in het DNA,bleek dat kontinu gemerkt DNA
veel gemakkelijker uit het komplex werd verwijderd dan DNA
dat slechts zeer kort was gemerkt. Verder werd gevonden dat
dit puls-gemerkte materiaal resistenter was naarmate de puls-
duur korter werd. Dit betekent dat het eiwit-skelet het meest
recent gesynthetiseerde DNA het best beschermt, met andere
woorden dat er zich in de onmiddellijke nabijheid van de
replikatievork een aanhechtingsplaats moet bevinden. In
tegenstelling tot DNase I werd vastgesteld dat enkelstrengs
specifieke nukleasen als Nuklease S1 vrijwel uitsluitend

het nieuw aangemaakte DNA van het skelet losmaken. Reden
hiervan is dat dit enzym breuken aanbrengt in het tussen
groeiende Okazaki fragementen gelegen parentale DNA.dat dan

enkelstrenas is. Zoals te verwachten was. bestond het los-
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gemaakte materiaal dan ook grotendeels uit die Okazaki
fragmenten,basegepaard met parentaal DNA. Afbraak met DNase I
van het komplex,waaruit de Okazaki fragmenten verwijderd
waren, liet zien dat de rest van het nieuw gesynthetiseerde
DNA nog steeds nauw verbonden was met het eiwitskelet. Dit
restant bestaat uit voltooide Okazaki fragmenten, die ge-
koppeld zijn aan de DNA-ketens van al eerder gedupliceerde
replikons, Eenzelfde konklusie kon getrokken worden uit ex-
perimenten gedaan met Staphylococcus Nuklease, dat door zijn
voorkeur voor enkelstrengs DNA eerst de Okazaki fragmenten
van het skelet losmaakt alvorens de rest van het DNA los te
knippen.

Deze resultaten doen vermoeden dat replicerend DNA niet aan
de snelsedimenterende eiwitstruktuur is gebonden in het ge-
bied, waar de Okazaki fragmenten worden gesynthetiseerd. De
bindingsplaats moet veeleer gezocht worden op enige afstand
achter de replikatievork. Of deze plaats de enige is, waar
replicerend DNA aan het eiweitskelet is aangehecht, is ver-
volgens onderzocht.

In hoofdstuk 5 is nagegaan of enkelstrengs specifieke
nukleasen, behalve het met de Okazaki fragmenten deassocieerde,
nog meer parentaal DNA uit het snelsedimenterende komplex ver-
wijderen. Bekend is dat replikons groepsgewijs, in zogenaamde
"clusters", gedupliceerd worden. Bij afwezigheid van een
aanhechtingsplaats v66r de replikatievork zou het daarom in
principe mogelijk moeten zijn met enkelstrengs nukleasen

het tussen twee elkaar naderende vorken gelegen nog niet
gerepliceerde DNA van het skelet los te maken. Omdat dit deel
op het totale parentale DNA slechts een zeer kleine fraktie
uitmaakt, werd een methode ontwikkeld om deze fraktie selek-
tief radioaktief te maken. De resultaten van experimenten
gedaan met dit selektief gemerkte DNA lijken, voorlopig,

te wijzen in de richting van het niet voorkomen van een
aanhechtingspunt v66r de replikatievork.

In het laatste hoofdstuk staat een onderzoek beschreven van
de chromatinestruktuur van replicerend DNA. Eerder (hoofdstuk
4) was aangetoond dat het enkelstrengs Nuklease S1 Okazaki

fragmenten verwijdert uit replicerend DNA, dat histon-vrij
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is gemaakt, In pipe echter komt het chromatine voor in de
zogenaamde nukleosoomstruktuur, cylindrische histonkomplexen
waar de DNA-keten omheen is gewikkeld., Naar alle waarschijn-
lijkheid is het zo met histonen bezette replicerende DNA
minder toegankelijk voor het enkelstrengs specifieke enzym
dan het histon-vrij gemaakte, Dit werd inderdaad experimen-

teel bevestigd, en wel met twee verschillende enkelstrengs

specifieke nukleasen. Gekonstateerd werd dat deze twee enzymen

in staat zijn maximaal de helft van de hoeveelheid Okazaki
fragmenten te verwijderen, die uit het histon-vrije materiaal
zijn los te maken. Op grond hiervan kon een model worden
opgesteld, waarin initiatie van de afzonderlijke Okazaki
fragmenten plaatsvindt op plaatsen willekeurig verspreid

over de internukleosomale gebieden.
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STELLINGEN

1.

Het door Fridland gesuggereerde werkingsmechanisme van arabino-
sylcytosine levert nauwelijks een verklaring voor de gekonsta-
teerde differentiele effekten van deze remstof op de initiatie
respektievelijk de elongatie van nascente replikons.

Fridland, A. (1977) Biochem. 16, 5308-5312.
Dit proefschrift hoofdstuk 2.

Het verlies in 0,5M NaCl van dubbelstrengs, nascent DNA uit
mononukleosomen zou erop kunnen wijzen dat het nukleosoom dicht
achter de replikatievork voorkomt in een instabiele replikatieve
vorm, die plaats biedt aan beide dochterhelixen.

Schlaeger, E.J. and Knippers, H. (1979) Nucleic Acids Res. 6,
645-656.
Dit proefschrift hoofdstuk 6.

Dat arabinosylcytosine de replikon-initiatie remt, wordt niet aan-

nemelijker gemaakt door het herhaald en in verschillende tijd-
schriften presenteren van gelijkluidende resultaten wvan een
beperkt aantal, nauwelijks van elkaar afwijkende experimenten.

Fridland, A. (1977) Biochem. Biophys. Res. Commun. 74, 72-78.
Fridland, A. (1977) Biochem. 16, 5308-5312. -
Bell, D.E. and Fridland, A. (1980) Biochim. Biophys. Acta
606, 57-66.

De bewering van Vance en de Kruijff dat methylering van fosfo-
lipiden niet van fysiologisch belang kan zijn gezien de geringe
grootte van dit effekt, dient, alvorens als serieuze kritiek op
het werk van Axelrod en Hirata beschouwd te kunnen worden, ex-
perimenteel te worden onderbouwd.

Vance, D.E. and de Krutjff, B. (1980) Nature 288, 277-278.
Axelrod, J. and Hirata, F. (1980) Nature 288, 278-279.



10.

Uit de konstatering dat mobiele onderzoekers dikwijls de beteren
zijn, mag niet zondermeer afgeleid worden dat het veranderen van

werkkring de oorzaak is van die hogere kwaliteit,
Subsidiéring door SON heeft ook haar schaduwzijden.

De skepsis, waarmee in Nederland een onorthodox onderzoeksidee
gewoonlijk wordt begroet, kan een niet te onderschatten reden
zijn van het, door de Verkenningskommissie Chemisch Onderzoek ge-—
konstateerde, te wensen overlaten van de originaliteit van de
Nederlandse chemische research.

Chemie, nu en straks.
Een verkenning van het door de overheid gefinancierde
chemiseh onderzoek in Nederland. (1979)

Dat personeel bij een reorganisatie door de instellings- of
bedrijfsleiding maar al te vaak als lastpost wordt beschouwd,
zou juist niet moeten betekenen dat het in de procedure behandeld

wordt als sluitpost.

Een eerste aktiepunt van een nog op te richten belangenvereniging
van toertochtschaatsers zal ongetwijfeld zijn het afdwingen van
een wettelijk geregelde minimum-hoogte voor bruggetjes over

tochten en sloten.
Als de situatie op de arbeidsmarkt niet drastisch verandert, zal

in de toekomst menig cytoloog blijvend verworden tot sollicitoloog.

Nijmegen, 12 februari 1981
P.A. Dijkwel









