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SYNOPSIS

In eukaryotic cells, DNA'in each chromosome is synthesized by multiple tandemly
organized replication units (replicons), which are activated at precisely defined times
of the S phase. In each replicon, initiation of DNA replication occurs at a specific site
(origin of DNA replication) from which two oppositely moving semiconservative forks
originate. The concept that DNA synthesis in metazoan chromosomes initiates at
preferred sites is supported by several different studies. However, at present, there is
no reliable functional assay for origin activity. Because of this experimental limitation,
a variety of physico-chemical or biochemical approaches have been developed for
mapping the localization of DNA replication origins directly in the mammalian
genome. Most of these studies, however, entail the utilization of potentially artifactual
techniques (such as utilization of protein inhibitors, cell synchronization, or cell
permeabilization) or produce results which are often difficult to interpret (such as 2D
gel analysis).

The work presented in this thesis has been an effort to understand initiation of DNA
replication in mammalian cells. For this purpose, | contributed to the development of
a novel procedure for mapping origins of DNA replication, based on the quantification
of nascent DNA strands by competitive PCR. The research has been initially focused
on Chinese hamster cells with the prospect to precisely identify the origin region in
the DHFR locus. With this regard, the hamster DHFR origin region is particularly
challenging since virtuallly every available mapping approach has been utilized to
investigate it. However, despite these intense investigations, contradictions on the
nature of DNA replication origins in this region are still unexplained. By using the
origin mapping protocol we developed, a high-resolution mapping study on the single
copy DHFR gene locus in hamster CHO K1 cells has been performed. The results
obtained reinforce the notion that DNA replication starts at a precise site, located
~17 kb downstream of the DHFR gene. In the nascent DNA samples, the fragment
containing the start site is enriched over 10-fold with respect to those located at the
two boundaries of the analyzed region, or within the 3' end of the DHFR gene itself.
The origin region has been trimmed down to a ~800 bp segment.

Further, our experience in nascent DNA analysis, increased by an intense search for
technical improvements and comprehension of the mapping technique, has
encouraged its extensive application for the identification of other origins in
mammalian chromosomes. However, since the systematic analysis of large regions
of mammalian chromosomes by PCR quantification of nascent DNA is highly
demanding and time consuming, we have attempted to develop a new approach for




the identification of DNA replication origins. For this purpose, | constructed a library of
replication origin-enriched sequences from human cells to be used as a probe for
hybridization to immobilized cloned fragments from a region of interest. The principle
of the method is that, being the library enriched in origin sequences, it will
preferentially hybridize to immobilized fragments containing an origin of replication.
This approach, when applied to the human lamin B2 region where an origin of
replication had already been mapped by quantification of nascent strand abundance
by competitive PCR, has allowed to identify in a very simple and rapid way the origin.
Library construction and characterization are presented in the second part of the
thesis, together with its possible usage to identify new origins of DNA replication in
human cells.

Finally, with the purpose to study factors binding to and activating origins,
recombinant proteins and antibodies useful in this respect have been prepared. Since
work on this topic is still ongoing in the laboratory, preparation of these reagents is
presented as an appendix to the thesis.

Part of the results presented in this thesis have been published in the following
papers:

Pelizon C., Diviacco, S., Falaschi A. and Giacca M. (1996). High-resolution mapping
of the origin of DNA replication in the Hamster dihydrofolate reductase gene domain
by competitive PCR. Mol. Cell. Biol. 16, 5358-5364.

Giacca M., Pelizon C. and Falaschi A. (in press). Mapping replication origins by
quantifying relative abundance of nascent DNA strands using competitive
polymerase chain reaction. In: Identification and Analysis of Replication Origins in

Eukaryotic Cells. Methods: A Companion to Methods in Enzymology, Academic
Press.




INTRODUCTION

DNA replication is a process of dramatic interest for its relevance in the transmission
of the genetic material from one cell to the next. It is not surprising, therefore, that
eukaryotic DNA replication is a highly regulated process, controlled by a range of
complex mechanisms.

We know that DNA synthesis in higher eukaryotes normally initiates at specific sites
on each chromosome termed origins of DNA replication (oris). We also know that
initiation of DNA replication requires the ordered assembly of many proteins at origins
in such a way that they fire at precisely defined times of the S phase and the resulting
duplication of the genome is restricted to once per cell cycle (Coverly and Laskey,
1994; Harland and Laskey, 1980; Nasmyth, 1996; Romanowski and Madine, 1997).
Thus, replication origins ensure complete and efficient duplication of the DNA.

There is a general agreement that the control mechanisms of DNA replication are
exerted on the initiation step. Therefore, a key starting point to understand how cells
regulate replication is the origin of DNA replication. However, despite massive efforts
in the last several years, replication origin localization and specification in mammalian

cells are still poorly known.

The replicon model for DNA replication initiation

Most of the important concepts in DNA replication initiation arose from studies of
bacteria which led to the formulation of the replicon model for DNA replication (Jacob
et al., 1963). According to this model, replication initiates when a positive trans-acting
factor called the initiator recognizes and binds to a specific cis-acting element in the
DNA called the replicator (Figure 1). This event is followed by DNA unwinding at or
near the replicator in order to expose the two single-stranded, complementary DNA

templates to the replication machinery. DNA synthesis mostly proceeds
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REPLICATOR (cis-acting sequence)

INITTIATOR (trans-acting factor)

Initiator gene

Figure 1. The Replicon model (Jacob and Brenner, 1963).




bidirectionally at the replication forks resulting in bubble structures (for reviews, see:
DePamphilis, 1993; DePamphilis, 1996; Falaschi and Giacca, 1994). The unit of DNA
replicated as a result of the initiator acting at a specific replicator is called "replicon”.
In this thesis the term "origin" of DNA replication (ori) will be used to indicate both the
DNA sequences at which replication initiates and the cis-acting elements that
promote replication.

Analyses at the molecular level of the chromosome of bacteria, bacteriophage,
plasmids, animal virus and mitochondria had demonstrated this model of replication
to be valid for all of these systems, although acting through a diversity of molecular
mechanisms (for reviews, see: Bramhill and Kornberg, 1988; DePamphilis, 1996;
Kornberg and Baker, 1992). In particular, the SV40 replication system has been

dissected and reconstituted in vitro with pure molecules (Waga and Stillman, 1994).

In comparison with prokaryotes, plasmids and viruses which replicate DNA from a
single replicon, the huge amount of DNA that must be replicated within each S
phase in eukaryotic cells (6x10° bp in the case of human cells) requires several
hundreds of replicons to ensure the complete and efficient replication of all the
genome. Fiber autoradiography studies clearly demonstrated that each linear
eukaryotic chromosome is composed of many tandemly organized replicons,
irregularly spaced along chromosomal molecules (~50-100 kb intervals) and
activated (each once and only once) at different times of the cell cycle (Huberman
and Riggs, 1968). According to this picture, each eukaryotic replicon is conceptually
similar to the prokaryotic one. Thus, at the level of the replicon, DNA synthesis in
eukaryotic cells initiates at a specific site, proceeds bidirectionally at two replication
forks, and terminates when forks of neighboring replicons meet.

Validation of the replicon model for DNA replication initiation has also been
demonstrated in a simple eukaryote, the yeast Saccharomyces cerevisiae, where
both functional approaches (Stinchcomb et al,, 1979) and in vivo mapping studies

(Brewer and Fangman, 1987; Brewer et al., 1988; Huberman et al., 1988; Newlon,
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1988) indicated that defined sequences are used as origins of replication in
chromosomes (for a review: Newlon, 1996). Since these sequences also allow
plasmids to replicate extrachromosomally in S. cerevisiae, they were called
autonomously replicating sequences (ARSs). Very recently, an important progress
towards the understanding of the initiation of DNA replication in eukaryotes has
occurred thanks to the discovery of the yeast origin recognition complex (ORC). This
six protein complex is thought to be the initiator whose sequence-specific interactions
with the ARSs determine origin activation events (Bell et al., 1993; Bell and Stillman,
1992; Diffley and Cocker, 1992).

These findings provided strong support to the notion that the replicon model may help
to understand also the initiation of DNA replication in higher eukaryotic
chromosomes. However, although potential replicator and initiator proteins are
beginning to be characterized in a wide variety of animal cells, many crucial concepts

for understanding mammalian chromosomal DNA replication are not clear yet.

Mammalian DNA replication is a process that results from the interplay of specific
DNA sequences, chromosome structure and nuclear organization. Therefore, the
replicon model should be fitted with a general model for chromatin organization,
where sites of replication are immobilized on a structural framework of nuclear matrix,
with large loops of DNA bulging out, that might conceivably correspond to replicons
(Cook, 1991; Jackson, 1990). According to this model, DNA replication in animal cells
results to be confined to a few hundreds of discrete foci, each of which consist of
several hundreds of replicative forks (Laskey et al., 1989). In this perspective,
chromosome replication involves more than the replication of DNA, since the whole
chromatin structure must be replicated, including the assembly of nucleosomes and
the chromosome scaffold.

How replication initiates at the DNA level in mammalian cells has still to be
understood. Although the replicon model has been generalized and extended also to

higher eukaryotes, it has been difficult to demonstrate in most of them since the
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actual DNA sequences that specify replication initiation are poorly characterized and
the proteins interacting with these sequences remain mostly elusive.

Moreover, some of the results obtained appear controversial as far as the specificity
of DNA replication initiation is concerned. Several observations point to the existence
of specific replication origins, starting from the work of Amaldi (Amaldi et al., 1973)
which showed that the same cells initiate DNA replication in the same chromosomal
regions in subsequent cell cycles. Conversely, other data suggest that higher
eukaryotic chromosomes do not require specific DNA sequences to initiate
replication. This lack of site-specific initiation appears in ribosomal RNA genes
(rDNA) during the very early divisions in Xenopus embryos (Hyrien and Mechali,
1993), suggesting that patterns of oris utilization in higher eukaryotes may be
imposed by chromosomal context and nuclear structure, rather than specific DNA
sequences. This picture seems very likely, since later during development, when the
chromatin structure is remodeled to allow gene transcription, initiation sites become
more restricted (Hyrien et al., 1995).

The explanation of this controversy on the nature of metazoan replication origins
mostly appears to consist in their complexity, a complexity that involves not only
specific DNA sequences but also chromosomal and nuclear structures in
determining, all together, replication origins organization and usage.

Furthermore, the lack of a genetic assay for origin function has been a great limitation
to the research in this field. Therefore, knowledge of replication origins in higher
eukaryotes mostly derives from the use of approaches to physically identify oris
localization within mammalian chromosomes. However, these studies had produced

embarrassing conclusions opening a long debate on the nature of replication origins

in animal cells.




Autonomous replication studies

As discussed above, long-standing evidences indicate that DNA replication initiates
at specific sites within the chromosomes of higher eukaryotes. Evidences in favour of
this conclusion have been obtained from many different approaches and by studying
origin regions in several different species. If replication initiates at specific sites, why
has it been so difficult to identify specific DNA sequences that function as replication
origins in plasmid replication assays in animal cells?

The lack of a specific plasmid-based replication assay (Biamonti et al., 1985) similar
to the one that proved successful in studies of yeast cells (Stinchcomb et al., 1979) is
a crucial problem which has mainly hampered the identification of DNA replication
origins in higher eukaryotes. Attempts to identify putative origin sequences based on
autonomous replication of plasmids have been either unsuccessful or unreproducible
(Burhans et al., 1986; Burhans et al., 1990; Gilbert and Cohen, 1989) or has proven
to be nonspecific (Heinzel et al., 1991; Krysan and Calos, 1991; Krysan et al., 1989).
Interestingly, any large (>10 kb) DNA fragment can confer some ARS activity in
mammalian cells when inserted into a non-replicating EBV-derived vector (Heinzel et
al., 1991). Therefore, the problem here is not that too few sequences replicate, but
that all sequences seem to replicate to some extent when reintroduced into
mammalian cells. Apart from some criticisms regarding the replication assays used in
these studies, the most obvious objection to these results is that plasmid replication
may not necessarily occurs like chromosomal replication and may not have the same
requirements such as association with nuclear matrix or epigenetic modification of
DNA. However, the same conclusion is obtained when any DNA is added to extracts
of Xenopus eggs (Blow and Laskey, 1986) or injected into unfertilized eggs of
Xenopus (Harland and Laskey, 1980; Coverly and Laskey, 1994): DNA replication is
initiated at a single randomly chosen site within any DNA molecule, in a strict once-
per-cell-cycle manner (Harland and Laskey, 1980; Hyrien and Mechali, 1992;
Mahbubani et al., 1992; Mechali and Kearsey, 1984). It is important to point out that
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these studies do not show that replication initiation on endogenous chromosomal
DNA is independent of sequence. They show only that exogenous DNA does not
require specific DNA sequences for DNA replication or for its coupling to the cell
cycle.

In view of the inadequacy of replication assays to recognize mammalian ori
sequences for their function, a number of mapping approaches have been developed

to identify origins directly on the chromosomes.

Mapping origins of replication in mammalian cells

An origin of bi-directional DNA replication can be operationally defined as the site
where: i) nascent DNA strands are initiated (i.e., where short and/or newly
synthesized DNA stretches - different from Okazaki fragments - are localized); ii) a
transition occurs between continuous DNA synthesis on the leading strand, and
discontinuous synthesis on the lagging strand (Okazaki fragments); iii) replication
bubbles are localized (Falaschi et al., 1993). These three features have all been
utilized in the last years for origin mapping in eukaryotic chromosomes, with different
success in terms of resolution, sensitivity, and actual results obtained (for a review,
see DePamphilis, 1996).

In general terms, the identification of origins of DNA replication in mammalian cell
chromosomes by mapping the actual sites where replication begins is a very
demanding task. The overall difficulty of the origin mapping approaches, despite their
diversity, derives from the fact that they are expected to detect an extremely limited
amount of origin-specific DNA dispersed in a huge amount of unspecific
chromosomal DNA. To overcome this limitation, mapping studies have been
performed mostly on highly amplified domains, and usually exploiting techniques for
the enrichment of newly synthesized DNA such as cell synchronization, cell

permeabilization, psoralen cross-linking, and treatment with protein synthesis
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inhibitors (for a review on these methods, see Vassilev and DePamphilis, 1992).
Thus, their outcome is potentially biased on one hand by the suspicion that amplified
domains may have peculiar features in terms of replication initiation and on the other
hand by the possibility that the synchronization protocol may alter the physiological
mechanism of DNA replication. In addition, most of the developed protocols for origin
mapping are very laborious and tricky to perform. A critical evaluation of these
procedures is presented in references (Vassilev and DePamphilis, 1992) and
(Falaschi et al., 1993).

Essentially, the mapping methods fall into three categories according to the ori
feature they exploit (Figure 2): i) analysis of the distribution of nascent DNA
(Anachkova and Hamlin, 1989; Giacca et al., 1994; Vassilev and Johnson, 1990;
Vassilev et al., 1990); ii) identification of the region where the transition from
discontinuous to continuous DNA synthesis occurs (Burhans et al., 1990; Burhans et
al., 1991; Handeli et al., 1989; Kitsberg et al., 1993); iii) analysis of the replication
intermediates by two-dimensional (2-D) gel electrophoresis (Little et al., 1993;

Vaughn et al., 1990).

Mapping of nascent DNA strands

When DNA replication initiates, short, nascent DNA fragments are first synthesized
from the ori region (see Figure 2, A). This feature has been used in replication timing
studies (Brown et al., 1987; Calza et al., 1984; Dhar et al., 1988: Furst et a/.; 1981;
Gale et al., 1992; Selig et al., 1992; Spack et al, 1992) which provided information
about the replication properties for wide regions of the genome.

Further replication timing studies on amplified regions provided increased resolution
of the ori regions. The most thoroughly investigated one is the dihydrofolate
reductase (DHFR) gene domain in CHOC 400 cells, a hamster cell line containing
more than 1000 tandem copies of the locus (for a review, see Hamlin and Ma, 1990).
In highly synchronized cell populations, nascent DNA fragments synthesized

immediately after entry in S phase have been labeled by the incorporation of a
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A Mapping the
localization of nascent DNA fragments

B Mapping the inversion of
polarity of leading or lagging strands

C Mapping the
localization of replication intermediates

[¢
N

Figure 2. Methods for mapping DNA replication origins in higher eukaryotic cells.




radioactive nucleotide precursor and directly visualized after specific restriction
enzyme digestion (Heintz and Hamlin, 1982), or used as probes against cloned DNA
fragments of the region (Burhans et al., 1986). These early experiments, and a
further refinement obtained by the utilization of a in-gel renaturation procedure to
eliminate most of the background due to non amplified genomic sequences (Leu and
Hamlin, 1989) suggested the presence of two origins of replication located
downstream of the DHFR gene, spaced about 20 kb apart. The limitation of these
methods, besides the low resolution capacity, is the poor sensitivity, which allows
their application only to highly amplified regions and to highly synchronized cell
populations.

Enrichment of nascent DNA can also be obtained by trapping newly synthesized
DNA between two neighboring psoralen cross-links flanking the origin, and
subsequently extruding it by alkaline denaturation (Anachkova and Hamlin, 1989).
While it is possible to apply this method also to non-synchronized cells, its major
drawback is the potential alteration of the physiological controls of DNA replication as
a consequence of psoralen treatment.

An alternative method for mapping the temporal order of replication of a defined
chromosomal region and thus the localization of the ori, is the so-called in vitro run off
technique, which consists of allowing isolated nuclei to elongate DNA chains initiated
in vivo in the presence of heavy DNA precursors. Since new initiation events should
not occur in isolated nuclei, the extent of label incorporation in each molecule should
be directly proportional to the distance from the ori. Variations of this method were
use to map, although at low resolution, the localization of ori in the avian o-globin
(James and Leffak, 1986) and histone H5 (Trempe et al., 1988) genes, upstream of
the human c-myc gene (Leffak and James, 1989; McWhinney and Leffak, 1990), and
in the amplified DHFR locus (Heintz and Stillman, 1988). An origin has also been
identified in the 5' flanking region of the Chinese hamster rhodopsin gene (Gale et al.,

1992). However, hybridization signals from single copy mammalian loci are weak and

resolution is low.
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Although all these methods are not sensitive enough to allow a precise definition of
ori regions, the results obtained argue for the presence of fixed initiation sites. The
limiting step of all of these approaches is the purification of sufficient amounts of
newly synthesized DNA from the bulk of unreplicated DNA.

To analyze samples containing very few molecules of newly synthesized DNA, PCR
is the best choice. PCR has been indeed used to quantify the relative abundance of
three different regions in the human c-myc and in the hamster DHFR loci (Vassilev
and Johnson, 1990; Vassilev et al., 1990) within samples of nascent DNA of different
lengths, providing evidence for the localization of DNA replication origins. However,
although being extremely sensitive, this approach is not able to provide quantitative
results, since its outcome may be affected by many variables influencing
conventional PCR (Ferre, 1992; Siebert and Larrick, 1992; see last section of

Introduction).

Leading and lagging strand polarity studies

Assuming that DNA replication in mammalian chromosomes is initiated bidirectionally
at a specific site with two forks moving in opposite directions, and being DNA
synthesis continuous on one strand, but discontinuous on the other, leading- and
lagging-strand synthesis must switch template strands at the center of the replication
bubble where DNA synthesis begins. Therefore, the identification of template switch
points leads to the localization of an origin of bidirectional replication (OBR, see
Figure 2, B).

The polarity of labeled Okazaki fragments reveals the expected transition between
discontinuous and continuous DNA synthesis, and thus can be used to identify an
OBR. This method has led to the precise mapping of the ori-B of the DHFR locus with
a resolution of 450 nt (Burhans et al., 1990), and has also been applied to the study
of several other regions. It allowed to identify an ori within the amplified adenosine
deaminase (ADA) locus in murine cells (Carroll et al., 1993), to map an ori in a ~2 kb

region overlapping the ribosomal protein S14 gene in hamster cells (Tasheva and
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Roufa, 1994) and an origin in the CAD transcription unit in hamster cells as well
(Kelly et al., 1995). However, in order to obtain sufficient sensitivity, cells must be
synchronized, permeabilized by the addition of detergents and labeled with a very
high amount of 32P-labeled dNTPs. These procedures reduce considerably the rate
of DNA synthesis and possibly might also perturb the initiation process in
unpredictable ways.

The switch in the polarity of the continuously synthesized leading strand can also be
used to localize an ori. This method has been successfully used to map, although at
low resolution, ori-f in the hamster DHFR (Burhans et al., 1991; Handeli et al., 1989)
and adenine phosphoribosyltransferase-encoding gene (Handeli et al., 1989). The
same technique has been successfully applied to the identification of a potential
human replicator in the region upstream of the B-globin gene (Kitsberg et al., 1993).
However, this technique requires extensive inhibition of protein synthesis by emetine
(also causing a preferential inhibition of lagging strand synthesis), which might alter
the pattern or mechanism of DNA replication.

It is noteworthy that these two complementary approaches identifying the polarity of
leading and lagging strands have provided consisting results when applied to the

hamster DHFR locus.

Two-dimensional (2D) gel techniques

Each type of replication intermediate is characterized by a specific 2-D gel
electrophoretic pattern (Figure 2, C). In neutral/neutral 2-D gels, DNA fragments
containing a single replication fork, a replication bubble or two replication forks give
characteristic patterns, referred as fork arcs (represent replication forks), bubble arcs
(contain an origin of replication) and double Y (termination sites). Using a different
version of the 2-D gel method (neutral/alkaline gels) it is possible to determine the
direction of fork travel through a DNA locus.

This method is the technique of choice for mapping origins of DNA replication in low

complex genomes and has been successfully employed in a number of studies in the
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2 um circle (Brewer and Fangman, 1987), on viral (Gahn and Schildkraut, 1989;
Yang and Botchan, 1990) and yeast replicons (Brewer et al., 1988; Huberman et al.,
1988, Linskens and Huberman, 1988). Two dimensional gels have also been used to
study DNA replication initiation in metazoan cells. However, hybridization patterns in
higher eukaryotes appear more complex resulting in problematic interpretations of
the results (Linskens and Huberman, 1990a; Linskens and Huberman, 1990b). In
fact, when applied to the DHFR locus, this method gave an unexpected result
indicating that initiation of DNA replication occurs at many sites, perhaps even
randomly, within a ~50 kb initiation area downstream of the DHFR gene, either in the
amplified (Dijkwel and Hamlin, 1995; Dijkwel et al., 1991; Dijkwel et al., 1994; Vaughn
et al., 1990) or in the single-copy gene locus (Dijkwel and Hamlin, 1992). The same
technique also showed that initiation is delocalized in the human rDNA locus being
DNA replication able to initiate at any site within the spacer region between the

multiple rDNA genes (Little et al., 1993).

Mapping the location of several different replication origins has revealed a paradox
for DNA replication initiation in animal cells (Table 1). According to the results
obtained from methods based on the analyses of nascent DNA strands, DNA
replication initiates at specific sites on the chromosomes ranging from origin
localization in a 0.5 kb to some kb fragments. However, methods analyzing DNA
structures by 2-D gels raised doubts about the actual existence of precise replication
origins in higher eukaryotes. Detecting larger initiation zones (as long as 3 kb in S.
pombe (Zhu et al., 1992) and as long as 55 kb in Chinese hamster (Vaughn et al.,
1990)) where initiation events may occur, these approaches suggest that in
eukaryotes more complex than S. cerevisiae, diffused broad areas of the
chromosome are activated simultaneously as delocalized origins, in sharp contrast
with what happens in prokaryotes (Linskens and Huberman, 1990a).

Since specific origins have been identified by different methods, in independent

laboratories, it can be stated that site specific initiation is not an artifact of the
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experimental approach used to map them. However, the long-standing discrepancy
between this conclusion and the one derived from 2-D gel analysis remains to be
understood. Some hypotheses have been put forward in order to reconcile these
opposite findings (DePamphilis, 1993; Hamlin, 1992; Linskens and Huberman,
1990a). Possibly, these conflicting data may reflect the complex initiation pattern of
replication in mammalian chromosomes suggesting that quite diverse DNA sequence
elements can specify origins, together with specific proteins and chromosomal
context. In favour of the site specific initiation of higher eukaryotes DNA replication, it
should be pointed out that initiation sites are genetically determined as results from
maintenance of origin activity after translocation to other chromosomal sites (Handeli
et al., 1989; Orr-Weaver, 1991). All together, these data indicate that mammalian
origins of DNA replication are most likely localized to discrete regions of the
chromosomes, although the specific DNA sequences involved remain largely

speculative (DePamphilis, 1996).

The Chinese hamster DHFR replication origin

During the past years, several laboratories have studied replication of the
dihydrofolate reductase (DHFR) gene domain of Chinese hamster ovary (CHO) cells
in an effort to identify the sequences required for origin specificity. Since the CHO
DHFR has been investigated with virtually every available mapping approach, it
provides a good perspective of the search for mammalian replication origins.
However, conflicting results have been obtained for this region with respect to the
localization of the replication origin (Figure 3).

Most of the interest for this region began with the establishment of the CHOC 400 cell
line. This cell line is a derivative of the Chinese hamster ovary (CHO)K1 cell line in
which the DHFR locus is amplified over 1,000-fold (Milbrandt et al., 1981) greatly
facilitating mapping studies. The ~240 kb amplified region in CHOC 400 cells contains
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the DHFR gene itself, the downstream gene 2BE2121 and the ~70 kb intergenic
region between them in which initiation sites have been identified (see Figure 4).
Initial labeling studies suggested that each DHFR amplicon contains at least one
replication origin that is activated early in the S phase (Milbrandt et al., 1981). Pulse-
labeling studies on synchronized CHOC 400 cells further identified a series of
restriction fragments that began replication early in the S phase (early-labeled
restriction fragments, ELFs) indicating the presence of a DNA replication initiation
region downstream of the DHFR gene (Heintz and Hamlin, 1982). Subsequent higher
resolution methods have been used in an effort to more precisely map initiation events
in the intergenic ELF region. Hybridization of DNA that had been pulse-labeled with
radioactive thymidine during various intervals of the CHOC 400 S phase to
immobilized plasmids allowed to map an origin of DNA replication (termed ori-B) to an
approximately 5 kb fragment positioned ~ 17 kb downstream of the DHFR gene
(Burhans et al., 1986b); this area was later narrowed down to an approximately 2 kb
DNA subfragment and a second initiation site, termed ori-y, was identified 20 kb apart
(Leu and Hamlin, 1989). Finally, results from studies utilizing a cross-linking strategy
suggested that an initiation site may be contained within an approximately 500 bp
subfragment of the previously defined earliest labeled fragment (Anachkova and
Hamlin, 1989).

A significant step ahead has been the study of the DNA replication pattern of the
single copy gene locus in the parental CHO K1 cells through the analysis of polarity of
leading strand synthesis (Handeli et al., 1989) and of Okazaki fragments (Burhans et
al., 1990). While the former study gave low resolution results grossly overlapping with
those obtained with the amplified gene domain, the latter indicated that ori-p DNA
replication initiated within a 450 bp segment of the earliest labeled fragment but
differing from the one previously identified by cross-linking of nascent DNA. The same
region was also identified by a semi-quantitative study using PCR amplification of

nascent DNA to measure its length (Vassilev et al., 1990).
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Taken together, these observations suggest the existence of a precise initiation site at
ori-B which may correspond to (or be close to) a true replicator. Importantly, this locus
is incapable of supporting ARS activity (Caddle and Calos, 1992), but still behaves as
a replicator when introduced into ectopic chromosomal sites (Handeli et al., 1989).
However, this picture is not supported by the analysis of the replication intermediates
in this region by the two dimensional (2-D) gel electrophoresis approach. The
neutral/neutral 2-D gel technique detected complete bubble arcs and complete single
fork arcs in every fragment within the 55 kb intergenic region downstream of the
DHFR gene (Dijkwel and Hamlin, 1992; Dijkwel et al., 1991; Vaughn et al., 1990).
Moreover, the neutral/alkaline gel method detected replication forks moving in both
direction at all locations within the same region (Dijkwel and Hamlin, 1995). The
interpretation of these data is that initiation can occur at any site in a 55 kb initiation
zone.

The DHFR origin region clearly exemplifies the discrepancy between the results
obtained by the analysis of nascent DNA length or polarity (origin circumscribed within
a small - 0.5 to 5 kb- genomic region) and those obtained by 2-D gel mapping
technique (origin dispersed within a ~55 kb broad initiation zone). For a summary of
these results, see Figure 4. However, it should be pointed out that most of the studies
performed so far entail the utilization of potentially artifactual techniques (such as
treatment with protein inhibitors, cell synchronization, cell permeabilization) or produce
results which are often difficult to interpret (such as 2-D gel patterns of replication
intermediates migration).

Resolution of this apparent paradox will require the understanding of the relationship

between 2-D gel patterns and nascent DNA detected by the other studies.
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Method

2-D Gel Electrophoresis
(Vaughn et al, 1990; Dijkwel et al, 1991;
1992; 1994; 1995)

2BE2121

109 kb

Early Labeled Fragments
(Heintz and Hamlin, 1982)

Earliest Labeled Fragments
(Burhans et al, 1986a)

Earliest Replicating DNA
(Burhans et al, 1986b)

Earliest Labeled Fragments
(Leu and Hamlin, 1989)

Earliest Replicatin? DNA
(Anachkova and Hamlin, 1989)

Nucleosome distribution
(Handeli et al, 1989)

Nascent DNA Lengths
(Vassilev et al, 1990)

Okazaki fragments distribution
(Burhans et al, 1990)

Mapped initiation regions

Figure 4. Initiation of DNA replication in the hamster DHFR locus of CHO K1 and CHOC
400 cells. The DHFR and 2BE2121 genes are indicated. The limits of the ori-B region
are compared among initiation sites identified by a variety of methods under various
experimental conditions. Methods used to map ori-3 DNA replication initiation sites are
listed and described in the corresponding references.




Nascent DNA strand abundance assay

As already mentioned, several methods have been developed for mapping DNA
replication origins in mammalian chromosomes. However, the isolation of sufficient
amounts of nascent DNA from the bulk of nonreplicated DNA is the limiting step of
most of them. Although procedures for enrichment of newly synthesized DNA have
been widely used, a very limited amount of newly synthesized DNA can be obtained,
often very close to the detection limit of any hybridization procedure even if starting
from a high amount of synchronized cells.

To overcome this limitation, we developed a protocol for origin mapping in
mammalian cells based on PCR amplification of nascent DNA, that could be
performed in physiological conditions using the simplest and least artifact-prone
procedure (Giacca et al., 1994; Kumar et al., 1996). In particular, the developed
procedure i) allows the analysis of single copy genomic regions; ii) can be performed
on cultured and primary cells in the absence of any chemical treatment; iii) does not
require cell synchronization; iv) allows origin mapping at high resolution [few hundred
base pairs (bp)]. This permits the study of the cis- and trans-acting elements required
for origin function.

The method is based on the notion that an origin of bidirectional DNA replication is
the site where short stretches of newly replicated DNA start to be synthesized and
are then elongated, progressively covering adjacent sequences on the DNA away
from the initiation site. Therefore, nascent DNA issuing from a replication origin
consists of a population of short, single stranded DNA molecules, centered over the
origin itself. Consequently, the relative abundance of defined markers within a given
genomic area in samples of short nascent DNA fragments is inversely correlated with
their distance from the origin, giving a distribution of values that peak at the
replication start site. As outlined in Figure 5 and detailed in its legend, this protocol
entails the isolation of short [~1000 nucleotide (nt)], stretches of newly synthesized

5'-bromodeoxyuridine (BrdU)-labeled DNA and the measurement, within this sample,
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Figure 5. Mapping the localization of a DNA replication origin by quantitation of the
abundance of neighboring markers within samples of nascent DNA.

Short fragments of nascent DNA, synthesized by exponentially growing cells from a
bidirectional origin of replication (ori) after a short pulse with bromodeoxyuridine (BrdU) and
[3H]-deoxycytidine - the latter as a tracer -, are isolated from the bulk of parental DNA by
size-fractionation on sucrose gradients and further selectively purified by immunoaffinity
chromatography with anti-BrdU antibodies. Within this population of nascent DNA fragments,
the number of molecules containing selected target DNA sequences (A through E) scattered
within a genomic region are precisely quantified by competitive polymerase chain reaction.
The pair of primers (small arrows on top) amplifying from the highest number of molecules in
the sample is the closest to the origin (marker C in the Figure).

For a further simplification of the procedure, the labeling step and the subsequent affinity
chromatography step can be omitted; these steps are indicated by a star.




of the abundance of different DNA segments scattered along the genomic region of
interest. Precise quantification is obtained by a quantitative PCR procedure based on
competitive PCR. This assay allows quantification of a few tens of molecules of target
DNA by the simultaneous co-amplification of a quantified competitor DNA added to
the same reaction, nevertheless, being able to detect differences of 2-fold between
the relative abundance of two target DNA regions (Sestini et al., 1994).
Consequently, when applied to closely spaced genomic segments, it allows the
mapping of origins at high resolution.

Using this assay, a replication origin has been mapped to an ~0.45 kb locus in the
human lamin B2 gene region (Giacca et al., 1994.). Lamin B2 origin activity is strictly
dependent on the proliferative state of the cells; no activity was detected in terminally
differentiated myeloid cells (Giacca et al., 1994) or in resting primary lymphocytes
(Kumar et al., 1996). Moreover, the human lamin B2 replication origin exhibits
specific protein-DNA interactions (Dimitrova et al., 1996).

In the originally described procedure (Giacca et al., 1994), nascent DNA was first
purified from total newly synthesized DNA according to its size and then further
enriched from the bulk unreplicated DNA by affinity chromatography. The use of
BrdU-labeling of nascent DNA in origin mapping experiments was originally
introduced with the aim to obtain a high signal-to noise ratio. However, since the
origin mapping procedure by nascent strand abundance detection relies in principle
only on the selection of nascent DNA stretches, a simplification of this procedure was
subsequently attempted by omitting BrdU-labeling and subsequent purification of
BrdU-substituted DNA fragments.

We recently demonstrated that in spite of this omission neither the detectability of
DNA segments by competitive PCR nor the relative abundance of the markers
changed in any appreciable way (Kumar et al., 1996). This observation clearly
indicates that in non synchronized cells little if any significant fragmentation‘ of DNA
occurs during the nascent DNA extraction and purification procedures. The omission

of the BrdU-labeling step greatly simplifies the overall protocol, avoids the
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introduction of a possible bias in fragment selection on the anti-BrdU affinity column,
and reduces the background resulting from artifactual DNA fragmentation by photo-
damage of BrdU-DNA. Still, BrdU labeling can be conceived when origin mapping is
performed in synchronized cells, that may suffer DNA strand breaks due to the
synchronization treatment itself.

The simplified procedure (see Figure 5) now consists of only DNA extraction, size
fractionation of short nascent DNA strands (~1 kb) and quantitation of target DNA

abundance.

In this thesis, the competitive PCR-based procedure for mapping origins of DNA
replication in mammalian cells is presented together with the results obtained from a
high-resolution study on the single-copy hamster DHFR locus by using the same
procedure. These results are discussed in view of the confusing conclusions derived
from previous studies on the same region, however employing different mapping
techniques.

Furthermore, it is described how a library of origin-enriched sequences has been
constructed and utilized to develop a potential method for the identification of new
origins of DNA replication in human cells.

Finally, with the purpose to study protein factors binding to and activating origins,
reagents useful in this respect have been prepared. Since work on this topic is still

ongoing in the laboratory, preparation of these reagents is presented as an appendix

to the thesis.
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MATERIALS AND METHODS

Cell culture and DNA labeling

Chinese Hamster Ovary (CHO) K1 cells were cultured in Dulbecco's modified Eagle's
medium supplemented with 10% fetal calf serum, 2 mM L-glutamine and 50 ug of
gentamicin per ml.

Human myelocitic leukemia HL-60 cells were grown in RPMI 1640 medium
supplemented with 10% fetal calf serum, 2 mM L-glutamine and 50 pg of gentamicin
per ml.

For nascent DNA labeling, 1x108 to 2x108 CHO K1 cells, maintained at a high
replication rate by splitting the culture 12-24 hrs in advance, were pulse-labeled for 10
to 15 min in a CO incubator by the addition of 1 uM (final concentration) [3H]-
deoxycytidine (21.5 Ci/mmol, Amersham) and 100 uM (final concentration) unlabeled
S'-bromodeoxyuridine (BrdU; Boehringer Mannheim GmbH, Mannheim, Germany).
While labeled deoxycytidine was used as a tracer, incorporation of BrdU into stretches
of newly synthesized DNA was employed to allow further purification of nascent DNA.
After labeling, cells were collected by trypsinization, washed once in cold PBS and
once in cold RBS buffer (Tris 10 mM pH 7.4, NaCl 10 mM, MgClz 3 mM) and
resuspended in RBS buffer at ~2.5x107 cells/ml. For the experiments with the HL-60
cell line, 108 HL-60 cells were collected without any labeling and washed as
described.

Nuclei were prepared by the addition of one volume of RBS buffer plus nonionic
detergent octylphenoxy polyethoxy ethanol (NP-40; Calbiochem, La Jolla CA) at
0.4%. The suspension of nuclei was handled carefully and pipetted very gently to
avoid lysis. After 10 min in ice, nuclei were pelleted by centrifugation (10 min 2000
rpm at 4°C in a swing bucket rotor), washed in RBS and resuspended in the same
buffer at a concentration of 5x107 nuclei/ml. One volume of lysis buffer (Tris 20 mM

pH 8.0, EDTA 20 mM) was then added, containing 2% sodium n-dodecyl sulfate
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(SDS; Calbiochem) and 500 pg/ml proteinase K (Sigma, St. Louis MI) and the
suspension was incubated overnight at 56°C.
Total genomic DNA was then extracted by the standard phenol-chloroform-isoamylic

alcohol procedure (Sambrook et al., 1989).

Isolation and purification of newly synthesized DNA

Total extracted genomic DNA was denatured either by alkali (CHO K1 DNA) or heat
treatment (HL-60 DNA). In the former case, the DNA sample is chilled on ice and
NaOH is added from a 10 N stock solution to a final concentration of 0.5 N. After 10
min on ice, the pH of the solution is neutralized by the addition of an equal volume of
HCI 10 N. Then Tris pH 8.0 is added from a 1 M stock solution to obtain a final
concentration of 250 mM. The solution is then dialyzed against at least three liters of
TNE buffer (Tris 10 mM pH 8.0, NaCl 100 mM, EDTA 1 mM; pH 8.0) at 4°C
overnight. Alternatively, DNA is denatured by 10 min incubation in boiling water,
followed by chilling in ice.

Denatured DNA was then loaded on 5% to 30% (w/v) linear neutral sucrose gradients
in TNE (300 pg DNA in up to 500 pl/35 ml gradient) and centrifuged for 16 to 20 hrs
at 20°C in a Beckman SW28 rotor at 26000 rpm. In parallel, a reference tube with a
double stranded size marker DNA (containing different sized DNA fragments in the
range of 500 to 5000 bp obtained by appropriate restriction enzyme digestion of
plasmid DNAs) was also run on a identical gradient. In our experience, the use of
alkaline gradients results in significant degradation of BrdU-substituted DNA.
Gradients were fractionated from the top to avoid contamination with large molecular
weight DNA that pellets. Fractions of 1 ml each were collected; those from the
gradient with the markers were run on a 1% agarose gel. Using the separation
pattern of the marker DNA on the gel as a sedimentation velocity reference, the

fractions containing single stranded DNA with an average size of ~1000 nt were
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chosen as representative of nascent DNA issuing from all origins of DNA replication
of the genome (the cells being non synchronized). The precise isolation of nascent
DNA by size is crucial in order to obtain samples that are enriched in origin-specific
DNA: ~1000 to 2000 nt is the optimal size to avoid contamination of nascent DNA by
Okazaki fragments deriving from all the genome (which are shorter) or by randomly
broken genomic DNA (which is likely to be larger). In addition, this average length of
nascent DNA is the optimal for PCR amplification, the size of the chosen
amplification products being 150 to 300 bp, and gives a good resolution among
closely spaced (<500 bp) genomic segments. The chosen fractions were pooled and
dialyzed against TE buffer (Tris 10 mM pH 8.0, EDTA 1 mM).

Further purification of BrdU-substituted CHO DNA was obtained by immunoaffinity
chromatography using anti-BrdU antibody coupled to Sepharose beads, as described
in reference (Contreas et al., 1992). Then, DNA was again dialyzed against TE
buffer. Greater than 95% of BrdU-DNA is usually recovered by this procedure,
eliminating any trace of parental, unlabeled DNA that may have contaminated the
preparation. In our experience, this procedure is superior to immunoprecipitation of
BrdU-DNA.

After dialysis, HL-60 unlabeled, single stranded DNA was directly used for the
construction of a library of sequences deriving from replication origins. To this
purpose, nascent DNA was treated with NaOH 0.5N (from a 10N stock) for 1 hr at
37°C to hydrolyze the RNA primer at the 5' end of newly replicated DNA, first
dialyzed against Tris 50 mM pH 8.0, EDTA 1 mM and then against Tris 10 mM pH
8.0, EDTA 1 mM, both dialyses prolonged over night.

Primers for PCR amplification

Seven sets of four primers each were constructed in the hamster DHFR region

according to the nucleotide sequence determined. The localization of these primer
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sets is reported in Figure 6 and their actual nucleotide sequence is given in Table 2.
Each primer set consists of two oligonucleotides used for PCR amplification (external
primers, the first two ones of each set in Table 2) and two oligonucleotides used only
for competitor construction (internal primers). The latter two primers consist of two
common 5' tails of 20 nt (tail1: 5'-~ACCTGCAGGGATCCGTCGAC-3"; tail2: 5'-
GTCGACGGATCCCTGCAGGT-3') linked to specific sequences complementary to

the respective genomic targets at their 3' ends.

The localization of primer sets used for PCR amplification of lamin B2 region are
reported in Figure 7. Primer sets and competitors were already described (Giacca et
al., 1994). Briefly, two primer sets (B48 and B13) were used for competitive PCR
quantification of nascent DNA. The former one (B48) detects the most abundant
fragment in this region in nascent DNA samples; therefore, it is very likely to coincide
with a start site for DNA replication. The latest (B13) detects a reference, low

abundant DNA target in the same region, ~4.5 kb far from the initiation site.

Construction and quantification of competitors for competitive PCR

Competitors for competitive PCR experiments were constituted by the amplification
products obtained by the two external primers with the addition of a 20 bp unrelated
sequence in the middle, in order to allow identification of genomic target and
competitor PCR products by polyacrylamide gel electrophoresis. The method for
competitor construction is outlined in the Results section and described in detail
elsewhere (Diviacco et al., 1992; Grassi et al., 1994).

Each preparation of competitor was carefully quantified. Quantification of the
absolute competitor concentration was obtained by PCR amplification of the
competitor itself in the presence of a radiolabeled precursor dNTP, followed by

evaluation of the incorporated radioactivity. The actual competitor concentration was
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calculated according to the specific activity of the labeled dNTP and the nucleotide
composition of the competitor sequence. However, careful determination of the molar
concentration of competitor still does not formally guarantee that the target genomic
DNA and the competitor fragment PCR amplify with the same efficiency. To
overcome this limitation, the competitor concentrations were also evaluated by
quantification of a sample of total genomic DNA obtained from the same cell line in
which origin mapping had to be performed. This was obtained by the co-amplification
of scalar amounts (10-fold dilutions, followed by progressively closer dilutions in the
range of equivalence) of competitor against a fixed amount of the total DNA sample.
Consequently, the number of copies of each target DNA sequence in the nascent
DNA sample was expressed as a ratio to the number of copies of the same target in
total DNA. This procedure corrects for differences in relative abundance of nascent
DNA that might arise simply as a result of differences in the ability of amplifying
different target sequences. Careful quantification of competitor DNA was repeated

each time one mapping of the same origin was repeated.

Competitive PCR experiments

Quantification of the abundance of the DNA segments amplified with the chosen
primer sets was obtained in samples of nascent DNA by competitive PCR. The
experiments were carried out by mixing a fixed quantity of BrdU DNA (5 ul of each
preparation) with scalar quantities of competitor DNA fragments. Rough quantitations
were obtained by tenfold dilutions; precise quantitations were then obtained by using
competitor dilutions in the equivalence range.

Conditions for PCR amplification were as follows: denaturation at 94°C for 30 Sec;
annealing at the temperatures reported in Table 2 and Table 3 for each primer set for
30 sec; extension at 72°C for 30 sec. Fifty cycles of amplification were performed for

each amplification experiment. PCR reactions are assembled in a final volume of 50
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ul, containing both primers 1 uM, the four dNTPs 200 uM each, 1 U of Tag DNA
polymerase (Amplitag, Perkin Elmer, Emmeryville CA), 5 ul of the nascent DNA

sample, and 5 ul of appropriate scalar dilutions of competitor DNA.

DNA sequencing

A segment of the genomic CHO K1 cell DNA in the DHFR genomic region
(nucleotides 1500-3210 of sequence cgdhfroriin GenBank) was sequenced by the
dideoxy-chain termination method (T7 Sequencing™ Kit-Pharmacia Biotech). PCR
primers chosen in this region were constructed according to the sequence obtained,
which, in several instances, was diverging from the published one (Caddle et al,
1990) . The updated nucleotide sequence, obtained in collaboration with E. Fanning,
A. Schmidt and M. DePamphilis, is available in the EMBL nucleotide sequence data

base (accession number X94372)

Construction of a library of origin-enriched sequences

Two fractions of HL-60 ~1 kb single stranded nascent DNA were pooled together,
treated with 0.5 N NaOH to remove the RNA primer at the 5' end of newly
synthesized DNA, dialyzed, precipitated and then resuspended in 10 ul of water.
Since nascent DNA consists of a random population of fragments deriving from all
the origin regions, specific tails have to be added for its amplification and cloning. To
this purpose, an oligo (dG15-35) tail was added to the 3' end of ssDNA using terminal
deoxynucleotidyl transferase (TdT, Pharmacia Biotech); conditions for tailing were
those suggested by the manufacturer: 1 uM dGTP, 24 units of TdT, 20" of incubation
at 37°C. This tail allows the synthesis of the complementary strand by annealing

oligo Sal/Cla-dC14 (5'-
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AAGGATCCGTCGACATCGATAACGACCCCCCCCCCCCCC-3Y), containing a
stretch of 14 cytosine nucleotides and a 5' tail bearing Bam HI, Sal | and Cla |
restriction sites, and extending it with Tag DNA polymerase (Figure 8). This reaction
was performed according to the conditions suggested by the manufacturer, with the
exception that the amount of the oligo was 0.5 pmoles per reaction and the final
volume was 100 pl. The dG-tailed DNA sample was denatured at 95°C for 5', then
oligoSal/Cla-dC14 annealed at 58°C for 10' and extended at 72° for 10' in a
termocycler. Only one cycle was performed. Usually, 1/10 of the single strand, dG-
tailed nascent DNA template was used in parallel to check the second strand
synthesis reaction either by [0-32P]dCTP (Amersham, UK; 3000 Gi/mmole; 10
mGi/ml) incorporation or by extension of the hot Sal/Cla-dC14 primer (see Figure 14
and part Il of Results). Further, dsDNA was precipitated, phosphorylated (T4
polynucleotide kinase, Pharmacia, Biotech) and ligated (T4 DNA ligase, Biolabs) to a
double strand asymmetric linker as already described in (Dimitrova et al., 1996).
However, since Tag DNA polymerase is capable of adding a single nontemplate-
directed dATP to a blunt end ds DNA fragment causing problems for blunt-ended
ligation, we experienced that the use of a mix of two ds linkers, one of witch
containing a protruding T, greatly increases the efficiency of ligation. The effective
ligation of the linker was also checked on an aliquot of the sample by annealing and
extension of oligo LLONG (5'-GCGGTGACCCGGGAGATCTGAATTC-3') end-labeled
with [y-32P]ATP (Amersham, UK; 3000 Ci/mmole; 10 mCi/ml). This oligo is
complementary to the shortest strand of the linker. The nascent DNA sample,
provided in this way with specific tails, was purified from the excess of linker
(Microcon, Amicon), and amplified using oligo LLONG and Sal/Cla (5'-
ATCCGTCGACATCGATAACG-3), the last one annealing to internal sequences of
the Sal/Cla-dC14 tail. Conditions for PCR were the following: denaturation at 94°C for
1 min, annealing at 58°C for 2 min and extension at 72°C for 4 min; 15 cycles were
performed. All the oligo used for library construction and amplification are reported in

Table 4. These PCR products were purified and cloned in a pUC18 plasmid, by
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Figure 8. Flow chart of ori-library construction.




A

Primer name Primer length (bp) Sequence (53"
Sal/Cla-dC14 39 AAGGATCCGTCGACATCGATAACGACCCCCCccceeccee
Sal/Cla 20 ATCCGTCGACATCGATAACG
LSHORT 11 GAATTCAGATC
LLONG 25 GCGGTGACCCGGGAGATCTGAATTC
LLONG+T 26 GCGGTGACCCGGGAGATCTGAATTCT
B
a) 5'-GCGGTGACCCGGGGAGATCTGAATTC-3'
3'-CTAGACTTAAG-5'
Eco Rl
b) 5-GCGGTGACCCGGGGAGATCTGAATTCT-3'

3'-CTAGACTTAAG-5'

Structure of the Eco Rl ds linkers

Eco RI

Table 4. Primers for library construction. Primer sequences are given in panel A.
Structure of asymmetric linkers is reported in panel B. Primers utilization is described in
Material and Methods and illustrated in Figure 8. Briefly, oligo Sal/Cla-dC14 was used for
second strand synthesis by annealing to single stranded dG-tailed nascent DNA by
means of its dC tail. Oligo LSHORT was annealed either to LLONG or LLONG+T to
obtain the asymmetric ds linkers. Oligo LLONG and Sal/Cla, matching to the specific tails
added to nascent DNA, were used for library PCR amplification.




means of Sal | and EcoR | restriction sites. Transformation of DH5¢ E.coli cells was
obtain by electroporation.

Alternately, the nascent DNA library was used for hybridization experiments. Aliquots
of the library were spotted on nylon membranes (Stratagene) and probed with three
fragments of the lamin B2 region; conversely, the library was used as radioactive
probe in hybridization to immobilized plasmids from the lamin B2 region as well. A
small aliquot of the first amplification product was diluted 50 to1000 folds and
amplified again with the same oligos LLONG and Sal/Cla for 30 PCR cycles. This
product was also cloned and used in hybridization experiments.

Therefore, the ori-library can be handled either as a cloned product and therefore

amplified in bacteria or as a PCR product amplifiable with oligos LLONG and Sal/Cla.

Hybridization experiments

Nascent DNA PCR products were purified form oligos and salts (Microcon, Amicon)
before any use. For dot-blot hybridization, aliquots of the library (1/20 and 1/200 of
the PCR reaction) were loaded on nylon filters (Stratagene) together with scalar
amounts of total chromosomal DNA as recommended by the manufacturer using a
manifold dot-blotter (Bio-Rad). Seven serial dilutions (from 1 ug to 5 ng) of total DNA
were used as a reference. Positive (the same as the probe) and negative controls
(PUC18 plasmid) were also included. Filters were probed with three lamin B2
subclones: one in the center (pBN1) and two at the both sides (pSB16 and pBgB8) of
the lamin B2 region, spanning a distance of ~8.500 nt. These plasmids were chosen
as representative of fragments containing respectively the origin region (pBN1) and
sequences far from it (pbBgB8 and pSB16). Each filter was hybridized with the specific
probe and dot blots quantified; the intensity of hybridization to nascent DNA relative
to total DNA is a measure of the abundance of each fragment in nascent DNA. It is

expected that the fragment containing an origin of DNA replication is the one
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enriched in a library of origin sequences, while the other two fragments far from the
initiation site, are less represented.

Conversely, nascent DNA was then used as radioactive probe in hybridization to
cloned genomic DNA fragments. The rational of the experiment is that a nascent
DNA library preparation (that is a collection of fragments deriving from ori regions)
will preferentially hybridize to cloned fragments containing origin sequences.
Therefore, using plasmids or cosmids containing fragments which span a region of
interest, an origin of replication will be identified by the cloned fragment which gives
the stronger hybridization signal (paying most attention to avoid cloned repetitive
sequences or Alu repeats). Briefly, plasmids containing fragments from the lamin B2
locus (pPBN1, pSB16 and pBgB8) were digested, run on a 1% agarose gel and
transferred on nylon membranes (Sambrook et al., 1989). Usually, 1 pg of each
digestion was immobilized on filters; 1/10 to 1/20 of the PCR product representing the
library was labeled with [0-32P]dCTP (3000 Ci/mmole) by the random primer
technique as specified by the supplier (Pharmacia, Biotech) and used at 2x106
cpm/ml. As a control of hybridization efficiency among different sequences, total
genomic DNA from human cells (200 ng) was sonicated to obtain 500-1000 bp
fragments, labeled as described and used in hybridization on plasmids. It is expected
that the three fragments of the lamin B2 locus being equally represented in genomic
DNA, give the same intensity of hybridization. However, since the amount of each
sequence in a total DNA probe is under the detectability threshold, we could hardly
see hybridizations (data not shown). Most importantly, neither of the cloned
sequences showed preferential hybridization to total DNA.

Hybridization conditions were as follows: 6X SSC, 5X Denhardt's solution, 0.5%
SDS, 100 pg of herring sperm DNA per ml at 68°C for 14-18h:; washing was done in
1X SSC-0.1% SDS at 68°C for 20 min, followed by a second washing in 0.5X SSC-
0.1% SDS in the same conditions.

The plasmid pUC18 was used as a probe to check possible differences in transfer

efficiency among the three samples.
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Analysis of the library of nascent DNA strands

The PCR product representing the library of nascent DNA sequences was analyzed
by competitive PCR before use in hybridization experiments. Most important to
determine was its representativity of origin sequences. To this purpose, markers B48
and B13 in the lamin B2 region were quantified in the nascent DNA preparation
before amplification, but also after tailing and the first amplification, and after the
second re-amplification of the library.

If any bias or selection have been introduced during the construction of the library,
these two fragments have to be represented after PCR as in the original preparation,
being B48 fragment 10-15 times more abundant than B13 (Giacca et al., 1994;
Kumar ef al., 1996). Therefore, the relative abundance of the two markers, in addition
of being an indication of lamin B2 origin activity, has been used as a assay to test the
content of the library.

PCR amplification were performed as already described. A fixed amount of library
DNA (diluted 1/50 to 1/1000) was coamplified with scalar amounts of competitor DNA
in a 50 ul standard reaction. PCR products were resolved on 8% polyacrylamide gels

and the two bands (competitor and genomic DNA) were quantified.
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RESULTS
PART I
Mapping DNA replication origins by quantifying the relative abundance of

nascent DNA strands using competitive PCR

During my pre-doctoral work at the Molecular and Cell Biology of ICGEB, |
contributed to the development of a novel procedure for mapping origins of DNA
replication in mammalian cell chromosomes. This procedure is based on determining
the relative abundance of nascent DNA strands throughout a specific genomic
region. More in detail, the method entails the purification of short strands of nascent
DNA derived from recently activated origins and the quantification, within this sample,
of the relative abundance of different adjacent DNA segments. It is expected that the
abundance of defined markers within the origin region is greatest at the site where
DNA replication begins.

Precise quantification of the abundance of different segments in the region of interest
is obtained by means of competitive PCR. This technique is based on the co-
amplification of the target DNA with known amounts of a competitor DNA fragment
sharing the same primer recognition sites. Since both templates compete for
amplification, any variable affecting the reaction has the same effect on both species.
As a result, the two templates are amplified at the same rate and the amount of target
DNA can be calculated from the ratio between the final amplification products. This
ratio precisely reflects the ratio between the input amounts of the two molecules; the
number of competitor molecules added being known, the number of target molecules

in the sample can be precisely measured.

Outline of the procedure
For each genomic DNA target to be quantified, a primer set is selected and a
competitor DNA fragment is constructed. When any indication exists on the location

of the origin, equally spaced primer sets scattered along the region of interest and
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lying 1-2 kb apart are initially chosen. According to the results obtained by PCR
quantification, additional primers are then selected to refine the mapping and narrow
down the initiation site. As a control, a primer set detecting a reference DNA target
far from the region under investigation is usually chosen to evaluate the background
(possibly resulting from contamination from non specifically broken DNA) in the same
nascent DNA sample.

A primer set consists of two oligonucleotides used for PCR amplification (external
primers) and two oligonucleotides used for competitor construction (internal primers;
Figure 9, a). The first two primers are chosen to amplify segments of 150 to 300 nt.
Amplification products of this length are well resolved by 8% polyacrylamide gel
electrophoresis and are suitable for high-resolution studies on ~1 kb nascent DNA, as
discussed above. The rules to follow for the choice of the external primers are not
different from those to follow for the set up of any PCR experiment (primer GC/AT
ratio should be ~1, primer should be devoid of intra- and inter-complementary regions,
genomic target regions that are too GC- or AT-rich should be avoided, target DNA
sequences should be present in single copy in the genome). While the use of
computer programs for the optimization of primer sequences and the prediction of
optimal annealing temperatures are helpful (e.g. Amplify, by Bill Engels, University of
Wisconsin, 1992), as a matter of fact the performance of any primer pair must be
experimentally evaluated. Similarly, the PCR cycling profiles have to be individually
optimized. This is usually accomplished by amplification at progressively increasing
annealing temperatures and for different extension times. As a general rule, all PCR
amplifications were performed at the highest annealing temperature allowed by the
chosen primer pair (preferably >60°C) and for the shortest time required by each cycle
step (<30 sec). We usually prefer primer pairs not giving rise to the formation of

aspecific PCR products.

Competitors were constructed by an application of the recombinant PCR

methodology, using the internal primers of each primer set. The sequences of these
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Figure 9. Schematic representation of competitor construction by recombinant PCR.
For each segment to be quantified, a set of primers is synthesized, composed of two
external primers (A and A') and two internal primers (x and y). The nucleotide
sequences of the 3' ends of primers x and y are identical to contiguous sequences on
opposite strands of the target DNA. Additionally, these primers also contain an ~20 nt
tails at their 5' ends. These tails are complementary one each other [e.g. tail 1:
5'-GTCGACGGATCCCTGCAGGT-3' and tail 2: 5'-ACCTGCAGGGATCCGTCGAC-31.
With these primers, two separate amplifications are carried out using pairs A-x and A'-y
to obtain hemi-competitor products. These two amplification products are eluted from a
8% polyacrylamide gel, denatured, mixed, annealed by virtue of the complementarity of
the 5' tails of primers x and y and amplified using external primers A and A'. With the
exception of the ~20 bp insertion, the competitor DNA fragment contains exactly the
same sequence as genomic DNA.




primers correspond to contiguous sequences on opposite strands within the amplified
PCR fragment. In addition, the two internal primers bear 5' tails containing two ~20 nt
sequences which are unrelated to the target DNA and complementary to each other.
The competitor fragments are directly obtained from the amplification products of
genomic DNA, using a two step procedure. First, each of the external primer is used
in combination with the internal primer on the opposite strand in two separate PCR
amplifications (Figure 9, b). Subsequently, the two amplification products are
recovered, mixed, denatured, reannealed by virtue of the complementarity of the two
tails of the internal primers (Figure 9, sc), and re-amplified with the external primers
(Figure 9, d). The description of this procedure is detailed in reference (Diviacco et
al., 1992). With the exception of the ~20 bp insertion corresponding to the 5' tails of
the two internal primers - which allows the identification of the two PCR products by
polyacrylamide gel electrophoresis -, the competitor DNA fragment contains the

same sequence as the target genomic DNA.

Competitive PCR experiments for the quantification of the abundance of different
DNA segments in the nascent DNA preparations were performed by mixing scalar
dilutions of competitor DNA to a fixed amount of nascent DNA followed by
amplification with the appropriate primer pair. Since the amplified segments are
usually short (150 to 300 bp), 15 to 30 seconds for each PCR step are sufficient. This
limited amount of time prevents inactivation of the Tag DNA polymerase and the
performance of several PCR cycles. As a consequence, even if starting from very few
molecules (less than 100) of nascent DNA, the final PCR products can be directly
visualized after staining of 8% polyacrylamide gels by ethidium bromide. It should be
reminded that the principles of competitive PCR ensure that the maintenance of the
exponential phase of amplification is not required.

The procedure for competitive PCR is outlined in Figure 10. A fixed amount of
nascent DNA is mixed with scalar amounts of competitor and amplified with the

specific primers. At the beginning, 10-fold scalar dilutions of competitor are used, to
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Mix a fixed quantity of

nascent DNA to scalar

amount of competitor
DNA and run PCR

L

Resolve PCR products by
polyacrylamide gel
electrophoresis and stain
gel with ethidium bromide

Competitor DNA
Nascent DNA

®
Competitor product (C) — | mows s
Target DNA product (T) —

Quantify DNA bands
by densitometry
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Plot the ratio between the
amplification products against
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5R2=1 .000
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Calculate copies of
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Figure 10. Competitive PCR. A typical competitive PCR experiment is performed by
the addition of scalar amounts of competitor DNA in known concentration to a fixed
amount of the DNA to be quantified. The amplification products are resolved by gel
electrophoresis, stained with ethidium bromide, and the peak areas corresponding
to the bands of the amplification products of the competitor and target DNAs are
quantified by densitometric scanning. According to the principles of competitive
PCR, the ratio between the amplification products for the two species
(competitor/target, C/T) is linearly related to the input amount of the competitor
molecules added to the reaction. The experimental points are fitted by a linear
function (R=2: correlation coefficient), and, according to the equation describing the
line, the amount of competitor corresponding to a 1:1 amplification product ratio is
calculated. This is the same amount of target genomic molecules present in the
nascent DNA sample.




roughly estimate the target concentration; precise quantifications are then obtained
by using competitor dilutions in the equivalence range. The PCR products are then
resolved by gel electrophoresis, and the intensity of each band (genomic and
competitor) is determined by densitometric scanning. According to the principle of
competitive PCR (Diviacco et al., 1992; Siebert and Larrick, 1992), the ratio between
the two molecular species remains unchanged during the amplification process.
Since the amount of input competitor is known, and the final ratio between the PCR
products is measured, the initial amount of target DNA can be calculated in a simple

way.

By the analysis of adjacent DNA segments scattered along a region of interest, the
origin region is expected to be identified by the peak of a gaussian distribution of
segment abundance in the nascent DNA sample. On the contrary, a flat distribution
of marker abundance means that no origin activity is associated with the analyzed
region (Giacca et al., 1994; Kumar et al., 1996). The gaussian distribution of segment
abundance peaking at the replication origin - instead of the theoretically expected
sharp peak - is likely to be due to the heterogeneous length of the nascent DNA
fragments obtained by sucrose gradient purification. The collection of nascent DNA
fragments with average size of 1000 nt has a very wide distribution, producing a
smear in the range of ~300 to ~2000 nt. Additionally, it is likely that the nascent DNA
sample might also be contaminated by randomly broken total genomic DNA
fragments or, more probably, by clusters of ligated Okazaki fragments. This most
likely explains the reason why a background of target DNA molecules is always
present even far from the origin as well as in non proliferating cells. Consequently,
origin activity has to be defined not by the absolute abundance of a single DNA
segment in nascent DNA samples, but by the analysis of the relative abundances of

different target DNAs scattered in the region of interest.
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Mapping the DHFR origin region in single copy CHO K1 cells by analysis of

nascent DNA strands abundance by competitive PCR

The mapping procedure, described in the previous section, was applied to the single-
copy DHFR gene domain in order to identify the localization of an origin of DNA
replication. For this purpose, exponentially growing CHO K1 cells were pulse-labeled
for 15 minutes with 3H-deoxycytidine and bromodeoxyuridine. During this period of
time, stretches of newly synthesized DNA deriving from all portions of the genome
(and thus being at different distances from origins of DNA replication) were labeled.
Subsequently, cells were collected and total genomic DNA was extracted and
denatured by alkali treatment. Within this sample, short stretches of single-stranded
newly synthesized DNA (i.e. nascent DNA which is the closest to the origin) were
size-selected by sedimentation through neutral 5-30% sucrose gradients. Fractions of
average size of ~1000 nt were collected as representative of nascent DNA emanating
from all origins of DNA replication of the genome. In our experience, this size is
optimal in order to avoid contamination by Okazaki fragments (which are shorter) or
contamination by randomly broken genomic DNA (which is likely to be larger).
Additionally, this average length of nascent DNA is optimal for PCR amplification, the
size of the chosen amplification products being of 150-300 bp, and gives a
satisfactory resolution among closely spaced.genomic segments, contrary to the
results obtained with longer fragments.

Further purification of newly synthesized, BrdU-substituted DNA was obtained by
batch chromatography with an affinity resin bearing anti-BrdU antibodies, according to
an already published procedure (Contreas et al., 1992). This final purification step is
used to completely eliminate any trace of parental, unlabeled DNA possibly
contaminating the preparation by random breakage during the extraction procedure.
Within these samples of nascent DNA, competitive PCR experiments for origin
mapping were performed by the analysis of seven segments in the DHFR locus.

Since, at first, we experienced the problem that several chosen primer pairs in this
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region were not amplifying from total CHO DNA, the nucleotide sequence of a DNA
region downstream of the DHFR gene (corresponding to nucleotides 1500 to 3210 of
file cgdhfroriin GenBank) was re-determined by the analysis of overlapping PCR
products. The new nucleotide sequence was found to differ in several positions from
the published one; thus, the actual sequences for the synthesis of PCR primers were
chosen according to the newly determined sequence.

Seven primer sets were synthesized (Table 2), whose localization is schematically
shown in Figure 6; one of these sets is located within the 3' non-translated region of
the DHFR gene, while the other six ones are positioned in a ~6 kb region (Caddle et
al., 1990) located ~15 kb downstream of the gene. For each primer set, a competitor
DNA fragment was constructed, containing exactly the same sequence as the target
genomic DNA segment, with the exception of a 20 bp insertion in the middle to allow
resolution of the genomic and competitor amplification products by polyacrylamide gel
electrophoresis. These competitors were constructed by a recombinant PCR
procedure starting directly from the genomic amplification products, as already
described (Diviacco et al., 1992). The sequences of the internal primers used for the
generation of these competitors, bearing, at their 5' ends, 20-nt tails complementary to
each other which subsequently become the 20-bp insertion tags of the competitors,
are given in Materials and Methods.

A competitive PCR experiment is shown in Figure 11. A fixed amount of nascent DNA
was mixed with increasing amounts of competitor for each primer set, and amplified.
The PCR products were resolved by gel electrophoresis and the intensity of each
band (genomic and competitor) was determined by densitometric scanning. According
to the principles of competitive PCR, the ratio between the two molecular species
remains unchanged during the whole amplification process. Since the number of
added competitor molecules is known, and the final ratio between the PCR products is
measured, the initial amount of target DNA can be calculated in a simple way. These

measurements are given on the right sides of each of the gels shown in Figure 11.
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Figure 11. Competitve PCR mapping of the DNA replication origin in the DHFR locus. A schematic
representation of the genomic area downstream of the Chinese hamster DHFR gene is shown at the left. In this
area, six primer pairs were selected within a genomic reg%xon located ~15 kb downstream of the gene, and one
primer pair was selected within the 3' end of the gene 1iself. The locations of these primers are indicated by
converging arrows. For each primer pair, comﬁetltor DNA fragments for quantitative PCR were constructed and

uantified as described in Materials and Methods. These competitors contain exactly the same sequence as
the target DNA except for a 20-bp insertion in the middle to allow resolution by pol%acaflamtd,e gel
electropnoresis. Quantitation of the abundance of different markers in a sample of nascent, BrdU-substitufed
DNA was achieved by coamplification of a fixed amount of sample with increasing concentrations of competitor,
as indicated above each gel. Since the amount of competitor is known, the amount of target genomic DNA can
be easily derived from the ratio between the two final amplification products, as determined by densitometric
scanning. For each ?e}, the competitor and genomic DNA amplification products are indicated. The results of
the quantitations obfained for a sample of BrdU DNA are shown on the right. M, molecular weight marker.
Numbering is according to the sequence cgdhfroriin GenBank.
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The average results of the quantifications obtained by different experiments are
shown in Figure 12. At least four independent competitive PCR quantifications were
performed for each primer set, by using three different nascent DNA preparations. The
results obtained by these analyses revealed a distribution of abundance of genomic
markers in the DHFR genomic region, peaking at the segment amplified by primer set
2lll. This segment is enriched over 10-fold with respect to those localized at the two
boundaries of the analyzed region (primer sets 11l and 3), or within the 3' end of DHFR
gene itself (primer set 4ll), which is localized approximately 17 kb apart.

Based on the distance between the two DNA segments (amplified by primer sets 8
and 6) flanking the segment amplified by primer set 2111, it can be concluded that a
start site for DNA replication is localized within an approximately 800-bp region

centered over fragment 2l (Figure 13).
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Figure 12. Quantitation of abundance of the analyzed genomic
segments of Figure 11 in newly synthesized DNA samples of
~1000 nt. The results are expressed as a percentage of
enrichment for each segment with respect to the most abundant
one (the segment detected by primer set 2lIl). The results are
the average of at least four independent determinations for each
segment, obtained by using three nascent DNA preparations: the
bars indicate standard deviations. A clear enrichment for the
segment amplified by primer set 2lll is evident, thus indicating
that a start site for DNA replication is located in an ~800-bp
region located between primer sets 8 and 6.
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PART Il

A library of origin-enriched sequences

The experiments presented in the previous section of the thesis, as well as those
obtained by other colleagues at ICGEB by mapping the lamin B2 origin of DNA
replication, indicate that the nascent DNA sample prepared is a suitable and
convenient source of origin-enriched DNA. This part of the thesis will deal with the
utilization of this material for the construction of a library of nascent DNA to be used
for mapping purposes.

A nascent DNA sample was prepared from 1x108 exponentially growing, untreated
HL-60 cells according to the procedure outlined above; isolation of nascent DNA was
obtained by size selection of ~1 kb single strand DNA fragments on 5-30% sucrose
gradients. In our experience, this is the critical size to avoid contamination by short
Okazaki fragments (scattered along all the genome) and largest DNA stretches
derived from random breakage of high molecular weight DNA. Since we recently
demonstrated that BrdU labeling and further purification of BrdU-substituted DNA
fragments can be omitted from the procedure (Kumar et al., 1996) without changing
neither the detectability of DNA fragments nor the relative abundance of the markers
- that is the content of the sample -, nascent DNA was prepared without any label.
Indeed, the omission of the BrdU-labeling step greatly simplifies the overall protocol
and the manipulation of DNA sample (BrdU-substituted DNA is photo-sensitive and
thus must be handled in the dark).

Before proceeding to the construction of the library, and to verify that this nascent
DNA preparation was indeed enriched in origin sequences, the relative abundances
of two DNA segments of the lamin B2 origin region were analyzed by competitive
PCR amplification. The existence of an origin of replication in the lamin B2 region
was demonstrated by competitive PCR quantification of nascent DNA in a variety of
proliferating cells (Kumar ef al., 1996). By the analysis of adjacent DNA segments

scattered along this region in nascent DNA preparations, the lamin B2 origin region
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was identified by the peak of a gaussian distribution of segment abundance, being
segment abundance inversely correlated with their distance from the origin. One of
the primer set used, B48, detects the most abundant fragment of this region;
therefore, it is very likely to coincide with a start site for replication. The other one,
B13, detects a fragment, 4.5 kb far from the initiation site, poorly represented in
nascent DNA samples. The relative abundance of the two markers in a nascent DNA
preparation defines the origin activity, indicating at the same time, the enrichment of
the sample in origin-specific DNA. These values are reported in Table 5, column a.
Similarly to previously published values, the ratio between the B48 and B13 markers

was ~13, thus indicating the quality of the nascent DNA preparation.

Library construction

After removal of the RNA primer, single-stranded nascent DNA was 3' tailed using
terminal deoxynucleotidyl transferase (TdT) in the presence of dGTP. Subsequently,
second strand synthesis was obtained by priming with an oligonucleotide containg a
(dC)14 stretch at its 3' end followed by extension using Tag DNA polymerase. The
nucleotide sequences of the oligos used in this work is reported in Table 4; the
overall strategy for library construction is shown in Figure 8. Double stranded, blunt
ended DNA molecules obtained in this way were used as a substrate for ligation to a
double-stranded linker. This linker is composed of two asymmetric strands, one 25 nt
long (LLONG) and the complementary one 11 nt long (LSHORT), in order to allow
only oriented ligation. Since it is expected that Tag DNA polymerase adds an
additional 3' A to a proportion of fully elongated DNA strands (Clark, 1988), the linker
used was indeed a mixture of two linker populations, one of which contained an extra
T at the 3' end of oligo LLONG, in order to create a T overhang after annealing. The
two oligos were used in a 1:1 ratio. The double stranded linker was in vast excess
(~1000 fold) with respect to the estimated concentration of the double stranded

nascent DNA preparation.
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The effiency and quality of all these reactions was checked along the procedure.
These controls are shown in Figure 14. An aliquot (1/10) of the dG-tailed material
was used in a parallel extension reaction using either a cold second strand synthesis
primer and inclusion of labeled dCTP or a labeled primer in the extension reaction.
Lanes 1 and 2 in Figure 14, panel A show the results of these controls. Both lanes
indicate that the obtained products are represented by a smear of fragments of
estimated size in the range between 500 and 2000 bp. These results indicate that
both the tailing and the extension procedures generate products with the expected
efficiency and length.

Ligation was also monitored in a similar way, by using a hot preparation of oligo
LLONG in a primer extension experiment (extension is expected to occur only if
ligation had performed successfully). However, in this case no appreciable product
smear could be visualized (not shown). The ligated product, however, was then
submitted to 15 cycles of PCR amplification with oligo LLONG and oligo Sal/Cla
(internal to the 5' tail of the oligo Sal/Cla-dC14 used for second strand synthesis),
followed again by primer extension with oligo Sal/Cla, oligo Sal/Cla-dC14 and
LLONG. In this case, a strong smear of the expected size could be visualized (Figure
14, panel B, lanes 1-3). Our interpretation of these observations is that the ligation
step is highly inefficient in these conditions, yet, it produces a certain amount of
ligated molecules which can be easily PCR amplified. The fact that linker ligation is
the limiting step in this procedure is not surprising. The laboratory has a long
experience in in vivo footprinting using ligation-mediated PCR (Demarchi et al., 1992:
Demarchi et al., 1993; Dimitrova et al., 1996), a technique which is based on a similar
principle. Also in this case, linker ligation appears to be the limiting step of the

procedure.

Evaluation of the amplification products and library cloning
In order to evaluate the quality of the PCR amplified product, as well as to ascertain

that the ligation and PCR amplification steps had not introduced a bias in sequence
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selection, a 1/50 aliquot of the PCR product was analyzed by quantification of the
B13 and B48 markers. The values in Table 5, b represent the total number of B48
and B13 molecules in the PCR sample. With respect to the values found in the
original nascent DNA preparation, a higher B48/B13 ratio was measured in this
amplification product, being the B48 fragment 30 folds enriched over B13. Five pl of a
1:1,000 dilution of this first ori-library preparation were further amplified for 30 cycles
with oligos LLONG and Sal/Cla. Again, B48 and B13 markers were quantified in a
1:100 dilution of the PCR product. These values are reported in Table 5 lane ¢ (also
in this case, the values correspond to the total number of B48 and B13 molecules in
the PCR sample). The ratio between the two markers is now ~100 folds.

Therefore, as expected, during PCR some sequences are preferentially amplified.
However, it seems that a positive selection of most abundant sequences (that is,
most likely, DNA sequences from origins) has occurred against those which are less
represented and therefore may be preferentially lost at any step or less efficiently
amplified. Whatever the mechanism is, it results in a favourable increase of the
signal-to-noise ratio. The total number of molecules, despite the overall loss during
the procedure for library construction, was slightly increased after the first
amplification, and efficiently amplified in the second round of PCR.

The PCR amplified products (first and second round of amplification) were cleaned
from buffer and oligonucleotides by Centricon centrifugation and 1/10 was restricted
with Eco Rl and Sal | (these sites are present in the two linkers flanking the amplified
sequences) and then ligated into the corresponding sites of plasmid pUC18. Oneffifth
of the ligation products was then transformed into E. coli DH50. by electroporation,
using competent cells with an estimated transformation efficiency of >5x108/ug
plasmid DNA. Transformation generated ~50,000 total number of colonies. By taking
into account the dilutions of the PCR and ligation products, this results in an
estimated number of ~2.5x10€ colonies for the total PCR reaction. The number of
background colonies due to self-ligation of the vector (most likely due to inefficient

digestion with one of the two enzymes) was estimated to be <7%.
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Nascent DNA Nascent DNA Library | Nascent DNA Library
First preparation | Second preparation
(m%‘,‘esc_) 2x10° 1.8x107 3.0x107
B13 5 c N.D. 5
(molec.) ~1.3x10 6.0 x10 (at least << 3.2x107)
B48/B13 ~15 30 >>100
a b C

Table 5. Analysis of the ori-library. To evaluate the quality of the PCR amplified
ori-library, quantitation of B48 and B13 markers in the lamin B2 region was
performed by competitive PCR. The nascent DNA preparation used for library
construction and two PCR products representing the ori-library were analyzed.
In column a is presented the total number of molecules of B48 and B13 in the
nascent DNA sample and their relative abundances before PCR amplification.
B48 is ~15 folds enriched in respect to B13, as expected in our experience.
The values in columns b and ¢ represent the total number of the same markers
respectively in the first PCR sample and after a further amplification step. Five
ul of a 1:50 dilution of the first PCR product were analyzed (column b). Five pl
of a 1:1000 dilution of this first ori-library preparation were further amplified.
Again, B48 and B13 markers were quantified in a 1:100 dilution of the PCR
product (column c). In this preparation B13 abundance is undetectable even
performing 50 cycles of PCR amplification and starting from a 1:5 dilution of
the PCR product. It is interesting to note that the ratio between B48 and B13
abundances is increased after library construction and amplification, as if a
selection has occured against those sequences that are less represented in
the original nascent DNA sample. The localization of B48 and B13 markers is
reported in Figure 7.




Hybridization studies

The representativity of the library was also confirmed by hybridization experiments.
Aliquots of the original library (library a in Figure 15, corresponding to 15 cycles of
amplification of tailed nascent DNA products) and of the re-amplified preparation
(library b) were spotted on nylon filters together with scalar amounts of total
chromosomal DNA. Filters were probed with three subclones of the lamin B2 locus
deriving, respectively, from the origin region (pBN1) and the two flanking fragments
far from it (0SB16 and pBgB8). The B48 marker is the most abundant fragment in
nascent DNA preparations as detected by competitive PCR, and is included in the
PBN1 subclone; pSB16 and pBgB8 are located at the both sides of the origin. The
results of these experiments are presented in Figure 15. Each filter contains aliquots
of the library (1/20 and 1/200) and scalar amounts of total DNA (from 1 ug to 5 ng).
The signals of hybridization of total genomic DNA and of the library preparations to
each probe were quantified using an Instant Imager beta-counter machine. The
results obtained are presented for each of the three probes in Figure 16, panel A.
The hybridization values obtained from the different dilutions of total DNA, when
plotted against the actual amount of blotted total DNA, are fitted by a straight line
(correlation coefficients, r2, from 0.90 to 0.99). According to the equations describing
these lines, and considering the hybridization values obtained for the 15 cycles
library, it was estimated that the dots contained an amount of DNA hybridizing to
probe BgB8 corresponding to 44.7 ng of total DNA, an amount of DNA hybridizing to
probe BN1 corresponding to 754.8 ng, and an amount of DNA hybridizing to probe
SB16 corresponding to 381.2 ng. These results are reported in Figure 16 panel B.
According to these results, it can be concluded that fragment BN1 is the most
represented in nascent DNA, being 16.9 folds more abundant than the BgB8
fragment, which is ~5 kb far from the origin. On the contrary, fragment SB16, which is
only 1.7 kb apart from the initiation site is 1.98 folds less abundant than BN1, as
expected from the gaussian distribution of nascent DNA fragment lengths obtained

by sucrose gradient isolation.
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These results were even far more evident using the PCR preparation obtained by two
subsequent cycles of amplification (library b in Figure 15). As discusses above, the
ratio between B48 and B13 markers in this preparation was even more increased
than in the 15 cycles library, and this is confirmed by the increase of the differential
hybridization signals between region BN1 and regions SB16 and BgB8 (which is
almost undetectable).

In conclusions, these results are in excellent agreement with those obtained by
competitive PCR quantification and clearly indicate that the collection of nascent DNA

sequences we obtained is indeed enriched in ori sequences.

Preliminary analysis of individual clones

After electroporation in competent DH5¢, cells, twenty clones were analyzed by PCR
as samples of the cloning product. Preliminary results mostly show the existence of
independent clones, again indicating that preferential selection of fragments nor by
size nor by sequence content has occurred during library construction.

Characterization of individual clones is in progress.

A new method for the identification of origins of DNA replication

One of the most appealing properties of a library of origin-enriched sequences stems
from its possible utilization for the identification of new DNA replication origins. For
this purpose, the library can be used as a probe for hybridization to immobilized
plasmids or cosmids containing fragments of the region of interest (most reasonably,
in a contiguous arrangement). The principle of the method is that, being the library
enriched in origin sequences, it will preferentially hybridize to immobilized fragments
containing an origin of DNA replication. On the contrary, hybridization to non-origin
sequences, under-represented in the probe, will poorly detected.

The validity of this new approach for origin identification was tested by hybridization
of the library on plasmids containing fragments of the lamin B2 origin region. An

example of these experiments is presented in Figure 17. Plasmids pBgB8, pBN1 and
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Figure 17. Southern hybridization experiments. Panels A and C are ethidium
bromide-stained gels showing plasmid digests: subclone pSB16 was digested with SpHI
and BamHI; sublcone pBN1 with Pvull; and subclone pBgB8 either with Bgll (panel A) or
Pvull (panel B).Vector fragments and inserts from the lamin B2 region are marked. The
digests shown in panel A were probed with a 32P-labeled ori-library preparation. The
preferential hybridization of subclone pBN1, shown in panel B, likely suggests the presence
of a replication initiation site in the pBN1 fragment. This finding was confirmed by using a
different ori-library preparation, obtained from PCR amplification of the previous one, as a
probe on similar digests (panel C and D). Also in this case, preferential hybridization to
pBN1 subclone was found. M: molecular weight marker.




pPSB16 (see Figure 15 for their localization in the lamin B2 genomic region) were
digested, run on 1% agarose gel and transferred to nylon filters for hybridization to
the random primer labeled library product. Panel A lanes 2-4 in Figure 17 show
ethidium-bromide stained bands corresponding to the digestion products of plasmids
pSB16, pBN1 and pBgB8 respectively. Panel B shows the results of hybridization of
the same plasmids with the library probe. As it is evident from the Southern blot, the
insert of plasmid pBN1 (lane 3) is recognized strongly by the probe. This is the
plasmid encompassing the origin of DNA replication of the lamin B2. A faint band
corresponding to the insert of plasmid pSB16 is also visible in lane 2.

A similar experiment was also performed with the origin-enriched library deriving from
the second PCR amplification. Also in this case, the insert of plasmid pBN1 was the

most detectable one (Figure 17, panels C and D).
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DISCUSSION

Mapping DNA replication origins by quantifying the relative abundance of

nascent DNA strands using competitive PCR

For my pre-doctoral work presented in this thesis, | contributed to the development,
and extensively applied, the competitive PCR technique for the analysis of
abundance of nascent DNA strands for origin mapping purposes. As detailed above,
this technique is based the isolation of short [~1000 nucleotide (nt)], stretches of
newly synthesized DNA followed by the measurement, within this sample, of the
abundance of different DNA segments scattered along the genomic region of interest.
Central to this procedure is the precise quantification of target DNA abundance.
However, this is a challenging task. If it is assumed that about 3x104 different origins
are present in the haploid mammalian genome of somatic cells (3x106 kb), a 1 kb
DNA fragment emanating from an origin of replication will be diluted in 3x106
molecules of the same size in a random sample of DNA and in 3x104 molecules in a
sample of origin sequences. Hence, only very limited amounts of nascent DNA can
be isolated routinely from the bulk of non-replicated DNA of mammalian cells. This is
far below the detection limit of the hybridization procedures when using
asynchronous cell populations.

These nascent DNA samples, however, are amenable to PCR amplification. A
method based on conventional PCR has been developed for this purpose (Vassilev
and Johnson, 1990; Vassilev et al., 1990). This method, however, suffers from the
difficulty of quantifying conventional PCR, which is sensitive to a number of
predictable and unpredictable variables that profoundly affect its efficiency. Among
these variables, are differences in the amplification kinetics for each primer set, the
quality of the DNA samples and the presence of non specific amplification products.
In addition, tube-to-tube variation occurs even under the most finely tuned

experimental conditions (Gilliland et al., 1990; Siebert and Larrick, 1992). Due to the
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exponential nature of PCR, even a small unpredictable bias in amplification efficiency
during the early cycles can lead to large differences in the final product yield. This
can be a problem especially when starting with small amounts of target sequences,
as is the case with nascent DNA samples. On the contrary, competitive PCR is
immune to these problems. Among the advantages of competitive PCR for the

quantification of limited amounts of DNA in biological samples are the following: the

technique
i) permits the quantification of the absolute number of molecules;
ii) is not affected by the total yield of the PCR reaction:
iii) is independent of the kinetics of primer amplification;
iv) is not affected by the presence of non specific amplification products;
V) does not require the maintenance of the exponential phase of

amplification (therefore, amplification products can be directly visualized by
ethidium bromide staining of polyacrylamide gels).
Additionally, in our experience competitive PCR quantification generates reproducible
results: when the same competitive PCR quantification is repeated several times, the
coefficient of variation of the measurements (calculated by dividing the sample

standard deviation by the sample mean) is usually <0.3.

Very few mammalian DNA replication origins have been characterized so far, and
only a couple of them have been identified with a reasonably high resolution. It is
therefore difficult to derive from these scarce data common features among DNA
replication origins which may help the current research to identify the factors required
for origin specificity and initiation of S phase. It must be said that most of the
developed protocols for origin mapping in mammalian cells do not encourage
identification of new origins, being very laborious and tricky to perform. Moreover, the
results obtained after a usually huge amount of work are either poorly satisfactory
because of the low resolution of origin definition or poorly convincing because of the

suspicion that they may be biased by the experimental conditions used.
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On the contrary, the described procedure for mapping mammalian origins by
quantification of nascent DNA abundance using competitive PCR provides a very
simple tool for the study of the process of DNA replication initiation in single copy
regions of asynchronously growing cells. Most important, it does not require the use
of any DNA metabolism-altering procedure, nor laborious experimental protocols. All
of these advantages make this procedure virtually applicable to any cultured cell line,
virus, plasmid and yeast and to all origin sequences both early and late replicating.
The only requirement for its application is the availability of sequence information on
the region to analyze, at least for the synthesis of PCR primers. However, since this
is a high-resolution mapping method, it is suitable for the investigation of 10-20 kb

regions, but inadequate for exploring genomic regions of hundreds of kilobases.

High resolution mapping of the origin of DNA replication in the hamster DHFR

gene domain

The dihydrofolate reductase (DHFR) gene domain is the most thoroughly investigated
mammalian origin of DNA replication. Replication studies of this region have been
initially facilitated by using a cell line in which the DHFR gene is amplified 1000-fold
(CHOC 400) and subsequently extended to the analysis of the single copy gene by
using procedures that synchronize cells at the G1/S boundary. However, conflicting
results have been obtained for this region as far as the localization of the replication
origin is concerned. These results range from origin localization in a 450-bp stretch
according to the study of the Okazaki fragments polarity switch (Burhans et al., 1990),
to origin delocalized in a 50-kb region according to the studies employing the 2-D gel
technique (Dijkwel and Hamlin, 1995; Dijkwel et al., 1991; Vaughn et al.,, 1990). While
it is arduous to reconcile these results, it should be pointed out that to date the vast

majority of studies analyzing newly synthesized DNA emanating from replication start

sites (by analysis either of its distribution along the chromosome or of its polarity) led
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to the identification of precise sites for initiation of DNA replication. Among the
identified origins are those located within the ribosomal protein S14 gene in Chinese
hamster cells (Tasheva and Roufa, 1994), within the Syrian hamster CAD gene (Kelly
et al., 1995), in the proximity of the mouse adenosine deaminase gene (Carroll et al.,
1993; Virta-Pearlman et al., 1993), of the Chinese hamster rhodopsin gene (Gale et
al., 1992), of the human B-globin gene (Kitsberg et al., 1993), of the c-myc gene
(Vassilev et al., 1990) and of the human lamin B2 gene (Giacca et al., 1994). In
contrast, most of the studies analyzing the structure of replication intermediates by the
2D-gel technique led to the conclusion that origins are dispersed in wide genomic
areas or, at best, confined to still large preferred initiation zones (Dijkwel and Hamlin,
1995; Leu and Hamlin, 1989; Little et al., 1993; Vaughn et al., 1990). Therefore, it
seems that all these conclusions could be biased in either way by the method
employed.

To avoid any possible artifact deriving from the experimental technique, to analyze the
behavior of single-copy gene domains and to achieve sufficient resolution to allow
subsequent protein-DNA interaction studies, it seemed important to develop an assay
that could be performed in physiological conditions and by using the simplest and
least artifact-prone procedure. All these demands are satisfied by the mapping
procedure by competitive PCR quantification of short stretches of nascent DNA which
can be applied to single copy genes, does not require synchronization or other DNA
metabolism altering procedures and has a high resolution capacity (Giacca et al.,
1994). We have also recently demonstrated that even cell labeling with BrdU and
subsequent purification of BrdU-substituted DNA fragments can be omitted from this
procedure without changes in the final results (Kumar et al., 1996). This observation
definitely rules out the possibility of the introduction of a bias in fragment selection on
the anti-BrdU column, or of artifactual DNA fragmentation by photo-damage of BrdU-
substituted DNA. However, the finding that BrdU labeling can be omitted is not

surprising, since the developed procedure for origin identification in asynchronous
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cells relies in principle only on the selection of nascent DNA stretches according to
their sizes.

The application of this method to the single copy DHFR locus of CHO K1 cells leads
to the conclusion that replication starts at a defined region of ~800 bp (from nt 2206
to nt 3040 in the region sequenced by Caddle et al. (Caddle et al., 1990)) located
approximately 17 kb downstream of the gene. Results with the DHFR gene region
were in excellent agreement with previously published mapping data in which
nascent DNA strands also were labeled (Figure 13), and were subsequently
confirmed in another laboratory (T. Kobayashi & M. DePamphilis, unpublished data).
It is very unlikely that the distribution of genomic marker abundance found in the
analyzed region and presented in Figure 12 could be representative of an initiation
zone dispersed between marker 5 and 6 (< 2000 bp), with a preferred initiation site
around marker 2lIl. In fact, the distribution found resembles the one expected by the
gaussian distribution of the nascent DNA fragments of ~1000 nt obtained by sucrose
gradient purification,

Analysis of the representation of different markers in the DHFR region in purified
nascent DNA strands of increasing length was adopted also by Vassilev et al. using
conventional PCR (Vassilev et al., 1990). However, this method, although exploiting
the extraordinary sensitivity of PCR, is subjected to all the uncontrollable variables
affecting the quantitative outcome of conventional PCR (Diviacco et al., 1992: Ferre,
1992; Siebert and Larrick, 1992). On the other hand, quantitative PCR using internal
competitive DNA templates (Diviacco et al., 1992; Sestini et al., 1994) has to be
considered one of the techniques of choice for precise quantitation of low abundance
nucleic acids using PCR (Siebert and Larrick, 1992).

A further important advantage of origin mapping by competitive PCR of nascent DNA
is that this technique, contrary to other methods (Handeli et al., 1989), is able to
identify origins at relatively high resolution. High resolution mapping is required in
order to address the study of the protein-DNA interactions underlying the origin

activation event using in vivo footprinting methods (Dimitrova et al., 1996).

50




In conclusion, the results presented in this work reinforce the notion that DNA
replication starts at a defined site downstream of the DHFR gene in Chinese hamster
cells. The long-standing discrepancy between this conclusion and the one obtained

by the 2D-gel analysis still needs to be understood.

A library of nascent DNA strands

In this thesis, the construction of a library of origin-enriched, nascent DNA strands is
described. The purpose of this work was to obtain a tool for the rapid search of novel
origins in large genomic areas, an essential pre-requisite for the understanding of the
real anatomy of origins in mammalian cells, of their dynamics of regulation, and of
their relationship with chromatin structure and replication regulation. By exploiting our
experience in nascent DNA preparation and analysis, we obtained a collection of
sequences deriving from origin regions. This library of origin-enriched sequences was
constructed from a preparation of nascent DNA, using the same kind of protocol
which proved successful in the above described origin mapping studies based on
competitive PCR. Nascent DNA was prepared by size selection on 5-30% sucrose
gradients collecting those fractions containing ~1 kb DNA. This is exactly the same
protocol used to prepare nascent DNA for marker quantification by competitive PCR

(Giacca et al., 1997; Giacca et al., 1994; Kumar et al., 1996).

Methodological considerations
It is difficult a priori to estimate the expected representativity of a nascent DNA
library. An hypothetical estimate can be done on the basis of the following
assumptions:
) replicons have an average size of 105 bp; assuming that the haploid human
genome has ~3x109 bp, it derives that there are 3x104 independent origin

sequences,
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if) all origins are activated in all cells during each S phase; as a consequence,
nascent DNA stretches from all origins have an equal probability of being
represented in the library;
iii) nascent DNA is exclusively represented by origin sequences.

Given these assumptions, the library size can be estimated from the general

equation:

N=In(1-p)/In (1-1/n)

where p is the probability of containing any particular DNA sequence of a sample of
N clones, and n is the number of independent origin sequences.

For example, for p=0.99 and n=30,000:

N =In (1-0.99) / In (1-1/30,000) = In (0.01) / In (1-3.33x105) = 1.38x105

i.e. 1.38x10° clones need to be screened to look for any particular origin.
However, it should be noticed that these theoretical values are likely to be far from

those found by our observations on the nature of nascent DNA (see next paragraph).

What is nascent DNA?

The quantitative PCR-based method for DNA replication origin mapping is based on
the quantification of the relative differential abundance of different genomic segments
of a given area in samples of nascent DNA. These samples are isolated by virtue of i)
being shorter than the bulk of total DNA and larger than the expected size of Okazaki
fragments - the latter ones derive from all the genome; ii) being synthesized in short
time frame prior to isolation, since they contain BrdU-DNA. These fragments are
likely to represent short leading strands issuing from the origin. Given this
consideration, the expected distribution of abundance of genomic markers in this

sample should peak at the origin only and be much decreased at distances far from

52




the origin itself. However, it is puzzling that in all our experimental observations we
do find such a distribution, but the segments far from the origin itself are always
represented with a ratio of 1/10-1/20 fold with respect to the segments at the origin.
In other terms, segments far from the origin have a background level which do not
tend to decrease to undetectability. This suggests to us that the sample of nascent
DNA is either contaminated from randomly broken total DNA - which | find unlikely,
since DNA is extracted as high molecular weight DNA, and the isolated fragments
are ~1 kb in length - or, more likely, it contains low copy number oligomers of ligated
Okazaki fragments (3 to 10 copies). These Okazaki fragments are obviously deriving
from the lagging strand synthesis of any genomic region. With this respect, it should
be observed that very little is known about the kinetics of ligation of Okazaki
fragments. Old results in the literature indeed indicate that this is likely to occur at
discrete steps, involving formation of progressively larger ligation intermediates (Lonn

and Loon, 1983; Lonn and Lonn, 1985).

Additional considerations

In addition to the above reported considerations, it should also be noted that very
little - if any - is known about the rate of origin activation in mammalian cells. In other
words, it is not clear whether the same origin has to be expected to fire in each cell of
a cell population and at each S phase. Consistent data from several laboratories in
the last years have indicated that large gene domains retain the same replication
timing during S-phase in subsequent cell cycles (Boggs and Chinault, 1994;
Holmquist, 1987). This would suggest that a temporal order for origin activity exists
and that it is maintained from generation to generation in a single cell type. However,
this type of regulation probably requires control at a level higher than the origin - e.g.
origin clusters belonging to the same replication focus -. Whether the same origin
sequence is actually firing at the same cycle or multiple sequences can be randomly
chosen in a single replicon each S-phase still requires further investigations.

Obviously, this is an important matter with respect to the issue of library construction,
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since, if multiple alternative origin sequences exist, the contribution of each individual
origin to the pool of nascent DNA will be diluted. However, it is definitely too early to
start addressing this problem, since very few mammalian origins have been so far

identified at the nucleotide level.

Preliminary validation of the library of ori-enriched DNA

Before employing the ori-enriched PCR library for the identification of new origins of
DNA replication, it was used in a reverse dot blot hybridization experiment, using
probes from the lamin B2 genomic region. To this purpose, aliquots of the ori-library
were spotted on nylon filters together with scalar amounts of human genomic DNA.
Filters were hybridized with three fragments spanning the lamin B2 locus, one very
close to the initiation site (BN1) and two distant fragments (BgB8 and SB16). By
comparing the hybridization signals obtained for the genomic and nascent DNA for
each probe, the amount of each fragment in nascent DNA was calculated. The use of
total DNA as a reference ensures that the results were not biased by the different
sequence content of the probes. Anyway, reproducible results were obtained using
different ori-library preparations. Fragment BN1, which overlaps with the lamin B2
origin, in the nascent DNA library is ~17 folds more abundant than fragment BgBS,
being the farthest from the origin.

A similar experiment has already been attempted in the past in our laboratory,
Enrichment for lamin B2 origin sequences was measured in nascent, BrdU-
substituted DNA prepared from HL-60 cells by comparing the hybridization of probes
in this DNA relative to total DNA (Biamonti et al., 1992). However, to obtain sufficient
sensitivity in hybridization experiments, methods for the enrichment of nascent DNA
were applied. Briefly, HL-60 cells were synchronized at the G1/S border with two
blocks of aphidicolin and then released from the block allowing DNA replication to

resume in the presence of BrdU. Total DNA was extracted, single stranded nascent
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BrdU-DNA was isolated by sucrose gradients and further purified by immunoaffinity
chromatography with anti BrdU antibodies. It should be pointed out again that cell
synchronization is a means to enrich for newly replicated DNA, but at the same time
it results in massive fragmentation of DNA increasing the background level. Similarly,
BrdU labeling allows one to further purify nascent BrdU- substituted DNA from
parental DNA; however, BrdU-DNA is light sensitive and can be easily damaged. In
those experiments, almost 108 synchronized cells had to be processed in order to
obtain a sufficient amount of newly synthesized DNA to be used in a single
hybridization experiment with the probes. The film was developed after several
weeks and the hybridization spots were almost at the detectability threshold.

On the contrary, the hybridizations shown in Figure 15 were performed using nascent
DNA preparations obtained from asynchronous cell populations. Once tailed, nascent
DNA is available in virtually unlimited amount, an can be handled easily. In addition,
being the library produced from asynchronous cell populations and easily re-
amplifiable by PCR, it can be extensively used to map any origin active in the original

cell line (HL-60) without requiring any further purification of nascent DNA.

Potential use of the ori-enriched nascent DNA library: a new method for

mapping origins of DNA replication in mammalian cells

Given the above reported considerations, and the poor understanding of the biology
of origin activity in mammalian cells, the constructed library appears not to primarily
be the source of clones for direct analysis of origin sequences, but to represent a
source of probes for origin mapping in large genomic domains. The rationale of the
method is to use the library as a probe in hybridization to immobilized plasmids or
cosmid contigs corresponding to the region of interest. Since the library is enriched in

origin sequences, it will strongly hybridize only to fragments corresponding to origins,
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while hybridization to non-origin sequences, poorly represented in the library, will be
less detectable.

For this purpose, some preliminary experiments were conducted to assess the
feasibility of this approach. The method was applied to the lamin B2 region, where
an origin of replication was identified by PCR quantification of nascent DNA (Giacca
et al., 1994). In this experiment, three single copy probes from the lamin B2 origin
region were used, one corresponding to the initiation site (BN1), and the other two far
from it (BgB8 and SB16). The results obtained showed the existence of a precise
initiation site coincident with the one already described, since only BN1 fragment
(which is the most abundant in nascent DNA as measured by PCR quantification)
hybridizes to the nascent DNA library. These results were convincingly reproduced
by using different preparations of the ori-library (Figure 17, panel B and D). These
findings confirm by an independent method the mapping study on the lamin B2 gene
domain which was obtained by competitive PCR. The above commented
hybridization experiment also provides further support to the notion that initiation sites
are precisely defined.

The use of DNA enriched in origin sequences as a hybridization probe on cloned
fragments has been first described by Anachkova and Hamlin and applied to the
DHFR amplicon (Anachkova and Hamlin, 1989). However, these experiments
required cell synchronization at the G1/S border, enrichment of origin sequences by
repeated trioxalen treatments and UV irradiations, and labeling of DNA with BrdU.
With the omission of these steps, the amount of origin specific DNA recovered would
be extremely limited for use as a hybridization probe. However, despite this protocol
for enrichment of ori sequences, the amount of ori-specific DNA obtained was very
low and most experiments required 2 to 5 weeks of exposure to X-ray film for
adequate signal detection.

On the contrary, the approach we propose provides a very simple and sensitive
method for the identification of replication origins. In particular, it does not require any

labeling, nor chemical treatment, nor cell synchronization to enrich for origin specific
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DNA, since this DNA is no more limiting; in fact, once tailed, nascent DNA can be
cloned or simply re-amplified by PCR using specific primers. Nascent DNA is so
abundant that, simply by labeling of 1/10 to 1/20 of the PCR product, a hybridization
signal can be seen after an over night exposure. Dealing with so large amounts of

nascent DNA greatly simplifies and speeds up the experimental work.

In conclusion, the described approach can be applied to any region of interest for
which cloned portions are available, potentially providing a very simple new method
for origin mapping in large chromosomal regions. The fragment that preferentially
hybridizes to the ori-library either in dot blot or in Southern experiments will be the
most abundant in nascent DNA; therefore it will very likely be lying the closest to the

initiation site.

Experiments aiming at the identification of new origins of DNA replication in

mammalian cells are in progress.
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APPENDIX

INTRODUCTION

Most of the interest in the field of DNA replication has recently been focused on the
study of proteins involved in initiation of DNA replication. A search for factors binding
to origins in yeast (ARSs, autonomously replicating sequences) led to the
identification of the origin recognition complex (ORC). The ORC is a six subunit
(Orc1-Orce6) initiation complex that specifically binds to origins and is essential for
initiation of DNA replication in yeast (Bell and Stillman, 1992; Diffley and Cocker,
1992). Further studies have shown that homologs of ORC proteins exist also in
higher eukaryotes. Drosophila Orc2 and Orc5 have been recently identified
(Ehrenhofer-Murray et al., 1995; Gossen et al., 1995); Xenopus Orc1 and Orc2 have
been shown to perform essential functions in DNA replication (Carpenter et al., 1996;
Romanowski et al., 1996b; Rowles et al., 1996); however, ORC-like complexes have
not yet been isolated from human cell extracts and no function has been yet
described for human ORC homologs (hOrc1 and hOrc2) so far identified (Gavin et
al., 1995).

In addition to ORC, the Cdc6 protein acts at a critical early step in replication,
perhaps by interacting directly with the ORC and determining the frequency of origins
firing (Cocker et al., 1996; Coleman et al., 1996; Liang et al., 1995). Similarly, the
Mcm (minichromosome maintenance) proteins are required for the initiation of DNA
replication (for a review: Chong et al., 1996; Kearsey et al., 1995). Homologs of both
Cdc6 and Mcm proteins have been identified in higher eukaryotes (Kubota et al.,
1997; Madine et al., 1995; Romanowski et al., 1996a; Sanders Williams et al., 1997:

Thommes et al., 1997). These studies have suggested a model in which the
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formation and activation of a pre-replicative complex (containing ORC, Cdc6, Mcm
and probably other cell cycle proteins) at origins determine their proper utilization in
S-phase (Coleman et al., 1996; Rowles et al., 1996; Stillman, 1996).

A project aiming at the identification of proteins binding to and activating origins in
mammalian cells is ongoing in our laboratory. In the past few years, using an in vivo
footprinting technique we identified specific protein-DNA interactions at the lamin B2
origin in human cells (Dimitrova et al., 1996). Most interestingly, we detected an
extended footprint of 70 bp in close correspondence to the replication initiation site
which is correlated to replication, since in non proliferating cells this footprint was
absent.

While we are trying to purify the complex responsible of the footprint in this region,
we are investigating whether human ORC and Mcm homologs could bind to the
same region. To this purpose, | have constructed an epitope tagged version of
human Orc1 (Gavin et al., 1995) and Mcm 3 (Thommes et al., 1992) homologue
proteins for in vivo cross-linking experiments to understand ORC and Mcm

relationship to replication sites.
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MATERIALS AND METHODS

Construction of HA-tagged proteins

The HA epitope (YPYDVPDYA) was added at the N-terminus of human Orc1 and
Mcm3/P1 proteins by using PCR primers containing the tag sequence (Table 1-a).
The upstream primer of each set includes (from 5' end to 3') a restriction enzyme site,
the ATG start codon, the epitope tag sequence, and the DNA sequence for the
amino-terminus of the target protein. The downstream primer includes (from 5' end to
3') a restriction enzyme site different from the one in the upstream primer, a stop
codon, and the DNA sequence for the carboxy-terminus of the target protein.
Amplification of the protein coding sequence by means of such a set of primers
resulted in insertion of the HA epitope in frame with the coding sequence. To this
purpose, Pfu DNA Polymerase (Stratagene) was used according to the instruction of

the manufacturer. Primers were constructed according to human Orc1 sequence

U40152 and human Mcm3/P1 sequence X62153 in GenBank.

RNA isolation and reverse transcription

Total RNA was isolated from human HelLa cells by guanidinium thiocyanate method

(Chomoczynski and Sacchi, 1987). Reverse transcription was performed with 1 ug of

RNA by using M-MLV Reverse Transcriptase (Promega) and oligo-dT primer (Gibco
BRL) in a 25 pl reaction. The volume was then adjusted to 100 ul and 10 il were

used for subsequent PCR amplification.
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Construction of vectors that express HA-Orc1 and HA-Mcm3/P1

The PCR products corresponding to human HA-Orc1 and HA-Mcm3/P1 were purified
and cloned in a pBS vector using Bam HI/ Xba | and Eco R/ Xba | cloning sites,
respectively. The cloned products were partially sequenced by the dideoxy-chain
termination method (T7 Sequencing™ Kit-Pharmacia) and then cloned in a
mammalian expression plasmid (pPCDNA Il vector, Invitrogen) using the same
restriction sites. This vector confers neomycin (G418) resistance to transfected cells.
The correct expression of the two tagged-proteins was verified by in vitro

transcription and translation assay (TNT, Promega, Figure 1-a, panel A).

Transfection of plasmid DNA into mammalian cells

Plasmid DNAs were introduced into 293 mammalian cells by the calcium phosphate
precipitation method as described (Wigler et al., 1977). Cells were grown in
Dulbecco's modified Eagle's medium supplemented with 10% fetal calf serum, 2 mM
L-glutamine and 50 mg gentamicin per ml. HA-tagged proteins expression was

verified 48 hrs after transfection by western blotting analysis (Figure 1-a, panel C).

Selection of stable clones expressing human HA-Orc1 and HA-Mcm3/P1

proteins

Transfected 293 cells were selected for neomycin (G418) resistance (1 mg/mlin
complete medium, Gibco BRL) and single resistant clones were grown under
selective conditions. The presence of the construct was analyzed in transfected cells
by PCR using a primer set amplifying sequences from the neomycin gene. Then,

three clones transfected with the HA-Mcm3/P1 pCDNA Ill construct were analyzed by
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western blotting. All of them expressed the tagged-protein, although at different
levels. Ten clones transfected with the HA-Orc1 expression plasmid were analyzed,
but no one of them expressed the protein. Transfection with HA-Orc1 plasmid DNA
was repeated and the bulk of cells after selection with G418 was analyzed.

Unfortunately, HA-Orc1 positive cells were not found (Figure 1-a, panel B).

Preparation of cell lysates and western blot

Cells were washed twice with ice-cold phosphate-buffered saline (PBS) and lysed
directly in SDS-loading buffer (whole cell lysates). To prepare nuclear lysates, cells
were additionally washed once with ice-cold buffer A (10 mM Hepes pH 7.6, 15 mM
KCI, 2 mM MgClz, 0.1 mM EDTA), nuclei were extracted with 0.2% NP-40
(Calbiochem, La Jolla CA) and lysed in SDS-buffer. Nuclear lysates from ~2x106
cells were separated on a 7.5% SDS-polyacrylamide gel and were transferred to a
nitrocellulose filter (Amersham) by electroblotting. Filters were incubated in 5% milk-
TBS buffer (5% w/v non-fat dried milk in 150 mM NaCl, 10 mM Tris pH 7.4) for 2 hr at
room temperature, washed with TBS and then probed with mouse monoclonal
antibody anti-HA (clone 12CA5, Boehringer Mannheim) at a concentration of 0.75
ng/mlin 5% milk-TBS for 1 hr at room temperature. After washing in TBS, filters were
incubated in 5% milk-TBS with horseradish peroxidase-conjugated goat anti-mouse
lgG (Amersham) for 1 hr at room temperature. Finally, filters were washed with 5%
milk-TBS, TBS and TBS-0.1% Tween 20 and the immunoreactive proteins were

detected by chemiluminescence (ECL, Amersham, UK).

74




RESULTS and DISCUSSION

With the aim to study the behavior of replication initiation proteins Orc1 and Mcm3/P1
in human cells, we constructed a tagged version of the same. By using primers
containing the HA-tag sequence, protein coding sequences of human Orc1 and
Mcm3/P1 were amplified resulting in the insertion of the HA tag at the N-terminus of
both of them. Amplifications were carried out using appropriate primer sequences
designed on the sequences of these proteins available in GenBank, and carrying
suitable 5' ends for cloning into the BlueScript vector. The sequences of these
primers are shown in Table I-a. These constructs were partially sequenced and were
cloned in a mammalian expression vector under the control of the CMV promoter
(vector pCDNA lII).

The correct expression of the HA-tagged proteins was analyzed by in vitro
transcription and translation experiments; this approach also offers a way to produce
small amount of the tagged proteins. The TNT products are shown in Figure 1-a,

panel A.

Plasmids containing the cDNAs for Orc1 and Mcm3/P1 in the eukaryotic expression
vector were transfected into human kidney 293 cells. Cells were grown under
neomycin selection and stable clones were isolated. However, we could obtain only
stable clones producing HA-Mcm3/P1, while HA-Orc1 protein was present 48hr after
transfection, but could not be found after a longer selection (Figure 1-a, panel B for
stable cell clones and panel C for transient transfection). Three different clones have
been isolated and analyzed for HA-Mcm3/P1 and 10 different clones for HA-Orc1. All
clones are behaving in the same manner as far as the transfected proteins are

concerned, as revealed by western blotting.

We believe that, being Orc1 mRNA level (and possibly also protein level) tightly

regulated as a function of cell proliferation (Ohtani et al., 1996) and being Orc1 most
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likely important for DNA replication initiation, cells do not tolerate an unbalanced Orc1
expression; as a consequence, only cells in which HA-Orc1 expression is switched
off can survive selection. According to this interpretation, it has also been reported
that human Orc1 overexpression in S. cerevisiae leads to continuous DNA synthesis
in the absence of mitosis (Wolf et al., 1996). A similar perturbation of the re-

replication control by overexpression of Orc1 may not be allowed in mammalian cells.

In conclusion, human Orc1 and Mcm3/P1 cDNAs have been cloned and HA-tagged
proteins have been constructed. After transfection in 293 cells, the HA-proteins can
be identified by using commercial antibodies against the HA tag. Either for transient
transfection experiments (for HA-Orc1 and HA-Mcm3/P1) or by using stably
transfected cell clones (for HA-Mcm3/P1), we believe that these reagents{will
constitute valid tools for the understanding of the relationship between the ORC and
Mcm complexes and the dynamics of protein-DNA interactions at origins of DNA

replications in human cells.
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