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Abstract

During the last 20 years, two-dimensional agarose gel electrophoresis combined with
other techniques such as Polymerase Chain Reaction, helicase assay and electron
microscopy, helped to characterize plasmid DNA replication and topology. Here we
describe some of the most important findings that were made using this method
including the characterization of unidirectional replication, replication origin
interference, DNA breakage at the forks, replication fork blockage, replication knotting,
replication fork reversal, the interplay of supercoiling and catenation and other changes

in DNA topology that take place as replication progresses.

For the scientific community, one of the landmarks of 1987 was the celebration of the
first meeting on Eukaryotic DNA Replication organized by Thomas Kelly and Bruce
Stillman at Cold Spring Harbor, New York, USA. Looking backwards, despite many
brilliant presentations, this meeting is mostly remembered by the formal debut of a
particular technique: two-dimensional (2D) agarose gel electrophoresis to analyze DNA
replication intermediates (RIs). Two versions were introduced: Bonita Brewer and
Walton Fangman presented the neutral-neutral version (Brewer and Fangman, 1987)
while Joel Huberman brought in the neutral-alkaline one (Huberman et al., 1987). In
both cases, the most outstanding outcome was the precise mapping of the yeast 2um
plasmid replication origin. Thereafter, both versions were used to map replication
origins in a wide variety of biological systems (Brewer and Fangman, 1988; Gahn and
Schildkraut, 1989; Linskens and Huberman, 1988; Liu and Botchan, 1990; Schvartzman
et al., 1990). Notwithstanding, in some cases the results obtained disagreed with
canonical expectations (Delidakis and Kafatos, 1989; Heck and Spradling, 1990;
Krysan and Calos, 1991; Linskens and Huberman, 1990a; Linskens and Huberman,
1990b; Vaughn et al., 1990). These apparent discrepancies led us to look for a simple
biological system where we could test the technique in a straightforward manner.
Taking this in mind we used neutral-neutral 2D gels to analyze the Rls of a bacterial
plasmid: pBR322, the replication features of which were very well known at the time

(Martin-Parras et al., 1991). Neutral-neutral 2D gels consist in two consecutive



electrophoreses where the second dimension occurs perpendicular to the first. In
addition, the conditions employed during the first dimension minimize the effect of
molecular shape on electrophoretic mobility whereas this effect is maximized during the
second dimension (Brewer and Fangman, 1987; Friedman and Brewer, 1995). In short,
neutral-neutral 2D gels reveal how does a linear DNA fragment replicate. The different
patterns generated by the RIs corresponding to a specific DNA fragment indicate if it is
replicated by a single fork that moves from one end to the other generating a simple-Y
pattern, by two forks that move in diverging directions starting at a common site and
generating a bubble pattern or by two converging forks that generate a double-Y pattern

(Figure 1).

Uni-directional vs. bi-directional replication as visualized in 2D gels

Bolivar and co-workers engineered pBR322 as a cloning vector several years back
(Bolivar et al., 1977a; Bolivar et al., 1977b). One of its most outstanding features is that
it contains the uni-directional replication origin of the natural ColE1 plasmid. As a
consequence, the 2D gel patterns generated by the RIs of pPBR322 are expected to differ
from the patterns generated by bi-directional replication. pPBR322 monomers were
linearized with a number of restriction endonucleases that cleaves the plasmid only once
at positions distributed 360° around (Figure 2A) and the corresponding RIs were
analyzed in 2D gels (Figure 3). The results obtained confirmed the expectations and
revealed that when more than 50% of the population of digested RIs has a double-Y
appearance (as in the cases where the plasmids were digested with Styl and Pvull), the
resulting 2D gel double-Y arc shows a distinct inflection (Khatri et al., 1989; Martin-
Parras et al., 1991). This inflection indicates the presence of a stalled fork that

corresponds to the origin.

Origin interference

An unexpected observation was the presence of traces of a simple-Y pattern regardless
of the restriction endonuclease that was used to linearize the plasmid. A simple-Y

pattern indicates that one replication fork moves throughout plasmid-sized molecules all



around (Brewer and Fangman, 1987; Friedman and Brewer, 1995). In other words, it
points that neither initiation nor termination of DNA replication occur in all plasmid-
sized replicating molecules. To find out an explanation for this apparent paradox, we
transfected E. coli cells with pure monomeric, dimeric or trimeric forms of the plasmid
and examined the 2D gel patterns generated by the corresponding Rls (Martin-Parras et
al., 1992). The results obtained confirmed that initiation of DNA replication occurs only
once per plasmid regardless of the number of potential origins present. The DNA
digested with Styl and Pvull in Figure 3 corresponds to pBR322 dimers. The strength of
the simple-Y signal increased significantly in these two cases compared to all the others
in the same figure, which derive from monomers. A map corresponding to a dimeric
form of pBR322 is shown in Figure 2B. To illustrate the shape of the corresponding Rls
as well as the patterns expected a computer simulation application was used (Viguera et
al., 2000). As in each dimer a single origin fires per replication round, we used the
aforementioned application to show that the element containing the silent origin is
replicated passively leading to a simple-Y pattern after digestion (Figure 4). This
phenomenon was later coined "origin interference" and was confirmed for circular and
linear chromosomes in prokaryotes and eukaryotes as well (Brewer and Fangman, 1987;
Brewer and Fangman, 1988; Brewer and Fangman, 1993; Brewer and Fangman, 1994;
Dubey et al., 1994; Hernandez et al., 1993; Hyrien and Mechali, 1992; Hyrien and
Mechali, 1993; Linskens and Huberman, 1988; Little et al., 1993; Liu and Botchan,
1990; Mahbubani et al., 1992; Marahrens and Stillman, 1994; Nawotka and Huberman,
1988; Schvartzman et al., 1990; Schvartzman et al., 1993; Waldeck et al., 1984;
Wiesendanger et al., 1994). This notwithstanding, origin interference was shown to fade
away as the potential origins lie further and further apart. In other words, for circular
molecules containing two potential origins, both origins can fire simultaneously

provided the distance between them exceeds 15 kb (Lucas et al., 2000) .

2D gel patterns generated by broken RIs

The high resolution achieved with 2D gels allows the identification of infrequent events
that lead to secondary populations, derivative from the original population of Rls.

Indeed, breaks in single-strand are unavoidable during the isolation of DNA. Contrary



to the lack of key consequences in the case of linear molecules, this type of breakage
has dramatic consequences for Rls, as breaks in single strands tend to occur more often
at forked structures containing single-stranded gaps. In such cases breaks in single
strands lead to double-stranded breaks that change the mass as well as the shape and
consequently the electrophoretic behaviour of the molecules responsible for the
classical 2D gel patterns, generating novel patterns. For uni-directional replicating
plasmids, secondary 2D gel patterns were readily identified that derived from breaks in
single strands at the stalled fork (the origin) as well as at the moving one (the
replisome). These secondary patterns originally identified in E. coli plasmids (Martin-
Parras et al., 1992) were later confirmed for the DNA isolated from mammalian cells

(Kalejta and Hamlin, 1996).

Replication fork blockage

In almost all pBR322 multimers the replication origins are co-oriented. Tandem
arrangement is indeed the most common organization found in nature for multimeric
plasmids as well as for chromosomal repeats (Caburet et al., 2002). The situation is
different for pPI21 (Figure 5), the only stable plasmid recovered from E. coli cells
transformed with a derivative of pSM 19035, a Gram-positive broad host range plasmid
originally isolated from Streptococcus pyogenes (Ceglowski and Alonso, 1994;
Ceglowski et al., 1993).

pPI21 contains two long inverted repeats that comprise 80% of the plasmid. Each
inverted repeat contains a unidirectional replication origin. In other words, pPI121
contains two unidirectional ColE1 origins that are oriented head-to-head (Figure 5).
This peculiar organization prompted us to investigate how does this plasmid replicate in
E. coli cells. We anticipated that as in all the multimeric forms studied so far, origin
interference would tolerate only one replication origin to fire per replication round. This
is indeed what the results indicated. Surprisingly, though, we also found that a specific
RI containing a single internal bubble accumulated during the replication of pPI21
(Viguera et al., 1996). When a significant number of replication forks stall at a specific

site the relative proportion of a particular RI in the population increases. It is usually



referred that this particular RI accumulates and this accumulation generates a distinct
signal on top of the usual 2D gel pattern generated by the whole population of RIs (see
Figure 6). For the specific RI that accumulated during the replication of pPI21, the
internal bubble spanned precisely between both replication origins. In other words, the
silent origin act as a barrier for the replication fork initiated at the active origin. Up to
then, polar replication fork barriers (RFBs) had been observed only for the termination
region in the E. coli chromosome (deMassy et al., 1987; Hill et al., 1987), for some E.
coli plasmids, such as R6K (Horiuchi and Hidaka, 1988; Sista et al., 1989) and for
ribosomal DNA repeats (Brewer and Fangman, 1988; Linskens and Huberman, 1988)
and the 3' end of tRNAs (Deshpande and Newlon, 1996) in Saccharomyces cerevisiae.
This was the first time where it was demonstrated that silent ColE1 origins could also
act as polar RFBs. It was later shown that the ability of silent ColE1 origins to act as
RFBs resides in the RNAII transcript that primes DNA synthesis in this system
(Inselburg, 1974; Marians, 1992; Tomizawa et al., 1974) and more specifically, in the
failure of the DnaB E. coli replication helicase to unwind the RNA 3' end of RNA-DNA
hybrids (Santamaria et al., 1998). Curiously, it was later found that the ring-shaped
hexamer DnaB by itself couldn't be directly responsible for replication fork stalling, as
it is able to accommodate two DNA strands, and possibly RNA-DNA hybrids, through
its central channel (Kaplan, 2000; Pomerantz and O'Donnell, 2008). The most likely
candidate, hence, is the DNA polymerase, but so far this is still pure speculation.
Nevertheless, mapping the initiation and termination sites at the nucleotide level using
termination at a Ter/TUS complex as a control, indicated that blockage of replication
forks at inversely oriented silent ColE1 origins is not just a pause but permanent,

leading to premature termination events (Santamaria et al., 2000).

Replication knots

The accumulation of a specific RI containing an internal bubble also allowed the
identification of RlIs displaying knots within the replication bubble. This was the first
time replication knots formed in vivo were characterized (Viguera et al., 1996).
Examination of the molecules containing knotted bubbles formed in vivo at the electron

microscope revealed that most of the nodes of these knots has a positive sign (Sogo et



al., 1999). This observation indicates the putative organization of precatenanes during
DNA replication (Postow et al., 1999). Cloning a Ter site at different distances from the
unidirectional replication origin allowed the accumulation of RIs that had replicated
25%, 52% and 81% of the size of the plasmid (Figure 7A). Although knotted RIs
become outstanding in nicked or linear molecules containing stalled forks, they are
visualized also during unconstrained replication (Olavarrieta et al., 2002b). These
experiments confirmed that the number and complexity of knotted bubbles rise as a
function of bubble size, suggesting that knotting is affected by both precatenane density
and bubble size (Figure 7B). pBR18 is a derivative of pBR322 where the tetracycline
resistance gene promoter was replaced by the polylinker of pUC18 (Santamaria et al.,
2000). As transcription of this gene occurs head-to-head with replication in pBR322, it
was thought that DNA topology might be significantly different between pBR322 and
pBR18 where no transcription of the tetracycline resistance gene takes place. Curiously,
the number and complexity of knotted bubbles are considerably higher in pPBR322
suggesting that the accumulation of positive supercoiling ahead of the transcription and

replication forks favours knot formation (Olavarrieta et al., 2002a).

The topology of partially replicated plasmids

The observation that head-on collision of transcription and replication favours the
formation of DNA knots (Olavarrieta et al., 2002a), prompted the investigation of the
topology of these plasmids in 2D gels (Figures 8 and 9). Indeed, different variations of
2D gels had been used extensively to study the supercoiling of circular molecules (Lee
et al., 1981; Oppenheim, 1981; Sundin and Varshavsky, 1980; Wang et al., 1983). The
Brewer and Fangman neutral/neutral 2D gel technique was also used to analyze the
topology of the 2 plasmid in S. cerevisiae (Brewer et al., 1988). Analysis of pBR18
DNA molecules containing replication forks stalled at different positions was performed
in 2D gels where the second dimension occurred in the presence of different
concentrations of an intercalating agent. These experiments revealed that contrary to the
situation observed for unreplicated forms, partially replicated molecules were unable to
recover the electrophoretic mobility they have lost when their native negative

supercoiling had been eliminated by increasing concentrations of chloroquine or



ethidium bromide (Figure 10). It was later shown that this behaviour is due to the
formation of reversed forks (see Figure 9) induced by positive supercoiling (Olavarrieta
et al., 2002c¢). Reversed forks are also called “chicken-foot” structures (Postow et al.,

2001).

Replication fork reversal

Although the regression of replication forks was hypothesized years back as a way to
impede its collapse (Cox et al., 2000; Higgins et al., 1976) and molecules containing a
Holliday-like junction at one of the forks of a replication bubble were visualized by
electron microscopy (Viguera et al., 2000), one of the first experimental evidences
suggesting its formation in vivo was obtained using 2D gels to examine the RlIs of yeast
cells that had been exposed to DNA damaging agents (Lopes et al., 2001). The
interpretation of the results obtained in some of these latter experiments, however, was
challenged by the observation that replication fork reversal occurs spontaneously in
vitro after restriction enzyme digestion but is prevented if the DNA is crosslinked with
psoralen before digestion (Fierro-Fernandez et al., 2007a). Moreover, under conditions
that favour branch migration, such as exposure to high temperatures, complete extrusion
of nascent-nascent duplexes by fork reversal occurs only for nicked Rls while is
prevented in covalently closed molecules (Figure 11). Demonstration that the formation
of Holliday-like junctions at both forks of a replication bubble creates a topological
constrain that prevents the extensive regression of the forks that would be needed to
visualize these structures in 2D gels also challenges the occurrence of this phenomenon
in vivo (Fierro-Fernandez et al., 2007b). Despite the controversy, though, evidence for
the occurrence of both in vivo and in vitro fork reversal was obtained for the phage T4

(Long and Kreuzer, 2008; Long and Kreuzer, 2009).

Supercoiling and Catenation

High-resolution 2D gels together with numerical simulations were also used to better

understand the relationship between the DNA negative supercoiling generated by DNA
gyrase and the DNA interlinking that results from replication of circular DNA



molecules during the segregation of sister duplexes. With this aim we analyzed bacterial
plasmids arising as a result of DNA replication in E. coli cells whose topoisomerase IV
activity was inhibited (Figure 12). The results obtained indicated that in those catenanes
formed in vivo, catenation and negative supercoiling compete with each other. In
interlinked molecules with high catenation numbers negative supercoiling is greatly
limited. However, when interlinking decreases, as required for the segregation of newly
replicated sister duplexes, their negative supercoiling increases (Martinez-Robles et al.,
2009). This observation indicates that negative supercoiling plays an active role during

progressive decatenation of newly replicated DNA molecules in vivo.

In summary, the use of 2D gels to analyze intact forms of bacterial plasmids led to the
validation of the topological complexity of the different populations that circular DNA
adopt in vivo (Lucas et al., 2001; Martin-Parras et al., 1998). It also allowed the
formulation of a model to account for a topological and dynamic view of the replicon

(Schvartzman and Stasiak, 2004).
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Legend to Figures

Figure 1: Cartoon illustrating the shape of the molecules and the different 2D gel
patterns generated by bidirectional replication. Non-replicating linear molecules of
different sizes are depicted in black; Non-replicating X-shaped recombinants are
depicted in blue; RIs containing an internal bubble are depicted in red; Rls generated by
two converging forks are called double-Ys and are depicted in fuchsia. Finally, RIs
generated by a single fork moving from one end to the other are called simple-Y's and

are depicted in green.

Figure 2: Genetic maps corresponding to a monomer (A) and a dimer (B) of the
bacterial plasmid pPBR322 showing their most prominent features: the unidirectional
ColE1 origin, the location and orientation of rop and the ampicillin and tetracyclin
resistance genes as well as the location of a number of restriction sites. Note that in the

dimer all the elements are co-oriented.

Figure 3: Replication of pBR322 as visualized in 2D gels. Plasmid DNA was isolated
from exponentially growing bacteria, digested with the indicated restriction
endonuclease (see the maps in Figure 2) and analyzed in 2D gels. The shapes of the
corresponding RIs after digestion are shown to the left and were generated with the 2D
Gel application (Viguera et al., 2000). The autoradiograms are in the middle and
cartoons with the corresponding interpretations are shown to the right. The DNA
digested with A/wNI, Pvul and EcoVI was isolated from cells transformed with
monomeric forms of the plasmid whereas the DNA digested with S#yI and Pvull was
isolated from cells transformed with dimeric forms of pPBR322. In the cartoons RIs
containing an internal bubble are depicted as solid red lines; Double-Y's as solid fuchsia
lines; Non-replicating linears as solid black lines; X-shaped recombinants as dashed

blue lines and simple-Y's are depicted as dashed green lines.

Figure 4: 2D gel pattern generated after digestion with Pyvull of the dimeric form
of pBR322 where a single origin fires per replication round. The shapes of the Rls

generated by the element containing the active origin is shown to the left and those
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generated by the element containing the inactive origin is shown in the middle. The
expected patterns are shown to the right. All figures were generated with the 2D Gel
application (Viguera et al., 2000). Compare these expected patterns with those observed
in the autoradiogram shown in Figure 3 and note in the latter the presence of a mixture

of simple- and double-Ys.

Figure 5: Genetic map of the bacterial plasmid pPI21 showing its most prominent
feature: the symmetrical location of two unidirectional ColE1 origins in opposite
orientations. Thin lines indicate inverted repeats whereas thick lines indicate unique

DNA sequences.

Figure 6: Detection of replication fork barriers (RFBs) in 2D gels. Autoradiograms
of linear molecules replicated by one fork moving from one end to the other. The
simple-Y pattern generated is decorated by a prominent spot only in (B). This spot
indicates that during replication a particular RI accumulates in (B) but not in (A). The
autoradiogram corresponds to a minichromosome containing an RFB from the fission
yeast Schizosaccharomyces pombe ribosomal DNA (Sanchez-Gorostiaga et al., 2004).
This observation confirmed that most RFBs are polar and stall replication forks only in
one orientation. The autoradiograms are shown to the left and cartoons with their

corresponding interpretations are depicted to the right.

Figure 7: Detection of knotted bubbles in 2D gels. (A) Genetic maps of the bacterial
plasmids pTerE25, pTerES2 and pTerE81 showing the relative position of their most
relevant features are shown on top. Note that unidirectional replication forks initiated at
the ColE1 origins are expected to stall when they meet the TerE RFB. This stalling
leads to the accumulation of RIs containing an internal bubble with a mass 1.25x, 1.52x
and 1.81x the mass of unreplicated plasmids, respectively. (B) 2D gel autoradiogram
corresponding to a mixture of RIs of these three plasmids after digestion with a
restriction endonuclease that cuts the plasmids only once and outside the bubble with an
interpretative cartoon to the right. The arcs formed by discrete spots that appear to the
right of the accumulated signals and extend downwards are clearly observed in all

cases. These arcs correspond to linear molecules containing an internal bubble where
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the two sister duplexes show increasing degrees of knotting (for details see Olavarrieta

etal., 2002).

Figure 8: Schematic representations of relaxed (OC) and negatively as well as
positively supercoiled (CCC) circular DNA molecules.

Figure 9: Autoradiograms of 2D gels corresponding to pBR18-TerE@Styl where the
second dimension occurred without (far left) or in the presence of different
concentrations of chloroquine (concentrations in pg/ml are indicated on top). All the
autoradiograms were aligned so that the positions of Open Circles (OCs) and Open
Replication Intermediates (OCRISs), the electrophoretic mobility of which are not
affected by drug concentration, coincided. The positions of CCCs and CCRIs are
indicated only in the autoradiogram corresponding to the untreated panel (far left). Note
that CCRIs were unable to recover electrophoretic mobility once their native negative

supercoiling has been removed.

Figure 10: Schematic representations of negatively and positively supercoiled as well
as precatenated (CCCRI) partially replicated circular DNA molecules. A relaxed RI
containing reversed forks is shown to the right. Parental strands are depicted in green

and blue while nascent strands are depicted in red.

Figure 11: Exposure of undigested partially replicated plasmids to 65 °C in the
presence of 0. 1 M NaCl enhances branch migration and leads to total extrusion of
the nascent-nascent duplex but only for nicked forms. Autoradiograms of 2D gels
corresponding to pBR18-TerE@AatIl where the second dimension occurred without
intercalating agents. For the autoradiogram shown to the right, the agarose lane of the
first dimension (/st dim) containing the DNA sample was incubated at 65 °C with 0.1
M NaCl in TNE for 4 h before proceeding with the second dimension. A diagrammatic
interpretation is shown to the right of each autoradiogram. The signals resulting from
total extrusion of the nascent-nascent duplex are depicted in gray and indicated by
arrows. The dotted lines indicate the relative position of open circles (OCs) and nicked

RIs (OCRIs) after the first and second dimensions. CCCs, covalently close circles; L,



linears.

Figure 12: Schematic representation of negatively supercoiled and catenated sister
duplexes. Parental strands are depicted in green and blue while nascent strands are
depicted in red. Solid spots indicate intramolecular nodes whereas asterisks depict

intermolecular nodes.
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