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Targeting the molecular mechanism

of DNA replication

Chiara Conti, Sandrine Caburet and Aaron Bensimon

Genome stability is crucial for the complete maintenance of the cellular
pathways that govern the cell cycle. As a result of irregularities in DNA
replication occurring throughout the S phase, key genes that regulate cell
cycle pathways are damaged, giving rise to single-base mutations and
chromosomal aberrations. Thus, the efficient replication of the genome,
which depends on a precise temporal and spatial pattern of activation of
origins of replication, is greatly impaired. The approach discussed below
aims at monitoring the replication pattern and the kinetics of replication
throughout the entire genome of living cells. It could shed light on the
mechanisms by which drugs act on DNA replication and, moreover, it
might assist the discovery and design of novel drugs that inhibit cell
proliferation under pathophysiological conditions.

v Cancer development is a versatile process
that arises when the homeostatic balance of
a cell is disrupted-3. Tumour progression is
then facilitated by loss of fidelity in the
processes that replicate, repair and segregate
the genome*. As a consequence, the genome
can accumulate defects that range from
single-base mutations to severe chromosomal
aberrationss6. The onset of DNA synthesis
(S phase) is closely co-ordinated with cell
growth, and is tightly regulated by a complex
network of interacting factors that signal and
control the moment at which the cell is ready
for DNA replication. Replication is then initi-
ated at specific sites along the chromosomes
once every cell cycle, according to a complex
programme?. Although important progress
has recently been made in understanding the
mechanisms that control and co-ordinate
cell-cycle progression&-13, no methods are
available for the massive identification, map-
ping and quantitative analysis of origin firing
at the genome level. The knowledge that can-
cer cells expand by changing their molecular
and genetic profiles has led to new and
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systematic approaches towards the identifi-
cation and classification of tumour types. This
is, in part, a result of significant improvements
in molecular cytogenetic methods, which
have led to a better understanding of genetic
abnormalities. Resolution down to the kb
level has been achieved with methods that
use different procedures for stretching
DNA on a glass surfacel4-19. Some of these
techniques, however, are limited by the non-
uniform stretching of the molecules and the
low number of detectable signals, which
lengthen the screening procedure and impede
adequate statistical analysis.

There is now a new method, molecular
combing, for stretching individual DNA mol-
ecules on a solid support. The molecular
combing process?29-22 allows genomic changes
to be monitored at a resolution range from a
few kb to several-hundred kb as the cell cycle
progresses. This paves the way for a kinetic
analysis of genome instability. This article
presents an approach to the global analysis of
the replication programme and suggests a
procedure for screening lead compounds in-
volved in the regulation of DNA replication,
based on single DNA molecule analysis. This
route should shed light on the molecular
mechanisms of the replication machinery
and, hence, facilitate in the testing and quan-
tification of the efficiency of novel compounds
on the replication programme of cancer cells
and others types of cell.

Molecular combing

Binding and combing single DNA molecules
onto a solid surface

Molecular combing is a process whereby DNA
molecules, bound by one or both extremities
to a solid support, are extended and aligned
by the action of a receding air-water interface2°.
The local action of the receding meniscus on
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the molecules takes place in the immediate vicinity of the
interface, thereby enabling constant stretching that is
identical for all molecules in solution. The force that the
interface exerts on the DNA is strong enough to extend it,
but too weak to break the bonds between the molecules
and the surface. The stretching forces are also two orders of
magnitude greater than the entropic forces that maintain
the DNA molecules in their random coil configuration,
and is thus sufficient to fully extend the DNA molecules?3.
The extension of a molecule is proportional to its number
of base pairs, as expected for homogeneous stretching,
and has been measured to be 2 kb um-1 (Ref. 20). This
observation also suggests that stretching is not sequence
dependent, which is in good accordance with the substan-
tial forces involved in the process.

Binding of DNA to a solid support via its extremities has
found many useful applications, most of which require an
appropriate modification of the extremities of the mol-
ecule. The specific binding of DNA via its unmodified ends
can be achieved on a great variety of surfaces by a judicious
choice of the pH (Ref. 24). Binding of DNA on hydrophobic
and hydrophilic surfaces displays the same behaviour: at
low pH, DNA molecules adsorb strongly and non-specifically,
whereas at high pH, they adsorb weakly or not at all. In
between, there exists a narrow pH range at which DNA
strongly and specifically binds to the surface by its extrem-
ities. This pH range is typically 0.2 units on hydrophobic
surfaces, with the best binding pH varying slightly with
surface treatment24.

Fluorescence hybridization on combed molecules

An important feature of molecular combing is that it
ensures the grafting of the molecule at one or both extrem-
ities only, avoiding the binding of the molecules through-
out its length. Moreover, DNA molecules combed on a glass
surface are identically and constantly stretched and retain
their structural properties, which permits fluorescence
hybridization analysis. Thus, accurate measurements are
made on linear fluorescent signals with no need for refer-
ence to an internal standard. A technical improvement of
the method, referred to as dynamic molecular combing
(DMC), has recently been described?!. This process in-
volves four steps: (1) preparation of suitable surfaces coated
with trichlorosilane; (2) preparation of a DNA solution
from cells embedded in low-melting agarose blocks; (3)
incubation of the surfaces in the DNA solution; and (4) ex-
traction of the surfaces from the solution at a constant
speed?s. The major advantage of DMC is its ability to comb
high concentrations of whole genomic DNA in conditions
that protect it from extensive shearing, resulting in
DNA fragments as long as several-hundred kb (Fig. 1a).
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Figure 1. Single molecule analysis of DNA replication. (a)
Genomic DNA was bromodeoxyuridine (BrdU) pulse-labelled at
different time points during the S phase and subsequently
combed at low density on a glass surface, yielding well-
separated stretched DNA molecules. DNA molecules are
visualized and detected with a green fluorescent intercalating
agent. (b) Combed DNA is detected with a fluorescein
isothiocyanate (FITC)-conjugated antibody directed against
BrdU. The green segments are DNA molecules into which BrdU
was incorporated during the S phase (50 min pulse) — therefore
corresponding to replication bubbles. Scale bars, 20 kb.

Fluorescent hybridization of DNA probes on combed DNA
allows direct mapping of their respective positions along
the fibres21.26, Because of the high density of the fibres,
scanning and recording of signals is fast. Numerous signals
can be measured rapidly, allowing reliable distance mea-
surements by statistical analysis, without reference to any
other method or internal control. The reliability of DMC
for genomic studies has been shown for the refined physi-
cal mapping of the human Ca2*-activated neutral protease
3 gene and, more recently, for the detection of micro-
deletions in the BRCAL gene?’.

Fluorescent hybridization on combed genomic DNA has
also been applied to the detection and precise quantification
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of amplified sequences ranging from 50 kb to 50 Mb or
larger28. The aim of this approach is to determine the effec-
tive copy number of an amplified region and to compare it
with the effective copy number of a non-amplified region.
This is achieved by measuring the length of individual
hybridization signals from sequence-specific probes.
Therefore, the effective copy number of each region is the
sum of the lengths of the measured hybridization signal
divided by the known length of the respective region. The
feasibility of the method was demonstrated by measuring
a ratio of 1.5 between the amplified and non-amplified
chromosomes in cells carrying a trisomy 21. This approach
was later used for the quantification of the proto-oncogene
Met in two primary human renal cell carcinomas. A first
analysis by fluorescent in situ hybridization on metaphase
spreads had revealed an amplification of the region con-
taining Met (Ref. 29). Two and four supplemental copies
per haploid genome were found on two successive grafts
of these tumour cells established in severe combined
immunodeficient (SCID) mice (Conti et al., pers. commun).
This indicates an increase in genomic instability during
tumour progression.

Visualizing DNA replication from single molecules
DNA replication is a process whereby the activation of
origins of replication (ORIs) follows a specific cell-cycle
programme?.30.31, This programme can vary according to
cell type, developmental stage, and internal or external
stimuli. A subtle modification of the replication programme
can cause severe disruption in the specific spatio-temporal
pattern of origin firing. An understanding of the mecha-
nisms that underlie the replication programme at the mol-
ecular level is, therefore, essential for the study of cell
growth and differentiation, and for the comprehension of
genomic aberrations in cancer cells. The capacity to local-
ize and quantify firing of ORIs during the S phase at the
genome level aids the study of the kinetics of this process.
This requires an analysis of the spatial and temporal
organization of replication origins and, specifically, their
identification on a genome-wide basis. Classical approaches
that are essentially based on two-dimensional gel elec-
trophoresis3233 would not allow a massive and quantitative
analysis of ORI activities if the whole genome had to be
analyzed.

One of many interests in studying DNA replication at
the genomic level is to elaborate a complete map of all ori-
gins of replication for any given cell type. A comprehensive
map of origins and a profile of their activities is essential
for the understanding of the replication programme of the
respective cell. The experimental approaches used to ad-
dress these questions require techniques that allow direct
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and simultaneous visualization of replicating DNA struc-
tures from different regions of the genome34. Direct visual-
ization allows for measurements to be made on the sizes of
these structures and the distances between them. Such
measurements provide information about origin location
and activity over broad regions of the genome. Because
DNA is highly condensed and compacted in the cell nu-
cleus, a key feature of all these techniques is the ability to
straighten and label molecules of DNA that contain the
replication intermediates. Replicating DNA structures were
first visualized by electron microscopy and later by DNA
fibre autoradiography. The second technique results in a
‘snapshot’ of individual DNA molecules that undergo repli-
cation. More recently, with advances in fluorescent hy-
bridization technologies, several attempts were made to
study DNA replication at specific loci on extended chroma-
tin fibres. The goal that motivates the use of these tech-
niques is the determination of the location of origins of
replication in a given region of the genome by hybridizing
fluorescent probes to the labelled replicated DNA. The ad-
vantages of such an approach are obvious: as well as mapping
origins along the extended molecule, origin distributions
and activities can be conveniently studied under a variety
of experimental conditions.

On combed DNA, replication can be directly visualized
using immunofluorescence techniques. This involves dif-
ferential labelling of the replicating DNA with modified
nucleotides. Depending on the labelling scheme used, earlier
and later replicating sequences in each molecule can be
distinguished as alternating green and red fluorescent seg-
ments (see Fig. 1, ref. 35). As all molecules on the coverslip
are identically stretched, reliable measurements made on
the molecules can readily be obtained. This allows for a
quantitative assessment of the size distributions of the dif-
ferentially labelled replication units. These measurements
provide an estimate of replicon sizes and, therefore, reflect
the replication programme at the level of the genome. On
the basis of these measurements, several different analyses
can be performed. For example, replication fork density
can be determined for any given stage of replication. As
the rate of DNA synthesis correlates with fork densities
and distributions, the spatial and temporal organization of
DNA replication can be directly deduced on a genome-
wide basis. Moreover, measurements made on an appropri-
ate set of replication bubbles can reveal the frequency
of origin activation during S phase. Assuming a constant
replication fork velocity and bi-directional replication,
initiation events can also be mapped over time. The relia-
bility of this approach has been demonstrated using the
Xenopus laevis cell-free system as a model. These experi-
ments demonstrate that the advantage of this method
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resides in the ability to obtain a statis-
tically significant number of measure- @ ori A ori B ofiC  oriD
ments using a relatively small sample ——{—1 | Ji— @ e +—
of DNA. This allows for a quantitative 80% +0h
analysis of the replication programme 5506 T
in eukaryotes and thus adds to the S phase
growing number of techniques now 1
available for elucidating the mecha- 75% 1
nisms involved in eukaryotic DNA 95% T6h
replication3s. Together, these analyses
in turn might reveal correlations be- (b)
tween the different parameters that ori A ori B oriC  oriD
govern DNA replication in a variety of
genetic backgrounds and with different 100% TOh
drug responses. 95% 1
80% T sphase
Single molecule analysis of DNA -
replication: an assay for drug 85% T sh
discovery Y
A major challenge in drug discovery Brug Discovery Today
is the elaboration of methods for iden- ) o o o o o _ _
tifying and testing molecules with Figure 2. Schema.tlc view of origin act|V|t|e§. Orlgl.ns of rgpllcatlon (black circles) are first
R ST . located on a physical map according to their relative position. (a) In normal cells, the
therapeutic capabilities in human dis- timing of activation is determined for each origin. As replication and transcription are
eases. Essentially, the process of drug tightly linked, origins near actively transcribed genes (shaded boxes) are activated earlier
design follows a three-step procedure: than those close to silent genes (open boxes). The number below each origin represents
id ificati £ th | | its rate of activation, that is, the percentage of cells for which this origin was actually fired.
(1) identification of the molecular In the remaining cells, the sequences are passively replicated by a fork from another
target; (2) development of compounds origin. It is not known whether the early activated origins fire more frequently (i.e. in
potentially specific for the target; more cells) than the late ones. (b) In cancer cells, the regulation of genes and origins is
and (3) elaboration of efficiency and expected to be disturbed and is, therefore, different from normal regulation. A speculative
0 _ Yy new replication pattern could be defined, where the same origins are fired at different
toxicity tests. This approach often uses times and at possibly different rates.
computer-assisted molecular techniques

to design new molecules, because this

technique can rapidly analyze hundreds of structures, ver-
ify their interaction stability and predict the efficiency of a
compound. Nevertheless, in many cases, the three-dimen-
sional structure of the molecular target is unknown at
atomic resolution because of difficulties in its isolation,
crystallization and crystallographic modelization. Hence,
compounds are frequently designed based on structure-
function relationships, without precise molecular infor-
mation on the interactions with the target molecule.
Consequently, high-throughput in vitro and in vivo screen-
ing for the therapeutic activity of potential drugs remains
the most important step in drug discovery, particularly for
cancer drugs.

As discussed later, molecular combing can serve as a
tool for the rapid high-throughput determination of the
efficacy of lead compounds assigned to attenuate patho-
physiological cell proliferation. In conjunction with other
methods, it is a particularly appealing approach to use for
investigating those factors involved in specifying and

determining origin location and activities. In metazoan
cells, origins have been difficult to identify because of the
lack of a consensus origin sequence. A widescale approach
to localizing pulse-labelled replication units within specific
regions of the genome, followed by mapping of the corre-
sponding origins using higher resolution techniques, can
be envisaged. This will permit the direct cloning of specific
replication origins, and the identification of autonomously
replicating sequences and other cis-acting determinants of
origin function. In this manner, for example, elucidating
the complete replication profiles that correspond to a tis-
sue-specific replication programmes might now be feasible.

The same principle can be applied to test whether a novel
lead compound can affect the replication machinery at the
molecular level. For this purpose, the specific pattern of ac-
tivation of origins of replication must be defined in normal
cells. This could then be used as a standard and compared
with the displayed pattern in cells that were subjected to
drug treatment (Figs 2 and 3a,b). Molecular parameters that
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Figure 3. Spatial order of activation. The activation of origins of replication is tightly
regulated. Only part of the pool of origins of a given chromosome is activated. (a,b) The
assumption is that normal and neoplastic cells display different patterns of activation.
According to the approach explained in Fig. 1, the firing of an origin results in a
replication bubble that is labelled and detected as a fluorescent green signal. Once
activated origins have been found in a normal cell, they can be compared with those in a
neoplastic one. (c) It is then possible to assess the efficiency of a chemical compound.
When directed against an element of the replication machinery, an adequate drug should
re-establish the normal pattern in a transformed cell. In the example shown, the efficiency
is measured as the number of supplemental activated origins that are inhibited by the
compound.
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govern DNA replication, such as fork
velocity, fork density and frequency
of initiation, could be compared and
would provide information about
molecular changes that occurred as a
function of drug treatment. The dose-
response to different drugs and lead
compounds could be followed precisely
by monitoring the changes in these
parameters. As the effect of drugs on
the molecular machinery of DNA repli-
cation could be quantitatively meas-
ured, one could attempt to search for
drugs that would re-establish a normal
replication programme in cancer cells
(Fig. 3c). Moreover, several successive
cell-cycle checkpoints are known to
maintain the state of a normal cell36.
Processes that lead to cancer are based
on the ability of the cell to bypass those
cell-cycle checkpoints; however, their
precise function is sometimes unclear.
Measurements made on the molecular
parameters of DNA replication, for ex-
ample, fork velocity, fork density, and
frequency and timing of initiation,
would thus shed light on the mecha-
nisms involved in carcinogenesis and
would constitute the basis for more spe-
cific drug discovery-orientated research.

Chemotherapy, the conventional
treatment for cancer, mainly uses drugs
that block the S phase, the G2 or M
phase and regulatory pathways con-
trolling cell-cycle machinery. The major
drawbacks of chemotherapeutic com-
pounds are: (1) their lack of specificity;
and (2) their severe toxicity in normal
tissues. Single-molecule analysis of
DNA replication could, therefore, be
used for the analysis of drugs that are
principally directed against DNA and
DNA-processing enzymes. Molecules
that affect DNA and induce cell-cycle
arrest can be divided into two classes:
(1) compounds that induce cell arrest
at the G1 or S phase by affecting the
nucleotide pool of the cell or by dam-
aging enzymatic reactions involved
in DNA synthesis (e.g. antifolates, 5-
fluoropyrimidines, cytidine analogues,
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purine antimetabolites, hydroxyurea and aphicolidan)37;
and (2) compounds that directly act on DNA molecules,
like DNA alkylating compounds3? and platinum derivatives,
which form a strong complex with guanine and adenine.
Other compounds, such as anthracyclines, epipodophyl-
lotoxins and ellipticine derivatives, inhibit DNA topoiso-
merase Il, a pivotal enzyme in releasing torsional strain in
DNA, and arrest the cell cycle in G2 phase. The effects of
these molecules on the molecular parameters of DNA repli-
cation could thus be precisely measured. This would help
to define new approaches for the selection of drugs and
would provide adequate information regarding the toxicity
and specificity of these compounds.

An accurate coordination of gene expression and DNA
replication is crucial for cell survival. Microarray analyses
for gene expression provides large amounts of data regard-
ing the changes in the expression profiles of thousands of
genes in different cellular environments. The rationale
behind such analyses is to select key genes involved in cel-
lular processes, such as cancer, to better understand their
mode of action. Indeed, the replication programme differs
from one tissue type to another, from one stage of devel-
opment to another and from normal cells to cancer cells,
depending on the respective transcription profile of the
cell. Hence, molecular combing could have an impact
by establishing an integrated replication/transcription map
of different regions of the genome at different stages of
development or during carcinogenesis.

Conclusions
We have reviewed the molecular combing method for
stretching single DNA molecules on a solid support.
Molecular combing was first used for the detection of
genomic rearrangements, including amplifications and
deletions. The method has been successfully applied to the
clinical diagnosis of genomic instability in human cells.
For example, rearrangements in the BRCA1 gene have been
detected by a colour barcode strategy in the genomes of
several individuals?’. Genomic instability at the Met locus
could also be monitored over time in renal carcinoma,
during tumour progression (C. Conti et al., unpublished).
A further application of molecular combing has been
achieved by studies of the kinetics of DNA replication.
Results obtained, for both the in vitro cell-free system of
X. laevis egg extractss35 and yeast cells38, show the feasibil-
ity of the approach and is currently being tested on human
cells. The replication profile, defined as the spatial and
temporal pattern of origins activation must be established
in a control system to constitute a standard for further
studies on different genetic backgrounds. Both a local
approach, which focuses on a specific region of the genome,
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and a global approach, which provides a broader view of
the kinetics of DNA replication, are of interest for the
understanding of drug action on the mechanisms that gov-
ern the cell cycle. The information regarding the position
of origins of replication is required for the local approach,
but other parameters, such as fork velocity, fork density
and initiation rate, are taken into account and provide
global information on the whole genome.

We suggest that this approach would be used at the later
stages of drug research for testing lead compounds that
affect the replication process. Some compounds that are
directed against DNA and DNA-processing enzymes and
have an impact on DNA replication are readily available.
However, drawbacks that can be investigated by molecular
combing still remain, for instance, the dose that has to be
administered in vivo of a given drug without conferring
toxicity. New synthetic compounds can also be tested and,
more generally, any deviation from the replication stand-
ard can be studied at the molecular level by the approach
presented here. Differences between tissues or embryonic
developmental stages can also be investigated, by using
microarrays for a more comprehensive survey.

An approach via molecular combing presents two techni-
cal drawbacks. First; limitation of resolution because of the
use of epi-fluorescence optical microscopy [point mutations
and small rearrangements (under 1-3 kb) cannot be de-
tected]. The second limitation lies in the time-consuming
analysis of each slide. Automation (under development)
is necessary, therefore, to enable use of the method for
high-throughput analyses. Once automation is set up and
validated, the approach could be used as a diagnostic tool
in drug discovery and clinical trials.
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