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Simple Summary: During replication, DNA molecules undergo topological changes that affect su-
percoiling, catenation and knotting. To better understand this process and the role of topoisomerases,
the enzymes that control DNA topology in in vivo, two-dimensional agarose gel electrophoresis
were used to investigate the efficiency of three type I DNA topoisomerases, the prokaryotic DNA
gyrase, topoisomerase IV and the human topoisomerase 2«, on partially replicated bacterial plasmids
containing replication forks stalled at specific sites. The results obtained revealed that despite the
fact these DNA topoisomerases may have evolved to accomplish specific tasks, they share abil-
ities. To our knowledge, this is the first time two-dimensional agarose gel electrophoresis have
been used to examine the ability of these topoisomerases to relax supercoiling in the un-replicated
region and unlink pre-catenanes in the replicated one of partially replicated molecules in vitro. The
methodology described here can be used to study the role of different topoisomerases in partially
replicated molecules.

Abstract: DNA topoisomerases are the enzymes that regulate DNA topology in all living cells. Since
the discovery and purification of w (omega), when the first were topoisomerase identified, the
function of many topoisomerases has been examined. However, their ability to relax supercoiling and
unlink the pre-catenanes of partially replicated molecules has received little attention. Here, we used
two-dimensional agarose gel electrophoresis to test the function of three type Il DNA topoisomerases
in vitro: the prokaryotic DNA gyrase, topoisomerase IV and the human topoisomerase 2. We
examined the proficiency of these topoisomerases on a partially replicated bacterial plasmid: pBR-
TerE@Aatll, with an unidirectional replicating fork, stalled when approximately half of the plasmid
had been replicated in vivo. DNA was isolated from two strains of Escherichia coli: DH5«F” and
parE10. These experiments allowed us to assess, for the first time, the efficiency of the topoisomerases
examined to resolve supercoiling and pre-catenanes in partially replicated molecules and fully
replicated catenanes formed in vivo. The results obtained revealed the preferential functions and
also some redundancy in the abilities of these DNA topoisomerases in vitro.

Keywords: DNA topology; replication; supercoiling; pre-catenation; two-dimensional agarose
gel electrophoresis

1. Introduction

DNA topology changes continuously as a consequence of DNA replication, transcrip-
tion, recombination and chromatin remodeling [1]. To regulate these changes, several DNA
topoisomerases evolved in eubacteria, archaea and eukaryotes [2].
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According to the Watson and Crick model of B-DNA, the molecule is an asymmetric
right-handed (RH) double-helix [3] with major and minor grooves. These grooves are
critical for the sequence-specific binding of proteins [4]. By convention, the complementary
and antiparallel strands of the DNA double-helix are assigned the same direction. For this
reason, all the crossings have positive (+) signs. Crossings have (+) signs when the direction
of the strand above needs to turn counterclockwise to overlap the direction of the strand
below. The turning angle cannot be larger than 180° [5]. In covalently-closed domains,
such as DNA circles, the linking number (Lk) indicates the handedness and number of
times both strands of the double-helix are linked. The DNA Lk is determined by the sum
of two geometrical variables: Twist (Tw) and Writhe (Wr), according to the equation:

Lk = Tw + Wr )

where Tw is the number of helical turns of the DNA double-helix. Wr, on the other
hand, is the number of crossings of the axis of the DNA double-helix with itself [5].
Two-dimensional agarose gel electrophoresis (2D gels) allows for the analysis of another
characteristic of supercoiled DNA: ALk, which is a measure of the extent of DNA super-
coiling. If the ALk of a given molecule is —4, for example, it indicates this molecule is
underwound by 4 turns as compared to its torsional relaxed configuration [6]. Figure 1A,B
represents covalently closed circles (CCCs) showing 4 negative (—) and 4 (+) supercoils
with a ALk nearly equal to —4 and +4, respectively. The resistance of circular DNA to
deformation requires the continuity of both strands of the DNA duplex. A single nick
(single-strand break) is sufficient to eliminate all torsional stress by swiveling the free ends
of the broken strand around the intact one (Figure 1C). The resultant relaxed form is called
an open circle (OC).

In Escherichia coli, DNA is negatively supercoiled [7]. During replication, progression
of the replication forks demands opening of the DNA double-helix, and this process
generates the formation and accumulation of (+) supercoiling ahead of the progressing
forks. Two type I DNA topoisomerases, DNA gyrase and topoisomerase IV (Topo 1V),
cooperate to eliminate most of this (+) supercoiling, which transiently accumulates ahead
of the replicating fork. However, the advancing bacterial DnaB helicase is by far more
proficient at creating (+) supercoiling than DNA gyrase and Topo 1V is at eliminating it [1].
It was proposed that during replication, swiveling of the progressing replication fork allows
for the diffusion of some of this (+) supercoiling behind the fork, where it can be eliminated
later-on [1]. In this way, the un-replicated region remains negatively supercoiled. Diffusion
of each (+) supercoiling behind the fork, though, leads to the formation of two (+) intertwists
of the sister duplexes for each (+) supercoil diffused from the un-replicated region (see
Figure 1D). These intertwists are called “pre-catenanes” as they will become “catenanes”
once replication is completed [5,6,8-10]. Figure 1D represents a half-replicated covalently-
closed replication intermediate (CCRI) showing four (—) supercoils in the un-replicated
region and eight (+) pre-catenane crossings in the replicated one. Figure 1E represents an
open-circle replication intermediate (OCRI) showing no supercoiling in the un-replicated
region and no pre-catenanes in the replicated one. As previously mentioned, pre-catenanes
become full catenanes once replication is completed. At this time, DNA gyrase starts to
introduce (—) supercoiling into one or both of the fully replicated sister duplexes [11].
This explains the formation of three types of fully replicated catenanes: catenanes type A
(CatAs), formed by intertwined sister duplexes that are still nicked and therefore relaxed
(Figure 1F); catenanes type B (CatBs), formed by intertwined sister duplexes where one
of them is nicked and relaxed and the other covalently closed and negatively supercoiled
(Figure 1G); and catenanes type C (CatCs), formed by intertwined sister duplexes where
both of them are covalently closed and negatively supercoiled (Figure 1H). All these basic
DNA topological conformations have been described in detail by Schvartzman et al. [6].
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Figure 1. Cartoons illustrating some basic DNA topological features. (A) covalently closed circle (CCC) negatively
supercoiled where the crossings between two oriented segments always have a negative (—) sign. (B) CCC positively
supercoiled where the crossings between two oriented segments always have a (+) sign. The sign is determined by
convention. If the direction arrow closer to the observer needs to turn clockwise to overly it with the direction arrow further
from the observer, the crossing has a (—) sign. If the direction of turning is counter-clockwise, the crossing has a (+) sign. The
turning angle cannot be larger than 180°. Notice that the orientations of the overlying and underlying direction arrows are
not independent of each other but result from assigning a consistent direction (see the black arrows) to the DNA molecule
analyzed. The DNA double-helix is shown in blue and green. (C) Introduction of a single “nick” (single-stranded breakage)
causes the torsional energy of covalently-closed molecules to be completely released. After introducing a nick, negatively
or positively supercoiled molecules gradually unwind until they reach their final, circular conformation and relaxed state
named open-circle (OC). (D) covalently closed replication intermediate (CCRI) with un-replicated and replicated regions.
Negative supercoiling in the un-replicated region facilitates the opening of the double-helix required for transcription
and replication to begin and advance. This opening, however, generates (+) torsional tension ahead of the forks. At the
beginning, when the unreplicated region is sufficiently large, several molecules of DNA gyrase and Topo IV acting inde-
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pendently from each other can eliminate all this (+) torsional tension. As replication advances and there is less space for
topoisomerases to act ahead of the replication fork, (+) supercoiling transiently accumulates immediately ahead of the
forks. Rotation of the forks partially releases this (+) torsional stress in the un-replicated region at the expense of generating
pre-catenanes in the replicated region, where sister duplexes wind around each other with inter-duplex crossings showing
(+) signs. (E) DNA topoisomerases gradually eliminate all this torsional tension, finally leading to an open-circle replication
intermediate (OCRI). Note that in this case there are neither supercoils nor pre-catenane crossings. The parental chains
are represented in blue and green, while newly synthesized chains are depicted in red. (F) CatA catenanes are composed
of two fully replicated and relaxed rings that can be singly or multiply interlinked; (G) CatB catenanes are composed of
one negatively supercoiled DNA molecule interlinked with another relaxed DNA ring; (H) CatC catenanes are composed
of two negatively supercoiled and interlinked DNA rings. The parental chains are represented in blue and green, while
newly synthesized chains are depicted in red. The sign of catenane crossings is (+) as newly replicated duplexes inherit
the signs of pre-catenanes and the direction of the parental strands. CCC = convalently closed circle, OC = open circle,
CCRI = covalently closed replication intermediate, OCRI = open-circle replication intermediate, CatAs = catenanes type A,
CatBs = catenanes type B, CatCs = catenanes type C.

Type I DNA topoisomerases make transient single-stranded breaks and alter the
Lk of a double-stranded DNA molecule by steps of one. Type II DNA topoisomerases,
on the other hand, make transient double-stranded breaks and change the Lk by steps
of two [5,12].

All known topoisomerases are arranged into five families that presumably derived
from five distinct ancestral enzymes. Type I topoisomerases are grouped into three fam-
ilies: IA, IB and IC, whereas Type II are grouped into two families: IIA and IIB. DNA
topoisomerases are named in order according to the timing of their discovery (Topo L, 1I,
III, IV, V and VI). Type I topoisomerases have odd numbers (I, III and V) whereas type
II topoisomerases have even numbers (II, IV and VI). In addition, some topoisomerases
are given exclusive names, such as the w protein for bacterial Topo IA, DNA gyrase for
Topo IIA, and reverse gyrase. From an evolutionary perspective, it is widely accepted that
topoisomerase I and II activities originated several times independently [2,13,14].

Escherichia coli cells have four topoisomerases: topoisomerase IA [15], DNA gyrase [16],
topoisomerase III [17] and topoisomerase IV [18,19]. It is generally accepted that DNA
gyrase is the major source of negative (—) supercoiling in vivo [20].

Four topoisomerases were also identified in eukaryotes: topoisomerase I, II, IIl and
V. Human topoisomerase I is a type IB enzyme. It is an ATP-independent DNA single-
stranded enzyme that functions during transcription and replication. In humans, there are
two homologous isoforms of topoisomerase II, Topo 2« and Topo 23. Both human type II
isoforms are ATP-dependent DNA double-stranded enzymes [21].

There are conflicting reports on the essentiality of the four E. coli topoisomerases. DNA
gyrase is unique as it is the only one able to introduce (—) supercoiling in covalently closed
domains [16]. Topoisomerase 1V is also called the E. coli decatenase. It is crucial for the
segregation of fully replicated chromosomes [22,23]. It is also responsible for the unlinking
of site-specific recombination products [24] and for the resolution of DNA knots [25,26].
Therefore, these two type II topoisomerases are essential in E. coli cells. On the contrary,
these cells are apparently able to proliferate without the other two type IA topoisomerases:
Topo I and Topo III. Curiously, E. coli cells where topoisomerase I is inhibited or even
deleted are viable, but only if the cells contain compensatory mutations in DNA gyrase,
RNase H or topoisomerase IV [27-29]. Topoisomerase III, on the other hand, which is able
to remove pre-catenanes during DNA replication in vitro, is dispensable in E. coli cells,
provided Topo IV is fully active, reflecting the specialized function of this enzyme in the
unlinking of DNA replication and recombination products [29-32].

The topology of DNA replication intermediates (RIs) can be analyzed using different
methods. One-dimensional and, more specifically, two-dimensional agarose gel elec-
trophoresis allows for the simultaneous identification of thousands of molecules with
different DNA topology, such as supercoiled forms, knotted forms, partially replicated
forms showing pre-catenane crossings with or without reversal forks, fully replicated
catenanes, and RlIs containing knotted bubbles [6,9,11,23,26,33-41].
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DNA molecules with different topologies can also be analyzed by so-called single-
molecule methods, such as chromatin fiber autoradiography [42], dynamic molecular
combing [43], transmission electron microscopy [38,44,45], atomic force microscopy [26,46]
and magnetic tweezers [47]. Computer and numerical simulation can also be used. These
methods are useful in the analysis of those DNA properties that are difficult to address
experimentally [48-51]. Finally, crystallographic studies are also used to analyze the molec-
ular structure of residues or complete topoisomerases isolated or bound to DNA [52-55].
These studies established a comprehensive picture of how topoisomerases bend and use
torsion DNA to perform their function.

In the present work, we chose to study the efficiency of three type Il DNA topoiso-
merases in vitro: the bacterial DNA gyrase, Topo IV and human Topo 2«, on a partially
replicated plasmid, pBR-TerE@Aatll (Figure 2). This plasmid includes the 23 bp that set-up
the E. coli chromosome replication terminator TerE inserted at the Aatll restriction site
of the plasmid [56]. The bacterial protein Tus binds TerE, and this complex behaves as a
replication fork barrier (RFB). Blockage of the unidirectional replication fork at the Tus/TerE
complex leads to the accumulation of partially replicated plasmids with a mass 1.6 x the
mass of non-replicating forms (compare Figure 3A,B). These molecules contain both su-
percoils in the un-replicated region and pre-catenanes in the replicated one (Figure 3B,C).
We chose this plasmid because TerE is not as strong a barrier as TerB [57,58]. Not all TerE
sites bind the protein Tus. For this reason, some replication forks avoid the blockage, and
the plasmids are fully replicated and segregated in Topo IV proficient cells [59]. Plasmid
DNA was isolated from DH5«F" E. coli cells (Figure 3B) and from parE10 E. coli cells
grown for the last 60 min at 43 °C (Figure 3C). parE codes for one of the subunits of
Topo IV and the mutation leads to the accumulation of fully replicated catenanes at the
restrictive temperature. We decided to use DH5«F’ instead of W3110 as wild-type because
the latter is RecA™ and the abundance of DNA multimers makes it difficult to identify the
signals of interest in 2D gels. In addition, we confirmed that the supercoiling density of
pBR-TerE@Aatll in DH5«F” and W3110 cells are identical [60]. The proficiency of these
type I DNA topoisomerases has been tested before in unreplicated and fully replicated
molecules [61-63]. To our knowledge, though, this is the first time 2D gels have been used
to analyze their efficiency on partially replicated molecules containing both supercoiling
in the un-replicated region and pre-catenanes in the replicated one. The results obtained
revealed the ability of these topoisomerases to relax supercoiling and unlink pre-catenanes
in partially replicated molecules and fully replicated catenanes in vitro.
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Figure 2. Cartoons illustrating the bacterial plasmid used in the study, pBR-TerE@Aatll. (A) The
genetic map at the left shows the name and mass of the plasmid. Inside, the relative positions of
its most relevant features as follows: the ColE1 unidirectional origin (ColE1 Ori) in green; the rop
gene and the ampicillin and tetracycline resistance genes with their relative orientations (rop, tetR
and ampR) in light blue; and the E. coli terminator sequence (TerE) in red. (B) Cartoon showing
the relaxed conformation of the accumulated replication intermediate that results when the uni-
directional replicating fork stalls at TerE. The parental chains are represented in blue and green, while
newly synthesized chains are depicted in red.
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2. Materials and Methods
2.1. Bacterial Strains, Plasmids and Culture Medium

The E. coli strains used in this study were DH5aF’ {F’'/gyrA96(Nalr) recAl relAl
endAl thi-1 hsdR17 (rk-mk+) glnV44 deoR A(lacZYA-argF)U169[F80dA(lacZ)M15]} and
parE10, a derivative of W3110 {F-rph-1 IN(rrnD, rrnE)1 A-} except [parE10 recA]. Competent
cells were transformed with monomeric forms of pBR-TerE@Aatll, a derivative of pBR322
with the polar replication terminator TerE [64] cloned at 60 percent of the molecules from
the unidirectional ColE1l origin as described elsewhere [26,60]. Cells from overnight
cultures were diluted 40-fold into fresh LB medium, grown at 37 °C to exponential phase
(A600 = 0.4-0.6), quickly chilled, and centrifuged. Note that DH5«F’ cells were grown in
LB medium at 37 °C while parE10 cells were grown at the restrictive temperature (43 °C)
for the last 60 min [65]. In all cases, 75 ug/mL ampicillin was added to the LB medium.
Isolation of plasmid DNA was performed as follows: 1000 mL of cultured cells were
washed with 20 mL of STE buffer (0.1 M NaCl; 10 mM Tris-HCl, pH 8.0; and 1 mM EDTA,
pH 8.0), harvested by centrifugation and resuspended in 5 mL of 25% sucrose; 0.25 M
Tris-HCI, pH 8.0. Lysozyme (10 mg/mL) and RNase A (0.1 mg/mL) were added, and the
suspension was maintained on ice for 5 min. Afterward, 2 mL of 0.25 M EDTA, pH 8.0
was added and the suspension was kept on ice for another 5 min. Cell lysis was achieved
by adding 8 mL of lysis buffer (1% Brij-58; 0.4% sodium deoxycholate; 0.063 M EDTA,
pH 8.0; and 50 mM Tris-HCl, pH 8.0) and keeping the lysate on ice for another 15 min.
The lysate was centrifuged at 26,000x g at 4 °C for 45 min to pellet the chromosomal
DNA and other bacterial debris. Plasmid DNA was recovered from the supernatant and
precipitated by adding 2/3 volume of 25% polyethylene glycol 6000 and 1.25 M NaCl in
TE (10 mM Tris-HCL, pH 8.0, and 1 mM EDTA) and kept overnight at 4 °C on ice. The
precipitated DNA was pelleted by centrifugation at 6000 x g at 4 °C for 15 min, and the
pellet resuspended and incubated in 5 mL of a preheated digestion buffer (100 ng/mL
proteinase K in 1 M NaCl, 10 mM Tris-HC, pH 9.0, 1 mm EDTA, and 0.1% SDS), at 37 °C
for 60 min. Proteins were extracted twice with phenol:chloroform:isoamyl alcohol (25:24:1)
equilibrated with 10 mM Tris-HCl, pH 8.0 and then extracted once with chloroform:isoamyl
alcohol (24:1). The DNA was precipitated with 2.5 volumes of absolute ethanol at —20 °C
overnight and resuspended in TE.

2.2. DNA Treatments

E. coli DNA gyrase, E. coli Topoisomerase IV and Human Topoisomerase 2o0c were
purchased from TopoGEN https://www.topogen.com/ (accessed on 20 October 2021).
Plasmid DNA (0.2 ug/mL) was treated with different units of the topoisomerases for
30 min at 37 °C, as recommended by the manufacturer. Note that several laboratories use
different concentrations of these topoisomerases with various substrates [66-68]. Here, we
treated 0.2 pg of pBR-TerE@Aatll plasmid DNA with different units of the topoisomerases
for 30 min at 37 °C. The reactions were blocked with 100 pg/mL proteinase K (Roche)
at 37 °C for 30 min (Supplementary Figures S1 and S2). Finally, for each topoisomerase
we selected two treatments that achieved the best results without introducing too many
double-stranded breaks. The composition (1) of the buffers used with the topoisomerases
was as follows: for Topo IV: 40 mM HEPES-KOH [pH 8], 100 mM potassium glutamate,
10 mM magnesium acetate, 10 mM dithiothreitol, 50 pg BSA/mL and 20 mM ATP. For
DNA Gyrase, 35 mM Tris-Cl, pH 7.5; 24 mM KCl; 4 mM MgCly; 2 mM dithiothreitol;
1.8 mM spermidine; 1 mM ATP; 6.5% glycerol; and 0.1 mg BSA /mL. For Topo 2¢, 50 mM
Tris-HCl, pH 8.0; 150 mM NaCl; 10 mM MgCl,; 5 mM ATP; 0.5 mM dithiothreitol; and
30 pg BSA/mL.

2.3. Two-Dimensional Agarose Gel Electrophoresis and Southern Transfer

The first dimension was in a 0.4% Seakem®LE agarose (Lonza Rockland, Inc., Rock-
land, ME, USA), gel in TBE buffer (89 mM Tris-Borate, 2 mM EDTA) at 0.9 V/cm at room
temperature for 25 h. The second dimension took place in a 1% agarose gel in TBE buffer
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run perpendicular to the first dimension. The dissolved agarose was poured around the
excised agarose lane from the first dimension, and electrophoresis occurred at 5 V/cm in
a 4 °C cold chamber for 10 h. Southern transfer was performed by washing the gels for
15 min in 0.25 N HCl before an overnight transfer to positively charged nylon membranes
(Roche, Basel, Switzerland) in 0.4 N NaOH.

2.4. Non-Radioactive Hybridization

DNA probes were labelled with digoxigenin using the DIG-High Prime kit (Roche,
Basel, Switzerland). Positively charged nylon membranes (Roche, Basel, Switzerland) were
pre-hybridized with 0.5 mg/mL sonicated and denatured salmon sperm DNA (Roche,
Basel, Switzerland) in a 20 mL prehybridization solution (2 x SSPE, 0.5% Blotto, 1% SDS,
10% dextran sulphate) at 65 °C for 4-6 h. Labeled DNA was added, and hybridization
continued for another 12-16 h. The hybridized membranes were sequentially washed with
2x SSC (0.3 M NaCl in 30 mM Sodium Citrate) and 0.1% SDS at room temperature for
5 min twice and with 0.1x SSC and 0.1% SDS at 68 °C for 15 min twice as well. Detection
was performed with an Antidigoxigenin-Alkaline Phosphatase conjugate antibody (Roche,
Basel, Switzerland) and CDP-Star (Perkin Elmer, Inc., Waltham, MA, USA) according to
the instructions provided by the manufacturer. The membranes were then exposed for
different times to X-ray Agfa films (Agfa HealthCare, Mortsel, Belgium).

3. Results and Discussion

pBR-TerE@Aatll DNA (Figure 2) was analyzed in high-resolution 2D agarose gel
electrophoresis. The 2D gel electrophoretic mobility of non-replicating supercoiled CCCs
and relaxed OCs forms as well as partially replicated forms CCRIs and OCRIs and cate-
nated molecules (Cats) varies according to their compaction and allows their identification
(Figure 3A—C). The different mobility of all these molecules has been extensively evalu-
ated in 2D gel electrophoresis [5,56,60,69], and the topology of each population has been
confirmed by electron microscopy and atomic force microscopy [26,56,70]. In pBR18, con-
taining no RFB, the most prominent forms of the plasmid DNA isolated from DH5«F
E. coli cells were supercoiled CCCs; OCs; and a few fully replicated CatAs, CatBs and
CatCs (Figure 3A). In pBR-TerE@Aatll, the most prominent forms of the plasmid DNA
isolated from DH5aF’" E. coli cells (Figure 3B) were CCRIs and OCRIs. In addition, highly
supercoiled CCCs and some OCs were also observed. In pBR-TerE@Aatll DNA isolated
from parE10 E. coli cells where the last 60 min of culture occurred at 43 °C (Figure 3C), the
most prominent forms of the plasmid were fully replicated CatAs, CatBs and CatCs. In
addition, highly supercoiled CCCs and some OCs were also observed. Note that all the
replication intermediates here analyzed have the unidirectional replicating fork stalled at
TerE [26,56,60]. The nicks responsible for the formation of OCs and OCRIs were probably
induced during DNA isolation [71]. The conditions of 2D gels here used allow for the iden-
tification of CCCs with a ALk between 0 and approximately 20. The signal pointing highly
supercoiled CCCs corresponds to a mixture of molecules with different ALks, including
negatively as well as positively supercoiled circles [11,56,71].

As indicated in Material and Methods, DNA samples were treated with different
concentrations of the topoisomerases (Supplementary Figures S1 and S2). Finally, for each
topoisomerase we selected two concentrations that achieved the best results without intro-
ducing too many double-strand breaks, indicated by a smear of the signal corresponding
to linear monomers.

Topo IV relaxes the left-handed (LH) crossings of (+) supercoiling at a 20-fold faster
rate than the right-handed crossings of (—) supercoiling [72]. Therefore, it should relax
and probably eliminate all the highly supercoiled CCCs of the non-replicating forms (see
Figure 3B). As mentioned above, Topo IV is also called the E. coli decatenase [22,23,26].
Therefore, it is expected to unlink and probably eliminate all the highly pre-catenated
CCRIs, too (see Figure 3B). The results obtained are shown in Figures 4 and 5. The im-
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munograms corresponding to untreated samples were repeated at the left of both figures
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Figure 3. Inmunograms and interpretative cartoons of intact untreated forms of pBR18 and pBR-
TerE@Aatll isolated from either DH5«F’ (A,B) or parE10 (C) E. coli cells analyzed by two-dimensional
agarose gel electrophoresis. Non-replicating CCCs and OCs are depicted in black. Partially replicated
CCRIs and OCRIs are depicted in red. The final position of highly supercoiled CCCs as well as highly
and poorly tensioned CCRIs is indicated. In addition, when visualized, the position of CatAs is
depicted in light-blue, CatBs in dark blue and CatCs in green.
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Figure 4. Inmunograms and interpretative cartoons of intact untreated and treated forms of pBR-TerE@Aatll isolated from
DH5«F’ E. coli cells analyzed by two-dimensional agarose gel electrophoresis. The immunograms to the left correspond to
the untreated sample and are only shown for comparison. Samples were treated with 15 units (A,C) or 30 units (B,D) of
the topoisomerases in vitro, as indicated in Material and Methods, except for topo 2«, where 30 units (E) and 60 units (F)
were used (indicated by an asterisk at the left down corner). Non-replicating (+) and (—) CCCs and OCs are depicted in
black. Dashed straight lines correspond to smears of the most abundant species that occur during the first and second
electrophoresis. CCRIs and OCRIs are depicted in red. Where it applies, fully replicated catenanes—CatAs, CatBs and
CatCs—are depicted in light blue, dark blue and green, respectively. The positions of highly supercoiled as well as highly
and poorly tensioned CCRIs are indicated. The immunograms on top correspond to samples treated with Topo IV; below
are the immunograms that correspond to samples treated with DNA gyrase and at the bottom the immunograms that
correspond to samples treated with Topo 2« as indicated in Material and Methods. * In this case a different number of units

was used.
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Figure 5. Inmunograms and interpretative cartoons of intact untreated and treated forms of pBR-TerE@Aatll isolated from
parE10 E. coli cells where the last at 60 min occurred at the restrictive temperature (43 °C). All the samples were analyzed by
two-dimensional agarose gel electrophoresis. The immunograms to the left correspond to the untreated sample and were
only placed for comparison. Samples were treated with 15 units (A,C) or 30 units (B,D) of the topoisomerases in vitro, as
indicated in Material and Methods, except for topo 2c, where 60 units (E) and 240 units (F) were used (indicated by an
asterisk at the left down corner). CCCs and OCs are indicated in black. Dashed straight lines indicate smears of the most
abundant species that occur during the first and second electrophoresis. CCRIs and OCRIs are depicted in red. Where it
applies, fully replicated catenanes (CatAs, CatBs and CatCs) are depicted in light blue, dark blue and green, respectively.
The position of highly supercoiled and highly tensioned CCRIs is indicated. The immunograms on top correspond to
samples treated with Topo IV; below are the immunograms that correspond to samples treated with DNA gyrase and at the
bottom the immunograms correspond to samples treated with Topo 2 as indicated in Material and Methods. * In this case
a different number of units was used.

Treatment of the plasmid DNA isolated from DH5Af" E. coli cells with 15 units of
Topo IV (Figure 4A) relaxed CCCs significantly and eliminated almost all the pre-catenated
CCRIs, too. Curiously, the partial relaxation of CCCs allowed for some positively super-
coiled forms to be visualized. As previously mentioned, Topo IV relaxes the left-handed
crossings of (+) supercoiling at a 20-fold faster rate than the right-handed crossings of (—)
supercoiling, due primarily to about a 10-fold increase in processivity [72]. This observation
explains how Topo IV can remove (+) supercoiling ahead of a replicating fork without
relaxing all the essential (—) supercoiling of the un-replicated region in vivo [49]. Treatment
of the DNA sample with 30 units of Topo IV (Figure 4B) eliminated all pre-catenated CCRIs
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and improved the relaxation of CCCs, too. It should be noted that the chirality of DNA
may change after deproteinization in vitro. Therefore, the preferential elimination of (+)
crossings by Topo IV may have a different outcome in vitro [73]. How Topo IV recognizes
the chirality of DNA duplexes is still under debate, although several hypotheses have
been proposed [49,74-78]. Moreover, results obtained in bacteria also in vitro showed
that the condensin MukB interacts with Topo IV and enhances relaxation of negatively
supercoiled DNA and unknotting by topoisomerase IV [62,63]. Additionally, an intense
signal in the form of a sharp smear at the right bottom corner was observed with 30 units
of Topo IV (Figure 4B). Judging from its electrophoretic behavior and its smear shape, our
interpretation is that this signal corresponds to plasmid monomers linearized by one or
more double-strand breaks. When a lower concentration of Topo IV was used (Figure 4A),
this signal decreased and became a concrete dot.

DNA gyrase is the only type Il DNA topoisomerase that introduces (—) supercoiling
in covalently-closed domains [16,20]. Therefore, it is expected to maintain non-replicating
CCCs heavily supercoiled and have little or no effect at all on pre-catenaned CCRIs.

Treatment of the DNA sample with 15 units of DNA gyrase (Figure 4C) generated
an unexpected picture. There was no significant effect on the highly supercoiled CCCs.
However, pre-catenated CCRIs were unlinked significantly, although not as efficiently as in
the case of Topo IV. Treatment of the DNA sample with 30 units of DNA gyrase (Figure 4D)
had no evident effect on CCCs but relaxed all the pre-catenated CCRIs. The contrasting
activities of DNA gyrase and Topo IV have been examined in many laboratories generating
conflicting results [22,24,79-85]. Studies using magnetic-tweezer assays showed that small
changes in force and torque affect DNA gyrase activity to enhance either the introduction
of (—) supercoiling, decatenation of sister duplexes or relaxation of the LH crossings of
(+) supercoiling [86].

Topo 2« is the human DNA topoisomerase that relaxes (—) and (+) supercoiling and
unlinks sister duplexes [5,21]. Therefore, it is expected to eliminate both highly supercoiled
CCCs and pre-catenaned CCRIs.

Treatment of the DNA sample with 30 units of Topo 2« (Figure 4E) relaxed highly
supercoiled molecules to some extent, and pre-catenated CCRIs were unlinked, too, al-
though not as efficiently as in the case of a treatment with Topo IV (compare Figure 4C,E).
Treatment of the DNA sample with 60 units of Topo 2« (Figure 4F) enhanced the effects
observed with 30 units per ug of DNA. The decatenation efficiency improved, and the
relaxation of CCCs was similar to that observed with 15 units of Topo IV (see Figure 4A).
As previously mentioned, in humans Topo 2« and £ are the type II topoisomerases re-
sponsible for the relaxation of (+) and (—) supercoiling as well as for the unlinking of
catenanes and pre-catenanes [5,21]. These enzymes recognize and simplify DNA topology
below equilibrium values as type II DNA topoisomerases catalyze the interconversion of
DNA topoisomers by transporting one DNA duplex through another [87,88]. Previous
experiments using magnetic tweezers and crystallography revealed the crucial role of DNA
binding and bending for these enzymes to accomplish their functions [54,55,89]. It has
been shown that Topo 2« removes left-handed crossings of (+) supercoiling >10-fold faster
than the right-handed crossings of (—) supercoiling [90,91]. In contrast, topoisomerase II 3,
which is not required for DNA replication, lacks the ability to distinguish the geometry of
DNA during relaxation [91].

To summarize, we found that when pBR-TerE@Aatll DNA was isolated from DH5oF
E. coli cells, Topo IV was the most efficient enzyme in the relaxation of CCCs as well as in
the unlinking CCRIs in vitro. Topo 2« showed lower relaxation efficiency than Topo IV,
while DNA gyrase showed a puzzling outcome. This topoisomerase showed no significant
effect on CCCs but was significantly efficient to relax pre-catenaned CCRIs. These results
confirmed that in addition to its role in introducing (—) supercoiling in covalently-closed
domains, DNA gyrase has unlinking activity, too [86]. Furthermore, studies performed by
Ashley et al. indicated that DNA gyrase removes the left-handed crossings of (+) super-
coiling at ~10-fold faster rate than it introduces right-handed crossings of (—) supercoiling
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into relaxed DNA [85]. Because mutations of the GyrA-box dramatically reduced its su-
percoiling activity [92], we hypothesize that mutations of GyrA-box that abolished the
supercoiling activity could also affect the ability of DNA gyrase to resolve supercoiling and
pre-catenanes in partially replicated molecules. It is also tempting to speculate that point
mutations in the quinolone resistance-determining region (QRDR) of gyrA associated with
a decreased DNA supercoiling [93,94] would change the efficiency of DNA gyrase to relax
pre-catenaned CCRIs. These possibilities await additional investigation in future studies.

The untreated pBR-TerE@AatIl DNA isolated from parE10 cells where the last 60 min
of culture occurred at 43 °C analyzed in 2D gels generated a totally different picture
(Figure 3C). Here, the presence of fully replicated CatAs, CatBs and CatCs was promi-
nent [60]. In addition, highly supercoiled CCCs, some OCs, and CCRIs and OCRIs with
the unidirectional replicating fork stalled at TerE were observed, too. The final conforma-
tion of CCRIs in vitro would depend on the number of crossings in the un-replicated and
replicated regions, respectively, just before de-proteination. In this particular case, CCRIs
isolated from parE10 cells grown for the last hour at the restrictive temperature (where
TopolV is inactive) were more torsionally tensioned than the same CCRIs isolated from
DH5«F’ cells (where Topo 1V is active) (see Figure 3B,C). The 2D gel electrophoretic mobil-
ity of fully replicated catenanes with different catenation numbers also varies and allows
for their identification (see Figure 3C). As previously mentioned, TerE is not as strong a
barrier as TerB [57,58]. This is so because its equilibrium and rate constants for binding
of the Tus protein are not as high [57,58]. Hence, in a small but significant number of
pBR-TerE@Aatll molecules the unidirectional replication fork does not stall at the Tus/TerE
complex and replication is completed. In DH5F" E. coli cells in vivo, Topo IV is active
and decatenation as well as segregation occurs very fast. For this reason, fully replicated
catenanes are not detected in the samples isolated from these cells (see Figure 3B). In parE10
cells grown at 43 °C, however, Topo IV is inactive [23] and the fully replicated catenanes
accumulate (Figure 3C).

As stated above, Topo IV relaxes (+) as well as (—) supercoiling, although with different
levels of efficiency [72]. It is also the main DNA decatenase [22,23,26]. Therefore, it is
expected that in the DNA samples isolated from parE10 cells, Topo IV will relax the highly
supercoiled CCCs of non-replicating forms and unlink pre-catenanes and fully replicated
catenanes, too. The results obtained after treatment of the DNA sample with 15 units of
Topo IV are shown in Figure 5A. Topo IV eliminated all the fully replicated catenanes
(CatAs, CatBs and CatCs) and pre-catenaned CCRISs, too. It also relaxed most of the non-
replicating CCCs. Treatment of the DNA sample with 30 units of Topo IV (Figure 5B)
enhanced the effects observed with 15 units. In short, these treatments generated pictures
similar to those observed after treatment of the DNA isolated from DH5«F’ cells (see
Figure 4A,B).

DNA gyrase is essential to maintain the equilibrium level of (—) supercoiling in the
E. coli chromosome by the wrapping-mediated mechanism. However, elevated tension
on DNA favors the decatenase activity of gyrase [22] by a wrapping-independent distal
T-segment capture mode [86]. Treatment of the DNA sample with 15 units of DNA gyrase
(Figure 5C) was almost totally inefficient to unlink pre-catenanes as well as fully replicated
catenanes. CCCs, OCs, CCRIs and OCRIs were still present, and fully replicated CatAs,
CatBs and CatCs were clearly identified. Treatment of the DNA sample with 30 units of
DNA gyrase (Figure 5D) generated a slightly different picture. CatCs disappeared, and
the signals corresponding to CatBs and CatAs became more prominent. Notably, CCRIs
were not unlinked as efficiently as in the case of DNA isolated from DH5«F’ E. coli cells.
These results could be due to changes in the conformation of the CCRIs in the absence of
Topo 1V, as they would end up heavily pre-catenated in the replicated region. This could
affect DNA gyrase activity in vitro to unlink sister duplexes and relax the LH crossings of
(+) supercoiling [86].

Finally, as previously mentioned, Topo 2« is the human DNA topoisomerase that re-
laxes (—) and (+) supercoiling and unlinks sister duplexes [5,21]. Therefore, it is expected to
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eliminate both heavily supercoiled CCCs; pre-catenaned CCRlIs; as well as fully replicated
CatAs, CatBs and CatCs.

Treatment of the DNA sample with 60 units of Topo 2« (Figure 5E) generated a picture
that was similar to that one generated after treatment of the DNA with 30 units of DNA
gyrase (Figure 5D). CatCs disappeared, and the signals of CatAs became more prominent.
The results obtained after treatment of the DNA sample with up to 240 units of Topo 2c
(Figure 5F) did not change significantly except for the reduction of the signal corresponding
to CCRIs. It should be noted that Topo 2« and £ evolved to deal with chromatin and
not with naked DNA as in the experiments here described [2]. Moreover, TopoGEN’s
specialists advise that this topoisomerase is significantly more efficient on kinetoplasts
than on plasmid DNA.

To summarize, here we used for the first time 2D gels and plasmids bearing an
RFB to evaluate the role of three type II DNA topoisomerases on partially replicated
molecules containing both supercoiling in the un-replicated region and pre-catenanes
in the replicated one. The results obtained revealed that Topo IV relaxes (+) as well as
(—) supercoiling and unlinks pre-catenanes in partially replicated molecules and fully
replicated catenanes with high efficiency. We found that DNA gyrase, in addition to its
role in the introduction of (—) supercoiling, is also able to unlink pre-catenanes in partially
replicated forms. Finally, we confirmed that Topo 2ccis able to relax (+) and (—) supercoiling
in non-replicating molecules and to unlink pre-catenanes in partially replicated molecules
and fully replicated catenanes, although not as efficiently as Topo IV. These observations
indicated that despite the fact these DNA topoisomerases may have evolved to accomplish
specific tasks, they share abilities. The methodology described here can be used to study the
role of different topoisomerases on partially replicated molecules in vivo using plasmids
with the replication fork stalled at different sites before termination and bacterial strains
with point mutations within the C-terminal domains (CTDs) of both DNA gyrase and
Topo IV.

Supplementary Materials: The following are available online at https:/ /www.mdpi.com/article/
10.3390/biology10111195/5s1, Figure S1: Immunograms of intact forms of pBR-TerE@AatlI isolated
from DH5«F’ or parE10 E. coli cells, treated with different concentrations of Topo IV in vitro and
analyzed by two-dimensional agarose gel electrophoresis; Figure S2: Immunograms of intact forms
of pBR-TerE@Aatll isolated from DH5«F’ or parE10 E. coli cells, treated with different concentrations
of Topo 2« in vitro and analyzed by two-dimensional agarose gel electrophoresis.

Author Contributions: Conceptualization, M.-].E-N. and J.B.S.; Investigation, J.C. and V.M.; Method-
ology, J.C. and V.M.; Resources, M.-].E-N. and ].B.S.; Supervision, PH., D.B.K. and J.B.S.; Writing—
original draft, M.-].E-N. and ].B.S.; Writing—review and editing, ].C., V.M., M.-].E-N. and J.B.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This work was sustained by grant PINV15-573 from the Paraguayan CONACYT-PROCIENCIA
program to MJEN and BFU2014-56835 from the Spanish Ministerio de Economia y Competitividad
to].B.S.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in this article and the
Supplementary Materials.

Acknowledgments: The authors acknowledge the critics and continuous support of Andrzej Stasiak
and all the current and former members of their groups. We dedicate this study to the memory of
our friend, mentor, and colleague, Jorge B. Schvartzman.

Conflicts of Interest: The authors declare no conflict of interest.


https://www.mdpi.com/article/10.3390/biology10111195/s1
https://www.mdpi.com/article/10.3390/biology10111195/s1

Biology 2021, 10, 1195 14 of 17

References

1.

10.
11.

12.
13.

14.

15.
16.

17.

18.

19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Champouyx, J.J.; Been, M.D. Topoisomerases and the swivel problem. In Mechanistic Studies of DNA Replication and Genetic
Recombination; Alberts, B., Ed.; ICN-UCLA Symposia on Molecular and Cellular Biology; Academic Press: New York, NY, USA,
1980; pp. 809-815.

Forterre, P.; Gadelle, D. Phylogenomics of DNA topoisomerases: Their origin and putative roles in the emergence of modern
organisms. Nucleic Acids Res. 2009, 37, 679-692. [CrossRef]

Watson, J.D.; Crick, FH.C. Molecular structure of nucleic acids. Nature 1953, 161, 737-738. [CrossRef] [PubMed]

Shepherd, ].W.; Greenall, R.J.; Probert, M.L].; Noy, A.; Leake, M.C. The emergence of sequence-dependent structural motifs in
stretched, torsionally constrained DNA. Nucleic Acids Res. 2020, 48, 1748-1763. [CrossRef] [PubMed]

Bates, A.D.; Maxwell, A. DNA Topology; Oxford University Press: Oxford, UK, 2005; p. 216.

Schvartzman, J.B.; Hernandez, P.; Krimer, D.B.; Dorier, J.; Stasiak, A. Closing the DNA replication cycle: From simple circular
molecules to supercoiled and knotted DNA catenanes. Nucleic Acids Res. 2019, 47, 7182-7198. [CrossRef]

Lilley, D.M. DNA supercoiling and DNA structure. Biochem. Soc. Trans. 1986, 14, 211-213. [CrossRef] [PubMed]

Ullsperger, C.; Vologodskii, A.A.; Cozzarelli, N.R. Unlinking of DNA by topoisomerases during DNA replication. In Nucleic Acids
and Molecular Biology; Lilley, D.M.]., Eckstein, F., Eds.; Springer: Berlin, Germany, 1995; pp. 115-142.

Schvartzman, ].B.; Stasiak, A. A topological view of the replicon. EMBO Rep. 2004, 5, 256-261. [CrossRef]

Wang, J. Untangling the Double Helix; Cold Spring Harbor Laboratory Press: Cold Spring Harbor, NY, USA, 2009; p. 233.
Martinez-Robles, M.L.; Witz, G.; Hernandez, P.; Schvartzman, J.B.; Stasiak, A.; Krimer, D.B. Interplay of DNA supercoiling and
catenation during the segregation of sister duplexes. Nucleic Acids Res. 2009, 37, 5126-5137. [CrossRef]

Kornberg, A.; Baker, T.A. DNA Replication, 2nd ed.; W.H. Freeman and Co.: New York, NY, USA, 1992; p. 850.

Neuman, K.C. Evolutionary twist on topoisomerases: Conversion of gyrase to topoisomerase IV. Proc. Natl. Acad. Sci. USA 2010,
107, 22363-22364. [CrossRef]

Tretter, E.M.; Berger, ]. M. Mechanisms for defining supercoiling set point of DNA gyrase orthologs: I. A nonconserved acidic
C-terminal tail modulates Escherichia coli gyrase activity. J. Biol. Chem. 2012, 287, 18636-18644. [CrossRef] [PubMed]

Wang, J.C. Interaction between DNA and an Escherichia coli protein omega. J. Mol. Biol. 1971, 55, 523-533. [CrossRef]

Gellert, M.; Mizuuchi, K.; O’Dea, M.H.; Nash, H.A. DNA gyrase: An enzyme that introduces superhelical turns into DNA. Proc.
Natl. Acad. Sci. USA 1976, 73, 3872-3876. [CrossRef]

Dean, F; Krasnow, M.A,; Otter, R.; Matzuk, M.M.; Spengler, S.J.; Cozzarelli, N.R. Escherichia coli type-1 topoisomerases:
Identification, mechanism, and role in recombination. Cold Spring Harb. Symp. Quant. Biol. 1983, 47, 769-777. [CrossRef]

Kato, J.; Nishimura, Y.; Imamura, R.; Niki, H.; Hiraga, S.; Suzuki, H. New topoisomerase essential for chromosome segregation in
E. coli. Cell 1990, 63, 393-404. [CrossRef]

Kato, J.; Suzuki, H.; Ikeda, H. Purification and characterization of DNA topoisomerase IV in Escherichia coli. . Biol. Chem. 1992,
267,25676-25684. [CrossRef]

Drlica, K. Control of bacterial DNA supercoiling. Mol. Microbiol. 1992, 6, 425-433. [CrossRef] [PubMed]

Kellner, U.; Rudolph, P.; Parwaresch, R. Human DNA-Topoisomerases—Diagnostic and Therapeutic Implications for Cancer.
Onkologie 2000, 23, 424-430. [CrossRef] [PubMed]

Zechiedrich, E.L.; Cozzarelli, N.R. Roles of topoisomerase IV and DNA gyrase in DNA unlinking during replication in Escherichia
coli. Genes Dev. 1995, 9, 2859-2869. [CrossRef] [PubMed]

Adams, D.E.; Shekhtman, E.M.; Zechiedrich, E.L.; Schmid, M.B.; Cozzarelli, N.R. The role of topoisomerase 1V in partitioning
bacterial replicons and the structure of catenated intermediates in DNA replication. Cell 1992, 71, 277-288. [CrossRef]
Zechiedrich, E.L.; Khodursky, A.B.; Cozzarelli, N.R. Topoisomerase IV, not gyrase, decatenates products of site-specific recombi-
nation in Escherichia coli. Genes Dev. 1997, 11, 2580-2592. [CrossRef] [PubMed]

Deibler, R W.; Rahmati, S.; Zechiedrich, E.L. Topoisomerase IV, alone, unknots DNA in E-coli. Genes Dev. 2001, 15, 748-761.
[CrossRef]

Lopez, V.; Martinez-Robles, M.L.; Hernandez, P.; Krimer, D.B.; Schvartzman, J.B. Topo IV is the topoisomerase that knots and
unknots sister duplexes during DNA replication. Nucleic Acids Res. 2012, 40, 3563-3573. [CrossRef] [PubMed]

DiNardo, S.; Voelkel, K.A.; Sternglanz, R.; Reynolds, A.E.; Wright, A. Escherichia coli DNA topoisomerase I mutants have
compensatory mutations in DNA gyrase genes. Cell 1982, 31, 43-51. [CrossRef]

Drolet, M.; Phoenix, P.; Menzel, R.; Masse, E.; Liu, L.E; Crouch, R.J. Overexpression of RNase H partially complements the growth
defect of an Escherichia coli delta topA mutant: R-loop formation is a major problem in the absence of DNA topoisomerase I.
Proc. Natl. Acad. Sci. USA 1995, 92, 3526-3530. [CrossRef] [PubMed]

Reuss, D.R.; Fasshauer, P.; Mroch, PJ.; Ul-Hagq, I.; Koo, B.M.; Pohlein, A.; Gross, C.A.; Daniel, R.; Brantl, S.; Stulke, J. Topoisomerase
IV can functionally replace all type 1A topoisomerases in Bacillus subtilis. Nucleic Acids Res. 2019, 47, 5231-5242. [CrossRef]
Brochu, J.; Breton, E.V.; Drolet, M. Supercoiling, R-loops, Replication and the Functions of Bacterial Type 1A Topoisomerases.
Genes 2020, 11, 249. [CrossRef]

Brochu, J.; Vlachos-Breton, E.; Sutherland, S.; Martel, M.; Drolet, M. Topoisomerases I and III inhibit R-loop formation to prevent
unregulated replication in the chromosomal Ter region of Escherichia coli. PLoS Genet 2018, 14, e1007668. [CrossRef]

Lee, CM.; Wang, G.; Pertsinidis, A.; Marians, K.J. Topoisomerase III Acts at the Replication Fork To Remove Precatenanes.
J. Bacteriol. 2019, 201, e00563-18. [CrossRef]


http://doi.org/10.1093/nar/gkp032
http://doi.org/10.1038/171737a0
http://www.ncbi.nlm.nih.gov/pubmed/13054692
http://doi.org/10.1093/nar/gkz1227
http://www.ncbi.nlm.nih.gov/pubmed/31930331
http://doi.org/10.1093/nar/gkz586
http://doi.org/10.1042/bst0140211
http://www.ncbi.nlm.nih.gov/pubmed/3709942
http://doi.org/10.1038/sj.embor.7400101
http://doi.org/10.1093/nar/gkp530
http://doi.org/10.1073/pnas.1016041108
http://doi.org/10.1074/jbc.M112.345678
http://www.ncbi.nlm.nih.gov/pubmed/22457353
http://doi.org/10.1016/0022-2836(71)90334-2
http://doi.org/10.1073/pnas.73.11.3872
http://doi.org/10.1101/SQB.1983.047.01.088
http://doi.org/10.1016/0092-8674(90)90172-B
http://doi.org/10.1016/S0021-9258(18)35660-6
http://doi.org/10.1111/j.1365-2958.1992.tb01486.x
http://www.ncbi.nlm.nih.gov/pubmed/1313943
http://doi.org/10.1159/000027205
http://www.ncbi.nlm.nih.gov/pubmed/11441236
http://doi.org/10.1101/gad.9.22.2859
http://www.ncbi.nlm.nih.gov/pubmed/7590259
http://doi.org/10.1016/0092-8674(92)90356-H
http://doi.org/10.1101/gad.11.19.2580
http://www.ncbi.nlm.nih.gov/pubmed/9334322
http://doi.org/10.1101/gad.872301
http://doi.org/10.1093/nar/gkr1237
http://www.ncbi.nlm.nih.gov/pubmed/22187153
http://doi.org/10.1016/0092-8674(82)90403-2
http://doi.org/10.1073/pnas.92.8.3526
http://www.ncbi.nlm.nih.gov/pubmed/7536935
http://doi.org/10.1093/nar/gkz260
http://doi.org/10.3390/genes11030249
http://doi.org/10.1371/journal.pgen.1007668
http://doi.org/10.1128/JB.00563-18

Biology 2021, 10, 1195 15 of 17

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

Keller, W. Determination of the number of superhelical turns in simian virus 40 DNA by gel electrophoresis. Proc. Natl. Acad.
Sci. USA 1975, 72, 4876-4880. [CrossRef]

Thorne, H.V. Electrophoretic separation of polyoma virus DNA from host cell DNA. Virology 1966, 29, 234-239. [CrossRef]
Sundin, O.; Varshavsky, A. Terminal stages of SV40 DNA replication proceed via multiply intertwined catenated dimers. Cell
1980, 21, 103-114. [CrossRef]

Brewer, B.J.; Fangman, W.L. The localization of replication origins on ARS plasmids in S. cerevisiae. Cell 1987, 51, 463—471.
[CrossRef]

Brewer, B.J.; Sena, E.P.; Fangman, W.L. Analysis of replication intermediates by two-dimensional agarose gel electrophoresis.
Cancer Cells 1988, 6, 229-234.

Viguera, E.; Hernandez, P; Krimer, D.B.; Lurz, R.; Schvartzman, J.B. Visualisation of plasmid replication intermediates containing
reversed forks. Nucleic Acids Res. 2000, 28, 498-503. [CrossRef]

Fierro-Fernandez, M.; Hernandez, P.; Krimer, D.B.; Stasiak, A.; Schvartzman, J.B. Topological locking restrains replication fork
reversal. Proc. Natl. Acad. Sci. USA 2007, 104, 1500-1505. [CrossRef] [PubMed]

Stellwagen, N.C. Electrophoresis of DNA in agarose gels, polyacrylamide gels and in free solution. Electrophoresis 2009, 30 (Suppl.
1), S188-5195. [CrossRef]

Neelsen, K.J.; Lopes, M. Replication fork reversal in eukaryotes: From dead end to dynamic response. Nat. Reviews. Mol. Cell Biol.
2015, 16, 207-220. [CrossRef] [PubMed]

Huberman, J.A.; Riggs, A.D. Autoradiography of chromosomal DNA fibers from Chinese hamster cells. Proc. Natl. Acad. Sci. USA
1966, 55, 599-606. [CrossRef] [PubMed]

Michalet, X.; Ekong, R.; Fougerousse, F.; Rousseaux, S.; Schurra, C.; Hornigold, N.; van Slegtenhorst, M.; Wolfe, J.; Povey, S.;
Beckmann, J.S.; et al. Dynamic molecular combing: Stretching the whole human genome for high-resolution studies. Science 1997,
277,1518-1523. [CrossRef]

Sogo, ].M.; Stahl, H.; Koller, T.; Knippers, R. Structure of replicating Simian Virus 40 minichromosomes. J. Mol. Biol. 1986, 186,
189-204. [CrossRef]

Sogo, ].M.; Stasiak, A.; Martinez-Robles, M.L.; Krimer, D.B.; Hernandez, P.; Schvartzman, J.B. Formation of knots in partially
replicated DNA molecules. J. Mol. Biol. 1999, 286, 637-643. [CrossRef]

Weber, C.; Stasiak, A.; De Los Rios, P.; Dietler, G. Numerical simulation of gel electrophoresis of DNA knots in weak and strong
electric fields. Biophys. J. 2006, 90, 3100-3105. [CrossRef]

Charvin, G.; Bensimon, D.; Croquette, V. Single-molecule study of DNA unlinking by eukaryotic and prokaryotic type-II
topoisomerases. Proc. Natl. Acad. Sci. USA 2003, 100, 9820-9825. [CrossRef]

Witz, G,; Stasiak, A. DNA supercoiling and its role in DNA decatenation and unknotting. Nucleic Acids Res. 2010, 38, 2119-2133.
[CrossRef] [PubMed]

Rawdon, E.J.; Dorier, J.; Racko, D.; Millett, K.C.; Stasiak, A. How topoisomerase IV can efficiently unknot and decatenate
negatively supercoiled DNA molecules without causing their torsional relaxation. Nucleic Acids Res. 2016, 44, 4528-4538.
[CrossRef] [PubMed]

O’Donnol, D,; Stasiak, A.; Buck, D. Two convergent pathways of DNA knotting in replicating DNA molecules as revealed by
tetha-curve analysis. Nucleic Acids Res. 2018, 17, 9181-9188. [CrossRef] [PubMed]

Martinez, V.; Schaerer, C.; Hernandez, P.; Krimer, D.B.; Schvartzman, J.B.; Fernandez-Nestosa, M.]. Distribution of torsional stress
between the un-replicated and replicated regions in partially replicated molecules. J. Biomol. Struct. Dyn. 2020, 39, 2266-2277.
[CrossRef] [PubMed]

Gubaev, A ; Klostermeier, D. DNA-induced narrowing of the gyrase N-gate coordinates T-segment capture and strand passage.
Proc. Natl. Acad. Sci. USA 2011, 108, 14085-14090. [CrossRef]

Gubaev, A.; Weidlich, D.; Klostermeier, D. DNA gyrase with a single catalytic tyrosine can catalyze DNA supercoiling by a
nicking-closing mechanism. Nucleic Acids Res. 2016, 44, 10354-10366. [CrossRef]

Lee, I; Dong, K.C.; Berger, ].M. The role of DNA bending in type IIA topoisomerase function. Nucleic Acids Res. 2013, 41,
5444-5456. [CrossRef]

Wendorff, T.].; Schmidt, B.H.; Heslop, P.; Austin, C.A.; Berger, ].M. The structure of DNA-bound human topoisomerase II alpha:
Conformational mechanisms for coordinating inter-subunit interactions with DNA cleavage. J. Mol. Biol. 2012, 424, 109-124.
[CrossRef]

Olavarrieta, L.; Martinez-Robles, M.L.; Sogo, ].M.; Stasiak, A.; Hernandez, P.; Krimer, D.B.; Schvartzman, J.B. Supercoiling,
knotting and replication fork reversal in partially replicated plasmids. Nucleic Acids Res. 2002, 30, 656—666. [CrossRef] [PubMed]
Hidaka, M.; Kobayashi, T.; Horiuchi, T. A Newly Identified DNA Replication Terminus Site, TerE, on the Escherichia-Coli
Chromosome. J. Bacteriol. 1991, 173, 391-393. [CrossRef]

Gottlieb, P.A.; Wu, S.; Zhang, X.; Tecklenburg, M.; Kuempel, P.; Hill, T.M. Equilibrium, Kinetic, and Footprinting Studies of the
Tus-Ter Protein-DNA Interaction. J. Biol. Chem. 1992, 267, 7434-7443. [CrossRef]

Santamaria, D.; Hernandez, P.; Martinez-Robles, M.L.; Krimer, D.B.; Schvartzman, ].B. Premature termination of DNA replication
in plasmids carrying two inversely oriented ColE1 origins. J. Mol. Biol. 2000, 300, 75-82. [CrossRef]


http://doi.org/10.1073/pnas.72.12.4876
http://doi.org/10.1016/0042-6822(66)90029-8
http://doi.org/10.1016/0092-8674(80)90118-X
http://doi.org/10.1016/0092-8674(87)90642-8
http://doi.org/10.1093/nar/28.2.498
http://doi.org/10.1073/pnas.0609204104
http://www.ncbi.nlm.nih.gov/pubmed/17242356
http://doi.org/10.1002/elps.200900052
http://doi.org/10.1038/nrm3935
http://www.ncbi.nlm.nih.gov/pubmed/25714681
http://doi.org/10.1073/pnas.55.3.599
http://www.ncbi.nlm.nih.gov/pubmed/5221245
http://doi.org/10.1126/science.277.5331.1518
http://doi.org/10.1016/0022-2836(86)90390-6
http://doi.org/10.1006/jmbi.1998.2510
http://doi.org/10.1529/biophysj.105.070128
http://doi.org/10.1073/pnas.1631550100
http://doi.org/10.1093/nar/gkp1161
http://www.ncbi.nlm.nih.gov/pubmed/20026582
http://doi.org/10.1093/nar/gkw311
http://www.ncbi.nlm.nih.gov/pubmed/27106058
http://doi.org/10.1093/nar/gky559
http://www.ncbi.nlm.nih.gov/pubmed/29982678
http://doi.org/10.1080/07391102.2020.1751294
http://www.ncbi.nlm.nih.gov/pubmed/32238092
http://doi.org/10.1073/pnas.1102100108
http://doi.org/10.1093/nar/gkw740
http://doi.org/10.1093/nar/gkt238
http://doi.org/10.1016/j.jmb.2012.07.014
http://doi.org/10.1093/nar/30.3.656
http://www.ncbi.nlm.nih.gov/pubmed/11809877
http://doi.org/10.1128/jb.173.1.391-393.1991
http://doi.org/10.1016/S0021-9258(18)42536-7
http://doi.org/10.1006/jmbi.2000.3843

Biology 2021, 10, 1195 16 of 17

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.

81.
82.

83.

84.

85.

86.

Cebrian, J.; Castan, A.; Martinez, V.; Kadomatsu-Hermosa, M.].; Parra, C.; Fernandez-Nestosa, M.].; Schaerer, C.; Hernandez, P,;
Krimer, D.B.; Schvartzman, ]J.B. Direct Evidence for the Formation of Precatenanes during DNA Replication. J. Biol. Chem. 2015,
290, 13725-13735. [CrossRef]

Lucas, I.; Germe, T.; Chevrier-Miller, M.; Hyrien, O. Topoisomerase II can unlink replicating DNA by precatenane removal.
EMBO J. 2001, 20, 6509-6519. [CrossRef] [PubMed]

Hayama, R.; Marians, K.J. Physical and functional interaction between the condensin MukB and the decatenase topoisomerase IV
in Escherichia coli. Proc. Natl. Acad. Sci. USA 2010, 107, 18826-18831. [CrossRef]

Hayama, R.; Bahng, S.; Karasu, M.E.; Marians, K.J. The MukB-ParC Interaction Affects the Intramolecular, Not Intermolecular,
Activities of Topoisomerase IV. J. Biol. Chem. 2013, 288, 7653-7661. [CrossRef]

Hill, T.M.; Pelletier, A.J.; Tecklenburg, M.L.; Kuempel, P.L. Identification of the DNA sequence from E. coli terminus region that
halts replication forks. Cell 1988, 55, 459-466. [CrossRef]

Santamaria, D.; delaCueva, G.; Martinez-Robles, M.L.; Krimer, D.B.; Hernandez, P.; Schvartzman, ]J.B. DnaB helicase is unable to
dissociate RNA-DNA hybrids—Its implication in the polar pausing of replication forks at ColE1 origins. J. Biol. Chem. 1998, 273,
33386-33396. [CrossRef]

Harms, A; Stanger, EV.; Scheu, P.D.; de Jong, I.G.; Goepfert, A.; Glatter, T.; Gerdes, K.; Schirmer, T.; Dehio, C. Adenylylation of
Gyrase and Topo IV by FicT Toxins Disrupts Bacterial DNA Topology. Cell Rep. 2015, 12, 1497-1507. [CrossRef]

Sandhaus, S.; Chapagain, P.P; Tse-Dinh, Y.C. Discovery of novel bacterial topoisomerase I inhibitors by use of in silico docking
and in vitro assays. Sci. Rep. 2018, 8, 1437. [CrossRef]

Stros, M.; Bacikova, A ; Polanska, E.; Stokrova, J.; Strauss, F. HMGBI interacts with human topoisomerase Ilalpha and stimulates
its catalytic activity. Nucleic Acids Res. 2007, 35, 5001-5013. [CrossRef]

Gibson, E.G.; Oviatt, A.A.; Osheroff, N. Two-Dimensional Gel Electrophoresis to Resolve DNA Topoisomers. Methods Mol. Biol.
2020, 2119, 15-24. [CrossRef] [PubMed]

Peter, B.J.; Ullsperger, C.; Hiasa, H.; Marians, K.J.; Cozzarelli, N.R. The structure of supercoiled intermediates in DNA replication.
Cell 1998, 94, 819-827. [CrossRef]

Martin-Parras, L.; Lucas, I.; Martinez-Robles, M.L.; Hernandez, P.; Krimer, D.B.; Hyrien, O.; Schvartzman, J.B. Topological
complexity of different populations of pBR322 as visualized by two-dimensional agarose gel electrophoresis. Nucleic Acids Res.
1998, 26, 3424-3432. [CrossRef] [PubMed]

Crisona, N.J; Strick, T.R.; Bensimon, D.; Croquette, V.; Cozzarelli, N.R. Preferential relaxation of positively supercoiled DNA by E.
coli topoisomerase IV in single-molecule and ensemble measurements. Genes Dev. 2000, 14, 2881-2892. [CrossRef] [PubMed]
Schvartzman, J.B.; Martinez, V.; Hernandez, P; Krimer, D.B.; Fernandez-Nestosa, M.]. Changes in the topology of DNA replication
intermediates: Important discrepancies between in vitro and in vivo. BioEssays News Rev. Mol. Cell. Dev. Biol. 2021, 43, €2000309.
[CrossRef]

Bigot, S.; Marians, K.J. DNA chirality-dependent stimulation of topoisomerase IV activity by the C-terminal AAA+ domain of
FtsK. Nucleic Acids Res. 2010, 38, 3031-3040. [CrossRef]

Buck, G.R.; Zechiedrich, E.L. DNA disentangling by type-2 topoisomerases. ]. Mol. Biol. 2004, 340, 933-939. [CrossRef]
Charvin, G.; Strick, T.R.; Bensimon, D.; Croquette, V. Topoisomerase IV bends and overtwists DNA upon binding. Biophys. ].
2005, 89, 384-392. [CrossRef]

Neuman, K.C.; Charvin, G.; Bensimon, D.; Croquette, V. Mechanisms of chiral discrimination by topoisomerase IV. Proc. Natl.
Acad. Sci. USA 2009, 106, 6986—6991. [CrossRef]

Stone, M.D.; Bryant, Z.; Crisona, N.J.; Smith, S.B.; Vologodskii, A.; Bustamante, C.; Cozzarelli, N.R. Chirality sensing by
Escherichia coli topoisomerase IV and the mechanism of type II topoisomerases. Proc. Natl. Acad. Sci. USA 2003, 100, 8654-8659.
[CrossRef] [PubMed]

Hiasa, H.; Digate, R.J.; Marians, K.J. Decatenating activity of escherichia-coli DNA gyrase and Topoisomerase-I and
Topoisomerase-III during oriC and pBR322 DNA replication invitro. J. Biol. Chemn. 1994, 269, 2093-2099. [CrossRef]

Hiasa, H.; Marians, K.J. Two distinct modes of strand unlinking during theta-type DNA replication. J. Biol. Chem. 1996, 271,
21529-21535. [CrossRef] [PubMed]

Kreuzer, K.N.; Cozzarelli, N.R. Formation and resolution of DNA catenanes by DNA gyrase. Cell 1980, 20, 245-254. [CrossRef]
Levine, C.; Hiasa, H.; Marians, K.J. DNA gyrase and topoisomerase IV: Biochemical activities, physiological roles during
chromosome replication, and drug sensitivities. Biochim. Biophys. Acta Gene Struct. Expr. 1998, 1400, 29-43. [CrossRef]

Marians, K.J. DNA gyrase-catalyzed decatenation of multiply linked DNA dimers. ]. Biol. Chem. 1987, 262, 10362-10368.
[CrossRef]

Ullsperger, C.; Cozzarelli, N.R. Contrasting enzymatic activities of topoisomerase IV and DNA gyrase from Escherichia coli.
J. Biol. Chem. 1996, 271, 31549-31555. [CrossRef]

Ashley, R.E.; Dittmore, A.; McPherson, S.A.; Turnbough, C.L., Jr.; Neuman, K.C.; Osheroff, N. Activities of gyrase and topoiso-
merase IV on positively supercoiled DNA. Nucleic Acids Res. 2017, 45, 9611-9624. [CrossRef]

Nollmann, M.; Stone, M.D.; Bryant, Z.; Gore, J.; Crisona, N.J.; Hong, S.C.; Mitelheiser, S.; Maxwell, A.; Bustamante, C.; Cozzarelli,
N.R. Multiple modes of Escherichia coli DNA gyrase activity revealed by force and torque. Nat. Struct. Mol. Biol. 2007, 14,
264-271. [CrossRef]


http://doi.org/10.1074/jbc.M115.642272
http://doi.org/10.1093/emboj/20.22.6509
http://www.ncbi.nlm.nih.gov/pubmed/11707421
http://doi.org/10.1073/pnas.1008140107
http://doi.org/10.1074/jbc.M112.418087
http://doi.org/10.1016/0092-8674(88)90032-3
http://doi.org/10.1074/jbc.273.50.33386
http://doi.org/10.1016/j.celrep.2015.07.056
http://doi.org/10.1038/s41598-018-19944-4
http://doi.org/10.1093/nar/gkm525
http://doi.org/10.1007/978-1-0716-0323-9_2
http://www.ncbi.nlm.nih.gov/pubmed/31989511
http://doi.org/10.1016/S0092-8674(00)81740-7
http://doi.org/10.1093/nar/26.14.3424
http://www.ncbi.nlm.nih.gov/pubmed/9649629
http://doi.org/10.1101/gad.838900
http://www.ncbi.nlm.nih.gov/pubmed/11090135
http://doi.org/10.1002/bies.202000309
http://doi.org/10.1093/nar/gkp1243
http://doi.org/10.1016/j.jmb.2004.05.034
http://doi.org/10.1529/biophysj.105.060202
http://doi.org/10.1073/pnas.0900574106
http://doi.org/10.1073/pnas.1133178100
http://www.ncbi.nlm.nih.gov/pubmed/12857958
http://doi.org/10.1016/S0021-9258(17)42140-5
http://doi.org/10.1074/jbc.271.35.21529
http://www.ncbi.nlm.nih.gov/pubmed/8702938
http://doi.org/10.1016/0092-8674(80)90252-4
http://doi.org/10.1016/S0167-4781(98)00126-2
http://doi.org/10.1016/S0021-9258(18)61121-4
http://doi.org/10.1074/jbc.271.49.31549
http://doi.org/10.1093/nar/gkx649
http://doi.org/10.1038/nsmb1213

Biology 2021, 10, 1195 17 of 17

87.

88.

89.

90.

91.

92.

93.

94.

Roca, J.; Wang, J.C. DNA transport by a type Il DNA topoisomerase: Evidence in favor of a two-gate mechanism. Cell 1994, 77,
609-616. [CrossRef]

Rybenkov, V.V,; Ullsperger, C.; Vologodskii, A.V.; Cozzarelli, N.R. Simplification of DNA topology below equilibrium values by
type II topoisomerases. Science 1997, 277, 690-693. [CrossRef]

Seol, Y.; Gentry, A.C.; Osheroff, N.; Neuman, K.C. Chiral discrimination and writhe-dependent relaxation mechanism of human
topoisomerase Ilalpha. J. Biol. Chem. 2013, 288, 13695-13703. [CrossRef] [PubMed]

McClendon, A K.; Rodriguez, A.C.; Osheroff, N. Human topoisomerase Ilalpha rapidly relaxes positively supercoiled DNA:
Implications for enzyme action ahead of replication forks. J. Biol. Chem. 2005, 280, 39337-39345. [CrossRef] [PubMed]
McClendon, A K.; Gentry, A.C.; Dickey, ].S.; Brinch, M.; Bendsen, S.; Andersen, A.H.; Osheroff, N. Bimodal recognition of DNA
geometry by human topoisomerase II alpha: Preferential relaxation of positively supercoiled DNA requires elements in the
C-terminal domain. Biochemistry 2008, 47, 13169-13178. [CrossRef]

Kramlinger, V.M.; Hiasa, H. The "GyrA-box” is required for the ability of DNA gyrase to wrap DNA and catalyze the supercoiling
reaction. J. Biol. Chem. 2006, 281, 3738-3742. [CrossRef]

Han, J.; Wang, Y.; Sahin, O.; Shen, Z.; Guo, B.; Shen, J.; Zhang, Q. A fluoroquinolone resistance associated mutation in gyrA
Affects DNA supercoiling in Campylobacter jejuni. Front. Cell. Infect. Microbiol. 2012, 2, 21. [CrossRef]

Kugelberg, E.; Lofmark, S.; Wretlind, B.; Andersson, D.I. Reduction of the fitness burden of quinolone resistance in Pseudomonas
aeruginosa. |. Antimicrob. Chemother. 2005, 55, 22-30. [CrossRef]


http://doi.org/10.1016/0092-8674(94)90222-4
http://doi.org/10.1126/science.277.5326.690
http://doi.org/10.1074/jbc.M112.444745
http://www.ncbi.nlm.nih.gov/pubmed/23508957
http://doi.org/10.1074/jbc.M503320200
http://www.ncbi.nlm.nih.gov/pubmed/16188892
http://doi.org/10.1021/bi800453h
http://doi.org/10.1074/jbc.M511160200
http://doi.org/10.3389/fcimb.2012.00021
http://doi.org/10.1093/jac/dkh505

	Introduction 
	Materials and Methods 
	Bacterial Strains, Plasmids and Culture Medium 
	DNA Treatments 
	Two-Dimensional Agarose Gel Electrophoresis and Southern Transfer 
	Non-Radioactive Hybridization 

	Results and Discussion 
	References

