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Chapter 1

INTRODUCTION:
NEW BEGINNINGS IN STUDIES OF EUKARYOTIC DNA REPLICATION
ORIGINS

Introduction
Replication of chromosomal DNA is a highly organized process, which must insure that
the genomic content of the cell is precisely replicated once per cell cycle. During S-phase,
replication initiates at discrete sites on the chromosome, called replication origins [28,43]. It is
assumed that the prevention of reinitiation at these origins is the main control for the precise
replication of the chromosomes. Although the concept of replication origins had been established
over 20 years ago [43] it remains uncertain whether chromosomal replication origins correspond to
specific nucleotide sequences or whether they are randomly located (with different origins being
used in different cells).
Origins consisting of specific sequence elements have been identified in prokaryotes and
viruses [15]. Mutation analysis of these origins and the subsequent identification of all the
components of the replication machinery such as polymerases, helicases, primases and initiation
factors has allowed for a detailed understanding of the initiation process, most notably in E. coli
[9, 51] and SV40 [77]. The expectation is that the identification of replication origins in
eukaryotes will similarly lead to a more detailed understanding of the regulation of eukaryotic DNA
replication.
In recent years many advances have been made towards this goal, most dramatically in the
yeast Saccharomyces cerevisiae. The first part of this dissertation describes the mapping of
chromosomal origins in S. cerevisiae, the second part deals with the identification of mammalian
replication origins. In this introduction, I will summarize recent developments in studies of
regulation of eukaryotic replication and in mammalian replication origin mapping.
Localization of veast replication origins
ARS elements in vea.sts
The yeast Saccharomyces cerevisiae is an extremely useful model system for studying
eukaryotic DNA replication [15]. Genetical and biochemical techniques are well developed in yeast
and their relatively small genome size and short generation time allows experimental approaches
that are unfeasible in higher eukaryotes. An additional advantage is the fact that plasmids
containing origins can replicate without integration into chromosomal DNA. In 1979 it was found
that certain sequence elements derived from yeast chromosomal DNA would allow plasmids
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containing these elements to transform recipient yeast cells at remarkably high frequency, and the
plasmid sequences in the successfully transformed cells were not integrated into chromosomal
DNA [3, 78]. The short sequence elements were called autonomously replicating sequences or
ARS elements [78]. Because genetic tests have revealed that ARS elements promote efficient
plasmid replication [39,50], it has been widely assumed that ARS elements are replication origins.
However, until recently there was no direct evidence for this assumption; ARS elements might
have increased replication efficiency in some other way, for example by acting as binding sites for
topoisomerases. Evidence that ARS elements can, indeed, function as replication origins has now
been provided by new physical techniques for replicón mapping [11,42,44,63].
Partial correspondence between origins and ARS elements
The new physical techniques referred to above are two-dimensional (2D) gel electrophoretic
analyses of replication-fork-containing restriction fragments (see for more detail Chapters 2- 4).
One technique exploits the abnormal migration of non-linear restriction fragments under certain
electrophoresis conditions [11]. The second technique employs a denaturing second dimension to
permit analysis of the DNA sequence content of nascent strands of different sizes [44,63]. Use of
both techniques together permits unambiguous determination of directions of replication fork
movement and locations of origins and termination sites in any stretch of DNA for which suitable
hybridization probes are available.
The'2D gel techniques were initially applied to localization of origins and termini in the
yeast 2 \im plasmid and in an ARSI-containing plasmid [11, 44]. In both cases, the plasmids
appeared to be replicated from a single origin located, within experimental error of several hundred
base pairs, at the single ARS element in each plasmid. These findings showed that the prevailing
hypothesis, that ARS elements are origins, is probably correct for the two plasmids investigated.
The next question, addressed in this dissertation, is, do ARS elements also serve as origins during
chromosomal replication?
DNA sequence requirements of veast ARS elements
The DNA sequence requirements for ARS function have been extensively studied. An
early comparison of ARS elements revealed an 11 bp consensus sequence common among the
ARS elements: (A/T)TTTATRTTT(A/T) [12]. Construction and functional analysis of point
mutations in this ARS "core consensus" sequence subsequently confirmed the significance of the
sequence for DNA replication [48]. The core consensus sequence is the only component of ARS
elements in which limited base substitutions significantly reduce ARS function [8,18,65,75, 86].
The data are consistent with the frequently proposed role of the core consensus sequence as a
protein recognition element. The protein which recognizes this required sequence is anticipated to
be an "initiator" protein.
The core consensus sequence is unable to promote autonomous replication of plasmids on
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its own. Efficient initiation of DNA replication requires in addition a flanking sequence of about
100-150 bp located immediately 3' to the T-rich strand of the core consensus [8, 18, 65,75]. In
contrast to studies of the core consensus, sequence comparisons and mutational analyses have been
less revealing about the role of the flanking sequence. Although high in A+T content, the flanking
sequence exhibits little primary sequence homology from one ARS to another.
Several mechanisms by which the 3' flanking sequence might operate have been proposed.
Linker scanning study of the flanking region of the H4 (histone H4) ARS showed that this region
tolerated various sequence substitutions while other substitutions reduced ARS activity. Based on
these observations it was proposed that this region contained multiple copies of a sequence element
that enhanced ARS activity [8] and that some substitutions would delete such a sequence element.
However, no specific primary sequence requirements were obvious within the flanking region.
Statistical analysis of the flanking sequence revealed that it contains a repeated sequence
which consists of near matches (10/11 or 9/11 bp) to the core consensus sequence [65]. By
analogy to the multiple initiator binding sites present in the E. colireplicationorigin (oriC), it was
proposed that the near matches also bind the initiator protein [65]. However, the number and
spacing of the near matches is not consistent among ARS elements and only the exact match at the
core consensus sequence exhibits the sensitivity to point mutations.
The above proposals suggest that protein recognition plays the primary role in mediating
the function of the ARS 3' flanking region. A protein, called ABF1 (ARS binding factor), that
binds ARS elements has been identified by several groups [23, 24, 25, 29, 30, 79, 88, 89].
However, ABF1 binds only to the 3' flanking region and not to the core consensus sequence and
deletion of ABF1 binding sites reduces, but does not eliminate, ARS activity.
A more subtle sequence requirement for the 3' flanking region was identified when
supercoiled ARS-plasmids were analyzed for single-strand nuclease hyper-sensitive sites [82, 83].
The 3' flanking regions are found to be readily unwound in these assays and it was proposed that
this region was essential for origin unwinding during initiation [82, 83]. Indeed, a readily
unwound sequence from an unrelated source, the plasmid pBR322, can substitute for the 3'
flanking region and ARS activity in deletion and linker scanning mutants correlated with the free
energy requirement for unwinding [81]. A similar region has been identified in the E. coli
replication origin oriC, and has been termed 'DNA unwinding element' (DUE) [51, 52]. The
readily unwound oriC sequence is situated asymmetrically with respect to the sequence containing
the iniliatoi binding sites, which would be analogous to the ARS core consensus sequence (the
presumed initiator binding site).
The free energy requirement of the DUE appears to be unaffected by the presence of other,
more readily unwound sequences on a plasmid [84]. Thermal energy can facilitate unwinding of a
weak DUE in vitro and, in the form of the ambient growth temperature, can promote replication
from an origin containing this weak DUE [85]. These findings support the view that the DUE
influences the initiation of DNA replication by determining the energy required for origin
unwinding: the most efficient ARS elements would have flanking sequences requiring the least
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energy to unwind.
Easily unwound sequences, such as the ones in oriC and in ARS elements, are high in
A+T content, but ease of unwinding cannot be predicted from A+T content alone [82]. Thus, as in
DNA melting [10], certain easily unwound regions may occur in sequences of average A+T
content. The easily unwound regions of ARS elements include runs of A and Τ as found in bent
DNA sequences [49], which is present in some ARS elements [74,91], but can be deleted without
detectable effect in the histone H4 ARS [91]. Non-functional sequences, which consist
exclusively of 64 bp A+T, do promote ARS function when iterated in multiple copies in a plasmid,
while individual sequences do not allow replication, although they contain many 9 to 11 matches to
the core consensus [96]. Thus, it appears the the 3' flanking region is not determined by a primary
sequence, but rather by the physical character of a DNA element, which depends on the interaction
of all the nucleotides in that element.
Recently, some progress has been made in the search for the putative initiator protein.
Using single-strand DNA instead of double-stranded DNA fragments in gel mobility shift
experiments, a protein that binds specifically to the T-rich strand of the core consensus was
identified [71]. The in vitro binding affinity of this protein, ssARS-T, to point mutations in the
consensus sequence correlates with the ARS activity of these point mutations in vivo [71]. A
second study identified a 67kD ARS Consensus Binding Protein (ACBP), which was isolated
from chromosomal scaffold extracts [40]. ACBP also binds to the single stranded T-rich strand of
the core consensus, although binding to the double stranded core consensus has been observed
[40]. Whether the two proteins are identical remains to be established. It is interesting that earlier
observations suggested that ARS elements bind to the chromosomal scaffold [1], and the isolation
of ACBP from soluble scaffold extracts might indicate that replication and initiation are organized
and compartmentalized by the nuclear matrix or scaffold (see furiher).
Concluding, replication initiation in yeast appears to be similar to the initiation of the E. coli
oriC origin [9], depending on two major steps. One is the binding of the (putative) initiator
protein to its binding site (the core consensus), which might in part direct the origin to a certain
compartment of the nucleus. Once the binding of the origin to the initiator protein is established,
the 3' flanking region can be unwound, possibly mediated through ABF1. After the unwound
complex has been formed, the replication machinery with primase, polymerases, helicase and
single strand binding protein can initiate replication on the single strands.
Localization of higher eukarvotic replication origins
Numerous attempts to identify higher eukaryotic origins have been made during the past
decade, and these studies have led to apparently conflicting conclusions. On the one hand, several
types of experiment have suggested that no specific sequences are required for origin function (see
below); on the other hand, numerous experiments have suggested that origins are localized to
preferred sequences (see further below), although none of these studies has provided sufficient
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resolution to allow determination of the characteristics of these preferred origin sequences. The
most recent developments in mapping higher eukaryotic origins will be discussed in Chapters 5,6
and 7.
No specific sequence required for origin function?
The first suggestion that, under certain circumstances, replication could initiate without
requirement for specific sequences came from an experiment in which tsA mutants of SV40 were
incubated at restrictive temperature, thereby reducing viral DNA replication by 97% [58]. Electron
microscopic analysis showed that at least half of the remaining replication was due to initiation at
random sites around the genome, not at the SV40 origin [58]. One possible explanation of this
observation' is that, when the frequency of T-antigen-catalyzed initiation at the SV40 origin was
sufficiently reduced by incubation at the restrictive temperature, a "background" of initiation due to
the normal cellular replication machinery could be detected, and, perhaps because the SV40
genome lacks a preferred origin site recognized by the normal cellular machinery, this
"background" initiation did not exhibit sequence preference.
More direct evidence for initiation without sequence preference, again in a special situation,
was provided by studies on the fate of circular DNA molecules injected into Xenopus laevis eggs
[36]. Such molecules were found toreplicatesemiconservatively and in a regulated fashion: each
molecule replicated no more than once per (pseudo) cell cycle. All tested circular molecules
replicated with approximately equal efficiency; no requirement for a specific origin sequence was
detected [36].
A fiber autoradiographic study of DNA replication in Drosophila polytene chromosomes
has provided evidence that initiation sites are not absolutely specific [54]. Autoradiographic
patterns suggestive of initiation were frequently misaligned, both temporally and spatially, in some
of the multiple parallel chromatids of which polytene chromosomes are composed. These
misalignments suggested that alternative origins could be used for replication of the same
chromosomal regions [54].
Evidence for specific origin sequences
Numerous approaches have been used in attempts to identify origin sequences in higher
eukaryotic cells. Although circumstantial evidence suggests that at least some initiation sites are
sequence specific, none of these methods have yet yielded conclusive evidence for specific
replication initiation in higher eukaryotic cells, or identified origin sequences that have been tested
for origin properties. The difficulty of mapping origins in higher eukaryotes is partly generated by
the complexity of the genome and the slow generation time of the cells, both contributing to poor
sensitivity (i.e. specific signals above background) of the experiments. Secondly, an
unambiguous ARS test is as of yet not available in mammalian systems (see further below), which
makes testing of possible origin sequences for origin properties impossible. In the following
section I will discuss some of the approaches that have been taken towards mapping higher
eukaryotic replication origins.
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Electron microscopy: Although electron microscopy cannot be used to identify origins in
the unique chromosomal DNA of eukaryotic cells, it can be used to map origins in highly repeated
chromosomal sequences, which can be identified by their transcripts, or in autonomously
replicating elements. Studies of replicating rDNA repeats of sea urchins [7] and of the
extrachromosomal palindromic rDNA of Tetrahymena [7] and Physarum [17, 87] all mapped
preferred initiation in the nontranscribed spacer region upstream of the rDNA genes.
Earliest replication: Replication timing studies can identify the order in which adjacent
sequences are replicated. Within a single replicón, the segments of DNA closest to the origin
should replicate the earliest. Studies of the mouse immunoglobulin heavy chain constant region
gene cluster revealed that this region is replicated from one end to the other in cells which do not
synthesize immunoglobulins [131. The experiments suggest a fork movement rale of 1.7 to 1.9
kb/min [13], consistent with mammalian fork rates measured by fiber autoradiography [28]. In
cells in which the embryonic and fetal globin genes are transcribed the entire locus replicates early
in these cells with apparent earliest initiation near the active genes, but the data do not yet
distinguish between two specific origins located at the earliestreplicatingsites and multiple origins
which fire at slightly different times [22]. A belter resolution was obtained in studies of the timing
of replication of different portions of the dihydrofolate reductase (DHFR) gene region in CHOC
400 cells, in which this gene region is amplified about 1000-fold [14, 57]. An in-gel renaturation
procedure which eliminates background due to non-amplified sequences, suggest the existence of
two origins about 22 kb apart, both downstream of the DHFR gene. These origins were localized
by timing studies to restriction fragments of 1.7 and 1.8 kb [57].
Strand extrusion: In theory it is possible to "extract" the short nascent strands that are
expected to be located in small replication "bubbles" surrounding newly-initiated origins. This
isolation can be achieved by the process of "branch migration" at elevated temperatures [94], which
generates short double-stranded molecules consisting of the two nascent strands from the bubble.
These small molecules can then be separated by size fractionation from the remaining high
molecular weight DNA. A second approach employs cross-linking DNA in intact cells at 1 to 5 kb
intervals with psoralen or a psoralen derivative. By then allowing cells to continue replicating
[70], DNA synthesized at origins located between cross-links should be elongated only up to the
cross-links (and thus remain short). The origin-containing nascent strands should not be crosslinked to parental strands and should be separable from parental strands by alkaline denaturation
[70]. However, it is also possible that the cell may respond to the cross-linking by induction of
additional (abnormal) origins between cross-links [31]. Both strand extrusion techniques could
provide significant enrichment for origin sequences and the properties of the extruded strands
should reflect the properties of origin sequences.
However, if the extruded sequences are cloned [93], there is no way to determine (without
using other methods) whether any individual clone corresponds to a real origin or is simply a
consequence of contamination of the nascent strand preparation by non-origin DNA. By using the
extruded strands as hybridization probes it is possible to determine whether specific DNA
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sequences are likely to be origins. Origin-containing restriction fragments should hybridize with
the extruded strands to a greater extent than non-origin-containing fragments. This approach has
been used to locate apparent origins in the chicken a-globin domain [66]. Furthermore, when this
approach was used to investigate the location(s) of origins in the amplified DHFR DNA of CHOC
400 cells, two apparent origins were found [2] which corresponded (within experimental error) to
the two origins found by replication liming studies [57]. This agreement between results obtained
with independent techniques tends to support the validity of each technique.
In vitro runoff: An alternative approach to localization of origins and determination of
direction(s) of replication is offered by the in vitro runoff (IVR) technique [47]. Nuclei are isolated
from asynchronously growing cells, incubated with arestrictionenzyme (restriction enzyme #1),
and then allowed to continue DNA synthesis in vitro in the presence of BrdUTP. Subsequently,
DNA is isolated, cut with an additional restriction enzymc(s) (restriction enzyme #2), and
fractionated according to density by isopyenic centrifugation. Then the proportion of restriction
fragments of interest which appear in heavy and light fractions is determined. Assuming that in
vitro continuation of DNA replication is identical to replication in vivo and that no new initiations
occur in vitro, with the only barriers to replication being normal termination sites and the
intentionally introduced restriction sites (#1), then BrdUTP should be preferentially incorporated
into normal termination sites or into those ends of #1 restriction fragments towards which
replication forks move. Data obtained with this technique are consistent with the existence of a
replication origin in the chicken a-globin locus [47] which is in striking agreement with the results
of a strand-extrusion investigation [66] (see above). Additional studies using the IVR technique
suggest that the chicken histone H5 gene is replicated from an upstream origin in tissues where this
gene is active, and from a downstream origin in tissues where it is inactive [80]. Likewise,
transcriptional status appears to be correlated with direction of replication through the c-myc
locus. An origin just upstream of the c-myc gene appears to be active in HeLa cells where the
gene is transcribed and inactive for the unrearranged copy of the gene in Burkitt lymphoma cells,
where the gene is not transcribed [55]. This observation of a potential replication origin upstream
of the c-myc gene is reinforced by the additional observation that the c-myc upstream region
appears to permit autonomous replication of a plasmid in HeLa cells [59, 60]. However, as
discussed below, these results await independent confirmation.
Leading strand polarity analysis: Based on the observation that in the absence of protein
synthesis parental histone segregate conservatively to the leading sides of replication forks [72], a
method for measuring the direction of replication forks was suggested [68]. Leading strands under
these conditions will be, partially, nuclease resistant and can be separated from lagging strands.
This method was used to analyze the direction of replication in the DHFR region in CHO cells (see
above) [35] and the results are consistent with replication timing analysis of this region [57].
However, in spite of this consistency, the evidence that histones segregate conservatively, has
been disputed [21].
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ARS elements in mammalian cells?
After the discovery of ARS elements in yeast, numerous investigators attempted to detect
similar elements in higher eukaryotic cells, especially in mammalian cells. Most of these
investigations yielded negative results and were never published. However, some positive reports
of ARS activity in mammalian cells have appeared recently. Several criteria are usually employed
to demonstrate autonomous replication of transfected plasmids: (i) test for loss of bacterial and
gain of mammalian methylation patterns by Dpnl and Mbol digestion, (ii) demonstration of
semiconservative replication by density shift, and (iii) demonstration that the transfected sequences
remain as free plasmids by separation of cellular DNA into low- and high-molecular-weight
fractions plus gel electrophoretic size analysis and blot hybridization. Despite the use of such
criteria, initially apparently positive results [41] subsequently proved to have been misinterpreted
[32, 33]: it appeared that plasmid sequences did not exist extra-chromosomally, but were
maintained as clusters of tandem repeats integrated into genomic DNA [95]. In yet another case,
positive results reported by one laboratory [46] were not reproduced by a different laboratory [34].
These problems suggest that, until independent confirmation has been obtained, existing positive
reports of ARS activity in mammalian cells should be viewed with cautious skepticism. Even if
some of the apparent ARS elements detected by various laboratories [53, 60] prove to be
reproducible, a physical method for origin mapping must be used to test whether the ARS element
functions as an origin in its chromosomal context.
The reality of the phenomenon of autonomous replication has recently obtained independent
support from the demonstration that mammalian cells in the process of amplifying genes sometimes
contain large (120-750 kb) closed circular DNA molecules which replicate semiconservatively
approximately once per cell cycle [16, 69, 76]. The ability of such large DNA molecules to
replicate autonomously appears to depend on specific (not yet well characterized) sequences or
sequence arrangements [16].
Regulation of replication
As mentioned in the introduction, mapping of replication origins is a first step in the
understanding of regulation of replication. Each chromosomal DNA molecule is normally
replicated once and only once during a single S phase. What are the signals which lead to initiation
of replication during S phase, and what are the mechanisms that prevent replicated DNA from
initiating again during the same S phase? Some insight in these processes was provided by recent
studies on the regulated replication of sperm chromatin introduced into Xenopus egg extracts [4,
45]. Such chromatin must be assembled by the extract into nuclei with intact nuclear envelopes
before the sperm DNA can replicate [73]. Once replication is initiated, the DNA in each nucleus is
replicated completely. The reconstituted nuclei are also capable of a second round of DNA
synthesis, but only after the nuclear membrane is pcrmeabilized [5]. Normally this
permeabilization of the nuclear membrane takes place when thereconstitutednuclei in egg extract
undergo a series of mitotic-like events, including nuclear envelope breakdown, after their first
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round of DNA synthesis. Even in the absence of mitosis, however, permeabilization of the nuclear
membranes by mechanical shear or by lysolethicin treatment permits an additional round of DNA
synthesis. These observations suggest that replication might be controlled by a cytoplasmic
"Licensing Factor" which could normally gain access to the nuclear DNA only during mitosis,
permitting a subsequent single round of DNA synthesis [5].
Recently, several gene products, CDC46 [37, 38] and MCM2 and MCM3 [92], have been
identified in yeast that are involved inreplicationinitiation and apparently possess the property of a
putative Licensing Factor. They do not themselves appear to be the previously discussed initiator
protein that binds the consensus sequence. However, regulation can also be achieved by activating
or inhibiting the putative initiator protein throughout the cell-cycle and these genes appear to be
good candidates for such a role.
Earlier experiments have shown [36] that limitation of replication in Xenopus eggs to a
single round per (pseudo) cell cycle does not require any specific DNA sequence. Thus, the type
of cis-acting sequence required by bovine papilloma virus to limit replication to one round per cell
cycle [67] appears to play no role in the limitation of Xenopus egg DNA synthesis to one round.
An additional argument against a role for cis-acting sequences comes from the studies of the DNA
sequence requirements for ARS element function in yeast: the two cis-acting elements identified
(the ARS consensus sequence and the DUE) are essential for initiation of replication but do not
appear to affect the limitation of replication to one round per S phase. No mutations of ARS
elements leading to overreplication have yet been identified, suggesting that restriction of
replication to a single round per S phase in yeast is not controlled by specific cis-acting DNA
sequences. i
However, a possible role for sequence elements in the prevention ofre-replicationof DNA
has recently been proposed [90]. It was found in the slime-mold Physarum polycephalum that
nuclear-matrix associated DNA , which is believed to be enriched for replication origins (see
further), contained direct repeats of 12 to 16 bp long [64]. These direct repeats are able to basepair in a manner that will expose a single strand region on each strand, which is used for the
initiation of replication. After replication, these single strand regions are no longer present, and rereplication will be prevented. During mitosis the single strand region could be re-established,
possibly through protein rearrangement during chromosome condensation [90]. As more origins
are identified and sequence data becomes available, it will be possible to test this hypothesis.
The suggestion that the nuclear structure plays a role in the restriction ofre-replicationwas
initially proposed following observations that sites of replication appeared to be anchored in a
nuclear structure called "nuclear matrix" [19,27]. Recent light microscopy experiments with pulse
labeled nuclei show that replication occurs at a few hundred discrete sites in a nucleus, each
containing a few hundred replication forks [61, 62]. In fact, nuclear assembly is essential for
replication in cell free Xenopus replication extracts [6,56] and coordinates the synchronous timing
of replication within multinuclear aggregates [56]. Recently, it has been demonstrated that
replication of naked phage λ DNA, assembled into pseudo-nuclei in a cell free Xenopus extract,
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occurs at similar discrete sites [20]. The authors argue that this organization is not due to specific
elements on the DNA, since it is highly unlikely that λ DNA contains specific sequences for the
recognition of structural eukaryotic proteins or eukaryotic replication enzymes [20]. On the other
hand, sequences that bind specifically to the nuclear matrix have been identified in the replicationinitiation region of the DHFR locus [26]. Therefore, although it is clear that DNA is structurally
organized in the nucleus, it remains uncertain how this organization is achieved.
GOAL OF THE STUDIES PRESENTED IN THIS DISSERTATION
The studies in this dissertation describe the use and analysis of newly developed replication
origin mapping techniques for the purpose of identifying chromosomal replication origins.
Chapters 2, 3 and 4 present the results of replicón mapping in the yeast Saccharomyces
cerevisiae. The replication origin in the ribosomal repeat of Saccharomyces cerevisiae was
identified by two-dimensional gel electrophoresis mapping and it was shown that not all the
available origins were used in a single S-phase (Chapter 2). The frequency of origin usage was
further analyzed and, in the case of the weak ribosomal origin, appeared to be related to the growth
rate of cells (Chapter 3). Further investigation of the frequency of usage of the strong A6C origin
on chromosome III revealed that the the use of only one of the two available two-dimensional gel
electrophoresis mapping techniques can lead to misinterpretations about origin usage frequency
(Chapter 4).
Chapter 5 and 6 focus on replication origin mapping in higher eukaryotes. The fact that,
under certain conditions, PI nuclease is able to cut specifically at replication forks allowed the
isolation of full length double stranded nascent strands. Replication origins can be mapped by size
analysis of the isolated nascent strands. The initial results of this new mapping technique, using
SV40 as a model system, are presented in Chapter 5. The results of recently published studies
from several groups concerning the DHFR replication origin in Chinese Hamster cells appeared to
be in disagreement with one another. It is however possible to reconcile these data in a single
model for higher eukaryotic replication initiation, which is presented in Chapter 6.
Chapter 7 provides a summary of the data presented in this dissertation and the most recent
findings of replication mapping studies in yeast. It discusses the implications of somefindingsand
the future perspectives of DNA replication research.
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Using recently developed replicón mapping techniques, we have analyzed the replication of the ribosomal
DNA in Saccharomyces cerevisiae. The results show that (ι) the functional origin of replication colocahzes with
an autonomously replicating sequence element previously mapped to the nontransenbed spacer region, (n) only
a fraction of the potential origins are utilized In a single S phase, and (in) the replication forks moving counter
to the direction of transcription of the 37S precursor RNA stop at or near the termination site of transcription.
Consequently, most ribosomal DNA is replicated unidirectionally by forks moving in the direction of
transcription and most replicons are larger than the repeat unit The significance of this finding for the
replication of abundantly transcribed genes is discussed.
Eucaryotic chromosome replication initiâtes at multiple
sites, called origins, and growing evidence suggests that
these origins are usually located at specific nucleotide sequences in chromosomal DNA (reviewed in reference 8)
However, the nature of these sequences is not yet fully
understood
In Saccharomyces cerevisiae, specific sequence elements,
called autonomously replicating sequences (ARS), which
facilitate the autonomous replication of plasmids have been
identified (7, 12, 20 30) Although ARS elements facilitate
the replication of plasmids, it was not known whether they
could serve as replication origins until recently, when
Brewer and Fangman (6) and Hubcrman et al ( l i ) indepen
dently developed two dimensional (2D) gel techniques for
mapping functional origins Both groups used their tech
niques to demonstrate that the replication origin colocahzes
with the ARS element in the yeast 2μπι plasmid, and Brewer
and Fangman (6) also observed colocali¿ation of the origin
with the ARS element in an ARSl-containing plasmid These
reports established that ARS elements could function as
replication origins in yeast plasmids We wished to know
whether ARS elements could also serve as replication on
gins m chromosomal DNA Here we report the results of our
investigation of replication origin usage in yeast nbosomal
DNA (rDNA)
The rDNA in S cerevisiae consists of about 120 identical
repeat units, arranged head to tail on chromosome XII (26)
Each repeat contains a transcription unit for the 5S rRNA
and a separate transcription unit for the 37S precursor RNA,
which generates the 5 8S, 18S, and 25S rRNAs (1-1, 10, 23,
27, 29 31) The two transcripts are separated by two
nontransenbed spacers (NTS1 and NTS2, see Fig 2A)
Several aspects of yeast rDNA replication have been
studied previously A weak ARS element was identified in
NTS2 (29) The mitotic stability of plasmids containing the
rDNA ARS is at least an order of magnitude lower than the
stability of plasmids containing ARSI or ARS2 The rDNA
ARS was localized to a 571 base-pair (bp) fragment contain
ing three 10-of 11 bp matches (29) with the S
cerensiae
ARS consensus sequence (7) Electron microscopy studies

suggest that the origin of replication, defined as the center of
observed replication "bubbles," is located in NTS2 (28)
The size of replicons is reported to range from 1 to 5 repeat
units (28 32) suggesting that although the units in the repeat
are identical (33), not every available ongin is used in each S
phase
We have investigated the replication of yeast rDNA using
the recently developed replicón mapping techniques (6, 15)
Our results suggest that the ARS element and replication
origin colocalize, that replication proceeds primanly unidirectionally through the rDNA in the direction of transcription of the 37S precursor, and that the average replicón size
is at least several repeat units
MATERIALS AND METHODS

* Corresponding author
t Dedicated to Arthur Kornberg a continuing pioneer in DNA
replication on the occasion of his 70th birthday
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Cell growth. 5 cerevisiae, strain 4910-3-3 (provided by
Leland Hartwell), was grown in YPD medium (10 g of yeast
extract 20 g of peptone, and 20 g of glucose per liter) at 23°C
to a density of 1 5 x 107 cells per ml
2D neutral-alkaline replicón mapping. DNA isolation, benzoylated naphthoylated DEAE cellulose (BND-cellulose)
fractionation 2D gel electrophoresis, hybridization, and
rchybndization were performed as previously described (15,
24)
2D neutral-neutral replicón mapping. 2D neutral analysis
was performed as desenbed by Brewer and Fangman (6),
with a few modifications The first-dimension running buffer
contained 0 1 μg of ethidium bromide per ml, and the
second dimension buffer contained 0 5 ^g of ethidium bro
mide per ml The second dimension was run at 6 V/cm
without buffer recirculation at 40C for 3 h
Preparation of DNA in agarose beads. We used the proce
dure of Overhauser and Radit (25) which was based on that
of Jackson and Cook (18) Yeast cells (8 x 10') were washed
three times m SE (SE is 75 mM NaCl and 25 mM EDTA [pH
8]) and suspended in SE at 2 x 10' cells per ml A 4 ml
portion of the suspension was warmed to 45°C and mixed
with 4 ml of 1% low melting point agarose (45°C) Light
mineral oil (20 ml 45°C) was added, and the suspension was
mixed vigorously to form a uniform emulsion The emulsion
was poured into 100 ml of cold SE with stirring, thus forming
beads After centnfugation (500 x g for 10 mm) the pelleted
beads (~5 ml) were washed once m SE and suspended in 9 5
ml of SE, 0 5 ml of 2 mercaptoethanol and 5 mg of Zymoly-
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ase-lOOT (Seikagaku Kogyo Co , Ltd ) were added, and the
beads were incubated at 37°C for 2 h After being washed in
SE, the beads were suspended in 20 ml of a solution
containing 1% (wt/vol) Sarkosyl (ICN Pharmaceuticals,
Ine ), 25 mM EDTA (pH 8), and 50 μξ of proteinase К
(Boehnnger Mannheim Biochemicals) per ml and incubated
o
overnight at 50 C After beads were washed twice m TE (TE
is 10 mM Tns hydrochloride [pH 8] and 1 mM EDTA [pH
8]), 50 μΐ (~1 2 μg of DNA) of the beads was digested with
5 U of Bg/I per μg according to the recommendation of the
manufacturer and loaded directly into the well for the first
dimension of the neutral alkaline 2D analysis
Preparation of probes. A restnction map of the nbosomal
repeat was compiled by using available sequence data and
restnction maps (1-3, 10, 23, 27, 29, 31) and additional
conventional restnction mapping The total length of the
repeat unit is 9,084 bp, and the numbering of base pairs starts
at the initiation site of the 37S precursor RNA (see Fig 2)
Probes were prepared from pBR322 plasmids containing
EcoRl fragments A through G of the nbosomal repeat (a kind
gift of Tom Petes) by the random oligonucleotide pnmed
labeling procedure (9) Probe G is EcoRI(45)-EcoRI(262)
fragment G, with л size of 217 bp, probe HA is the
£coRI(262)-№ndIII(458) fragment, with a size of 196 bp,
probe HB is the «indlll(458) £coRI(2283) fragment, with a
size of 1,825 bp, probe MA is the £coRl(2866)-JW/i<l(3877)
fragment, with a size of 1,011 bp, probe E is £'coRI(6076)EcoRI(6667) fragment F, with a size of 591 bp, probe PB is
the Р иІІОШ) £coRI(45) fragment, with a size of 1,519 bp,
probe SB is the SmaI(8875)-£coRI(45) fragment, with a size
of 254 bp
Electroelution and electron microscopy. Agarose blocks
containing DNA were placed in a dialysis bag with a minimum of TE buffer The DNA was electroeluted at 5 V/cm in
0 5* TAE (lx TAE іь 40 mM Tns acetate and 2 mM
ED ГА) After 3 h, the polanty was reversed for 40 s, and the
buffer containing the DNA was recovered from the dialysis
bag The DNA was prepared for electron microscopy as
desenbed previously (13) 2цт plasm id was used as a size
standard
RESULTS AND DISCUSSION
Neutral-alkaline 2D agarose gel origin mapping. The tech
nique of 2D neutral-alkaline ongin mapping has been de
scribed previously (15, 24) In summary, chromosomal DNA
is isolated from unsynchronized, exponentially growing cells
and digested with a restnction enzyme After digestion, the
DNA is ennched for restnction fragments containing repli
cation forks by BND-cellulose chromatography Doublestranded DNA is eluted from BND-cellulose with salt and is
referred to as the salt wash in this paper Partially singlestranded DNA, including replication-fork containing DNA,
is eluted with caffeine and is referred to as the caffeine wash
In subsequent 2D electrophoresis, the first (neutral) di
mension separates the double stranded restnction fragments
according to size In the second (alkaline) dimension, the
DNA is denatured so that each DNA strand migrates accord
ing to its size After transfer to a nylon membrane, different
probes are used to analyze the blot
Figure 1 is a cartoon of typical patterns obtained by this
technique When a stretch of DNA bounded by restnction
enzyme cut sites, R, is replicated by forks moving from left
to nght (Fig 1A), then after digestion with the restnction
enzyme and 2D gel electrophoresis, probes 1 and 2 generate
the patterns shown in Fig IB The nonrephcating intact
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FIG 1 Schematic diagram of the 2D neutral alkaline ongm
mapping technique See text for detailed explanation О Origin R,
restriction enzyme cut sites
restnction fragments migrate to a position defined in the first
dimension by the length of the double-stranded restnction
fragment and in the second dimension by the length of the
single strand of that fragment
The vertical smear downwards, called "nonrephcating
nicked", is due to nicks in the nonrephcating DNA In the
first dimension, nicked nonrephcating DNA migrates with
intact nonrephcating DNA In the second dimension, how
ever, molecules with one nick generate three DNA strands,
one of intact length and two shorter fragments If the nicks
occur randomly along the restriction fragment, a smear is
produced (Fig IB) A specific nick would generate two spots
whose combined length would equal the intact restnction
fragment length Note that detection of the smear or spots
depends on choice of probe A probe located at either end of
the restnction fragment would detect a whole size range of
single stranded DNAs generated by nicking (Fig IB) How
ever, a probe located in the middle of the restriction frag
ment would detect only longer nicked strands, and thus the
observed smear would be shorter
The nonrephcating fragments, which form a diagonal line
to the left of the "nonrephcating intact" spot, are the result
of random double strand breaks in the chromosomal DNA
If the average size of the prepared chromosomal DNA is 100
kilobase pairs (kb) and the size of the restriction fragment of
interest is 10 kb, then 1 in every 10 restriction fragments
would contain a double-strand break These nonrephcating
fragments migrate faster in both dimensions than the intact
nonrephcating restnction fragments, creating the diagonal
shown in Fig IB In some cases (incomplete digestion or
partial homology of the probe to larger fragments), a weak
signal from this diagonal of nonrephcating fragments may
extend to the nght of the "nonrephcating intact" spot (see
for instance Fig 3C and D)
The rephcation-fork-containmg restnction fragments mi
grate more slowly in the first dimension than the nonreph
cating restriction fragments, in proportion to their extent of
replication Denaturation in the second dimension generates
two parental strands of restnction fragment length and two
nascent strands, the size of which ranges from a few nucle
otides to full restnction fragment length m proportion to the
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F1G 2 Model for replication of the rDNA of S cereustae (A) Diagram of a single, 9 1 kb repeal unit See Materials and Methods for
construction of this diagram Indicated are the directions of transcription of the 37S (0 to 6 570 bp) and 5S (7 715 to 7 835 bp) RNAs (arrows),
the two nonlranscribed spacer regions (NTS1. 6 569 to 7,714 bp NTS2 7 836 to 9 084 bp) and (he ARS (black box) The ARS is a Bsiil Alni
fragment and is located from 8 357 to 8 928 bp Restriction sites used in this study are Hmdlll (H) sites 458 and 6855 bp ВцП (В) site 1288
bp and M/ul (M) site 3877 bp (B) Schematic diagram of the replication of several icpcal units The ARS elements are indicated by black
boxes and transcription of the 37S precursors is indicated by the vertical lines increasing in length from left to right See text for further
details

extent of replication, thus generating the nascent line in Fig
IB In the example shown, probe 1 detects nascent strands
of all sizes, while probe 2 detects only the longeit nascent
strands
By using this procedure, the direction(s) of replication
fork movement through any restriction fragment can be
analyzed By use of more probes along the restnclion
fragment, possible internal replication origins can be de
lected (15, 17, 24)
Model for the replication of the rDISA repeat in S cerevisiae. Yeast rDNA consists of about 120 identical tandemly
repeated units Individual units are 9 1 kb long 1 he location
of the ARS clement, the directions of transcription of the 37S
precursor RNA and the 5S RNA, and the restriction sites
used in this study are shown in big 2A In this paper,
positions within each repeat unit are indicated by their
distances in kilobases rightwards from the beginning of the
37S transcript
The results obtained by 2D origin mapping revealed a
much more complex pattern than expected Careful analysis
of all the data suggested a model for the replication of rDNA
To facilitate the explanation of these data, we present the
deduced model first Why this model is favored above other
possible models is discussed later
Ihe data suggested that replication initiates at a position
that maps within the ARS element and proceeds bidirectionally (tig 2B1 and B2) Replication forks moving leftwards
terminate upon arrival at the transcription termination site of
the first transcribed 17S RNA region which they encounter
(Fig 2B2 through B4) or al a rightwards-moving replication
fork (not shown) Forks moving rightwards continue repli
cation, in the direction of transcription of the 37S RNA until
they meet a fork from the opposite direction, either moving

(not shown) or terminated (Fig 2B4 and B5) At least 95% of
the forks moving leftwards terminate at the transcription
termination site (sec below) Thus the main direction of
replication is in the direction of transcription of the 37S
RNA
Rightwards-moving replication forks frequently proceed
through several repeat units before meeting a replication
fork from the opposite direction (Fig 2B) Therefore, not all
available origins are used We estimate that about 1 m 3 to 10
origins is actually used in one round of rDNA replication
(see below)
Replication termination at a specific site in the rDNA repeat
unit The results shown m Fig 3 provide a good illustration
of the complex patterns which may be generated during
neutral alkaline 2D origin mapping of yeast rDNA In these
experiments, Btf/I-digesled DNA was hybridized with a
probe covering the ARS element, probe PB (Fig 3A1) The
resulting autoradiograms (big 3C through E) contain many
signals not predicted in Fig 1 The explanation of these extra
signals (1 ig ЗА and B) supports most of the model proposed
in Fig 2 Conversely, it is easiest to explain the extra signals
in terms of that model
The spots labeled "terminated fork nascent" and "termi
nated fork parental" (Fig 3B) are due to the accumulation of
strands from the terminated leftwards-moving forks Terminated-fork-containmg restriction fragments (Fig 3A3) mi
grate in the first dimension at —14 5 kb, suggesting an extent
of replication of - 5 4 kb in this restriction fragment How
ever, nonlinear structures migrate in neutral agarose gels
more slowly than double-stranded linear fragments of equiv
alent mass (6) A more accurate estimation of the extent of
replication is provided by the size of the nascent strands,
~ 3 4 kb, detected in the second dimension The data in Fig
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HO 3. Neutial-alkdlmc 2D analysis of ¿fc/I-digested rDNA (A) Schematic diagram of the possible structures of a ß«/I unit during
replication В. ВцІІ site at 1.28S hp. PB (shaded box), location of probe PB (see Materials and Methods for exact location). (B) Cartoon of
panel D The various indicated lines and spots are discussed m the text. (C) Neutral-alkaline 2D electrophoresis of 1 2 μg of salt wash DN \.
hybridized with probe PB hxposuic time. IS h (D) Neutral-alkaline 2D electrophoresis of 1.2 μg of caffeine wash DNA. h\bridi/ed with
probe PB Exposure time. ? days, (h) Neutral-alkaline 2D electrophoresis of 1.2 μg of DNA. isolated and digested in agarose beads (IS. 25).
The agarose beads were loaded directly in the first dimension after digestion Probe. PB. exposure time. 18 h.
3C and D. combined with the location of the PB probe near
the right-hand end of the restriction fragment, suggest that
the fork travels from right to left and terminates at about
position 7.0 kb in the repeat unit (Fig. ÍA1 through ЛЗ).
The diagonal arc labeled "terminated fork fragments pa
rental"" and the horizontal line labeled "terminated fork
fragments nascent"" (Fig. 3B) are produced by random
double-strand breaks in the nonrephcatcd part oí the restriction fragment, analogous to the nontephcatmg fragments in
Fig. 1 (Fig. 3A4). In the first dimension these fragments
migrated from the size of 7.0 kb (the fork only ) to -14.? kb
(the full-length terminated-replication-fork-tontaintng restriction fragments). In the second dimension the parental
fragments migrated from 3.4 to 9.1 kb. creating the diagonal arc. The nascent strands of these fragments migrated as
a line at - 3.4 kb in the second dimension
The lines labeled "terminated fork fragments nascent""
and "terminated fork fragments parental"" and the spot
labeled 'terminated fork nascent"" were detected m both the
salt wash (Fig. 3C) and the caffeine wash (Fig. 3D|. The

abundance of these signals in the salt wash (shorter exposure: Fig. 3C) suggests that termtnaled replication forks do
not expose as much single-stranded DNA as do progressing
replication forks. However, a break at the fork itself (a
possible 'hot spot" for breaks) can remove one of the arms
of the fork (Fig. 3A4a). This leads to detection of the spot
labeled ""sheared terminated fork nascent" (Fig. 3B and D).
This spot is detected only In the caffeine wash, possibly
because a break at the fork causes exposure of smglestranded DNA. A break at the fork (as in Fig. 3A4a)
combined with random breakage ш the nonrephcated part of
the restriction fragment explains the extension of the line
labeled ""terminated fork fragments nascent" to the left of
the 7-kb mark in Fig. 3D. I his extension is absent in the salt
wash (Fig. 3C) for the same reason that the spot labeled
sheared terminated fork nascent" is absent.
The lines labeled "double fork nascent"" and "double fork
parental" (Fig. 3B) are due to replication forks moving in
from the left in the termmated-fork-contaimng restriction
fragments, thus creating X structures (Fig. 3A5). In the first
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FIG 4 Neutral-alkaline 21) analysis of /Ушііі 11-digested ι DNA (A) Left panel. Neut ral-alkaline 2D analysis of 1-2 μg of caffeine wash
//fidili digested DNA. h\hridi/ed with probe HB. exposure time. 5 h Right panel. Rehybridization with probe Ь : exposure time. 18 h. The
spot and vertical smeai at 9 kb in the first dimension, deteeted b\ both probes, .ire due to incomplète ////idlll digestion of the DNA. I he
diagram Indicates the positions of the probes m the large Hnnilll fragment Ili) Rehybridization of the blot from panel A with probe HA:
exposure time. 4 da\s. The diagram indicates the position of the probes H V (ρ and SB m the small llmdili fragment (for exact local ions of
the probes, see Materials and Methods).
dimension, the X structures migrated more slowl> than a
linear fragment of -14.5 kb. In proportion to the progression
of the second fork. In the second dimension, the PB probe
detected the parental strands at 9.1 kb and the nascent
strands of the terminated fork at Я.4 kb. As mentioned
above, nonlinear structures migrate more slowly than dou
ble-stranded linear fragments of equivalent mass. Therefore.
the detected parental and nascent strand lines extend right
wards in the first dimension beyond the size of an almost
completely replicated restriction fragment. 18.2 kb.
The caffeine wash shows additional lines labeled "bubble
and leftward nascent" and "leftward fork nascent" (Fig. 3B
and D) analogous to the line labeled " n a s c e n l " in Fig. 1. The
detection of nascent strands shorter than 1 kb indicates that
the origin of replication is within 0.5 kb (assuming bidirec
tional replication) of the region covered by the PB probe.
The nascent strands arc easily detectable up to - .4.4 kb. the
size of the nascent strands in the terminated replication
forks. Replication to the left beyond the termination point
should produce nascent strands longer than 3.4 kb; a very
faint signal from longer nascent strands, labeled "leftward
fork nascent." is visible in the original autoradiogram of Fig.
3D. suggesting occasional passage of the forks to the left.
Densitometrie analysis revealed that the intensili of the line
labeled "leftward fork nascent" is less than 5 Г ; of the
intensity of the line labeled "bubble and leftward fork
nascent" (data not shown). This suggests that at least 95! î of
the leftwards-movmg forks terminate at 7.Ü kb.
Probe PB detects only the longest nascent strands produced by replication forks travelling from left to right
through the restriction fragment (Fig. 3A6). creating the
short intense line labeled "nghtward fork nascent" (Fig. 3B
and D). Comparison of the intensity of this line with the
intensity of the line labeled "bubble and leftward nascent"
(due to de novo initiation) suggests that replication proceeds
largely from left to right through several repeat units. More
precise data on the ratio between de novo initiation and

rightwards-proceeding replication were obtained by neutralneutral 2D analysis (see below).
To test whether the lines and spots which we have
explained as being the result of random DNA breakage te.ilK
are due to such breakage, we used DNA that had been
prepared without shear after encapsulating the yeast cells in
agarose beads (18. 25). This DNA consisted largely of
full-size chromosomal molecules, as analyzed by Held inversion gel electrophoresis (data not shown). After Βί,Ίί diges
tion. the DNA in the beads was subjected to neutral-alkaline
2D analysis, blotted to a nylon membrane, and then hybrid
ized with probe PB. All the lines and spots attributed to
DNA breakage are missing (Fig. 3E). but the spot called
"terminated fork nascent" and the line labeled "double fork
nascenl" are still present (Fig. 3E). strongly supporting the
interpretation given above. Ihe absence of nascent-strand
diagonals is due to the fact that this DNA could not be
enriched lor replicating structures by BND-cellulose.
Taken together, these observations indicate the presence
of a replication termination site at about position 7.0 kb and
the presence of a replication origin close to or at the ARS;
the data also suggest mainly unidirectional replication from
left to right through the rDNA. This interpretation was
further substantiated by use of additional probes and two
additional restriction digests. V/Z/d (data not shown) and
///mllll (see below), as well as by use of a different 2D gel
technique and electron microscopy (see below).
Predominantly unidirectional replication through the .378
coding region of rDNA. To further analyze the replication of
the ribosomal repeat, chromosomal DNA was digested with
///«dill. I his generated two fragments per repeat unit (Fig.
2A; Fig. 4); one 6.4-kb (positions 0.5 to 6.9) and one 2.7-kb
(positions 6.9 to 0.5) fragment. The 6.9 position is close to
the predicted replication termination site. Therefore, most of
the replication forks are expected to move from left (0.5) to
right (6.9) in the large /////dill fragment. To test this predic
tion. probes at each end of the restriction fragment were
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FIG. 5. Neutral-neutral 2D analysis ol //i/fdlll-digcstcd iDVV (A) Cartoon, modilicd from I he work of lire wer and Fangman (6). showing
the patterns generated by this leehmque it" the origin is located oulside Ihe restriction tragment (simple Y). in the middle of the restriction
fragment (bubble), or asymmetrically in the restriction fragment (asymmetric). X. Restriction fragment mass. See teu for further details. (B)
Neutral-neutral 2D analysis of 0.3 μg of caffeine wash //mdlll-digested DNA. hybridized with probe К (see Flg. 4A for location), detecting
the large ////idlll fragment; exposure time. 15 h. 1С) Rehybndization with probe PB (see Fig. ЗА for location), detecting the small //mdlll
fragment: exposure time. 3 days.
The cartoon in I ig. 5A. modified from the work of Brewer
and Fangman (6). illustrates how replicating restriction frag
ments of several types migrate in such 2D gels. Simple Y
structures, produced by unidirectional replication through a
restriction fragment, migrate as an arc which rises above and
then returns to the line of simple linear fragments (Fig. 5A).
Replication intermediates containing bubbles migrate as an
arc which originates at the linear line. If the origin is located
asymmetrically in the restriction fragment, replication inter
mediates contain bubbles until one of the forks has reached
the end of the restriction fragment. From that point onwards
they are simple Ys. This generates a composite signal (Fig.
5A).
Replication intermediates of the large HindUl fragment
are expected to have a simple Y shape. Comparison between
the result of probing a neutral-neutral 2D gel of the caffeine
wash of a Hinúílí digest with probe E (Fig. 5B) and the
cartoon (Fig. 5A) shows that the replicating large Hmdlll
fragment has the predicted shape. The spot at 9 kb and the
faint arc originating from it are due to incomplete digestion
of the DNA with H»idlII.
Replication intermediates of the small //i/)dIII fragment
are predicted to have either of two shapes. If the replication
origin inside the fragment is used, a composite pattern of
bubble and Y forms will be generated because of the
asymmetric location of the origin. If the internal origin is not
used, the fragment will replicate as a simple Y because of a
fork coming from the left (>957r) or right «5c/r).
Reprobing the gel of Fig. 5B with the PB probe revealed
that there is a mixture of both possibilities (Fig. 5C). From
2.7 kb to 4.0 ± 0.3 kb in the first dimension, the arcs due to
replication bubbles (clearly visible in original) and Y-shaped
intermediates are both detected. Because of abnormal migration of nonlinear structures in the first dimension, the
actual size of the replicating fragments at transition from
bubble to Y shape is difficult to estimate but is probably
slightly less than 4 kb. The maximum possible bubble size at
the transition is about 1.3 kb. Therefore, the origin of
replication is likely to be located slightly less than 0.65 kb
from the right-hand end of the small Wmdlll restriction
fragment, at about position 8.9 kb or slightly greater. From
about 4.0 to 5.4 kb in the first dimension all the replication
intermediates are of the Y form. The intensity of this portion
of the arc trelatively high in Fig. 5C| is variable in similar
experimenls.
The intense spot close to the linear line at 5.4 kb in the first
dimension is due to detection of accumulated terminated
forks within the small Hi/idlll fragment. The fact that the

used to analyze the caffeine wash uf//mdlll-digested DNA
(Fig. 4A). The probe at the left-hand end (probe HB)
detected an intense nascent-strand line. The probe near the
right-hand end (El failed lo delect any nascent strands.
Other results (Fig. 3) suggested occasional (less than 5%)
readlhrough from right to left. I he reason for these different
observations is most IlkeK experimental variations. Both
results indicate, however, that the main direction of replica
tion is from left to right through the .37S coding region.
The replication origin is at or near the ARS element. The
smaller HindUl fragment contains the ARS element and the
putative origin of replication. The position of the origin was
estimated by using small probes along this fragment in the
analysis of the same blot as in Fig. 4A. The smallest nascent
strands detected by probe HA are 0.6? kb long (Fig. 4B).
consistent with origin location at position —0.05 kb. How
ever. probes G and SB (see Fig. 4B and Materials and
Methods for location: data not shown) also delected nascent
strands of minimum length of
0.65 kb. consistent with
initiation at -8.7 to 8.9 kb. 1 hese inconsistent results may
be due to the fact that detection of Ihe shortest strands (less
than a few hundred base pairs) is rendered difficult by the
shortness of the homologous region and by the diffusion of
short strands (17). Alternatively, the events during initiation
of replication may be more complex than was assumed in our
experimental approach. In any case, the data presented here
place the origin of replication at - 8 . 9 ± 0.3 kb: this position
is within the ARS element I see the legend to Fig. 2) bui at Ihe
right-hand side.
It is interesting to note the horizontal line at 0.65 kb due to
a specific nick (Fig. 4B). The nick is located al posilion 8.9
kb (0.65 kb from the right-hand HiniiUl sue), inside the ARS
fragment, and it coincides with a topoisomerase I consensus
site (position 8884 to 8899 bp) identified by Bonven et al. (4).
Neutral-neutral 2D analysis of the ribosomal repeal. Brewer
and Fangman (6) developed a 2D neutral-neutral agarose
electrophoresis technique for mapping replication origins
and characterizing replicating restriction fragments. Their
technique exploits the fact that nonlinear DNA molecules
migrate more slowly than linear molecules of the same mass.
and this retardation is enhanced by high voltage, high
agarose concentration, low temperature, and high ethidium
bromide concentration. After a first-dimension run. identical
to the neutral-alkaline first dimension, the second dimension
is run under conditions designed to maximize the retardation
of nonlinear molecules. After transfer lo a nylon membrane.
the blot may be hybridized with any probe recognizing the
restriction fragment of interest.
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spot is detected at nearly the fully replicated size of the small
Hmdlll fragment suggests that the termination is very close
to the left-hand end of thib fragment No equivalent signal
due to a terminated fork was detected in Fig 5B if present
such a spot would be located at about 12 8 kb m the first
dimension Therefore the termination site must be to the
right of position 6854 bp in the rDNA repeat unit, at ~7 0 kb
The intensity of the arc due to Y structures is about five
times the intensity of the line due to bubble structures (by
densitometry) This indicates that, in this experiment, on
average one of six of the possible origins was used during
each S phase However, some variation has been obser\ed
in other experiments (data not shown), with intensity ratios
ranging from about 1 to about 10
Visualization of terminated replication forks. If replication
forks terminate at a specific site, restriction fragments containing the terminated forks should accumulate m a neutralneutral 2D gel as a spot, above the linear line (big 5A) To
reduce interference from nonteiminatcd replication intermediates (Fig 3C and D), the salt wash fractions of Mini and
Bgll restriction digests were run in neutral-neutral 2D agarose gels After transfer to nylon membranes and hybridization with an rDNA probe, spots of material accumulated at
the expected size could be detected in both digests (Fig 6A)
The nature of the additional spots and streaks in both digests
is not known
The autoradiographs were superimposed on identical gels
which had not been transferred, and the corresponding spots
were cut out of the gel After electroelutran the DNA was
visualized with the electron microscope (Fig 6B)
The forks recovered from M/i/I-digcsted DNA consist as
expected, of two long arms and one short arm (Fig 6B)
Bg/I digested DNA contains forks with one long arm and
two short arms (Fig 6B) Analysis of replication forks from
each digest showed that the position of fork termination fell
within the range 6 85 ± 0 3 kb (for 21 of 24 observed forks in
the Bgll digest and for 16 of 21 observed forks in the Mini
digest)
Replication of the yeast rDNA. Yeast rDNA could theoretically be replicated in different ways Apart from the model
shown in Fig 2B there arc numerous other possibilities For
example, instead of being initiated from specific sequences,
replication could start from random sites Also, replication
could proceed bidircctionally, either initiating at each origin
or using a subset of available origins Alternatively, there
might be no initiation sites in the rDNA, and the whole locus
would then be replicated from outside origins (note, however, that this would require an unusually high fork movement rate to replicate the entire 1,200 kb of the rDNA
repeat) For each of these models it is possible to predict the
expected 2D gel patterns in the experiments we have performed However, the patterns detected during our study
could not be explained by any of the models mentioned
above The only model wc have been able to imagine which
satisfactorily explains the experimental data is the model
presented in Fig 2B
First, both neutral-alkaline (Fig 3D and 4B) and neutralneutral (Fig 5C) 2D gel analyses suggest that a single
bidirectional origin is located at 8 9 ± 0 3 kb, at the righthand end of the ARS-contaming restriction fragment identified by Skryabin et al (29) Second, data obtained by
neutral-alkaline 2D gel analysis (Fig 3), supplemented with
data from neutral-neutral analysis (Fig 5C) and electron
microscopy (Fig 6), suggest that leftwards moving replication forks terminate at position —7 0 kb Third, neutralalkaline gel analyses (Fig 3D and 4A) show that replication
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through the 37S coding region is predominantly in the
direction of transcription Fourth data obtained with both
2D techniques (Fig 3D, 4A, and 5C) indicate that only 1 of
3 to 10 possible origins is used in one round of replication
These conclusions together lead to the additional inference
that most rDNA is replicated umdirectionally (Fig 2)
Electron microscopy studies of rDNA replication in Drosophila melanogasWr (22) and 5 cemtnae (28) are in good
agreement with the proposed model In neither study was
countertranscnptional entry of replication forks into active
large rDNA transcription units observed Furthermore,
baffer and Miller (28) were able to map the centers of small
replication bubbles to a position within NTS2 identical
(within experimental error) to the origin mapped by us
The replicón size reported by Salfer and Miller (28) is 1 to
3 repeat units Because of the technical limitations of electron microscopy, larger rephcons may not have been detected Using a sucrose gradient method, Walmslcy et al
(32) estimated an average replicón size of 5 repeat units Our
data suggest an average size varying from 3 to 10 units,
depending on cell strain and growth conditions The consensus of all three studies is that not all potential origins are
used during a single round of replication
Recently, Hernandez et al (11) claimed to have delected
replication termini in the rDNA of pea root cells by using a
neutral-alkaline 2D gel technique However, the fact that the
nicked restriction fragments observed by these investigators
were not retarded in the first dimension suggests that they
were not due to replication-fork-containing structures Their
relationship to rDNA replication remains to be determined
Our finding that replication of yeast rDNA is predominantly unidirectional in the direction of the major transcript
(37S precursor) is consistent with the prediction by Brewer
(5) that long, heavily transcribed regions should be replicated in the direction of transcription Her prediction is
based on a striking correlation between the directions of
replication and transcription through the larger genes in
Eìchenchia coll and on the likelihood of potential condici
between converging RNA and DNA polymerases in large
genes Smaller genes, such as the 121-bp 5S RNA gene in
yeast rDNA, are probably transcribed and replicated rapidly
enough that (he probability of unresolvablc polymerase
conflict is low (5) Therefore, the yeast 5S RNA gene should
not interfere with replication forks moving nghtwards
through more than 1 repeat unit (Fig 2B3 and B4)
As discussed by Brewer (5), termination of leftwards
replication at ~7 0 kb (near the 3' end of the 37S region)
could be caused by conflict with RNA polymerases However available data do not exclude the possibility of specific
(polar) replication terminator sequences at that location
Further work is required lo distinguish these possibilities
Note that although leftwards replication terminates at
~7 0 kb, the 3' end of the 37S precursor is at - 6 8 kb (19)
The - 200-bp interval between the transcription and replication termination sites might be due to accumulation of
positive superhehcal turns ahead of both polymerases (21),
which would prevent a direct protein-protein collision (5)
Our observation of predominantly unidirectional replication in yeast rDNA may seem surprising in view of the
current paradigm that eucaryotic chromosomal replication is
bidirectional However, unidirectional replication was noticed previously in fiber autoradiographic studies of mammalian DNA replication (14, 16) and was estimated to occur
in 10% of mammalian rephcons (16) Because rDNA constitutes less than 1% of mammalian DNA, additional chromo-
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FIG. (S. Electron microscopy Visualization of accumulated teiniinaled replicai ion forks. (Al Neutral-neutral 21) analysis of 0 3 μg of salt
wash DNA. digested with ßt,'/I (lelt panel) or \Ilii\ (right panel) and then h\bridi/ed with probe MA (see Materials and Methods for exact
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some regions (not just rDNA) must also replicate umdirectionalK in mammalian and, presumably, yeast cells.
Our results show that the yeast rDNA replication origin
colocalizes with an ARS element. It has recentK been
demonstrated that a replication origin on \east chromosome
HI also colocalizes with an ARS element (17). These obser-

valions support the idea that yeast replication origins arc
ARS elements, but many more origins must be mapped
before the extent of correlation between ARS elements and
origins can be accurately determined
Our mabilitv to detect nascent strands shorter than 650
bases near the rDNA origin and the presence of a specific
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nick in this region suggest that the initiation events at this
origin may be more complex than previously imagined More
accurate mapping of the initiation site(s) in this region is now
under way
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Chapter 3

REPLICATION OF YEAST CHROMOSOMAL DNA UNDER
VARIOUS GROWTH CONDITIONS

Maarten Η. К. Linskens and Joel A. Huberman
These data were presented in poster form at the 1989 UCLA symposium
on Molecular & Cellular Biology
(Abstract L 450, p. 164, in J. Cell. Biochem., supplement 13D, 1989)

INTRODUCTION
Replication of chromosomal DNA is a highly organized process, which must ensure that the
genetic content of a cell is replicated precisely once per cell cycle. Initiation of replication is
believed to occur at specific sites in the chromosome, called replication origins [4, 5]. The study
of DNA replication in the yeast S. cerevisiea has recently led to the identification of the first
chromosomal replication origins in cukaryotes (reviewed in [11, 20]). ARS elements, fragments
of chromosomal DNA capable of rendering autonomous extra-chromosomal replication to
Plasmids, have long been suspected to represent origins of replication [3, 18, 21]. Our lab has
demonstrated that certain ARS elements function as replication origins in their chromosomal
context in S. cerevixiae [7, 9]. However, not all ARS elements function as chromosomal
replication origins ([20], Dubcy et all submitted for publication; Dubey, Davis, Newlon and
Huberman, in preparation) which indicates that other factors, such as chromosomal environment,
might play a role in determining whether or not an ARS clement is used as a chromosomal
replication origin [20].
In our study of the ribosomal DNA (rDNA) replication we found that only 10-30% of the
available origins are used for initiation in a single S-phase. Therefore, not all rDNA origin regions
are always functional as an origin but are replicated by adjacent origins. The fluctuation in the ratio
of "used" versus "not-used" origins in the same cells argues that this is not due to small sequence
differences between the origin regions of individual repeal units. An alternative explanation could
be that environmental conditions might influence the efficiency of a given origin, especially if it is a
weak origin. In the initial rDNA studies we did not carefully control for small changes in growth
conditions. We report here the preliminary findings of our studies of the utilization of the rDNA
origin and the origin A6C on chromosome III in S. cerevisiae under different, carefully
controlled, growth conditions.
The two origins studied here are well characterized as ARS elements. As determined by high
frequency transformation assays the rDNA-ARS has weak ARS-activity [9, 17] while the A6CARS on chromosome III has strong ARS activity [12]. Recently, Umek and Kowalski, have
shown that the region 3' to the 11 bp core consensus sequence of an ARS is a DNA unwinding
element (DUE) [8, 20], and they correlated the ease of unwinding of this region (i.e. the free
energy requirement for unwinding) to the strength of an ARS. They have shown (poster at same
UCLA meeting, recently published, [19]) that growth temperature effects the replication efficiency
of weak ARSs. Therefore, temperature appears to be another environmental condition that
influences origin usage.
We tested the frequency of usage of these chromosomal origins under increasingly stringent
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Figure 1: (A) Top: schematic diagram of one single repeat unit. The two major transcripts
(arrows), the two non transcribed spacers (NTS), some restriction sites (H=HÍnd3, B=Bgll,
M=Mlul) and the localization of the ARS are indicated. Bottom: cartoon of the replication of the
rDNA repeat (see text for more detail). (B) Illustration of the migration patterns for different nonlinear structures in neutral/neutral 2D analysis. The technique, developed by Brewer and Fangman
[1], separates molecules according to size in the first dimension. In the second dimension the
molecules are separated under conditions that cause non linear molecules to migrate more slowly.
After transfer to a membrane the DNA can be analyzed using probes for the regions of interest.
Different non linear structures create different patterns in the autoradiographs.
(C) Replication intermediates detected by a probe that hybridizes to the small, 2.7 kb, Hindlll
fragment (Fig 1 A) of yeastribosomalDNA, containing the ARS . Although most of the replication
intermediates are of simple Y form, the arc due to bubble structures (compare cartoon) is also
observed. The frequency of usage of the origin can be derived from the relative intensities of the Y
and bubble arcs. In this case, about one in every three available origins was used. The spot close
to 5.4 kb is due to the terminated, leftward moving replication forks (Fig. 1 A).
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growth conditions and show, preliminary, that the weak rDNA origins are used less frequently
under more stringent conditions; however, we could not detect such a correlation for the strong
A6C origin. We also found that the A6C origin region is not always used as an origin, as
previously Reported. In about 30% of the cases this region is replicated from an adjacent origin.
Since A6C is an unique region, in contrast to the rDNA repeat, this result, too, indicates that
initiation of replication at a certain site might partly be determined by chance.
MATERIALS AND METHODS
Cell growth
Unsynchronized 5. cerevisiae cells, strains CT711 ([ 15J; leu2-3,-l 13, his3Al, trpl, ura352, ade2-101, cani) and YPH3 (obtained from Robert Umek who received the strain from Philip
Hieter, John Hopkins Univ.; ura3-52, lys2-801, adc2-101) were grown in YPD medium f 16].
Starter cultures were routinely prepared from individual colonies of the various strains. The cells
were grown at either 23° С or 30° С to a density of 2 χ 10^ cells/ml. Strain 4910-3-3 was grown
as previously described [7].
DNA isolation and 2D analysis of replication intermediates
Cells were quickly cooled to 4°C in order to preserve replication intermediates and DNA
was isolated using the glass beads method as described [6]. Restriction digestion, enrichment for
replication intermediates by BND cellulose fractionation and N/N 2D analysis were done as
previously described [1, 2, 7, 9]. Preparation and source of the probes used in this paper are
described in ref. [7, 9]: probe PB, which detects the small Hindlll fragment of the ribosomal
repeal, is a 1,519 bp PvuII-EcoRI fragment [9], and the A6C origin region is detected by a 3.6 kb
EcoRI-BamHl fragment [71.
RESULTS AND DISCUSSION
Replication initiation frequency of the weak rDNA origin at different growth temperatures
Figure 1A summarizes the replication patterns in the ribosomal DNA (rDNA) of yeast.
This DNA consists of about 120 identical tandemly repeated units, each 9.1 kb in length (Fig.
1 A). Each repeat contains a transcription unit for the 5S rRNA and a separate transcription unit for
the 37S precursor RNA which is processed into the 5.8S, 18S, and 25S rRNAs. The two
transcripts are separated by two nontranscribed spacers (NTS 1 and NTS2). A weak ARS clement
is present in NTS2 [17]. Results of 2D replicón mapping techniques suggest that replication
usually begins at a position within the previously-mapped ARS element and proceeds bi-
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directionally (Fig. 1 A,[9]). Leftward-moving forks stop when they reach position 7.0 kb (just to
the right of the HindlH site near the termination site of 37S transcription; Fig. 1A, [2, 9].
Rightward-moving forks continue replication in the direction of 37S RNA transcription until they
meet stalled leftward-oriented forks (Fig. 1A). Rightward-moving forks usually proceed through
3-10 repeat units before encountering stalled leftward-oriented forks. Therefore, rDNA replication
is predominantly unidirectional and most of the ARS elements are not used as origins in any single
S phase.
The frequency of initiation can be determined by comparing the patterns that represent
initiation and "read-through" in a two dimensional (2D) neutral/neutral (N/N) analysis of
replication intermediates [9].

Figure IB cartoons the expected signals for both replication

initiation and read-through in the small HinDIII fragment of the rDNA repeat (Fig. 1 A). Figure 5C
in a previous publication [91 shows a 2D N/N analysis of 4910-3-3 cells grown at room
temperature (23°C). We estimated the replication initiation frequency to be about 15-20%, with
one of every six possible origins used. Figure 1С shows another example of 2D N/N analysis of
the rDNA region in 4910-3-3 cells, also grown at room temperature. Comparison of the relative
intensity of the arc due to replication initiation (the bubble arc) of this experiment reveals that the
frequency of origin usage is about one in three, 30-35%. The observed variation between several
experiments (not shown) led us to estimate the frequency of replication initiation in the rDNA
repeat to vary between 10 and 30% [9]. The reason for this variation is not clear, but is possibly
due to slight experimental differences, such as variations in "room-temperature" and the density at
which the cultures were harvested.
As mentioned in the introduction, the variation of origin usage might be correlated to the
growth characteristics of a population. One determinant for growth and doubling rate is the growth
temperature, which can easily be controlled. Since strain 4910-3-3 does not grow well at 37Τ!, a
the initiation frequency of the rDNA origin was analyzed in strain CT711 [15]. The population
doubling time of CT711 is 3 hours when grown at (precisely) 23°C and 2 hours and 6 minutes at
37°C. In order to preserve replication intermediates cells were quickly cooled to 4°C. DNA was
Figure 2 (opposite page): Frequency of initiation of replication at the rDNA origin at different
growth temperatures. S. cercvisiae CT711 cells were grown in YPD medium at two temperatures,
23°C and 37°C, to a density of 1.5-2 χ 10 cells/ml. The cells were quickly cooled to 4°C in order
to preserve replication intermediates and the DNA was isolated, digested with Hind3, and analyzed
by the neutral/neutral 2D technique (see Fig. 1). The results of the probing with the small Hind3
fragment which contains the origin of replication are shown here. The weak arc due to bubbles,
indicative of initiation (see Fig. 1С), is detectable in the autoradiograph from cells grown at 37°C,
but not from cells grown at 23*C. The intensity of the arc due to Y-shaped replication is greater
than that of the bubble arcs in both cases. The ratio of internal initiation to readthrough is estimated
to be 1:10 at 37°C and less than 1:20 at 23°C.
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isolated and the replication patterns in the small Hindlll fragment of the rDNA region were
analyzed by 2D N/N gel analysis as in Figure 1.
Figure 2 shows the results of two of these experiments. The only detectable replication
intermediates from cells grown at 23°C are Y-shaped (Figure 2, left panels), even at longer
exposures (not shown). We estimate that it is possible to detect a "bubble arc" if replication
initiates at one out of every twenty possible origins [9]. Therefore, the frequency of rDNA origin
usage in CT711 cells grown at 2УС is used less than 5%. "Bubble arcs" are, however, readily
detected in 2D N/N analysis of DNA from cells grown at 37°C (Figure 2, right panels). The
intensity of the "bubble arc" is about one tenth of the intensity of the "Y" arc, which implies that
the frequency of origin usage at 37°C is about 10%.

The most plausible explanation is that the

frequency of initiation at the normal origin is reduced at lower temperature. Alternatively, other
sites in the repeat might function as origins, although at a low frequency, since no signals
indicative of such events have been detected.
The initiation frequency in CT711 cells is lower than that observed for 4910-3-3 cells
(Figure 1 and [9], implying that origin usage varies between different strains (we could not detect
initiation in a third strain, YPH3; data not shown). In CT711 cells grown at гЗ'С one rDNA
origin appears to be capable of replicating at least {20 χ 9.1(kb)=} 182 kb. The length of S-phase
in S. cerevisiae, about 40 - 60 minutes [13], would just allow for such low frequency with a
replication fork movement of about 3.5 kb/min [14].
Replication initiation frequency of the strong A6C origin at different growth temperatures
Replication of the left arm of chromosome III initiates at a previously identified ARS
element, A6C [7, 12]. In order to test whether initiation at this origin also correlates to growth
temperature, DNA from CT711 cells grown at 3TC and 23°C was isolated and the A6C region
was analyzed by 2D N/N mapping. Figure 3 shows the results of N/N 2D analysis of the A6C
origin. The frequency of initiation, about 60- 70%, appears to be independent of the temperature at
which the cells were grown. Comparison with the initiation patterns of other strains, such as
4910-3-3 [7] and YPH3 (see next chapter, [10]), reveals little or no variation of initiation
frequency between strains, unlike the variation observed for the rDNA origin. Initially the
initiation frequency in 4910-3-3 cells was determined to be 100%, but re-examination of the data
[7] shows that an arc due to Y-shaped replication of the A6C region might be obscured by signals
from single stranded DNA. The initiation frequency in YPH3 cells appears to be about 60%
(M.L., unpublished data,[10]).
These results imply that the left arm of chromosome ΙΠ can be replicated in two different
modes: one in which the replication forks emanate bidirectionally from the A6C origin, and one
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Figure 3: Replication of the A6C region on chromosome III in CT711 cells grown in YPD at 23°C
and 37°C. DNA was isolated, cut with EcoRl and prepared for neutral/neutral 2D analysis. The
membranes were hybridized with a 3.6 kb probe to reveal the 5.8 kb ARS containing EcoRl
fragment A6C [7]. Compare Fig. 1В for interpretation of the patterns of replication intermediates
from cells grown at 23° С and 37° С The signal indicates about 70% initiation and 30%
readthrough, and no difference was observed between the two growth temperatures.
where the forks enter the A6C fragment unidirectionally from the centromere proximal side.
Figure 4 shows these two different ways of replication. The most likely origin for these fork
appears to be the recently mapped С IG origin (Zhu, J., and Huberman, J. Α., unpublished data).
Conclusions
The results of our investigation of chromosomal origins to date show that ARS elementó that do
function as origins do not do so every time, i.e. sometimes the origin region is replicated from an
external origin. This is especially true for the rDNA origin, where preliminary evidence suggests
that the relative use of the origin decreases at lower temperature.
Although A6C origin function appears not to be related to variations in growth temperature,
it is clear that the A6C region does not always function as an origin. Indeed, replication timing
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Figure 4: Replication of the Left Arm (82 kb) of Chromosome III. Results obtained up to now
suggest that the A6C region is used as an origin at least 60% of the time. Although several ARS
elements arc present (black boxes) at the left end of chromosome III, no initiation was observed
between the A6C region and the telomere (Dubey et al, submitted; Dubey, Davis, Newlon and
Huberman, in preparation). The C1G region to the right of A6C contains a strong origin which is
currently being mapped (Zhu, J., and Huberman, J. Α., unpublished data). The origin in C1G
appears likely to be responsible for the occasional Y-shaped (external) replication of the A6C
region.

studies of ARS elements along chromosome Ш also indicated that the same origins might not be
used in every cell of a population in each S-phasc [13]. The implication of these data is that the use
of a particular sequence as a replication origin is a process that possibly depends on the availability
of initiation factors, the strength of the origin and the strength of adjacent origins.
The strength of an origin could in some cases be related to the ease of unwinding of its
DUE [8,19]. Mutations that raise the free energy requirement for unwinding of the DUE impede
ARS function in vivo more at 23°C than at 3(ГС. This suggests that weak ARS elements, such as
the rDNA ARS, will be more affected by growth temperature than strong ARS's, possibly
resulting in a significant effect on origin usage frequency.

The two chromosomal origins

described in this study appear to follow this expectation. While the A6C ARS, which acts as a
strong ARS in plasmids [12], is not always used for initiation, A6C origin function does not
appear to be influenced by growth temperature. In contrast, the frequency of usage of the weak
rDNA origin is higher at 3TC than at 23°C. Whether this increased initiation frequency is actively
regulating the speed of replication of rDNA or whether it is only a consequence of the higher
growth temperature is not clear.
* This work was supported by grants from the National Science Foundation (DCD-8616046), the American Cancer
Society (MV-229) and NIH (GM 41008).
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ABSTRACT
Recently, two 2-dimenslonal (2D) gel techniques,
termed neutral/neutral and neutral/alkaline, have been
developed and employed to map replication origins in
eukaryotic plasmids and chromosomal DNA (1-11).
The neutral/neutral technique, which requires less DNA
for analysis, has been preferentially used in recent
studies. We show here that the signal predicted for an
origin is not detected using the neutral/neutral
technique If the origin is located near the end of the
analyzed restriction fragment. We also demonstrate
that analysis of the same batch of DNA by the two
different mapping techniques can generate apparently
contradictory results: in some situations where
neutral/alkaline 2D analysis indicates that a certain
origin Is always used, neutral/neutral 2D analysis
suggests that the origin is not always used. Several
possible explanations for this type of disagreement
between the two techniques are discussed, and we
conclude that it is important to use both techniques in
combination in order to minimize possible
misinterpretations.
INTRODUCTION
The recent development of two independent 2-dimensional (2D)
agarose gel replicón mapping techniques has permitted the first
unambiguous mapping of eukaryotic replicons The
neutral/neutral 2D (N/N 2D) technique, developed by Brewer
and Fangman (1,2), exploits the abnormal migration of non-linear
structures under certain conditions in the second dimension The
second technique, developed in our lab (3,4,5), employs an
alkaline second dimension to permit size analysis of nascent single
strands of DNA and is therefore referred to as the neutral/alkaline
2D (N/A 2D) technique
The two mapping techniques have proven to be powerful tools
in the localization of replication origins in yeast plasmids
(1,2,3,5), SV40 DNA (4) and in the replication analysis of yeast
chromosomal DNA (6,7,8) Recently, the N/N 2D technique has
been used to analyze replication during amplification of the
chonon gene cluster in Drosophila (9) This technique was also
used to locate a replication origin in an Epstein-Barr virus onP-

containing plasm id (10) and to study the dihydrofolate reductase
downstream origin in CHOC 400 cells (11)
The N/N 2D technique has two practical advantages over the
N/A 2D technique it requires less DNA for a detectable signal,
and a single hybridization usually suffices to reveal the replicative
character of the restriction fragment of interest, ι с whether it
is replicated from the outside (as a simple 'Y' shape) or is
replicated from an internal origin In contrast, the N/A 2D
technique requires hybndization with two or more shorter probes
to determme the character of replication in the restriction fragment
of interest and also requires more DNA since separation of
nascent and parental strands distributes the target DNA over a
greater surface area
Wc have found, however, that N/N 2D analysis of a
replication origin-containing restriction fragment can sometimes
fail to show initiation signals There are two distinct ways in
which an initiation signal can be lost First, the location of the
replication origin within a restriction fragment determines whether
a characteristic 'bubble' arc, indicative of initiation at an internal
origin, will be detected Second, origin-containing restriction
fragments from chromosomal DNA (as opposed to plasmid DNA)
frequently give rise to a composite of 'bubble' and 'Y-like' signals
even when N/A 2D analysis indicates that all replication initiates
inside the fragment
We report here our studies of these phenomena and explore
their possible causes We conclude that, because the two mapping
techniques are independent and complementary, use of both
techniques in combination can be helpful in eliminating
interpretation ambiguities
MATERIALS AND METHODS
Cell growth
Unsynchromzed S cerevmae cells, strains CT711 (12,
/eu2-3,-113, й«ЗД1, trpl, ura3-52, arfe2-101, салі) and YPH3
(obtained from Robert Umek who received the stram from Philip
Hieter, John Hopkins Umv , игаЗ-52, lysl-SOl, ade2-i0\) were
grown in YPD medium (13), occasionally YPH3 was grown in
SD (Standard Defined, 13) medium supplemented with adenine
sulfate (20 mg/1), L-lysme-HCI (30 mg/1) and uracil (20 mg/1)
Starter cultures were routinely prepared from individual colonies

* To whom correspondence should be addressed
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Figure 1 Map of the A6C region Restnction sites are indicated (n b this is not a complete restnction map) B = BomHI, E = Ecoftl X = Xhol The analyzed
fragments B9G A6C, A6C(Eco) and A1G (see Fig 3 - 5 ) are shown on the restriction map with their respective sizes indicated in kilobase pairs (kbp) The probes
shown as hatched boxes, are numbered 1 —5 The replication origin is depicted as the blatk box on the restriction map Directions to the telomere and centromere
are indicated by the arrows

of the vanous strains The cells were grown at either 23 °C or
o
7
30 C to a density of 2 x l 0 cells/ml Strain 4910-3-3 was
grown as previously described (6)

A)
firn

DNA isolation
DNA was isolated using the glass beads method as described (3)
In order to reduce the size of the chromosomal DNA before
further isolation in one experiment nuclei from CT711 cells were
digested with £coRI (see results) 2 5 X 109 nuclei were pelleted
after the glass bead treatment (3) and washed four times in 5
ml EcoRI restnction buffer (10 mM Tns/HCl pH 8 0,0 15 mM
spermine, 0 5 mM spermidine, 10 mM MgCl2, 1 mM
2-mercaptoethanol, 100 mM NaCl) The nuclei were incubated
with 1500 units EcoRl at 23 °C for one hour in a 1 ml volume
This resulted in 25 - 5 0 % digestton of the DNA as analyzed by
agarose gel electrophoresis The samples were then brought up
to 10 ml with Proteinase К incubation buffer and the DNA
isolation was continued as desenbed (3) with Proteinase К
incubation
2D analysis of replication intermediates
All procedures were done as previously described See refs 1
and 2 for N/N 2D analysis, refs 3, 4 and 5 for N/A 2D analysis,
and refs б and 7 for the use of both techniques combined
Preparation of the probes used in this paper is described in ref
6 Restnction enzymes were obtained from Bethesda Research
Laboratories Vanous exposures of the autoradiograms were
scanned with a 300A computing densitometer (Molecular
Dynamics) which is capable of integrating signals over irregular
areas Background densities were determined from regions of
the autoradiograms as near as possible to the measured regions
RESULTS
Detection of initiation signals in N/N 2D analyste depends on
the position of the origin
Replication of the extreme left arm of chromosome Ш m S
cerevisiae has been the subject of recent studies in our lab (6
and unpublished) Based on the use of both the N/N 2D and the
N/A 2D techniques we concluded (6) that replication always
initiates at the A6C ongrn and proceeds bidirectionally Fig 1
presents a map of the region immediately adjoining the A6C
origin and indicates the probes and restriction sites used The
A6C ongin is indicated as a black box This ongin is located
near the center of the 5 8 kbp (kilobase pairs) £coRI fragment
A6C(Eco) and at the left-hand side of the 6 2 kbp SomHI
fragment A6C
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simple Y
ч

^
l l g i i n 2 Dlustraüon of typical arcs obtained in N/N 2D analysis A) The left
part shows the are expected if a restnction fragment is replicated from one end
to the other as a Y as diagrammed in the cartoon on the nght B) The typical
bubble arc (left) is observed il a restnction fragment is replicated from within
(nght) See text for ñirther details

The main signals generaled by replication intermediates m N/N
2D analysis are shown in Fig 2 A restnction fragment that is
replicated as a simple 'Y', from one end to the other, gives nse
to a 'Y' arc as shown in Fig 2A A restriction fragment that
is replicated from a centrally located internal origin will show
a charactenstic 'bubble' arc in N/N 2D analysis (Fig 2B) If
the origin is located asymmetrically in a restnction fragment one
would expect that initially, from unreplicated to the point m
replication where the 'bubble' becomes a 'Y', the signal would
appear as a 'bubble' arc (Fig 2B) From that point on to size
2 x the signal would resemble a 'Y' arc (Fig 2A, refs 1, 7)
Figure 3 shows the results of hybndizing ВатШ- and EcoRldigested S cerevisiae 4910-3-3 DNA with probe 5 (Fig 1)
Hybridization with probe 5 detects the A6C(Eco)fragmentin
EcoRI-digested DNA and the A6C fragment in SamHI-digested
DNA (Fig 1) A signal due to internal initiation, a so-called
'bubble' arc, is produced by the £coRI fragment, which contains
the ongin near its center (Fig 3, left) The additional signal in
Fig 3 (left), which resembles a 'Y'-arc, will be discussed later
The A6C origin is 1 0 kbp (or 16% of fragment length) from
the left end of the 6 2 kbp A6C BamHl fragment (Fig 3, nght)
Bidirectional replication from this ongin is expected to produce
replication bubbles during replication of the first third of this
fragment In the BamHl digest, however, no evidence is seen
of a 'bubble' arc, which would be expected from 6 2 kbp to 8 2
kbp m the first dimension (Fig 3, nght) In fact, the arc detected
in the BamHl digest is indistinguishable from the arc produced
by the B9G fragment (fig 5 in reference 6), a fragment which
does not contain an origin and is replicated as a simple 'Y'structure from nght to left (6) Similarly, N/N 2D analysis of
an 8 6 kbp fragment which contains the C1G origin on
chromosome III did not show a 'bubble' arc even though the
origin was located 2 kbp (23% of fragment length) from the end
of the fragment As in the case of the A6C origin, a 'bubble'
arc was observed if restnction sites were chosen that placed the
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Figure 3. Ν/Ν 2D analysis of two restnctinn fragments containing the sanie origin
dilierently located with respect to the ends of the restriction fragments. Left) An
autoradiogram of replication intermediates detected hy probe 5 (Fig l) m 4910-3-3
DNA digested with/:'(гЖІ The fragment detected is АбС(Есо) (Fig I) Exposure
time 7 days. The arc due to 'bubble' (initiating) structures is clearly present The
nature of the additional signal is discussed in the text and in ref. 6. Right)
Replication intermediates detected by probe 5 in öa/fiHl-digested 4910-3-3 DNA.
Exposure time 6 days. The signal looks like a complete 'Y'-shaped arc (compare
with B9G fragment in ref. 6). even in the first 1/3 of the arc (from 6.2 kbp to
8 2 kbp). where a signal due to replication inmalion (higher 'bubble' arc) would
be expected

C1G origin in the middle of the resulting restriction fragment
(J.Zhu. C S . Newlon, and J.A. Huberman, manuscript in
preparation). These observations suggest that, even when
replication initiates within a restriction fragment, a 'bubble' arc
is likely to be observed only if the origin is located within the
central portion of the fragment. Apparently the N/N 2D signal
generated by a small replication bubble located at the end of a
restriction fragment is indistinguishable from the signal generated
by a small 'Y' structure.
Composite Signals from Origin Regions in N/N 2D Analysis
In related studies of A6C region replication, several other yeast
strains were analyzed. N/N 2D analysis of A6C(Eco) for strain
YPH3 grown in SD medium at 23 "С and tor strain CT711 grown
in YPD medium at 30 o C are shown in Figures 4A and 4B
respectively. In both cases composite patterns of 'bubble' and
'Y' arcs were observed. These observations helped us to realize
that a weak 'Y' arc is also present in the N/N 2D analysis of
A6C(Eco) of yeast strain 4910-3-3 (ref. 6 and Figure ЗА).
Initially, we did not interpret this signal in strain 4910-3-3 as
"Y'-like because the signal was weak and because the results of
the N/A 2D technique appeared to indicate clearly that all
detectable replication initiated at the A6C origin (6). However.
further analyses indicated that the observation of two arcs in all
these strains was highly reproducible (data not shown). We
therefore sought an explanation for the two arcs.
The simplest hypothesis was that the two different arcs were
generated by two classes of replication intermediates: replication
bubbles due to internal initiation and 'Y'-shaped structures
generated by replication of this restriction fragment from the
outside (see Fig. 2). The appeal of this simple hypothesis led
us to conclude prematurely that the A6C origin region in strains
YPH3 and CT711 was sometimes replicated from an outside
origin (ref. 14. page 3).

Figure 4. Composite signals obtained by N/N 2D analysis of A6C replication
A) Replication intermediates detected by probe 5 in YPH3 DNA digested with
£шК1. YPH3 cells were grown in SD medium at 23 0 C. Exposure time. 3 days.
B) CT711 DNA digested with EcoRl and analysed with probe 5 CT711 cells
were grown in YPD at 30 o C. Exposure time. 3 days.

Evidence that this simple hypothesis was incorrect came from
experiments designed to determine whether the 'Y'-shaped
molecules were due to replication forks entering the A6C(Eco)
fragment from the left or from the right. For these experiments
the same DNA preparation was used that generated the composite
pattern in Fig. 4B. Wc used a scanning densitometer capable of
integrating signals over irregular areas to estimate the proportion
of signal in the 'bubble' and 'Y'-like arcs in Fig. 4B and
concluded that =43% of the total signal from replicating
structures is in the 'Y'-like arc. However, the replicating
molecules responsible for the 'bubble' arc each contain two
replication forks while those responsible for the 'Y'-like arc might
contain only a single fork. If replication forks move at constant
rates, then the 'bubble' molecules would complete replication
twice as fast as the 'Y'-like molecules. Therefore, to account
for the anticipated two-fold relative reduction in 'bubble' signal,
we multiplied the 'bubble' signal by two to arrive at a final
estimate of 27 ± 7 % of total replicating molecules in the 'Y'-like
arc.
In order to determine from which side the A6C region was
replicated 27 ± 7 % of the time (Fig. 4B), we used the independent
N/A 2D technique to characterize replication of the two restriction
fragments adjacent to the A6C fragment. The N/A 2D technique
complements the N/N 2D technique because it can determine
unambiguously in what direction a replication fork moves through
a restriction fragment (3,4,5,6,7). In brief, 2D gel electrophoresis
is used to separate nascent strands from parental and
nonreplicating strands, and also to separate nascent strands
according to size. Under the conditions used, the nascent strands
form a diagonal arc. A hybridization probe from the end of a
restriction fragment where replication forks enter detects nascent
strands of all sizes, while a probe from the other end detects only
the very longest nascent strands.
Figure 5 shows that in the telomere-proximal fragment, B9G,
probe 2 detects nascent strands of all sizes (a complete diagonal
nascent strand arc is visible) while probe 1 does not detect any
but the longest nascent strands (no diagonal nascent strand arcis visible). By scanning various exposures of each autoradiogram
in this experiment, and based on previous experiments (7), we
calculate that we would easily be able to detect small nascent
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Figure 5. N/A 2D analysis of Iragmenls B9G and A1G. CT711 DNA. from the same preparation that was used in Fig. 4B. was digested with 5</шНІ and analyzed
with the N/A 2D technique. Each autoradiogram is the result of hybridization ot the membrane with the probe that is shown abose the autoradiogram in the map
of the region Each probe was hybridized to the same membrane, with subsequent snipping ot the membrane Probes 2 (in B9G) and 3 (in AIG) recognize nascent
strands of all sizes (the diagonal smear), while probes I (in B9G) and 4 (in AIG) do not. The arrows in the diagram indicate the inferred direction of replication
through the two fragments The sizes in kilobases (kb) indicated to the sides of the autoradiograms arc the sizes of single strands in the second dimension. Exposure
times panel I. 5 days, panel 2. I day. panel 3. 4 days, panel 4. 5 days

strands with probe I If the fragment were replicated from probe
1 towards probe 2 five percent or more of the time. This indicates
that the B9G fragment is replicated from probe 2 towards probe
1 almost exclusively (>95%) away from the A6C origin.
Surprisingly, the same type of experiment shows that the fragment
located on the centromere side of the A6C region. AIG. is also
replicated away from the A6C origin >95% of the time (Fig.
5). If the Ύ'-like arc in the N/N 2D analysis of A6C(Eco) (Fig
4B) were indeed due to replication from the outside 27±7% of
the time we should have detected nascent strands of all sizes with
probe 1 (in B9G) or with probe 4 (in AIG). Even if outside
replication into the A6C region could originate simultaneously
from both sides, the estimated maximum amount of undetectable
small nascent strands would be < 10% (2 x <57c. for probes
1 and 4 combined). Thus the results of the N/A 2D analysis are
incompatible with the interpretation that the A6C region is
replicated from the outside 27 ± 7 % of the time and suggest that
the A6C origin is used >90% of the time, perhaps all the time.
Since we cannot easily explain why the N/A 2D technique would
fail to detect replication from the outside into the A6C region.
we propose that the 'Y'-likc arc in Fig. 48 is not due to replication
of the A6C region from the outside and does not represent
replication of this fragment by 'Y'-shaped replication
intermediates having daughter arms of equal lengths.
Possible Causes for a 'V'-Like Arc
A restriction fragment containing an internal bubble could
produce a 'Y'-ltke arc if a parental strand break were to occur
in either of the single-stranded regions at either of the two
replication forks of the bubble. During N/N 2D electrophoresis.
the resulting singly-branched structures would migrate similarly
to molecules that are 'Y'-shaped due to replication from one end.
Between 30% and 50% replication, the broken structures would
be maximally nonlinear and would exhibit maximally retarded
migration. As the broken structures approached 100% replication.
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they would (like true 'Y'-shaped molecules) increasingly resemble
linear molecules and would migrate more rapidly. The 'Y'-like
arcs in Fig. 4 could be caused by such parental strand breaks.
One possible cause for single-strand breaks in replication
intermediates might be a single-strand nuclease which could be
present in restriction enzyme preparations. We therefore tested
the enzymes used in this study for single-strand nuclease
contamination. Although some restriction enzymes do contain
considerable single-strand nuclease activity, the enzymes used
in this study did not show any detectable activity (data not shown).
It is notable that in the N/N 2D gel analysis of origin-containing
restriction fragments derived from plasmid (as opposed to
chromosomal) DNA. 'Y'-like arcs were not obvious (although
sometimes a very faint 'Y' arc could be detected; I ). Thus, 'Y'likc arcs produced by ongin-containing restriction fragments seem
to be relatively specific for chromosomal DNA. It seemed
possible that, during the isolation of high molecular weight DNA,
cumulative shear forces on the long DNA strands could generate
a large pulling force at replication bubbles, thereby breaking
bubbles at the fork or within the bubble itself. In order to test
this idea, we modified the DNA isolation procedure so that the
DNA would be cleaved (at specific sites) into relatively short
pieces (which would be more resistant to shear) prior to
decondensation by removal of histones. After isolation of nuclei.
one half of the nuclei was incubated with froRI (see Materials
and Methods). The incubation was performed at 23°C in order
to reduce possible endogenous endonuclease activity. Under our
conditions 25-30% of the EcoKl sites in intact nuclei were
cleaved. The average size of the resulting DNA fragments was
10-20 kbp. as analyzed by conventional agarose gel
electrophoresis (data not shown). DNA was then isolated from
both the digested and the non-digested nuclei as usual (see
Materials and Methods). After isolation, both samples were
digested to completion with EcdBl and the samples were subjected
to N/N 2D analysis. In both the control and the 'digested nuclei'
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samples 'Y'-hke arcs were observed similar to the arcs in Fig
4 (data not shown) There was no difference between the two
samples in relative strength of the 'Y'-hke arcs, suggesting that
pulling on long DNA molecules dunng DNA isolation is not the
cause of 'Y' like arcs
The ratio of the intensity of the 'Y'-hke arc to the intensity
of the 'bubble' arc appeared to be relatively constant for a given
cell strain The 'Y' like arc for the A6C origin is weak in the
4910-3 3 strain N/N 2D mapping of the C1G ongrn in 4910-3-3
also did not reveal a clear 'Y'-hke signal (J Zhu, С S Newlon,
and J A Hubcrman, manuscnpt in preparation) In the strains
CT711 and YPH3, the ratio appeared to be consistently higher
than in 4910-3-3, and independent of growth conditions such as
media and temperature (data not shown) This consistency also
argues against the idea that shearing or nuclease action dunng
DNA isolation and preparation (which would be expected to vary
from expenment to expenment) can cause conversion of 'bubble'
structures into 'Y'-hke structures
If the 'Y -like arcs were due to the introduction of breaks into
parental strands at replication forks, then two families of nicked
parental strands would be generated from A6C(Eco) fragments
of increasing extents of replication, and these families would
produce diagonal signals in predictable locations after N/A 2D
gel electrophoresis To test this possibility we earned out several
N/A and N/N 2D gel analyses of the A6C(Eco) fragment using
DNA from both CT711 and YPH3 cells The N/N analyses all
produced clear composite arcs similar to those in Fig 4
However, the N/A analyses all produced high background in the
regions predicted to contain diagonal signals from specifically
nicked parental strands Although these negative results do not
permit any firm conclusions to be drawn, the high background
suggests that parental strands near the A6C ongin may be nicked
at multiple locations

DISCUSSION
Dunng the course of our investigations of DNA replication
patterns in S cerevisiae, we observed that using the N/A 2D
technique and the N/N 2D technique for analysis of the same
region could sometimes lead to apparently contradictory signals
We demonstrate here that it is possible to misinterpret the
replication pattern if one uses only a single technique
In N/N 2D analysis a 'bubble' arc, characteristic of initiation
of replication, is not seen if an origin is located 16% (Fig 3)
or 23 % (J Zhu, С S Newlon, and J A Huberman, manuscnpt
in preparation) of fragment length from the end of a restnction
fragment However, when an ongin is located as far as 33% from
a restriction fragment end, then a partial 'bubble' arc is easily
detected (ref 1, Fig 7A) These observations show that by using
only the N/N 2D technique for mapping origins in a large
chromosomal region one might easily miss an ongin if the ongin
is located too close to a restnction site Use of vanous restnction
enzymes can partly overcome this problem, but sometimes it is
difficult to obtain several different restnction digests yielding
fragments of suitable size (3 -10 kbp) for analysis of a particular
region The N/A 2D technique detects the direction(s) of
replication in each restriction fragment, thus permitting at least
crude ongin localization even when favorable restnction sites
are not available
The results of N/N 2D analysis (Fig 4) and N/A 2D analysis
(Fig 5) of the A6C region appear to be contradictory We think
that the 'Y'-hke arcs in Fig 4 are not due to 'Y'-shaped

replication of the A6C origin region from an external origin
because N/A 2D analysis did not detect any evidence for external
replication of the A6C origin, and we can see no reason why
the N/A 2D technique would not yield a detectable signal if
external replication were >10% of total replication The N/A
2D technique succeeded in detecting replication occurring in the
opposite direction at a level of about 5% in yeast rDNA (7) In
the case analyzed here, external replication would have to be
2 7 ± 7 % of total replication to account for the intensity of the
'Y'-hke arc in Fig 4B
An alternative explanation for 'Y' like arcs like those in Figure
4 would be the presence of a break at a replication fork in one
of the parental strands of the replication bubble We tested two
possible causes for such putative breaks and neither single-strand
nuclease contaminating the restriction enzymes nor shearing
dunng isolation of the DNA seemed likely explanations The facts
that the 'Y'-hke arc is observed mostly in chromosomal DNA
and that its intensity within one strain appears relatively constant
also argue against artifacts such a.s shearing or nuclease activity
dunng isolation A direct attempt to detect such putative breaks
by N/A 2D gel electrophoresis gave unclear results
Other groups have also observed this composite pattern of
'bubble' and 'Y'-hke arcs in origin regions The composite
pattern was consistently detected dunng analysis of ongmcontammg fragments from the chonon gene cluster oiDrosophh
melanogaster (9) Likewise, during analysis of a restnction
fragment containing the Epstein Barr vims onP (10), a faint 'Y'
arc was observed in addition to a 'bubble' arc The authors
attributed this signal to 'Y'-shaped replication of the origin region
in oligomers However, oligomers were estimated to represent
less than 1% of the plasmids (10), but the intensity of the 'Y'
signal appeared considerably greater than 1 % 'Y'-hke signals
were also observed during N/N 2D analysis of SV40 DNA (R
Kelly, Ρ DeRose and G Wahl, personal communication) Other
investigators noted that the major signal detected dunng N/N 2D
analysis of restnction fragments from the dihydrofolate reductase
downstream origin region in CHOC 400 cells was a 'Y'-hke arc
(11) even though other mapping techniques show that replication
ongins are present in the tested region (15, 16, 17) 'Bubble'
arcs from this ongrn region could be detected only with difficulty
(11)
During N/N 2D analysis of rDNA in S cerevisiae (7) we also
observed a composite of 'Y' and 'bubble' arcs The 'Y' arc was
always strong and the 'bubble' arc was always weak We
interpreted the ratio of the intensities as an indication of the
frequency of origin usage This interpretation, that each rDNA
origin region can be replicated either from its own origin or,
more frequently, from a nearby ongin, was, in this case,
supported by N/A 2D analysis (7)
In a similar study of S cerevisiae rDNA replication, Brewer
and Fangman (8) detected only 'Y' arcs from ongin-containing
restnction fragments To account for the absence of detectable
'bubble' arcs, they concluded that initiation must occur at less
than one in 5 ongins (8) The reason why we saw a weak 'bubble'
arc while Brewer and Fangman did not might be that different
strains were used Our initial studies (7) were performed with
strain 4910-3-3, which seems less likely than other strains to
produce an obvious 'Y' like arc (this paper) We failed to detect
'bubble' arcs at the rDNA ongrn in strain YPH3 and could barely
detect a 'bubble' signal in stram CT711 (data not shown) It is
possible that the strain used by Brewer and Fangman (8)
resembles strains YPH3 and CT711 and produces a significant
amount of a 'Y'-hke arc
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The presence of a 'Y'-like arc could well reflect an in vivo
state of the DNA For instance, if topoisomerases act at the
replication bubble, the isolation procedure might preserve their
action as breaks in the bubble Alternatively, it is possible that
initiation of chromosomal replication may occur over a larger
region than previously guessed, perhaps over many kbp The
resulting population of replication intermediates of an origmcontaining restriction fragment would be a mixture of 'bubble'and 'Y'-shaped molecules In this case however, one would
expect a more intense early portion (0% to «50% replication)
of the 'bubble' arc, and a more intense late portion (»50% to
100% replication) of the 'Y' arc, because restriction fragments
with asymmetrically located initiation sites would produce
'bubble' signals during early replication and would be converted
to 'Y' structures during later replication This prediction is not
fulfilled in our experiments (Figs 3 and 4)
Provision of a complete explanation of 'Y'-like arcs generated
by ongin-contaming restriction fragments falls outside the scope
of this paper Here we simply wished to demonstrate possible
difficulties in interpretation that can anse when only one 2D gel
replicón mapping technique is used The two available 2D gel
techniques are independent and complementary and are, when
used in combination, a very powerful tool for analysis of DNA
replication.
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ABSTRACT
Our understanding of eukaryotic DNA replication origins has improved
dramatically over the last few years, due to the development of several new
mapping techniques. The emerging results indicate that higher eukaryotic
replication origins are more complex than lower eukaryotic replication origins.
However, the exact nature of replication origins is still controversial, and
additional approaches will allow more detailed insight into the process of
replication initiation. In this paper we present data obtained using a newly
developed mapping technique, which is based on measurement of the sizes of the
daughter arms released from replication bubbles by the single-strand-specific
endonuclease, PI. We demonstrate that this approach can identify the specific
SV40 replication origin in SV40-infected monkey cells. When applied to the
daughter arms generated during chromosomal DNA replication in HeLa cells, this
approach suggests that short daughter arms (<10 kb) are more abundant than long
arms. These results imply that replication forks move more slowly when close to
initiation sites than when further away.

INTRODUCTION
Identification of chromosomal replication origins in eukaryotes is an essential step in
the understanding of replication regulation. Several years ago, two dimensional (2D) gel mapping
techniques allowed identification of the first eukaryotic replication origins in Saccharomyces
cerevisiae, initially in autonomously replicating plasmids (1,2). The same approach was used to
identify chromosomal replication origins in S. cerevisiae, demonstrating that, in the studied
regions, replication initiation colocalized with previously identified Autonomously Replicating
Sequence (ARS) elements (3, 4). However, not every ARS element functions as a chromosomal
origin (5), Dubey et al., manuscript submitted for publication). These findings suggest that other
factors, such as chromosomal location, may play a role in determining whether an ARS element is
used as an origin in the chromosome (5).
Mapping of higher eukaryotic chromosomal replication origins has been hampered by
the relatively low abundance of replication intermediates (5). Recently, several studies addressed
the replication of the dihydrofolate reductase (DHFR) gene in Chinese hamster cells. Initially, by
using a cell line that contains 500- 1000 copies of the gene, an origin-containing region was
identified by determining the earliest labeledrestrictionfragments (6,7). Directions of replication
fork movement, as mapped by nucleosome distribution in emitine-treated cells, were consistent
with this initiation region (8). Burhans et al. (9) identified a specific origin of bidirectional
replication (OBR), about 450 bp in size, in this region by measuring the polarity of Okazaki
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fragment synthesis. Another approach, involving the isolation of single-stranded,
bromodeoxyuridine (BrdUrd)-labeled replication intermediates and polymerase chain reaction
(PCR)-probing, also localized an origin within a few kb of the OBR (10). Through improved
DNA isolation procedures, Vaughn et al. were able to apply the same 2D gel techniques which had
been used in yeast to study the Chinese Hamster DHFR origin region (11). Their results
suggested replication initiated in a zone of about 28 kb.
Earlier electron microscopy studies suggest the presence of regions containing small
(micro-) bubbles and the marked absence of replication forks and large (macro-) bubbles during
higher eukaryotic DNA replication (12,13). In addition, most human DNA fragments larger than
10 kb are able to substitute for the dyad symmetry element of the Epstein-Barr virus latent
replication origin , oriP, to permit autonomous replication in certain human cells (J. Yates,
personal communication).
We found that it is possible to reconcile all of these observations into a single
hypothetical model for replication initiation in higher eukaryotic chromosomes, and we proposed
that replication initiates in a zone with unidirectionally expanding micro- and mini-bubbles (14).
However, the proposed model is not complete, nor does it explain all the data from the literature,
and additional studies will be necessary in order to provide a more accurate model (14).
One approach towards replicón mapping that does not involve interference with cell
growth or require in vitro assays is based on size determination of isolated nascent strands (see
Fig. 1 and ref. (10, 15, 16). The minimum length of nascent strands at any site on chromosomal
DNA can be determined, if the nascent strands remain intact during isolation procedures. By
measuring the minimum lengths of these strands at various sites along the chromosome, the
locations of the smallest nascent strands, and hence the origin regions, can be identified. Two
criteria are important for this approach: 1) the availability of a separation technique that purifies
nascent strands from any contaminating non-replicating DNA and 2) the requirement that the
isolated nascent strands remain intact, since any internal break in nascent strand DNA would
obscure interpretation of the data.
Nascent strands can be isolated by alkaline denaturation of the DNA. BrdUrd-labeled
nascent strands are released in single-stranded form, which can then be separated from nonreplicating DNA by CsCl centrifugation or antibody precipitation. We have found that alkaline
isolation of nascent strands does not permit quantitative recovery of intact nascent strands,
especially in the size range above 10 kb (unpublished results). The single-stranded nature of the
DNA and the photosensitive BrdUrd label make these nascent strands extremely susceptible to
breakage. The isolation of intact strands is, however, a requirement for successful mapping when
size fractionation of the nascent strands in agarose gels is the final step before probing (Fig. 1).
Vassilev and Johnson (15,16) partially overcame this problem by fractionating an alkaline sucrose
gradient as the first step in their manipulations. However, the resolution of sucrose gradients is
poor, especially for strands above 10 kb.
The mapping of minimum nascent strand length over greater distances requires the
isolation of larger intact nascent strands, which can in principle be achieved by isolation of
BrdUrd-labeled replication intermediates in double-stranded form. After BrdUrd-pulse labeling
in vivo, DNA is isolated and digested with a single-strand-specific endonuclease. Under certain
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conditions, at neutral pH (17, 18, 19), the parental DNA is cut specifically at both sides of the
replication forks, thereby releasing double-stranded replication intermediates with a heavy-light
density (Fig. IB). The double-stranded heavy-light replication intermediates are subsequently
purified by isopycnic cenlrifugation, precipitated, and separated according to size by agarose gel
electrophoresis. The double-stranded nature of the DNA makes isolation of large, intact nascent
strands relatively simple.
Here we demonstrate the feasibility of this technique, using the known SV40 replicón.
Application of this technique to total HeLa chromosomal nascent strand DNA shows that smaller
nascent strands (<10 kb) are relatively more abundant
MATERIALS AND METHODS
Cell Lines and Culture
CV-1 cell culture and SV40 infection
CV-1 cells were grown in DMEM (Gibco) + 2% fetal bovine serum (Gibco) + 8% calf
serum (Gibco). Immediately after SV40 infection, the cells were background-labeled (see below),
and 10 minutes before DNA isolation the cells were pulse-labeled (see below). Total DNA was
isolated 36 hours post infection as described below.
HeLa cell culture
HeLa cells were grown in spinnerflasksto densities of -2-4 χ 10^ cells / ml in S-MEM
(modified for suspension cultures, Gibco) + 5% horse serum (Gibco) and labeled as described
below.
Isolation of Full Length Nascent Strands with PI Nuclease
In vivo DNA Labeling
Cells were grown in their appropriate medium in the presence of [l^CJ-dThd (NEN
Dupont; 53.8 mCi/mmol), 1 pCi/ml for 24 h (or 36 h, CV-1). The cells were pulse labeled, either
10 min (CV-1) or 30 min (HeLa), by adding [3H]-dCyd (NEN Dupont; 26.5 Ci/mmol) and
BrdUrd tofinalconcentrations of 1.0 μΟ/τηΙ and 15 μg/ml, respectively. Because of the presence
of BrdUrd in the DNA, the whole procedure from BrdUrd-labeling to agarose gel electrophoresis
was performed under dim, yellow light. Pulse labeling was stopped by adding 2-3 volumes of ice
cold PBS (Phosphate Buffered Saline). The cells were harvested by cenlrifugation (10 minutes,
2000 rpm, 4° С in a GSA rotor; DuPont Sorvall). After a wash in cold PBS the cells were lysed
in TSE (50mM Tris, pH 8.0; IM NaCl; ImM EDTA); 1 ml of TSE was used per 10 7 cells. SDS
was added to a final concentration of 0.5% and Proteinase К (Boeringher Mannheim) to 0.3
mg/ml. The mixture was incubated at 370C for 3 hours. After one phenol and one chloroform
extraction, 1.5 volume of 96% ethanol was added and the DNA was spooled around a glass rod.
Without extensive drying, the DNA was suspended and then incubated for several days at 4°C in a
few mis of ТЕ (ЮтМ Tris, pH8.0; ImM EDTA), until the DNA was completely dissolved.
PI Nuclease Digestion
After the DNA was dissolved, thefinalDNA concentration was brought to 100 μg/ml.
PI Nuclease (Pharmacia, lmg/ml stock in TE) was added to a final concentration of 50-100 μg/
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ml, and the solution was incubated for -60 min at 37° С The digestion efficiency can vary, and
initial trials should be performed with small amounts of DNA to determine the optimal conditions
(see text for further details). The digestion was stopped by adding CsCl (see below).
Isopvcnic CsCl Centrifugation
Solid CsCl was added to the solution to obtain a refractive index of 1.4010 at 20° С
Typically, 5.6 g of CsCl was added to 4.4 ml of solution to obtain a final volume of -5.8 ml. The
solution was poured carefully into heat scalable tubes (5.6 ml, Beekman), and the tubes were
sealed and centrifuged in a ТІ65 (Beekman) rotor for 20 h at 40,000 rpm (2 Г С). The gradient
was fractionated from the bottom of the tube into 17 fractions (300-350 μΐ each), and 30 μΐ from
each fraction were prepared for counting (see below) by diluting with 0.47 ml of H2O (to reduce
the CsCl concentration before counting). Fractions of interest were pooled, and, for the Heavy
Light pool (see text), the refractive index was adjusted to 1.4020 and the sample was centrifuged
again as above.
Recovery of the DNA from CsCl
The pooled samples, generally about 2-3 mis, were transferred to siliconized 15 ml
Corex tubes (Coming), and precipitated by adding 3 volumes of 80% EtOH. The precipitate was
collected by centrifugation (UK rpm, 90 minutes in a SS34 rotor; DuPonl Sorvail) and
resuspended in 360 μΐ TE at 4° С. If further concentration was required, the solution was
transferred to a 1.5 ml microfuge tube, 40 μΐ of 3M sodium acetate were added, and the DNA was
again precipitated with EtOH and dissolved in afinalvolume of 20 μΐ.
Liquid Scintillation Counting
Samples were diluted with H2O to 0.5 ml and 4.5 ml of (Beekman) Ready Safe
liquid scintillation solution were added. Generally, CsCl samples were 20-30 μΐ, and 470-480 μΐ
H2O were added. The samples were counted for 5 min each in a 2-channel liquid scintillation
counter. Зн and ^ c standards were counted to determine the percentage of "spillover" for each
isotope into the other channel, and final results were corrected for such "spillover".
Analysis of Nascent Strands
DNA was elcctrophoresed in 0.7% (SV40 DNA) or 0.35% (HeLa DNA) agarose gels
in TAE (40 mM Tris-acetale, 2 mM EDTA, pH 8.0) at 0.5 V/cm for about 20 h. Gels were
stained, photographed and transferred to Genesereen (NEN DuPont) nylon membranes, using an
alkaline transfer buffer: 0.4M NaOH, IM NaCl. After transfer, the DNA was cross-linked to the
dry membrane by exposing the membrane to a 254 nm UV light source for 15 seconds. The
membranes were (pre-)hybridized as recommended by the manufacturer at 42° С in a buffer
containing 10% dextran sulphate and 50% formamide. 32p-iabeled probes were prepared by the
random-oligonuclcotide-primcd labeling procedure (20). After washing (as recommended by the
manufacturer) and exposing the membranes for autoradiography, the membranes were stripped in
0.2 M NaOH for Ih (occasionally followed by stripping with boiling water) and reprobed.
The size distribution of ^H-labeled nascent strands was determined as follows: after
electrophoresis, the low percentage agarose gel was put on ice in order to facilitate slicing.
Individual gel lanes were sliced into equal sized blocks (-100 μΐ) and the slices were boiled in H2O
(agarose: Η2θ= 1:4). Ready Safe (Beekman) liquid scintillation solution was added (4.5 ml) to
the mixture. Counting and calculation of the final results were done as described above.
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Source of Hybridization Probes
SV40 hybridization probes were: 1) a 343 bp Bgll (nucleotide # 1 in SV40) - Hhal
(343) fragment; 2) a 490 bp Hhal (343) - Hhal (833) fragment and 3) a 671 bp BamHI (2533) PstI (3204) fragment (see Fig. 2).
Normalization of hybridization results
The hybridization data were corrected for gel compression (see text) to give the
relative number of nascent strands per size interval. The autoradiograph (of a membrane that
contained at least the HL DNA, an empty lane, and a restriction digest of total DNA) or the
negative of a photograph of an ethidium bromide stained agarose gel was scanned with a 300A
computing densitometer (Molecular Dynamics), which is capable of integrating signals of surface
areas. An imaginary grid pattern (10-20 rectangles from the top to the bottom of the lane) was
drawn over the scan of the HL lane, as well as over an adjacent empty lane and a lane containing a
standard (such as a restriction digest). The signals from the rectangles in the empty lane were
subtracted from the signals in the adjacent rectangles in the lane of interest in order to correct for
background. The signals were then normalized to the signal from the DNA in the control lane
(containing a restriction digest). This allowed direct comparison of results obtained with
hybridizations of different probes to the same membrane.
The upper and lower size limit of the DNA in each rectangle was determined, giving a
size range and an average size for each. The normalized signal intensity for each rectangle was
divided by the size range for the rectangle to give a signal intensity per kb, which was plotted
against the average size in kb for each rectangle. The resulting graph displayed the relative amount
of nascent strands per size interval (in kb).
RESULTS
Experimental Rationale
Figure 1A illustrates the principle of nascent strand size analysis (NSSA). After
isolation and size separation of intact nascent strands, the minimum nascent strand lengths detected
by probes distributed through the region to be investigated would be determined. For example, in
Fig. 1 A, a probe located at the origin (#2) would detect nascent strands of all sizes, while a probe
located far from the origin (#6) would detect only the longest nascent strands. The rationale is very
similar to that of the neutral/alkaline (N/A) 2D gel technique, which determines the minimum
nascent strand size detected by each probe after 2D gel separation of nascent and parental strands
(21). In N/A 2D analysis, however, the presence of parental and non-replicating DNA on the same
membrane reduces sensitivity due to hybridization of the probe to non-nascent strands, which can
obscure the detection of nascent strands. In addition, PCR cannot be used to increase the
sensitivity of 2D analysis, whereas it can be used for this purpose with NSSA (see below).
The principle of nascent strand isolation by single-strand nuclease cleavage and density
gradient centrifugation is described in the Introduction (see also Fig. IB). Exponentially growing
cells are pulse-labeled with BrdUrd (and ^H-deoxycytidine as a tracer). Immediately after
the pulse, high molecular weight DNA is isolated from the cells. This DNA is cut with a singlestrand endonuclease. The released nascent strands, which are of hybrid density if they were fully
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Figure 1: Nascent Strand Size Analysis (NSSA). A) Theoretical basis of NSSA. Bidirectional replication initiates
at ongms, and nascent strands become increasingly longer. Probes distant from origins (such as 4 and 6) detect only the
longer nascent strands, while probes located at ongins (such as 2) detect nascent strands of all sizes. B) After a hypothetical
100% fork-specific digestion with a single-strand-specific endonuclcase (top and middle), nascent strands (labeled with BrdUrd,
thick line) can be separated in double-stranded form from non-replicated DNA by CsCl density centrifugation (bottom) C)
Nascent strands are separated according to size by agarose gel electrophoresis (middle). The gel can be transferred to a
membrane and analysed with hybridization probes (top), or the nascent-strand-containing lane can be sliced and analysed with
PCR probes (bottom). The black regions (top) or slices (bottom) indicate positive hybridization or amplification. A probe
close to an origin (1) detects nascent strands of all sizes, while a probe away Irom an origin (3) detects only the longer nascent
strands.
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Analysis of specificity of PI nuclease digestion.

HcLa cells were pulse labeled for 30 minutes and

DNA was isolated as in Materials and Methods. The DNA equivalent of 2 5 χ IO** cells was digested for 60 minutes at 37' С
with 10 μg PI nuclease in 250 μΙ final solution. An equal amount of DNA was left untreated and both samples were
subjected to one round of CsCl centrifugation as in Materials and Methods. The gradients (5.6 ml) were collected in 10
fractions, and 100 μΐ of each fraction were counted A) CsCl density profile of untreated (control) and Pl-trealed (PI digest)
DNA. В) Distribution of the relative number of strands per size fraction from an agarose gel (see text and Materials and
Methods for details). The gel slices have the following average sizes: -60 kb, 50 kb, 42 kb, 36 kb, 30 kb, 26 kb, 21 kb, 18
kb, 15 kb, 13 kb, 11 kb, 9.2 kb, 7.9 kb, 6 7 kb, 5.7 kb, and 4 8 kb. The digestion conditions used here were the same as in
part A of this figure; the variable extents of digestion obtained illustrate (he variability of PI digestion from one DNA
preparation to another and emphasize the need to test small samples from each new DNA preparation with a range of
concentrations of PI nuclease in order to establish optimum conditions for digesting the bulk of the preparation.
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substituted with BrdUrd during the pulse, can be isolated from non-replicating DNA and partly
substituted strands by CsCl centrifugation. The nascent strands are then separated according to
size on agarose gels and analyzed either by transferring the DNA to a membrane and subsequent
hybridization probing (Fig. 1С top) or by slicing the gel and subsequent PCR probing of the slices
(Fig. 1С bottom).
Normalization of the Data
Agarose gels do not separate molecules by size in a linear fashion. Molecules of higher
molecular weight arc compressed relative to molecules of lower molecular weight. Whereas a 1cm interval in the high molecular weight region might contain molecules ranging from 10-15 kb (a
range of 5 kb), a 1-cm interval in the lower molecular weight region might contain molecules
ranging from 0.5-1 kb (only a 0.5 kb range). For nascent strand analysis, however, it is important
to measure the relative number of nascent strands per uniform size interval. This can be
accomplished by dividing the signal intensity obtained from a unit gel interval by the range of sizes
contained within that interval, as detailed in the Materials and Methods section.
The signal intensity for DNA may be obtained in different ways. DNA can be detected
nonspecifically by ethidium bromide staining or by in vivo labeling with a radioactive precursor.
In this case, DNA strands produce signals which are proportional to their sizes, and the normalized
signal from a unit gel interval (obtained as above) must be divided by the average size of the unit
gel interval, in order to obtain the relative number of strands for that unit gel interval. DNA
strands can also be detected specifically, by the use of radioactive hybridization probes. If a
radioactive probe is short compared to the lengths of the strands being detected, then the probe will
generate a constant signal for each detected strand, independent of size. In this case the normalized
signal for a unit gel interval (obtained as in Materials and Methods) is directly proportional to the
number of strands in that interval.
Specific PI nuclease digestion at replication forks
DNA was isolated from HcLa cells that were pulse-labeled for 30 minutes with BrdUrd
and [-'H]-dCyd. Undigested DNA was high molecular weight, as determined by agarose gel
electrophoresis (not shown), and the bulk of the DNA banded at the light-light (LL) position in an
isopyenic CsCl gradient (Fig. 2A). However, "high molecular weight DNA", even though very
carefully isolated, contains occasional breaks. Some of the resulting fragments must consist of
partly BrdUrd-substitutcd DNA. This partly BrdUrd-substituted DNA, which is 3H-labeled, was
found as a shoulder on the dense side of the LL position (Fig. 2A, control). PI digestion at
neutral pH released BrdUrd-substituted DNA, which banded in the heavy-light (HL) position of an
isopyenic CsCl gradient (Fig. 2A, PI digest).
To lest the specificity of PI-nuclease digestion for replication forks, the size range of
the DNA in the peaks was determined. If Ρ1 nuclease digests randomly, the size range of DNA in
the LL and HL peaks should be similar (this was found when DNA was digested with EcoRl,
which docs not discriminate for replication forks; data not shown). However, the size ranges of
the DNAs from the LL and HL peaks should be different if PI nuclease cuts specifically at
replication forks. The DNA in the HL peak should consist of all sizes within the resolving range
of the gel, since replication bubbles are of all si/.es; in contrast, the DNA in the LL peak should be
primarily large, since most of the DNA is nonrcplicating and therefore not digested.
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DNA from the LL and HL peaks was precipitated and analysed by agarose gel
electrophoresis. The bulk of the DNA (>99%) banded in the LL position, as determined by
agarose gel electrophoresis of precipitated fractions followed by ethidium bromide staining. When
using digestion conditions under which -50% of the ^H-labeled DNA was released into the HL
peak, DNA in the LL peak continued to be of high molecular weight (not shown). However, if
digestion progressed further, the DNA in the LL peak appeared increasingly degraded, as
determined by scanning and normalization (see above) of an ethidium-bromide-stained agarose gel
containing LL DNA from different PI digestions (Fig. 2B). At 68% 3H-DNA released into the
HL peak, this degradation was still minimal (almost all strands were >45 kb), but at 82% release of
Зн-DNA into the HL peak, the degradation was substantial (strands ranging from high molecular
weight to 16.5 kb, Fig. 2B). Under such prolonged digestion conditions, some aspecific
degradation of the HL DNA can be anticipated, and the technique cannot be expected to provide
interpretable results.
Digestion condition that released <50% of the Зн-DNA into the HL peak appeared to
be replication fork specific. While the LL DNA remained high molecular weight, the DNA in the
HL peak had a si/e range covering the resolving portion of the gel, as shown in Figure 5 (the
release of ^H-DNA into the HL peak in this experiment was 40%). These observations are
consistent with a specific action of PI nuclease at the replication fork in chromosomal DNA.
Replication of SV40 DNA analyzed by Pl-nuclease-mediated NSSA
To test the validity of the experimental rationale we elected to use SV40 replication as a
model system. The unique origin of SV40 replication has been mapped with single-nucleotide
precision (22) and the SV40 system has been used to test and characterize other mapping
techniques (15, 21). SV40 DNA was isolated 36 hours postinfection when replication activity
was high. Isolated DNA, consisting of replicating and non-replicating molecules, was digested
with PI nuclease and then centrifuged to equilibrium in two successive CsCl gradients.
Fig. ЗА (top) shows the distribution of ^н counts (representing BrdUrd labeled
replication intermediates) and l^C counts (representing total DNA) in thefirstCsCl gradient. Most
of the Зн-labeled DNA was released in this experiment. The tailing of ^H signal into the LL
position is presumably due to nascent strands that were not completely substituted with BrdUrd.
As discussed earlier, prolonged digestion conditions are not ideal for chromosomal DNA, where,
at 82% release of Зн-DNA into the HL peak, total DNA was degraded to an average size of about
30 kb with a minimal size of 16.5 kb. This implies that an aspecific PI cut occurred every 20-40
kb. The small size (5.2 kb) and the circular nature of SV40 are probably the reasons that the extent
of Pl-nuclease digestion in this experiment did not interfere with SV40 replication analysis (see
Figure 3 (opposite page): Analysis of SV40 replication by NSSA. Four 10 cm dishes of CV-1 cells
(60- 70% confluence) were infected with SV40 and labeled as descnbed in Matenals and Methods A) distnbuüon of
radioactivity m the two CsCl gradients used for purification of IIL DNA Fractions 3-10 from the first gradient were
banded in the second gradient The light-light (LL) peaks in the first and second CsCl gradients, the intermediate
region (int) and the heavy light (HL) peak in the second gradient are indicated B) Agarose gel electrophoresis of the
various peaks indicated in A C) Simplified map of SV40, indicating the locations of probes 1, 2 and 3 relative to
the replication origin D) Hybridization of the vanous probes with (lie nascent strand (IIL) lane from 2B
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further). One cut in a circular molecule linearizes the molecule and does not create a continuous
range of degradation product sizes. Furthermore, as shown below, almost all SV40 molecules are
linearized by PI nuclease under the digestion conditions employed due to the presence of a Plnuclease-sensitive site in supercoiled SV40 molecules.
The fractions from the HL peak of the first CsCL gradient were pooled as indicated,
and the DNA was banded in a second CsCl gradient (Fig. ЗА, bottom). Three fractions were
pooled from the second gradient as indicated, precipitated, and subjected to agarose gel
electrophoresis (Fig. 3B). Only a small amount (1/50) of the DNA from the LL peak of the first
CsCl gradient was loaded.
Two bands are evident in each lane. The upper band (coincidental with the 23.1 kb
marker) is due to high molecular weight chromosomal DNA. The second band, at 5.2 kb, is due
to SV40 DNA (see below). Both the gradient profiles (Fig. ЗА) and the agarose gel (Fig. 3B)
show that major purification of nascent strands from non-replicating DNA was achieved by the
first CsCl centrifugation. Most of the non-replicating DNA, as identified by ^C labeling, was
recovered in the LL peak in the first CsCl gradient (>99% of the ^C label). This is in agreement
with the intensity of elhidium bromide staining of the DNA in Fig. 3B. The intensity in the lane
with 1/50 of the DNA from the first LL peak is higher (at least 5 times) than the intensity of the
materia] in the second LL peak, indicating that the purification after one CsCl banding was at least
250 fold (5 χ 50). Some l^c DNA (<1%) was separated from the nascent strands in the second
CsCl gradient (note the different l^C scales in each graph). The amount appears comparable to the
amount of nascent strands that are recovered (Fig. 3B, compare 2nd LL with HL). These results
demonstrate that two rounds of CsCl centrifugation were sufficient to purify S V40 nascent strands
from significant contamination with non-replicating DNA.
Most SV40 molecules do not replicate during a 10-minute pulse. Non-replicating
molecules are supercoiled and, due to partial unwinding to help relieve torsional stress, were cut
under the conditions of this assay at a single-strand-nuclease hypersensitive site (23) to generate
linear molecules. Linear SV40 molecules migrate at 5.2 kb (Fig. 3B) and are present in all
fractions: the majority (>99%) banded in the LL peak (Fig. 3B, 1st and 2nd LL). Some SV40
molecules were fully substituted during the 10-minute pulse and were supercoiled at the time of
digestion. These molecules generated the 5.2 kb band in the HL peak (Fig. 3B, HL).
Daughter arms, released from replication bubbles, are expected to have a size
distribution ranging from a few bp's (smallest nascent strands) to 5.2 kb (largest nascent strands).
This size distribution is observed as a smear under the 5.2 kb band in the HL lane (Fig. 3B, HL).
The remaining non-replicated part of the Pl-digested replication intermediates is also expected to be
smaller than 5.2 kb, but is expected to band in the LL peak . However, only 1/50 of the LL DNA
was loaded (Fig. 3B, 1st LL), and the expected smear below 5.2 kb is therefore not detectable.
The gel from Figure 3B was transferred to a membrane, which was hybridized
sequentially with three probes from the SV40 genome (see Fig. 3C for the location of the probes).
The results of the hybridization experiments are shown in Figure 3D. The probe closest to the
replication origin (#1) detected nascent strands of all sizes, while a probe far away from the
replication origin (#3) detected only the longest nascent strands. These results identify the origin
region to be in the vicinity of probe 1, which does indeed partially overlap the site of replication

62

initiation in SV40 (22).
Normalization of the SV40 data
The data from Figure 3D were normalized as described in the Materials and Methods
section (Fig. 4A). The vertical axis is in arbitrary units which are proportional to the number of
nascent strands per kb in the gel. For example, probe #2 detected about 80 uns/kb at average size
1.2 kb (1.35-1.1 kb) and probe #1 detected about 80 uns/kb at average size 0.6 kb (0.65-0.55).
Below 0.45 kb the signal was too diffuse to allow accurate measurement.
None of the probes (Fig. 4A,B) reveals a sharp cut-off at a well defined minimum
nascent strand size. Instead, a gradual decrease in the number of nascent strands per kb is
observed over a range of about 1 kb. This is partly a consequence of the length of the probe itself.
Probes labeled by the random priming method generate labeled fragments of a few 100 bp
maximum. If a large probe is used, longer nascent strands can hybridize to more fragments of the
probe region yielding a stronger signal. In order to minimize this problem, the probes used were
relatively short compared to the nascent strands. This ensured that most nascent strands hybridized
to about the same amount of signal, largely independent of nascent strand length. Nevertheless, a
gradual change in signal intensity is expected for each probe, starting at the minimum strand size
detected by the probe and increasing to the sum of the minimum detected size plus probe length.
Another possible cause for the observed gradual change is the fact that a population of
molecules is measured. If the speed of replication at both forks is not exactly the same in each
molecule, corresponding variation in the lengths of nascent strands detectable by a given probe
would be anticipated.
To deal with these uncertainties, the following procedure was used for evaluation of the
data in Fig. 4A. The position of maximum number of nascent strands near the right edge of the
distribution was determined (see arrows in Fig. 4A), and then the position (further to the right)
giving half that number of nascent strands was determined. This position was taken as the
"minimum detectable nascent strand size". The error in this determination was estimated as ± the
probe length. The final data, shown in the table in Fig. 4C, arc in reasonable agreement with the
expected values and suggest that this approach can be used to analyze the nascent strands derived
from chromosomal DNA.
Analysis of nascent DNA strands from HeLa cells
HeLa cells were pulse labeled for 30 minutes (see Materials and Methods) and DNA
was isolated and subjected to PI nuclease digestion. Digestion conditions in this experiment were
such that about 40% of the ^ н label was released into the HL peak (not shown). The final HL
nascent strand preparation constituted 0.5-1% of the total DNA (as determined by ethidium
bromide staining in agarose gels, data not shown). A pulse of 1/2 hour in a cell cycle of 20 hours
should label about 1/40 or 2.5% of the DNA with BrdUrd. Since only 40% of the pulse-labeled
DNA was released into the HL peak, the recovery of 0.5-1% of total DNA as HL DNA is in good
agreement with this expectation.
HL DNA was separated by size on a neutral agarose gel (which also contained
restriction-digested HeLa DNA as a standard, an empty lane, and LL DNA for normalization). The
gel was transferred to a membrane, then hybridized with total HeLa DNA, labeled by the randomoligonucleotide-primed synthesis method, which generates small labeled fragments.
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Figure 4: Analysis of SV40 data. A) Bar graph showing the relauve number of nascent strands in each size fraction
detected by each probe (see Materials and Methods for details). The average size of each fracüon is. 5.6 kb, 4.5 kb, 3.8 kb,
3.2 kb, 2.6 kb, 2.2 kb, 1.8 kb, 1 5 kb, 1.2 kb, 1.0 kb, 0.85 kb, 0.7 kb, 0 6 kb and 0.5 kb The numbers on the vertical axis
are in arbitrary units of normalized signal intensity, but are proportional to the relative number of detected strands per kb size
interval. The arrows show positions assumed to represent (he maxunum number of nascent strands near therighthand edge
of each distribution B) Locations of SV40 probes relauve to the replication origin. C) Companson of the expected and
calculated nascent strand sizes (see text for further details).

Figure 5: NSSA of HeLa DNA. 2 χ IO 7 HeLa cells
were subjected to nascent strand size analysis as in Material
and Methods. The nascent strand equivalent of 107 cells was
ran on an agarose gel, transferred and probed with 25 ng total
HeLa DNA . The hybridization result with total DNA (see
was normalized as described in the text to give the relative
number of nascent strands per kb (bars). Similar analysis of
the 3 H counts from another gel is shown as open cueles and
superimposed on the bar graph. The actual average sizes for
the 3 H data points are: 40 kb, 20 kb, 13 kb, 8.5 kb, 5 2 kb
and 3.0 kb.

64

The use of total DNA as a probe would be expected to label the DNA on the membrane
as a function of size, similar to ethidium bromide staining. The data from the hybridization of total
DNA to nascent strand DNA were normalized to number of strands per kb, taking into account that
longer strands would have more label hybridized than shorter strands. As discussed before, the
signal intensity for each rectangle was divided by the average size of the DNA in that rectangle (see
Materials and Methods section for details), since in this case the signal strength per molecule is
proportional to molecular size. The final normalized distribution (Fig. 5) suggests that smaller
strands are more abundant in the overall nascent strand population.
This suggestion was confirmed by directly measuring Зн cpm from a sliced agarose gel
lane containing nascent strand DNA. [3H]-dCyd is incorporated into DNA molecules as a function
of size: the larger the DNA strand, the more Зн cpm are incorporated. Since the length of the
pulse was 30 minutes, strands with a size as large as 60 kb (assuming bidirectional replication with
an average fork speed of 1 kb/min) would be fully labeled, which is larger than the upper
resolution of the gel. The data were normalized to give the relative number of nascent strands per
kb (as above) and plotted in Figure 5. The distribution of strands is very similar to the distribution
observed with total DNA as a probe.
DISCUSSION
Nascent strand size analysis (NSSA) is a promising approach towards mapping
eukaryotic replication origins. It does not require synchronization or starvation of cells, nor does it
require in vitro DNA synthesis. Since we intend to use NSSA for mapping large regions, over 50
kb in length, we developed procedures using a single-strand-specific endonuclease, PI, to cut out
nascent strands in double-stranded form. The isolation of nascent strands in single-stranded form
has already been demonstrated to permit mapping over short (< 10 kb) distances (10,15, 16).
It has been shown previously that it is possible to create conditions under which PI
nuclease cuts specifically at both sides of replication forks (17, 18, 19). Our experiments show
that this specific activity of PI nuclease can be used to isolate full-length nascent strands in doublestranded form, as demonstrated by the specific release of Зн-DNA into the HL peak under
conditions in which the bulk DNA remains large (Fig. 2) and by the correlation between the
observed and expected shortest nascent strand lengths detected by different SV40 probes (Figs. 3
and 4).
Most LL DNA is high molecular weight (>50 kb. Fig. 2), but might contain as much as
one random break per 100 kb. Most bulk LL DNA fragments, generated by two random breaks,
would be separated from replicated HL fragments by the two consecutive CsCl gradients.
However, non-replicating DNA fragments with a high G-C content may interfere with NSSA (see
below). One random break in the not-yet-replicated section of a replicating molecule, in
combination with specific cuts at both sides of the replication fork on the far side of a replication
bubble (relative to the random break) would generate a partly substituted fragment consisting of a
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bubble plus a segment of unreplicated DNA. These structures would not be completely HL, and
by pooling only the HL peak, contamination should be minimized (except in the case of DNA with
a high G*C content, see below). A random break inreplicatedDNA, combined with a specific cut
at the replication fork would give rise to totally substituted fragments that are smaller than actual
nascent strands. This is a possible source of contamination. However use of digestion conditions
which generate at most one random break per 50-100 kb, while still releasing 25-50% of the ЗнDNA into the HL peak, should allow strand size analysis of daughter arms from replication
bubbles with sizes to at least 50 kb.
The overall G-C content of human rDNA is about 65%. Certain regions, such as the
first 3.7 kb of the 45S transcript, contain 75-80% G-C (24). The buoyant density of bulk human
DNA in CsCl is 1.701 g/cm (42% overall G-C content, refractive index 1.3995). The buoyant
density for a DNA fragment containing 80% G-C would be 1.738 g/cm (buoyant density = 1.660
+ 0.00098 χ (%G-C) g/cm, (25)). Human DNA with one BrdUrd-substituted strand bands (as
"HL"-DNA) at 1.745 g/cm (refractive index 1.4035). Fragments with a 75-80% G-C content will
therefore band partially in the HL peak, even though they are of non-replicating character. We
have found that, even with only 40% ^H-DNA released into the HL peak, highly G-C-rich nonreplicating rDNA fragments do contaminate the HL peak (not shown). Although under such
digestion conditions no small degradation products are detected in bulk DNA (Fig. 2A for
comparison), it is possible that rDNA is more sensitive to random breaks than bulk DNA.
A second problem in the analysis of G-C rich DNA is that high G-C content reduces
the available residues (T's) for BrdUrd substitution, diminishing the size of the expected density
shift for such fragments. Bulk DNA contains 58% Α·Τ, which gives rise to a 0.044 g/cm density
shift if one strand is substituted (our measurement; see above). rDNA contains on average 35%
Α-T, which should produce a shift of only (35/58 χ 0.043 =) 0.026 g/cm.
The data from Figure 5 suggest that small nascent strands arc relatively more abundant
than large nascent strands. The relative abundance of small nascent strands, compared to the
amount of larger nascent strands (Fig. 5), could be the result of short pulse times, which would
not allow larger bubbles to be fully substituted. However, a 30 minute pulse should on average
allow bubbles of 60 kb to be fully substituted, while the observed increase in strand number is
most pronounced between 0 and 10 kb (Fig. 5). A slow rate of replication fork movement during
the early stages of replication would produce the observed bias, consistent with other data from the
literature (reviewed in reference 14).
In conclusion, we have described a novel approach towards NSSA which permits
measuring a large range of nascent strand sizes (0.5 - >50 kb). Recently developed PCR
techniques will facilitate the use of Pl-mediated NSSA in the analysis of replication patterns in
unique stretches of mammalian chromosomal DNA.
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Earlier this year, Vaughn et al (1990) described convinc
ing evidence for the surprising conclusion that the DNA
replication origin located downstream of the dihydrofolate
reductase (DHFR) gene in Chinese hamster cells consists
of a broad initiation zone extending over 28 kb However,
the data presented by Burhans et al (1990) in this issue
suggest the contradictory conclusion that replication forks
must emanale bidirectionally from a site that is no larger
than 450 nucleotides In this review, we hope to show that
these apparently conflicting data are not necessarily ir
reconcilable Instead, the two sets of data may illuminate
two different faces of the higher eukaryotic chromosomal
replication origin
The existence of replication origins in mammalian cells
was first suggested by DNA fiber autoradiography, which
revealed that replication forks move bidirectionally out
ward from sites (origins) irregularly spaced along chro
mosomal DNA molecules However, the resolution of fiber
autoradiography (15-30 kb) is insufficient to provide infor
mation about events during initiation of replication or to
determine whether origins correspond to specific nucleo
tide sequences The subsequent mapping of replication
origins in E coli and prokaryotic and eukaryotic viruses
(most notably SV40) to a few hundred nucleotides or less
suggested that eukaryotic chromosomal origins might
correspond to short stretches of defined nucleotide se
quence Indeed, chromosomal replication origins in the
yeast S cerevisiae correspond to specific DNA segments
of a few hundred nucleotides or less (Lmskens and Huber
man, 1988)
The identification of replication origins m higher eukaryotes, however, has proven to be more difficult than in yeast
(reviewed in Umek et a l , 19Θ9) The complexity of the
higher eukaryotic genome has been a major obstacle To
overcome this difficulty, Hamlin's laboratory developed a
strain of Chinese hamster ovary cells containing 5001000 copies of 240 kb surrounding the DHFR gene By de
termining which restriction fragments of the amplified do
main are replicated earliest m S phase, Hemtz and Hamlin
(1982) identified a region downstream of the DHFR gene
that appeared to contain a replication origin This region
is still the only stretch of mammalian chromosomal DNA
has been proven to contain a replication origin
High resolution, early S phase labeling (Burhans et a l ,
1986, Leu and Hamlin, 1989) and replication polarity anal
ysis (Handed et a l , 1989) have suggested the existence
of two separate origins about 22 kb apart within the DHFR
downstream region Figure 1 summarizes these data Bur
hans et al (1990) measured Okazakl fragment polarity by
an independent technique to map the left-hand origin
(Figure 1) to even higher resolution Their data suggest
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that this origin contains, in less than 450 nucleotides, a
switch Irom leading to lagging strand synthesis similar to
that observed at the SV40 origin (Hay and DePamphilis,
1962, Figure 1) They call this switch region an origin of
bidirectional replication
All these studies are consisten) with the conclusion that
downstream of the DHFR gene there are two closely
spaced replication origins that are similar in size (and
probably mechanism of initiation) to the classical E coll,
yeast, and SV40 origins However, using the same twodimensional (2D) gel electrophoresis methods that had
been employed to map yeast replication origins, Vaughn
et al (1990) obtained results very different from those ob
tained with yeast Their data appear to suggest that repli
cation can initiate anywhere within a 28 kb zone contain
ing the two putative origins and that, within this zone,
replication forks can move in either direction
In evaluating these apparently contradictory data, it is
important to realize that the techniques used by both
groups are based on premises tested in other systems, but
probe distinctly different aspects of replicating molecules
2D gel techniques (used by Vaughn et a l , 1990) identify
nonlinear molecules in a population and to a certain ex
tent describe the shape of those molecules One tech
nique can also be used to determine apparent directions
of replication fork movement Because 2D gel techniques
detect replication intermediates based on their abun
dance in a population of molecules, they are biased to
ward intermediates that accumulate (Brewer and Fangman, 1988, Lmskens and Huberman, 1968) In other
words, they tend to detect slower stages of replication In
addition, the nonlinear molecules detected by the 2D gels
are not necessarily all replication intermediates, they may
be produced by recombination or other processes
In contrast, Okazaki fragment polarity mapping (used by
Burhans et a l , 1990) identifies in which direction leading
and lagging nascent strands are created on a template In
corporation of radioactively and density labeled precur
sors allows identification of newly synthesized DNA How
ever, newly synthesized DNA Is not exclusively Involved in
replication, repair and recombination may also involve
DNA synthesis In addition, the efficiency of label uptake
can play a critical role long-lived replication intermediates
may be poorly labeled in short pulses This method may
therefore be biased toward faster stages of replication
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Based on these considerations, it is likely that the two
sets of data shed light on disparate aspects of initiation at
mammalian replication origins Indeed, it Is possible to
Integrate both sets of results into a single model, which
can also serve as a working hypothesis for further testing
As a note of caution, this model is by no means the only
possible way of reconciling the current data
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I

As shown in Figure 2, we propose that a mammalian
replication origin contains an origin of bidirectional replication, as suggested by Burhans et al (1990) We also propose, however, that replication does not initiate solely at
this origin Instead, initiation takes place throughout a
large zone as proposed by Vaughn et al (1990) Why a
large zone should be required for initiation is not clear, but
one possibility Is that packing hundreds of origins into
small regions of the nucleus Imposes structural constraints on parental-strand unwinding that can only be
resolved by unwinding at multiple sites throughout a large
zone (reviewed in Laskey et a l , 1989)
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Figure 2 Model ol Initiation ot Replication In Higher EuKaryotK Cells
OBR origin of bidirectional replication

and give rise to the patterns detected by fiber autoradiography Rapid expansion would explain the rarity of macrobubbles in electron microscopic studies
Two additional observations on replication In higher eukaryotes indicate a requirement for long stretches of DNA
for certain types of Initiation First, 2D gel analyses of
chorion gene amplification during Drosophila oogenesis
suggest that initiation takes place at multiple locations m
a zone spanning several kilobases (Delidakis and Kafatos,
1989, Meek and Spradlmg, 1990) Second, numerous human DNA fragments can substitute for the dyad symmetry
component of the Epstem-Barr virus latent replication origin, onP, if the virus-encoded EBNA1 protein is provided
in trans (Krysan et a l , 1989) The ability of a human DNA
fragment to permit efficient autonomous plasmid replication m certain types of human cells is more a function
of Its size than its primary sequence, most randomly selected fragments larger than 10 kb permit efficient replication (Yates, 1990) These data suggest a long stretch of human DNA is required tor EBNA1-assisted autonomous
replication, reminiscent of the apparent requirement for a
broad initiation zone In mammalian chromosomal origins

Electron microscopic studies of DNA isolated from proliferating mammalian cells have revealed that molecules
containing clusters of microbubbles (small bubbles of several hundred basepairs) are much more abundant than
molecules containing mmibubbles (bubbles in the 1-10 kb
size range), macrobubbles (>10 kb), or forks that would be
produced by fragmentation of mini- or macrobubbles (Micheli et a l , 1982) We propose that the first stage of initiation involves unwinding of parental strands to form microbubbles at random positions throughout the Initiation zone,
this is followed by a pause in the initiation process (to account tor the abundance of microbubbles observed) Ml·
crobubbles are shown without nascent strands in Figure
2, because electron microscopic studies do not specify
whether they contain nascent strands (Benbow et a l , 1985)
Owing to their small size, microbubbles may not render
DNA molecules sufficiently nonlinear to be discriminated
from linear molecules by 2 0 gel analysis
How microbubble clusters are converted to mmibubbles
(large enough to be detected in 2 0 gels) is unknown, but
the data of Burhans et al (1990) suggest that Okazaki fragments must be generated on only one strand of each minibubble (except for the mmibubble located over the origin
of bidirectional replication) This asymmetry of Okazaki
fragments would be a natural consequence of mmibubble
expansion if each mmibubble (with the exception noted)
were to expand umdirectionally outward from the origin of
bidirectional repficalion (Figure 2) The data that Vaughn
et al (1990) interpreted as indicating that replication forks
move m both directions throughout the Initiation zone are
equally consistent with this model, provided the stationary
(inner) forks of the mmibubbles are randomly located By
2D gels, a population of randomly located stationary forks
cannot be distinguished from a population of randomly located moving forks

Although the proposed model Is compatible with most
experimental observations on mammalian replication ongms, it may be Inconsistent with two observations and fails
to deal with a third The frequency of initiation is apparently uniform throughout the initiation zone (Vaughn et a l ,
1990), the model may require a higher initiation frequency
near the origin of bidirectional replication because one of
the mmibubbles must span the origin of bidirectional replication The second observation possibly inconsistent with
the model is that the shortest nascent leading strands appear to become progressively longer at increasing distances from the origin of bidirectional replication (Vassilev
et a l , 1990) However, this apparent conflict may not be
serious because the nascent strand size measurements
were performed over a stretch of only 5 kb
The observation for which the model provides no explanation is the abundance of single-stranded DNA detected
by electron microscopy in proliferating cells Molecules
that are totally single-stranded or with single-stranded
gaps or tails are usually more abundant than any other
type of possible replication intermediate, including microbubbles (Benbow et a l , 1985, Micheli et a l , 1982) The

The last stage in the initiation process is the merger of
mmibubbles by elongation and fusion into a macrobubble
The 2D gel results (Vaughn et a l , 1990) suggest structures
consistent with the fusion process ftnengular smears")
Once formed, macrobubbles would expand bldirectionally
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abundance of single-stranded molecules and the absence
of classical replication forks in DNA from Xenopus em
bryos led Gaudette and Benbow (19Θ6) to conclude that,
at least in such embryos, replication proceeds by synthe
sis of new DNA on already separated parental strands
without formation of classical forks There is no direct evi
dence for such strand separation that is not fork-driven in
higher eukaryotic replication However, there is a strong
correlation between replication frequency and the amount
of single-stranded DNA detected by electron microscopy,
we suspect that a complete description of DNA replication
m higher eukaryotic cells will eventually include a role for
single-stranded DNA
The model m Figure 2 suggests that a replication origin
must contain at least three elements a point or region in
which the polarity of Okazaki fragments switches (called
an origin of bidirectional replication by Burhans et al.
[1990]), the region required for the initial unwinding and
strand synthesis events and subsequent establishment of
a stable, bidirectionally expanding macrobubble (referred
to as an initiation zone by Vaughn et al [1990], and per
haps analogous to the easily unwound stretch [Kowalski
and Eddy, 1989, Umek et a l , 1989] found in E coli and
yeast origins), and the sequence (still elusive m mam
malian cells) recognized by initiation proteins, sometimes
referred to as ori It is possible that the origin of bidirec
tional replication colocahzes with ori All three elements
appear to be confined within a few hundred nucleotides
in the simple origins of E coli, SV40, and yeast.
New techniques promise to help clarify the complex
structure of the higher eukaryotic replication origin Handeli et al (1989) have developed a transfection assay that
with refinement should identify genetically essential ele
ments of origins. In addition, the polymerase chain reac
tion permits the detection and size measurement of na
scent strands produced by replication of unique genes in
unsynchromzed mammalian cells (Vassilev et a l , 1990).
Ligation-mediated polymerase chain reaction (Mueller
and Wold, 19Θ9) may permit localization of the 5' ends of
nascent strands and possibly in vivo genomic footpnntmg
of initiation proteins bound to on sequences, both at singlenucleotide resolution
Tests of this or any other model for higher eukaryotic
replication origins will require identification of all predicted
replication intermediates Each intermediate should be
characterized with respect to structure, abundance, turn
over rate, and length and 5' end position of nascent
strands This information, combined with information on
the proteins that interact with the origin, will provide a
detailed understanding of initiation of replication and its
regulation
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Chapter 7

SUMMARY AND DISCUSSION

In recent years, much progress has been made towards identifying eukaryotic replication
origins. Newly developed techniques have been instrumental in mapping chromosomal replication
origins in yeast. Identification of higher eukaryotic replication origins has proven to be more
difficult but accumulating evidence indicates that higher eukaryotic replication origins are more
complex than their yeast counterparts. The results presented in this dissertation have contributed
towards the understanding of this exciting field and are summarized and discussed here.
Yeast replication initiation
Experiments described in Chapter 2 demonstrated that replication initiation sites in the yeast
rDNA colocalize with ARS elements, but that not all the available origins are used in every single
S-phase. Some evidence suggests that the initiation frequency at the rDNA origin is determined by
environmental conditions, such as ambient growth temperature (Chapter 3). Studies of the left arm
of chromosome III in yeast demonstrated that the strong ARS element in the A6C BamHI fragment
(the A6C ARS [14]) appeared to serve as a replication origin [10]. In subsequent studies (Chapter
3) it was found that the identified origins are not used in each S-phase and that replication initiation
at a certain site is partly determined by chance. However, as shown in Chapter 4, these
conclusions were preliminary, and at present the rDNA ARS remains the only described element
that partially functions as a replication origin.
Are all ARS elements chromosomal replication origins?
Several ARS elements have been tested for origin function in their chromosomal context.
The left arm of chromosome ΙΠ has been studied in Dr. Huberman's lab and several ARS elements
between the functional A6C ARS and the telomere are inactive (Chapter 3, Figure 4), while a
strong ARS element between A6C and the centromere, C1G [13], appears to be functional
(Chapter 3, Figure 4). Another origin on chromosome III, H9G [13], did not show a bubble arc
in preliminary 2D N/N studies, indicating that it is not used as an origin (M. Linskens,
unpublished data). Published data show that two more ARS elements, ARSI and ARS 501, are
functional in their chromosomal context, and appear to be activated late in S-phase [6].
Thus, although the number of chromosomal regions investigated is still very small, the
available results suggest that the relationship between ARS elements and chromosomal origins will
prove to be a complex one. The evidence suggests that several ARS elements are, indeed, preferred
for use as chromosomal origins (i.e., origins are not chosen completely at random), but at the same
time it seems that a portion of the chromosomally-derived sequences which have ARS activity in
Plasmids will prove to be inactive or only partially active as origins in their chromosomal context
What type of effect might "chromosomal context" have on ARS elements in chromosomes?
Results to date suggest that in some cases chromosomal context has no significant effect (in these
cases ARS elements function as chromosomal origins), and in other cases it has a negative effect
(in these cases the functioning of ARS elements is reduced or prevented). Alternatively, sequences
which provide strong origin function in the chromosome might not function as ARS elements
when assayed in plasmids. However, such sequences have not yet been detected.
How might "chromosomal context" exert a negative effect on an ARS element? If
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replication were to initiate at a neighboring origin, a fork from that origin might replicate the ARS
element before the ARS element could itself function as an origin. The controls that prevent more
than one round of replication during a single S phase would then prevent the ARS element from
functioning as an origin during the completion of that S phase. Transcription may also produce a
negative effect on replication initiation. Transcription through a plasmid-bome ARS inhibits its
function [17]; therefore, it is possible that transcription through an ARS element on a chromosome
might prevent that ARS from working as an origin. In addition, the probability of origin function
might depend on whether the ARS-containing region is in a condensed or an open chromatin
configuration, or where the ARS-conlaining region is located in the nucleus. Finally, there may
be cis-acting sequences which suppress the origin activity of nearby ARS elements. These
hypothetical sequences would either have to be capable of acting over a distance of several kb or
more (because they must have been separated from each known ARS element during construction
of the chimeric plasmid which allowed its identification as an ARS element) or these cissuppressors are inactive on circular plasmids. All of these hypotheses can be tested by appropriate
biochemical or genetic experiments. It will be of particular interest whether the late replicating
ARS 501 [6] can be induced to replicate early when moved to an early-replicating region of the
chromosome and whether deletion of several ARS's in a chromosome (like chromosome III) will
activate cryptic origins or appear to be lethal. Experiments along these lines are ongoing in several
labs and the results of these investigations will greatly enhance our understanding of the initiation
process and the sequence requirements for origin function.
Does transcription interfere with the progression of replication?
Replication of the rDNA repeat in yeast occurs mainly in the direction of transcription:
replication forks that encounter the 37S transcribed region from the opposite side stall and do not
enter the transcribed region (Chapter 2, [2]). This observation was of considerable interest, since
the correlation between directions of transcription and replication in E.coli is striking: the majority
of the E.coli chromosome is replicated in the direction of transcription [1]. However, when the
polarity of the transcription units around the A6C origin on chromosome III were analyzed, there
appeared to be no obvious correlation between the directions of transcription and replication
(Huberman et al, in press). A second study revealed that replication of the GAL7, 10, 1 gene
cluster on chromosome Π moves opposite to the direction of GAL7 and 10 transcripts, even when
the cells are grown in galactose and these genes are heavily transcribed (Huberman et al, in press;
Nawotka and Huberman, in preparation). Thus, the limited data available so far do not imply a
strict correlation between the directions of transcription and replication, except in the case of the
rDNA repeat, which are heavily transcribed. In this case it is not yet clear whether the replication
forks are stopped by a specific sequence element present at the 3' end of the 37S transcript or
whether colliding polymerases create a physical barrier.
Replication initiation in higher eukarvotic chromosomes
The numerous data available on higher eukaryotic replication initiation (discussed in
Chapters 1,5 and 6) generate a confusing picture: while some studies present evidence for specific
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sites of initiation, other studies reveal a more complex pattern and imply a larger region of
initiation. Chapter 6 presents a possible model for eukaryotic replication initiation which would
explain some of the conflicting data. However, the model is only an attempt to reconcile the
available data and more precise mapping is required before a better understanding is achieved.
Experiments that involve PCR (Polymerase Chain Reaction) mediated techniques will allow greater
sensitivity. One such technique is presented in Chapter 5.
The notion that replication initiates in a zone (as discussed in Chapter 6) is supported by
recent findings. The ability of human sequences to substitute for one part of the EBV (EbsteinBarr Virus) origin of replication in an exlra-chromosomally maintained plasmid was described
earlier [12]. It has now been shown that replication initiates at multiple sites within the human
DNA sequences of the plasmid [11]. This finding is in contrast to the site-specific initiation in the
control plasmid containing the complete EBV replication origin [7, 11]. The size of the human
sequence insert appears to correlate to the replication strength, with larger inserts allowing more
efficient replication [9]. This effect appears to be specific for human sequences, since large
fragments from other sources, such as E. coli, do not promote replication efficiently [9]. These
results imply that human origin function cither is present many times in the genome (so that a larger
insert has a higher probability of containing an origin), or that there is something unique about
human sequences that at present is not yet understood.
Using 2D gel techniques, a recent analysis of replication initiation in the tandem repeats of
histonc genes in Drosophila melanogaster embryos revealed multiple initiation sites [16]. These
results are in agreement with thefindingthat multiple origins are used during gene amplification in
Drosophila melanogaster embryos [8]. The data from both these studies are also consistent with
random initiation in a region of DNA, suggesting the presence of an initiation zone.
Thus, it appears that replication initiation in higher eukaryotes is more complex than in
lower eukaryotes. It is however not without precedent that the same function requires different
sequence elements in different organisms. The centromere is one such example: in
Saccharomyces cerevisiae it spans 150-200 bp, in Schizosaccharomyces pombe 40-80 kb [3, 4,
5] and in human cells it probably consists of several megabases [15]. Still, in all three organisms,
the centromere provides spindle attachment sites, aligns the chromosomes at the metaphase plate
and facilitates proper chromosome segregation. Similarly, initiation could be regulated in yeast by
small, 200bp, ARS elements and by initiation zones of several kilobases in higher eukaryotic cells.
The recent advances in origin mapping will no doubt generate a wealth of new information about
the events that occur during replication initiation, and will allow a more precise understanding
about the 'many faces of eukaryotic replication origins'.
REFERENCES
1.
Brewer, B. J. 1988. When polymerases collide: replication and the transcriptional
organization of the E. coli chromosome. Cell. 53: 679-686.
2.
Brewer, B. J. and W. L. Fangman. 1988. A replication fork barrier at the 3' end of
yeast ribosomal RNA genes. Cell. 55: 637-643.

79

3.
Chikashige, Y., N. Kinoshita, Y. Nakaseko, T. Matsumoto, S. Murakami,
О. Niwa and M. Yanagida. 1989. Composite motifs and repeat symmetry in S. pombe
centromeres: Direct analysis by integration of Noti restriction sites. Cell. 57: 739-751.
4.
Clarke, L. 1990. Centromeres of budding and fission yeasts. ΉΟ. 6: 150-154.
5.
Clarke, L. and M. P. Baum. 1990. Functional analysis of a centromere from fission
yeast: A role for centromere-specific repeated DNA sequences. Molec. Cell. Biol. 10:1863-1872.
6.
Ferguson, B. M., B. J. Brewer, A. E. Reynolds and W. L. Fangman. 1991.
A yeast origin of replication is activated late in S phase. Cell. 65: 507-515.
7.
Gahn, T. A. and C. L. Schildkraut. 1989. The Epstein-Barr virus origin of plasmid
replication, oriP, contains both the initiation and termination sites of DNA replication. Cell. 58:
527-535.
8.
Heck, M. M. S. and A. С Spradling. 1990. Multiple replication origins are used
during Drosophila chorion gene amplification. J. Cell Biol. 110: 903-914.
9.
Heinzel, S. S., K. P. J., C. T. Tran and M. P. Calos. 1991. Autonomous DNA
replication in human cells is affacted by the size and the source of the DNA. Mol. Cell. Biol. 11:
2263-2272.
10.
Huberman, J. Α., J. Zhu, L. R. Davis and C. S. Newlon. 1988. Close
association of a DNA replication origin and an ARS element on chromosome III of the yeast,
Saccharomyces cerevisiae. Nucleic Acids Res. 16: 6373-6384.
11.
Krysan, P. J. and M. P. Calos. 1991. Replication initiates at multiple locations on an
autonomously replicating plasmid in human cells. Mol. Cell. Biol. 11: 1464-1472.
12.
Krysan, P. J., S. B. Haase and M. P. Calos. 1989. Isolation of human sequences
that replicate autonomously in human cells. Mol. Cell. Biol. 9: 1026-1033.
13.
Newlon, C. S., R. P. Green, K. J. Hardeman, K. E. Kim, L. R. Lipchitz,
T. G. Palzkill, S. Synn and S. T. Woody. 1986. Structure and organization of yeast
chromosme III. In Yeast Cell Biology, UCLA Symposia on Molecular and Cellular Biology,
New Series. Hicks ed. Alan R. Liss. New York.
14.
Palzkill, T. G., S. G. Oliver and C. S. Newlon. 1986. DNA sequence analysis
of ARS elements from chromosome III of Saccharomyces cerevisiae: identification of a new
conserved sequence. Nucl. Acids Res. 14: 6247-6264.
15.
Pluta, A. F., С. A. Cooke and W. С Earnshaw. 1990. Structure of the human
centromere atmetaphase. TIBS. 15: 181.
16.
Shinomiya, T. and S. Ina. 1991. Analysis of chromosomal replicons in early embryos
of rosophila melanogaster by two-dimensional gel electrophoresis. Nucl. Acids Res. 19: 39353941.
17.
Snyder, M., R. J. Sapolsky and R. W. Davis. 1988. Transcription interferes with
elements important for chromosome maintenance in Saccharomyces cerevisiae. Mol. Cell. Biol. 8:
2184-2194.

80

SAMENVATTING
Gedurende de laatste jaren is er veel vooruitgang geboekt op het terrein van de indentificatie
van replicatie-startpunten van DNA synthese, de zg. origins. De ontwikkeling van nieuwe
technieken heeft met name een belangrijke rol gespeelt bij het identificeren van de replicatie-origins
in Saccharomyces cerevisiae (gist). De identifikatie van replicatie-origins in hogere eukaryoten,
zoals zoogdiercellen, blijkt aanzienlijk moeilijker te zijn. Voor zover hierover informatie
beschikbaar is, lijkt het waarschijnlijk dat deze origins een aanzienlijk meer gecompliceerde
structuur bezitten dan de origins in gist. De resultaten van de experimenten, zoals die zijn
beschreven in deze dissertatie, hebben bijgedragen tot de ontwikkeling van nieuwe ideeën omtrent
de opbouw en funklie van replicatie-origins.
Replicatiestartpunten in gist
De experimenten beschreven in de hoofdstukken 2 , 3 en 4 hebben betrekking op de
identificatie van de chromosomale replicatie-origins in Saccharomyces cerevisiae. In hoofdstuk 2
is de ligging van de origins van de ribosomale "repeat" bepaald met een precisie van ca. 500
baseparen. De ligging van deze rDNA origins blijkt samen te vallen met eerder bepaald ARS
elementen. Verder is gebleken dat niet alle rDNA origins in iedere, afzonderlijke S-fase worden
gebruikt. De frequentie van het "origin" gebruik lijkt te worden bepaald door groeicondities, zoals
is beschreven in hoofdstuk 3. In hoofdstuk 3 zijn gegevens beschreven die erop duiden dat de
frequentie van het gebruik van deze replicatie-startpunten bepaald wordt door externe
omstandigheden, zoals temperatuur en groeicondities van de gistcultures. Een andere
chromosomale origin, A6C, gelegen op de linkerarm van chromosoom III, bleek veel vaker te
worden gebruikt dan de rDNA origins. Aanvankelijk werd op grond van de verkregen resultaten
(hoofdstuk 3) verondersteld dat de replicatie van deze origins, hoewel niet afhankelijk van de
groeitemperatuur, op soortgelijke wijze als de replicatie van rDNA origins is gereguleerd en dat het
origin niet altijd als startpunt wordt gebruikt. De resultaten van de experimenten, beschreven in
hoofdstuk 4, laten echter zien dat deze aanvankelijke veronderstellingen niet juist waren: door
meerdere tweedimensionale electroforesetechnieken toe te passen kon ondubbelzinnig worden
aangetoond dat het A6C replicaticstartpunt altijd (i.e. vaker dan 90%) wordt gebruikt in de cel.
De chromosomale replicatiestartpunten die tot nu toe in gist zijn geidentificcerd, blijken
allemaal, zoals al geruime tijd werd verondersteld, ARS elementen te zijn. Het is echter
opmerkelijk dat niet alle ARS elementen, indien geplaatst in hun chromosomale context, als
chromosomale origins functioneren. Welke additionele structurele en mechanistische factoren van
invloed zijn op het wel of niet functioneren van een ARS element als replicatiestartpunt, is nog niet
(geheel) duidelijk.
Replicatiestartpunten in hogere eukarvotische cellen
De hoeveelheid beschikbare informatie omtrent het bestaan van hogere eukaryotische
replicatie origins, zoals besproken in hoofdstukken 1, 5 en 6, heeft vooralsnog geleid tot een
verwarrend beeld. Een aantal studies ondersteunen het beslaan van specifieke initiatie-gebieden
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welke slechts 500 baseparen (of minder) omvatten, andere studies daarentegen impliceren dat veel
grotere gebieden voor initiatie noodzakelijk zijn. Ook het starten van de DNA replicatie geheel
onafhankelijk van de primaire nucleotidevolgorde blijft niet geheel uitgesloten. De technieken die
bij het replicon-onderzoek in gist zo succesvol zijn geweest, zijn gemodificeerd voor het onderzoek
in zoogdiercellen. De hiermee verkregen resultaten duiden op een zone van 20 tot 30 kilobasen
waarbinnen replicatie-initiatie moet plaatsvinden. Een verdere precisering is, gelet op de
gevoeligheid van deze technieken, niet erg waarschijnlijk. In hoofdstuk 5 is een nieuwe techniek
beschreven die gebruik kan maken van de nieuw ontwikkelde PCR (Polymerase Chain Reaction)
technologie, waardoor detectie van zwakkere rcplicatiesignalen mogelijk is. Tot slot wordt in
hoofdstuk 6 een overzicht gegeven van de meest recente ontwikkelingen op het terrein van
onderzoek naar replicatie-origins bij hogere eukaryoten. In dit hoofdstuk wordt tevens een model
geschetst voor de start van de replicatie in hogere eukaryotische chromosomen in een poging de
tegenstrijdige resultaten die tot heden zijn verkregen te begrijpen. De huidige ontwikkelingen in het
veld van de DNA replicatie zullen ongetwijfeld leiden tot een scherper inzicht in het complexe
mechanisme van chromosomale DNA replicatie waarvan de contouren op dit moment slechts
kunnen worden omschreven met "the many faces of eukaryotic replication origins".
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