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Abstract 
 

Topoisomerases are essential and ubiquitous enzymes that regulate supercoiling of nucleic acids by 

introducing temporary breaks in DNA and then religating them. Information about the distribution of 

topoisomerase activity across genomes is scarce, and it is generally unclear how a topoisomerase chooses a 

site to be cleaved.  

We have developed Topo-Seq, a method that allows genome-wide strand-specific mapping of 

topoisomerase cleavage sites with single-base precision. We applied Topo-Seq to study three major 

topoisomerases of Escherichia coli – TopoI, DNA gyrase, and TopoIV. We found that while TopoI is 

enriched upstream of active transcription units (TUs), where transcription-induced negative supercoiling is 

high, it is lacking in downstream regions, where positive supercoiling is accumulated. The opposite 

enrichment pattern is found for the gyrase, fully consistent with the Liu & Wang twin-domain model 

predictions. Consistently, gyrase cleavage was found enhanced in downstream regions of highly expressed 

rRNA operons in Caulobacter crescentus genome. Genome-wide sampling of E. coli gyrase activity by 

Topo-Seq in stationary growth phase and in synchronously replicating cells revealed that gyrase is attracted 

by transcription and replication, respectively, supporting the major role of this enzyme in relaxation of 

positive supercoiling arising during these processes. Similarly to gyrase, the activity of TopoIV was found 

to be higher in regions downstream of TUs, indicating that this topoisomerase may also be involved in 

relaxation of positive supercoils. 

The supreme resolution of the Topo-Seq method allowed us to identify topoisomerase cleavage 

motifs. We found that TopoI cleaves AT-rich sequences between T and A, when there is a C in the -4 

position with respect to the cleavage site. For DNA gyrase we detected a long motif that reflects the 

wrapping of DNA around the CTDs of the GyrA subunits. The TopoIV motif was shorter and lacked the 

signs of DNA wrapping, indicating that DNA segment to be transferred through the temporary DNA break 

belongs to a different DNA region for TopoIV. Taken together our data indicate that topoisomerases identify 

optimal DNA sites by sensing both DNA topology and local sequence patterns. 
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There is something very strange and unaccountable about a tow-line. You 

roll it up with as much patience and care as you would take to fold up a 

new pair of trousers, and five minutes afterwards, when you pick it up, it 

is one ghastly, soul-revolting tangle. <…> I firmly believe that if you took 

an average tow-line, and stretched it out straight across the middle of a 

field, and then turned your back on it for thirty seconds, that, when you 

looked round again, you would find that it had got itself altogether in a 

heap in the middle of the field, and had twisted itself up, and tied itself 

into knots, and lost its two ends, and become all loops. 

Jerome K Jerome, “Three Men in a Boat (to say nothing of the dog)” 

 

 

Chapter 1. Literature Review 
 

Literature Review presented here is based on a published review paper prepared by the author. All sections 

of the review were written by the author, except for the Topoisomerase VI section, which was prepared in 

a joint effort with Alina Galivondzhyan. Text and some figures have undergone minor revisions to include 

discoveries that emerged after the publication.  

Sutormin D., Galivondzhyan A., Polkhovskiy A., Kamalyan S., Severinov K., Dubiley S. Diversity and 

functions of type II topoisomerases. Acta Naturae, Vol. 13(1), p.59-75, 2021 

 

The DNA double helix provides a simple and elegant way to store and copy genetic information. 

However, processes requiring the DNA helix strands separation, such as transcription and replication, 

induce a topological side effect ― supercoiling of the molecule. Topoisomerases comprise a specific group 

of enzymes that disentangle the topological challenges associated with DNA supercoiling. They relax DNA 

supercoils and resolve catenanes and knots. Here, we review the catalytic cycles, evolution, diversity, and 

functional roles of topoisomerases in prokaryotes. 

1.1 DNA topology 

The topological state of DNA and the level of its supercoiling are described using the linking number 

concept (Lk) [1]. If one thinks about one strand of a covalently closed circular DNA molecule as the edge 

of an imaginary surface, then the linking number of DNA strands is the number of intersections of this 

surface by the second DNA strand, with allowance for the sign of this intersection (Figure 1A). Lk does 
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not depend on molecule deformations and can only be changed by cleavage, passage, and religation of DNA 

strands (Figure 1A) [2].  

 

Figure 1. DNA topology. (A) Linking number of a circular DNA molecule and changes in the linking 

number resulting from strand cleavage and transfer. (B) Spatial structures, plectoneme and solenoid, arising 

from DNA supercoiling. 

 

For a relaxed DNA molecule, the theoretical linking number (Lk0) can be calculated as a ratio 

between DNA length in base pairs (N) and period of DNA (h = 10.5 bp/turn for the canonical B-form) (1). 

Lk of DNA molecules isolated from living organisms can either exceed Lk0 (ΔLk > 0, a positively 

supercoiled molecule) or be less than Lk0 (ΔLk < 0, a negatively supercoiled molecules) (2). Lk is the sum 

of two geometrical parameters of the double helix, called the twist (Tw) and the writhe (Wr) (3). The twist 

is defined as the number of times DNA chains turn around each other along the double helix axis, while the 

writhe is a measure of supercoiling of the DNA axis [3]. When Lk is different from Lk0, supercoiling is 

partitioned between the twist and writhe (4), which can interconvert to each other. For example, according 

to electron microscopy of plasmids, the writhe and twist account for 75% and 25% of DNA supercoiling, 

respectively [3]. In nature, supercoiled DNA in the form of writhe stably exists in two forms: plectoneme 

(a higher order double helix) and a solenoid (a higher order single helix, which is typical of DNA wrapped 

around a protein) (Figure 1B). A more detailed and comprehensive discussion of DNA topology may be 

found, for example, in the book “DNA Topology” by Bates & Maxwell, 2005 [3]. 
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1.2 Structure, evolution, and catalytic mechanism of type II topoisomerases 

Special enzymes, topoisomerases, regulate the level of DNA supercoiling and resolve knots and 

catenanes [4,5]. According to their structure, homology, and catalytic mechanism, topoisomerases are 

usually divided into type I and type II [4]. Type I topoisomerases introduce a single-strand DNA break 

(nick) and alter the supercoiling state of a molecule either by rotating the DNA duplex around the intact 

second strand (class IB, change Lk of the molecule by an arbitrary integer number per catalytic event) or by 

passing the intact strand through the nick (class IA, change Lk by ± 1 per catalytic event). Type II 

topoisomerases cleave both strands in a DNA fragment, termed the G-segment, and pass the second duplex, 

the T-segment, through this break, hydrolyzing two ATP molecules in the process (Figure 3) [6–8]. This is 

topologically equivalent to a change in Lk by ±2 [9]. Below, we will analyze the diversity, mechanisms, 

and physiological role of the enzymes with a focus on type II enzymes. 
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Figure 2. Types of topoisomerases and representative structures. Top – variants of the enzyme domain 

architecture (left) and domain organization of type IIA (DNA gyrase) and IIB (Topo VI) topoisomerases 

(right). Bottom – same for type IA and type IB topoisomerases. Homologous domains are shown by identical 

colors. The catalytic tyrosine residue responsible for DNA cleavage is depicted by a yellow circle.  

 

Type II topoisomerases are found in organisms of all domains of life and are encoded in all but a 

few extremely reduced sequenced genomes of cellular organisms [10,11]. In all studied cases, type II 

topoisomerases have been shown to be necessary for transcription, replication, and segregation of 

chromosomes during cell division. 

On the basis of their structure and catalytic cycle features, type II topoisomerases are subdivided 

into two classes: IIA and IIB (Figures 2, 3) [4]. Topoisomerases can be either heterotetramers consisting of 

two B and two A subunits or homodimers in which the B and A subunits are combined into a single 

polypeptide [10]. The topoisomerase subunits have dimerization interfaces, referred to as gates. The 

conserved ATP-hydrolysis GHKL (Gyrase, Hsp90, Histidine Kinase, MutL) domain [12] forms the N-gate, 

and the Toprim and WHD (Topoisomerase/Primase and Winged-helix domain) domains form the DNA-

gate [13]. The G-segment of DNA binds to the DNA-gate region of the enzyme and is cleaved by active 

site tyrosyl residues of the WHD domains [14]. The third dimerization interface (C-gate), formed by the 

coiled-coil (CC) domain, is present only in type IIA enzymes (Figure 2) [15]. The C-terminal domains 

(CTD) are located either at the C-termini of A-subunits or at the end of fused polypeptides. The CTD 

determines the specificity of topoisomerases IIA to DNA structures (supercoils or crossovers), interacts with 

other proteins, and, in eukaryotes, is subject to post-translational modifications regulating activity of the 

enzyme [16–18]. 

At the first stage of the catalytic cycle, topoisomerase IIA is believed to bind the G-segment of DNA 

in the DNA-gate region [19]. The binding causes DNA bending, which is probably the basis of topological 

scanning of DNA by the enzyme: topoisomerase preferentially binds to supercoiled regions of the molecule 

that are either already bent or can be easily bent due to the energy of supercoiling [20–22]. Next, the T-

segment of DNA is trapped between the GHKL domains and the DNA-gate. Binding of two ATP molecules 

to ATPase centers leads to dimerization of the GHKL domains, closure of the N-gate, and secure capture of 

the T-segment [23]. Hydrolysis of the first ATP molecule to ADP triggers cleavage of the DNA G-segment 

by catalytic site tyrosyl residues of the WHDs and opens the DNA-gate, which results in the T-segment 

passage through the break to the protein cavity at the C-gate [7,13,24,25]. To stabilize the double-stranded 

break, hydroxyl groups of the tyrosyl residues remain linked to the DNA 5’-ends by phosphodiester bonds. 
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Opening of the C-gate releases the T-segment from the enzymatic complex, followed by the closure of the 

DNA-gate and ligation of the G-segment upon the hydrolysis of the second ATP molecule [26]. The release 

of ADP molecules, which have low affinity for active centers, leads to the opening of the N-gate and 

transition of the enzyme to its original state (Figure 3) [23]. 

 

Figure 3. Catalytic cycles of topoisomerases IIA (A) and IIB (B) and the effect of topoisomerase activity 

on DNA topology (C). The scheme shows the following steps: binding of the DNA G-segment (blue) and 

T-segment (green); binding and hydrolysis of ATP molecules (ATP – red circle, ADP – green circle; if the 

bound nucleotide state (ATP/ADP) is unknown, it is depicted by a purple circle); cleavage and ligation of 

the G-segment and passage of the T-segment through the enzymatic complex. A scheme for G-segment 

cleavage is shown in the center of each cycle (Y – catalytic tyrosine residue of the WHD). Type II 

topoisomerases not only change DNA supercoiling but also unlink (decatenate) or link (catenate) DNA 

molecules. 

 

Binding of ATP molecules is believed to be necessary for the unidirectional passage of the T-

segment, since this segment is incapable of leaving the enzyme through the N-gate until both ATP molecules 

are hydrolyzed [24]. It should be noted that the role of ATP hydrolysis in segment passage has not been 

fully elucidated. According to one of the existing models, sequential hydrolysis of two ATP molecules 
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promotes the T-segment passage by induced conformational rearrangements [27,28]. According to another 

model, the hydrolysis is required only for “restarting” the enzyme and trapping a new T-segment [29]. For 

example, in the presence of ADPNP, a non-hydrolyzable ATP analogue, topoisomerase is able to perform 

one act of T-segment passage, leaving the enzyme in an inactive state with closed N-gate [30]. According 

to recent single-molecule studies using magnetic tweezers, ATP hydrolysis is important both for 

accelerating the T-segment passage and for “restarting” the gyrase [7]. An alternative explanation considers 

ATP binding and GHKL domain dimerization as safeguards necessary to stabilize two halves of the 

enzymatic complex and to prevent the formation of double-strand breaks during T-segment transfer due to 

accidental dissociation of the two enzyme halves [8]. 

The catalytic mechanism of type IIB topoisomerases is considered to be similar to that of type IIA 

topoisomerases (Figure 3B) [31–33]. However, due to the absence of the C-gate, the T-segment 

immediately leaves the enzymatic complex after passing through the DNA-gate and the break in the G-

segment [31]. In type IIB topoisomerases tyrosyl residues of WHDs are located on different secondary 

structure elements compared to the homologous domains of type IIA enzymes. When cleaving the G-

segment of DNA, they generate two-nucleotide 5’-overhanging ends instead of four-nucleotide overhangs 

characteristic of type IIA topoisomerases [34,35]. The G-segment cleavage was shown to depend on ATP 

binding for IIB enzymes. This is considered necessary for stabilization of the complex and of the temporary 

double-stranded break [8,32]. 

The evolutionary relationships within type IIA and IIB topoisomerase groups and between these 

groups remain a matter of debate. Only a few evolutionary events can be reliably traced, for example, the 

duplication of a type IIA topoisomerase gene in the common ancestor of eubacteria which led to the 

emergence of DNA gyrase and topoisomerase IV (TopoIV), two enzymes with specific functions. Similarly, 

a duplication in the ancestor of vertebrates resulted in the emergence of Top2α and Top2β. Horizontal 

transfer of gyrase genes from different bacterial groups to Euryarchaeota and reverse transfer of Topo VI 

genes were also described. Bacterial gyrase found in Archaeplastida is likely inherited from chloroplasts 

during establishing of primary endosymbiosis [10] (Figure 4). There is no consensus for more ancient 

events of topoisomerase evolution. 

 

1.3 Bacterial topoisomerases 

Free-living fast-growing bacteria, such as Escherichia coli, Caulobacter crescentus, and Bacillus 

subtilis, usually possess multiple topoisomerases, including type I topoisomerases I and III as well as the 
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type II, class IIA DNA gyrase and topoisomerase IV [4,36–38]. Slow-growing bacteria (e.g., 

Mycobacterium tuberculosis) or symbiotic/parasitic bacteria with reduced genomes (e.g., Helicobacter 

pylori), in contrast, often have the minimal essential set of one type I (topoisomerase I) and one type II 

(DNA gyrase) enzymes [39,40]. The genomes of several endosymbiotic bacteria, for example Hodgkinia 

cicadicola and Tremblaya princeps lack topoisomerase II genes or, like Carsonella rudii, encode only one 

subunit [41–43]. These organisms have extremely reduced (139–160 kb) genomes. 

 

Figure 4. Diversity of type II topoisomerases in different domains of life. The tree of life is shown and 

the presence of type II topoisomerases is indicated. The following horizontal gene transfers are shown: 1 – 

a transfer of Topo VI genes from Euryarchaeota to Deltaproteobacteria and Planctomycetales bacteria; 2 – 

a transfer of gyrase genes from Bacteria to Euryarchaeota; 3 – a transfer of gyrase genes from Bacteria to 

Archaeplastida. MGE – mobile genetic elements. 

 

The DNA gyrase and topoisomerase IV are the targets for many antibiotics that, according to their 

mechanism of action, may be divided into two groups: poisons and catalytic inhibitors. Poisons stabilize the 

intermediate covalent complex of topoisomerase with the DNA G-segment. Accidental dissociation of 

enzyme subunits from such complex (for example induced by the collision with the replisome or RNA 

polymerase) causes double-stranded DNA breaks and leads to cell death if unrepaired. Catalytic inhibitors 
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do not cause DNA breaks but inhibit the enzymatic activity, for example, by binding to the ATPase center 

of the GHKL domain and competing with ATP [44,45]. 

Quinolone and fluoroquinolone drugs (ciprofloxacin, levofloxacin, etc.), which are commonly used 

in clinical practice, are topoisomerase poisons [44,46]. Structural studies have shown that movement of 

divalent metal ions (most often magnesium) in the topoisomerase catalytic center is necessary for DNA 

cleavage and ligation. Gyrase poisons stabilize a metal ion in a position that promotes DNA cleavage, but 

not the sealing of the break [47,48]. The latter fact explains the effects of the most prevalent gyrase 

mutations leading to antibiotic resistance. The conserved serine and glutamine residues of the WHD were 

found to coordinate water molecules and magnesium ions necessary for the binding of fluoroquinolones 

[47]. Replacing at least one of these residues with a non-polar moiety leads to poison resistance [49]. 

Classical catalytic inhibitors are aminocoumarin compounds (novobiocin and coumermycin A1). 

They compete with ATP for the interaction with the ATPase center [44,50]. Inhibition of gyrase activity 

leads to inhibition of replication and transcription and cell division arrest. Due to low solubility and toxicity 

to humans, aminocoumarins are not used in the clinical practice, but found application in veterinary 

medicine [45]. 

The spread of antibiotic resistance necessitates searches for new antibacterial drugs; several new 

classes of topoisomerase inhibitors are currently in clinical trials [45,51,52]. 

 

1.3.1 DNA gyrase 

Bacterial DNA gyrases are conserved enzymes (Figure 5A) able to induce negative supercoiling 

using the energy of ATP hydrolysis, as demonstrated in in vitro experiments for enzymes from E. coli, B. 

subtilis, C. crescentus, M. tuberculosis, and many other bacteria. In addition, DNA gyrases effectively 

relaxe positive supercoils and are capable of decatenating circular DNA molecules [39,53–56]. The gyrA 

and gyrB genes encoding the enzyme subunits are essential and inhibitors that reduce gyrase activity 

significantly decrease cell viability [57–60]. Gyrase inhibition induces a similar phenotype in different 

bacteria: elongated cells incapable of dividing [60,61]. 

Gyrase maintains negative supercoiling of the genome, facilitating the initiation of transcription and 

replication. It also relaxes positive supercoils in front of elongating polymerases. Early ChIP-chip 

(immunoprecipitation of protein-bound DNA and its subsequent analysis on a chip to determine protein 

binding sites) experiments with E. coli revealed a positive correlation between gyrase binding and 

transcription level [62]. Similarly, the results of ChIP-Seq (immunoprecipitation of protein-bound DNA and 
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its subsequent sequencing to determine protein binding sites) experiments with M. tuberculosis gyrase 

indicate preferential binding of the enzyme to transcriptionally active regions [63]. In C. crescentus, 

suppression of the gapR gene expression inhibits initiation and elongation of replication and increases 

sensitivity of cells to gyrase inhibitors. In vitro experiments have shown that the GapR protein preferentially 

binds to positively supercoiled DNA and interacts with the gyrase, increasing its ability to relax positive 

supercoils. Probably, GapR recruits the gyrase to positive supercoils formed in front of the moving 

replication complex, facilitating their relaxation and thus stimulating replication [55]. Single-molecule 

experiments have shown that in the absence of gyrase transcription on topologically constrained DNA 

molecules quickly slows down and eventually stops due to accumulation of positive supercoiling (Figure 

5B). The binding of gyrase to such molecules results in rapid restoration of the normal transcription rate 

(transcriptional burst) [64].  

 

Figure 5. DNA gyrase and its functions. (A) Structure of a DNA gyrase complex with DNA. (B) a twin-

domain model illustrating positive supercoiling upstream of the elongating RNA polymerase and negative 

supercoiling downstream of it [65]. Co-transcriptional positive and negative supercoiling moves along the 

DNA molecule and influences initiation of transcription from adjacent promoters (indicated by arrows). 

Depending on the promoter, the effect can be either activating or inhibiting. The DNA gyrase promotes 

transcription elongation through relaxation of positive supercoiling ahead of RNA polymerase. (C) Changes 

in genome supercoiling during E. coli culture transition from the exponential to stationary growth phase 

promote switching of the cell from a mainly anabolic to catabolic physiological state [66]. OriC – origin of 

replication, dif – site recognized by XerC/XerD recombinases. (D) Circadian oscillations of the 
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Synechococcus elongatus genome supercoiling level (at the bottom) correlate with changes in the gene 

transcriptional profile (at the top). A sharp decrease in the genome supercoiling level (indicated by the 

orange arrow) in the presence of the DNA gyrase inhibitor novobiocin causes a rapid change in the 

transcriptional profile (2), making it similar to the profile of bacteria in the physiologically relaxed genome 

state (1) [67]. (E) DNA gyrase is essential for the spatial organization of the Mu prophage and its 

transposition. The prophage DNA is shown in dark blue, and the bacterial genome DNA is in light blue. 

 

In addition to its ability to relax positive supercoiling in front of elongating RNA polymerases, by 

introduction of negative supercoiling, the gyrase can both activate and suppress transcription initiation [68]. 

Up to half of E. coli genes were found to respond to genome relaxation by changing their transcription level 

[69,70]. Ontological analysis of E. coli genes sensitive to supercoiling revealed that the products of genes 

responding to relaxation of negative supercoils by increasing their transcription level are preferentially 

involved in catabolic reactions (for example, Krebs cycle enzymes). These genes are located closer to the 

terminus of replication. In contrast, genes that require negative supercoiling for initiation of their 

transcription are predominantly associated with anabolic processes (synthesis of amino acids and 

nucleotides) and are located closer to the region of replication origin [70,71]. According to a model, during 

active growth of E. coli culture, the activity of DNA gyrase generates a negative supercoiling gradient in 

the genome, with the maximal and minimal levels being in the replication origin and the terminus regions, 

respectively. This leads to predominant expression of genes involved in the anabolic process, promoting 

cell growth and division. Depletion of nutrients in the stationary phase decreases the ATP concentration, 

which reduces the DNA gyrase activity. This decreases the genome supercoiling level and, in combination 

with other factors, inverts the gradient of chromosome supercoiling, resulting in predominant expression of 

genes involved in catabolic processes [66]. It was hypothesized that E. coli uses supercoiling to globally 

modulate gene transcription upon starvation [71–73] (Figure 5C). 

Promoters of the E. coli gyrA, gyrB, and topA genes that encode gyrase and topoisomerase I subunits 

are highly sensitive to supercoiling. The gyrA and gyrB transcription is activated upon genome relaxation, 

while topA is better transcribed upon enhancement of negative supercoiling [74,75]. This enables mutually 

regulated synthesis of two topoisomerases with opposite activities and provides a homeostat for genome-

wide supercoiling level control [76,77]. Similar mechanisms are operational in S. coelicolor and C. 

crescentus [58,78]. 

The supercoiling level in Salmonella typhimurium is believed to regulate the transition from 

anaerobic metabolism to aerobic respiration [79]. In H. pylori, negative supercoiling is an important 

regulator of flagellar synthesis [80]. Circadian oscillations of DNA supercoiling in the cyanobacterium 
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Synechococcus elongatus correlate with specific changes in gene transcription and relaxation of negative 

supercoiling by the addition of DNA gyrase inhibitor novobiocin leads to a rapid change in gene 

transcription pattern, mimicking the changes observed during the circadian cycle (Figure 5D) [67]. Overall, 

these data allow one to consider supercoiling as a global transcription factor and show that the structure of 

regulatory regions has evolved to allow specific responses to this factor [66,68,71]. 

A number of studies indicated that gyrase and gyrase-induced negative supercoiling are involved in 

the spatial organization of bacterial genomes. For example, in vivo fluoroquinolone induces cleavage of E. 

coli genomic DNA by the gyrase into 50–100 kb fragments, which roughly corresponds to the length of 

supercoiled chromosome domains [81–83]. Activity of DNA gyrase at a high-affinity site located at the 

center of the bacteriophage Mu prophage was shown to cause a local increase in negative supercoiling, 

leading to plectonemic compaction of the chromosome region with the prophage. This brings prophage 

termini into proximity with each other and promotes their recombination by the MuA transposase [84,85] 

(Figure 5E). Similarly, excessive negative supercoiling accumulated in E. coli cells with a mutation in 

topoisomerase I is believed to lead to chromosome compaction [86]. As shown by Hi-C experiments (a 

method for determining the chromosome conformation) in C. crescentus, gyrase inhibition by novobiocin, 

on the contrary, makes the spatial structure of the chromosome more diffuse – it lowers the frequency of a 

short-range contacts (20-200 kb) and blurs borders of topologically associated domains (TADs) [87]. 

Similar results were recently obtained for E. coli [88]. Further research is needed to elucidate the role of 

supercoiling in the regulation of spatial organization of prokaryotic genomes. 

Gyrase genes have been found in members of several Euryarchaeota groups [11] (Figure 4). Like 

bacterial gyrase, the archaeal enzyme is sensitive to coumarins and quinolones [89–91]. In vitro experiments 

have shown that Thermoplasma acidophilum gyrase has a typical spectrum of activities: it relaxes positive 

supercoils, introduces negative supercoils, and decatenates circular DNA molecules [91]. Inhibition of 

gyrase activity by the addition of novobiocin to Halobacterium halobium cells leads to inhibition of DNA 

replication and significant decrease in levels of transcription and translation [89]. Thus, the archaeal gyrases 

are believed to perform functions typical of bacterial homologues: relaxation of positive supercoils formed 

during transcription and replication as well as decatenation of linked DNA molecules during cell division. 

 

1.3.2 Topoisomerase IV 

In vitro experiments have demonstrated that despite their structural similarity TopoIV and gyrases 

have different spectra of activities. TopoIV is able to effectively relax positive supercoils. Negative 
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supercoils are relaxed at a much slower rate. Unlike the gyrase, TopoIV cannot introduce excessive negative 

supercoiling [55,56,92]. At the same time, TopoIV is an efficient decatenase that separates interlinked 

circular DNA molecules much better than the gyrase [93–97]. Accordingly, TopoIV but not gyrase is 

capable of resolving knotted DNA molecules in vivo [98]. It is hypothesized that these differences are related 

to the structures of CTD domains in the GyrA subunit and in the homologous ParC subunit of TopoIV 

(Figure 6B). The gyrase CTD enables wrapping of DNA around the enzyme, such that DNA located in cis 

and close to the G-segment of DNA serves as a T-segment, which allows the introduction of negative 

supercoils in one DNA molecule [7,99]. The TopoIV CTD does not bend the G-segment; instead, it traps as 

a T-segment remote DNA sites or in trans DNA molecules. Since the T-segment must be perpendicular to 

the enzyme bound G-segment, catenanes are effectively recognized and resolved [92,96,100] (Figures 5A, 

6A). A comprehensive discussion of mechanistic and structural differences between the two topoisomerases 

can be found in a recent review [101]. 

Like the gyrase, TopoIV is necessary for bacterial division. Mutations in the parC and parE TopoIV 

subunits genes or inhibition of the enzyme activity by drugs causes the development of the so-called par 

phenotype in different bacteria. The par phenotype is characterized by elongated cells that are not capable 

of division and contain an increased amount of unsegregated DNA [36,102–105]. However, the lack of 

TopoIV activity does not interfere with chromosome replication and termination in E. coli [103,104]. The 

biochemical properties of the enzyme suggest that the main function of TopoIV in the cell is to resolve pre-

catenanes during replication (intersections between sister DNA molecules arising from replisome rotation) 

and to separate catenanes of circular molecules upon the completion of replication [104,106]. According to 

this hypothesis, TopoIV is not essential for Streptomyces with its linear chromosomes but is important for 

the maintenance of circular plasmids [38]. Yet, E. coli cells with artificial linear chromosomes exhibit the 

par phenotype upon TopoIV inactivation. This may indicate the importance of the early removal of pre-

catenanes and knots along the entire length of the replicating chromosome [107]. An increase in the TopoIV 

expression level leads to accelerated DNA segregation during division of E. coli cells [104]. 

DNA gyrase and type I topoisomerases are supposed to substitute TopoIV for decatenation in 

bacteria lacking this topoisomerase. For example, the M. tuberculosis gyrase is an efficient decatenase. 

ChIP-Seq experiment demonstrated that the M. tuberculosis gyrase is significantly enriched in the 

chromosomal replication terminus region, which suggests that it acts as TopoIV [39,63,108]. However, no 

such enrichment was observed for the E. coli gyrase [109]. The involvement of H. pylori gyrase in 

chromosome segregation is indirectly confirmed by the fact that bacteria with deletion of the xerH gene, 

User
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which encodes recombinase involved in resolution of chromosome dimers and, possibly, decatenation, are 

more sensitive to the gyrase inhibitor ciprofloxacin [103,110].  

 

Figure 6. Topoisomerase IV structure and interactions with other proteins. (A) Hypothetical structure 

of the TopoIV complex with DNA. (B) Comparison of the GyrA CTD (PDB ID: 1zi0) and TopoIV ParC 

CTD (PDB ID: 1zvt) structures. A putative position of DNA is shown as a dashed line. (C) Proteins 

interacting with TopoIV. The effect of each protein on TopoIV activity is depicted as “+” (activation), “–” 

(inhibition), or “?” (interaction is not confirmed).  

 

The ability of TopoIV to relax positive supercoils [56,92], suggests that it may cooperate with the 

DNA gyrase in removal of positive supercoils formed during transcription and replication [55,111] (Figure 

7A). For example, treatment of E. coli cells with the RNA polymerase inhibitor rifampicin was found to 

reduce both gyrase and TopoIV activities, at least in some regions of the genome [82,112]. Interestingly, an 

increase in the copy number of parC and parE genes is a common suppressor mutation associated with 

deletion of topoisomerase I gene in E. coli and B. subtilis. In this case, TopoIV is believed to compensate 

for the loss of topoisomerase I and perform its function by removing negative supercoiling [37,102,113]. 

TopoIV interacts with a number of proteins that have completely different functions and structures 

but are involved in the organization and separation of replicated chromosomes. In E. coli, these are the SeqA 

protein that binds to hemimethylated GATC sites behind the moving replisome [114,115], the MukBEF 

SMC (structural maintenance of chromosome) [116,117], the DNA translocase FtsK [118], and, probably, 

the XerC recombinase [112,119] (Figure 6C). The C. crescentus TopoIV interacts with GapR and NstA. 

These proteins have opposite effects on the enzyme - GapR stimulates enzyme activity, while NstA 

suppresses it [55,120]. 
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Figure 7. Topoisomerase IV role in decatenation. (A) Topological effects associated with DNA 

replication. Positive supercoils formed in front of the moving replisome are relaxed by the DNA gyrase and, 

presumably, TopoIV. Accumulation of DNA supercoiling leads to replisome rotation, thereby producing 

pre-catenanes. In E. coli, the SeqA protein binds to hemimethylated GATC sites of newly replicated DNA 

molecules. Dam methylates the GATC sites and displaces SeqA, so the SeqA concentration gradient extends 

100–400 kb behind the replisome and moves together with it. TopoIV cannot interact with SeqA-bound 

DNA regions, which explains the temporary cohesion of daughter chromosomes during replication in E. 

coli; however, when all GATC sites are methylated and SeqA is no longer associated with DNA, 

topoisomerase removes pre-catenanes, enabling daughter chromosome separation [115]. (B) The proposed 

structure of the MukBEF-TopoIV complex and a hypothetical mechanism of selective resolution of 

precatenates. (C) A model of chromosome dimer resolution by the FtsK-XerC/D-TopoIV ensemble.  

 

In vitro, low concentrations of E. coli SeqA stimulate relaxation and decatenation activities of 

TopoIV and have no effects on DNA gyrase and Topo I, while in higher concentrations it inhibits TopoIV 

activities. Authors suggest that SeqA can attract TopoIV to the newly replicated DNA downstream of 
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replication fork to resolve pre-catenanes [114]. On the other hand, by in vivo microscopy it was 

demonstrated that SeqA may inhibit TopoIV activity on freshly replicated DNA and mediates temporary 

cohesion of these loci. Especially long cohesion is observed at specific regions known as snap-loci where 

concentration of SeqA is increased (Figure 7A). SeqA depletion impairs proper segregation of replicated 

chromosomes, which indicates that temporary cohesion is needed for this process [115]. To investigate how 

SeqA modulates TopoIV binding and activity on freshly replicated DNA in vivo, a time-series of TopoIV 

ChIP-Seq and Topo-Seq experiments can be conducted on synchronously replicating cells. If SeqA impairs 

TopoIV binding to DNA, there will be a depletion of TopoIV enrichment observed with both methods for 

100-400 kb downstream of a replisome (where SeqA is bound [115,121]), in contrast, if TopoIV binding is 

not affected but TopoIV activity is inhibited, only Topo-Seq signal will be decreased. 

SMC (structural maintenance of chromosomes) complex MukBEF is essential for E. coli rapid 

growth. Depletion of any gene of the complex results in a temperature-sensitive phenotype; the mutants do 

not grow at 37oC in a rich medium, but survive at 25oC in a minimal medium [86]. It was demonstrated that 

ParC subunit of TopoIV interacts by CTD with MukBEF complex [116,117,122]. Initial results 

demonstrated that in excess MukB stimulates the relaxation and decatenation activities of TopoIV in vitro 

[116,117]. However, recent biochemical experiments with a equimolar ratio between TopoIV and MukBEF 

(which recapitulates conditions in a cell) indicate that within the TopoIV-MukBEF complex catalytic 

activities of enzymes are mutually suppressed, presumably to stimulate DNA condensation by the super-

complex [123]. In vivo, TopoIV and the E. coli SMC complex MukBEF form clusters consisting of ~15 

topoisomerase molecules and ~16 SMC complexes [124,125]. These clusters colocalize with replication 

origins, determine their position in the cell, and are necessary for segregation of the origins of daughter 

chromosomes during division [124,126,127]. The proposed structure and functions of MukBEF-TopoIV 

super-complex are shown in Figure 7B. In C. crescentus TopoIV is also required for the correct movement 

of one of the origins to the opposite cell pole [105], however, C. crescentus lacks MukBEF and has a 

different type of SMC complex [128].  

Ter region of E. coli chromosome (known as Ter macrodomain) is defined by a MatP protein that 

interacts with two dozen of matS sites inside the region. Depletion of MatP leads to par-phenotype, also in 

the mutant cells segregation of Ter regions is faster [129,130]. MatP is likely a master organizer of Ter 

macrodomain and regulates the final stages of chromosome segregation. First, MatP was shown to interact 

with MukBEF and stimulates its unloading from DNA in Ter [130–132]. Second, MatP and TopoIV 

compete for binding with MukBEF [133].  Therefore, MatP displaces both complexes from Ter, presumably 
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to stimulate the turnover of the complexes and increase the pool of enzymes for organization of the origin 

regions.  

At the center of Ter region, a dif site is located, which is recognized by XerC/XerD recombinase 

[134]. The recombinase is needed to resolve chromosome dimers and FtsK DNA translocase, that interacts 

with the recombinase complex, facilitates the process of resolution [135,136]. According to the model, 

TopoIV within the recombinase complex is needed to release the catenated circular molecules upon 

recombination (Figure 7C).  

Recent chromosome conformation capture experiments in E. coli demonstrated that inactivation of 

TopoIV activity results in the increase of mid-range contacts in all chromosome macrodomains except the 

Ter macrodomain, where the decrease in the contacts frequency was observed. A hallmarks of TopoIV 

inactivation were long-range contacts between dif region and other chromosomal regions (so called 

“butterfly wings” structure) lasting for the entire chromosome. Authors proposed that this structure reflects 

unrelaxed catenation of sister chromosomes in the absence of the topoisomerase [88]. I speculate, that 

“butterfly wings” reflects the threading of chromosomal DNA by FtsK translocase to resolve chromosome 

dimers. Continuous DNA translocation explains why these contacts do not follow the genomic distance law. 

If so, translocation by FtsK might be limited to the Ter macrodomain in wild-type cells, which is supported 

by earlier observations [137,138]. Probably, FtsK activity is required at the last stages of chromosome 

dimers resolution, when the majority of pre-catenanes is already resolved by TopoIV outside of Ter region.  

 

1.3.3 Topoisomerase NM 

A unique type II topoisomerase, called TopoNM, was discovered in M. smegmatis [139]. It consists 

of two subunits (TopoN and TopoM) homologous to the ParE/GyrB and ParC/GyrA subunits of 

topoisomerase IV and gyrase, respectively. According to phylogenetic analysis of amino acid sequences, 

TopoNM is distant from all known type IIA topoisomerases, which indicates early divergence of enzyme 

genes. The significant divergence from other topoisomerases II and the absence of TopoNM in other, even 

related, bacteria may indicate the viral origin of the enzyme. TopoNM has reduced sensitivity to 

fluoroquinolones and coumarins. The enzyme relaxes positive and negative supercoils and decatenates 

circular DNA molecules, which is typical of type II topoisomerases. A unique property of TopoNM is the 

ability to introduce positive supercoils into relaxed plasmids [139]. Besides TopoNM, only reverse gyrase 

– a type I topoisomerase – is capable of introducing positive supercoils using the energy of ATP hydrolysis 
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[140]. Neither the mechanism of positive supercoiling by TopoNM nore the functions of this enzyme are 

known.  

An unusual system for protection against mobile genetic elements was found in M. smegmatis. It 

consists of genes encoding a cohesin-like complex that prevents effective transformation of bacteria with 

plasmids [141,142]. TopoNM may be part of this defense system like some bacterial topoisomerases interact 

with cohesins [116,117,143]. 

 

1.3.4 Topoisomerase VI and other IIB topoisomerases 

Topoisomerase VI (Topo VI) is a heterotetrameric topoisomerase was first found in the 

hyperthermophilic archaeon Sulfolobus shibatae [144] and later in most other archaea, except for some 

members of the Thermoplasmatales group in which it is replaced by the DNA gyrase [11]. In vitro, archaeal 

Topo VI can relax both positive (more efficiently) and negative supercoils and exhibits a decatenation 

activity [32,145,146]. The letter activity was recently shown preferential by biochemical and single-

molecule experiments [146]. Sequence similarity between IIA and IIB topoisomerases is rather low. 

Additionally, the catalytic tyrosine residues of WHDs are located on non-homologous secondary structure 

elements in the two groups [32,33,147] (Figure 2). Despite these, the catalytic mechanism of Topo VI is 

supposed to be similar to that of type IIA topoisomerases, which is based on biochemical and structural 

analyses (Figure 3B). 

The physiological role of Topo VI has not been established. Activities of the enzyme demonstrated 

in vitro and the fact that Topo VI can be replaced with DNA gyrase indicate that the topoisomerase may be 

involved in decatenation of replicated chromosomes and in relaxation of supercoils formed during 

transcription and replication [145]. The expression level of Topo VI in the archaeon S. islandicus was found 

to increase 7 h after elevating the cultivation temperature above the optimal one. Probably, Topo VI 

compensates for an increase in reverse gyrase activity under these conditions [148].  

Besides Topo VI, several other sub-families inside type IIB topoisomerases were recently identified. 

Genes of topoisomerases with predicted domains similar to the Topo VI domains are found in some archaeal 

and bacterial plasmids as well as in integrated mobile genetic elements. Typically, such genes encode a 

fusion of proteins similar to TopoIV topoisomerase subunits B and A. The topoisomerases encoded by these 

genes are allocated into a separate group of type IIB topoisomerases and are referred to as “Topo VIII” 

[149,150]. Several Topo VIII were shown to relax supercoiled plasmids and decatenate circular DNA 

molecules in vitro [149]. Recently, a new group of proteins homologous to the A-subunit of Topo VIII was 
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identified; they are called Mini-A due to their relatively small size (Figure 2) [150]. The function of these 

topoisomerases is unknown. Probably, they help to maintain plasmids and promote their propagation in host 

cells. 

1.3.5 Topoisomerase I 

Topoisomerase I of Escherichia coli (EcTopoI, encoded by the topA gene) belongs to the A class of 

type I topoisomerases [4]. EcTopoI relaxes only negatively supercoiled DNA and is thought to maintain the 

steady-state level of supercoiling by compensating the activity of another topoisomerase – the DNA gyrase, 

which introduces negative supercoiling utilizing the energy of ATP hydrolysis (Menzel and Gellert, 1978; 

Tse-Dinh, 1985; Liu et al., 2017). Deletion of topA leads to rapid accumulation of suppressor mutations, 

mostly in genes encoding the DNA gyrase subunits. By reducing gyrase activity, these mutations balance 

the level of DNA supercoiling inside the cell [154,155]. Amplification of a chromosomal region containing 

the parC and parE genes encoding TopoIV is also frequently reported in topA null mutants [113,156,157]. 

Conversely, topA deletions complement growth and replication defects of temperature-sensitive (Ts) gyrB 

mutants at non-permissive temperatures [158]. 

Hypernegative supercoiling is a hallmark of topA mutants resulting from uncompensated gyrase 

activity [159]. It was proposed that hypernegative supercoiling leads to stabilization of R-loops containing 

RNA-DNA heteroduplexes formed when nascent transcripts anneal to the template DNA strand upstream 

of the transcribing RNA polymerase (RNAP) [159–161]. Indeed, R-loops have been recently detected in 

topA mutants by dot-blots assays with an RNA:DNA hybrid-specific antibody [162]. Since one DNA strand 

is unpaired in the R-loop, a hub accumulating excessive negative supercoiling is created, leaving the nearby 

DNA less negatively supercoiled. Because such DNA is a substrate for DNA gyrase, which introduces more 

negative supercoiling, a positive feedback loop is created, leading to further accumulation of R-loops and 

additional negative supercoiling (negative supercoiling → R-loops → masking of negative supercoiling → 

increase gyrase activity → excessive negative supercoiling) (Figure 8) [163]. As a result, nascent transcripts 

in R-loops are degraded, which leads to rapid growth arrest [159].  

Overexpression of RNase HI, an enzyme which degrades RNA in the R-loops [164,165] and should 

thus break the feedback loop, was reported to partially suppress the negative effects of a topA deletion 

[166,167], although this finding was disputed [168], while deletion of the RNase HI rnhA gene exacerbates 

the topA null phenotype [168,169]. Stabilized R-loops can also prime oriC-independent replication – a 

phenomenon called “constitutive stable DNA replication” (cSDR) initially observed in cells lacking RNase 

HI. It was demonstrated that cells lacking type-I topoisomerases also exhibit cSDR, which is suppressed by 
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overexpression of RNAse HI [113,170]. Together, these data indicate that hypernegative supercoiling is the 

likely cause of severe growth defects of non-suppressed topA mutants [171]. Recently, by analyzing the 

viability of topA mutants in different genetic backgrounds, it was proposed that bacterial lethality caused by 

the lack of the topoisomerase is due to RNAP backtracking, which in turn, leads to R-loops accumulation 

and transcription-replication conflicts [172]. 

Figure 8. A positive feedback cycle leads to hypernegative supercoiling of plasmid DNA and R-loops 

accumulation when transcription proceeds in the presence of DNA gyrase and the absence of TopoI. 

RNAP is shown as a cartoonish protein complex. Direction of RNAP elongation is shown with an arrow. 

Nascent RNA is shown in green. Owervinding of RNA with a blue DNA strand (template strand) indicates 

formation of an R-loop. Decreased and increased density of DNA turns behind and ahead of elongating 

RNAP corresponds to negative and positive supercoiling, respectively. Gyrase indicates negative 

supercoiling by gyrase. Lk, linking number. Decreasing linking number corresponds to increasing level of 

negative supercoiling of a plasmid over time. 

 

The EcTopoI was shown to bind RNAP, and the interaction was mapped to the C-terminal portion 

of EcTopoI and the β’ subunit of RNAP [173]. The RNAP:TopoI interaction was also reported for 

mycobacteria (Banda, Cao and Tse-Dinh, 2017) and Streptococcus pneumoniae [175]. It was hypothesized 

that association with RNAP allows TopoI to rapidly relax negative DNA supercoils forming behind the 

elongating RNAP, thereby preventing the R-loops formation [173,176]. The chromosomal distribution of 

EcTopoI is currently unknown, although some sequence preferences have been reported in vitro [177,178]. 
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Recently, genome-wide distribution of TopoI from M. tuberculosis (MtTopoI), M. smegmatis (MsTopoI), 

and S. pneumoniae (SpTopoI) was investigated using ChIP-Seq [63,175,179]. In all cases, the 

topoisomerase was shown to associate with actively transcribed genes, with particular enrichment upstream 

of RNAP peaks at promoter regions. These findings agree with the twin-domain model proposed by Liu and 

Wang [65,180], but do not necessarily imply direct TopoI-RNAP association.  

 

1.3.6 Topoisomerase III 

Together with Topo I, bacteria typically have another type-IA topoisomerase called topoisomerase 

III (Topo III, encoded by topB). Topo III shares an N-terminal domain with Topo I, but lacks Zn-binding 

and C-terminal domains characteristic for Topo I. In vitro, Topo III was shown to have a range of activities 

including supercoiling relaxation, decatenation and resolution of replication intermediates. First, Topo III 

is capable of relaxation of negative supercoils when a DNA substrate have an unpaired or melted region. 

Single-molecule experiments demonstrated that Topo III performs fast and processive relaxation runs with 

long pauses between the runs [181,182]. Second, Topo III was shown to efficiently decatenate DNA braids 

comprised of nicked DNAs with bulges in vitro [183]. In another single-molecule experiment, Topo III was 

shown to have a comparable decatenation activity with TopoIV on DNA substrates with a single-stranded 

gapped region [96]. Consistently, treatment of replication intermediates of a plasmid containing OriC and 

two ter sites with Topo III resulted in resolution of precatenanes [184]. Last but not the least, in cooperation 

with RecQ helicase and SSB, Topo III was able to resolve partially replicated circular molecules releasing 

sister molecules with single-stranded regions [185,186]. Of note, eukaryotic homologs of Topo III typically 

interact and cooperate with RecQ-like helicases to resolve double Holliday junctions formed from excessive 

recombination [187]. Cooperation observed between Topo III and RecQ in bacteria suggests that it is 

ubiquitous and, probably, evolutionary universal. Topo III also acts as an RNA topoisomerase in vitro, able 

to cleave and reseal RNA strand while moving another one through the temporary gap. However, the 

physiological role of this activity is obscure [188,189]. 

Despite the extensive repertoire of activities detected in vitro, the cellular role of Topo III is 

enigmatic. TopB-null cells are lacking clear growth defects and have a phenotype of a wild-type. However, 

on a parC1215 background (thermosensitive TopoIV, caused lethality at high temperatures), topB 

overexpression was found suppressive at non-permissive temperatures, indicating a supportive role of Topo 

III in DNA decatenation and DNA segregation [184]. Correspondingly, a parC1215ΔtopB double mutant 

(and similar double mutants by TopoIV and Topo III) exhibits severe growth defects and filamentation and 
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can grow only at lower temperatures [190]. Via genetic experiments it was also demonstrated that Topo III 

is required for DNA segregation when DNA gyrase activity is reduced [158]. A colocalization between 

replisome and Topo III was observed by microscopy and the interaction between DnaX complex and Topo 

III was also supported in vitro. Moreover, fine analysis of cell division demonstrated that DNA segregation 

in topB-null mutants is less organized and delayed [191]. Together, a corpus of data indicates that Topo III 

is likely involved in DNA segregation by resolution of precatenanes close to the replisome and/or relaxation 

of excessive supercoiling in support of other bacterial topoisomerases. 
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Chapter 2. Project Rationale and Objectives 
 

DNA topology, local and global, impacts many if not all aspects of cell physiology, including 

transcription, replication, recombination, DNA compaction and post-replicative segregation. DNA 

topoisomerases are the major regulators of DNA topology. For recent years, DNA binding and/or activity 

profiles were obtained for several E. coli (DNA gyrase ChIP-chip data [62], TopoIV ChIP-Seq and cleavage 

data [112]), Mycobacterium (DNA gyrase ChIP-Seq data [63], TopoI ChIP-Seq and cleavage data [179]), 

Streptococcus (TopoI ChIP-Seq data [175]) topoisomerases. Overall data indicates that TopoI and DNA 

gyrase are associated with active transcription, in agreement with the Liu & Wang twin-domain model [65]. 

However, high-resolution topoisomerase activity data is lacking even for E. coli with more than a century 

history as a model organism. Comprehensive whole-genome analysis of topoisomerase activity in various 

conditions is required to test in vitro observations, assess the role of topoisomerases in resolution of 

supercoils generated by transcription and replication, find binding and cleavage DNA motifs of the enzymes. 

The aim of this project was to build a high-resolution and whole-genome activity profiles for the 

main topoisomerases of E. coli (DNA gyrase, TopoIV, Topo I) and investigate the interplay of these 

enzymes with transcription and replication, their role in topology regulation in vivo. To achieve the aim, 

first, a suitable method, capable of detection of topoisomerase-induced DNA cleavage, was developed 

(Chapter 4.1, the Topo-Seq method). Using this instrument, then, whole-genome activities of DNA gyrase 

(Chapters 4.2-4.13), TopoIV (Chapter 4.14), and TopoI (Chapters 4.15-4.20) were investigated. 
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Chapter 3. Materials and Methods 

3.1 Buffers 

Strep-Tactin lysis buffer 1: 50 mM Tris HCl pH 8.0, 150 mM NaCl  

Strep-Tactin lysis buffer 2: 100 mM Tris HCl pH 8.0, 150 mM NaCl, 1 mM EDTA 

Strep-Tactin elution buffer 1: 50 mM Tris HCl pH 8.0, 150 mM NaCl, 2.5 mM desthiobiotin 

Strep-Tactin elution buffer 2: 50 mM Tris HCl, pH 8.0, 150 mM NaCl, 1 mM EDTA, 2.5 mM 

desthiobiotin 

TALON lysis buffer: 50 mM Tris HCl pH 8.0, 150 mM NaCl, 2.5 mM imidazole 

TALON elution buffer: 50 mM Tris HCl pH 8.0, 150 mM NaCl, 300 mM imidazole 

AMpure binding buffer: 10 mM Tris-HCl pH 8.0, 1 mM EDTA, 250 mM NaCl, 20% w/v PEG-8000, 

0.05% v/v Tween 20 

TopoI storage buffer:10 mM Tris-HCl pH 7.5, 50 mM KCl, 0.1 mM EDTA, 1 mM 2-mercaptoethanol 

10x TopoI reaction buffer: 100 mM Tris-HCl pH 8.0, 500 mM NaCl, 60 mM MgCl2 

5x TopoI Stop-buffer: 50 mM EDTA pH 8.0, 0.5% w/v bromophenol blue, 50% v/v glycerol 

Gyrase reaction buffer: 35 mM Tris-HCl pH 7.5, 24 mM KCl, 4 mM MgCl2, 0.1 mg/ml BSA, 6.5% v/v 

glycerol, 2 mM DTT, 1.8 mM spermidine, 1 mM ATP 

3x Laemmli buffer with urea: 10% v/v glycerol, 4% w/v SDS, 4 mM EDTA pH 8.0, 8 M urea, 0.01% w/v 

bromophenol blue 

RNase III reaction buffer: 10 mM Tris-HCl pH 7.9, 50 mM NaCl, 10 mM MgCl2, 1 mM DTT 

Transfer buffer: 48 mM Tris, 39 mM glycine, 0.037% w/v SDS, 20% v/v ethanol 

TBST buffer: 20 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.1% v/v Tween 20 

ТАЕ buffer: 40 mM Tris-acetate pH 8.3, 1 mM EDTA 

TES buffer: 10 mM Tris-HCl pH 7.5, 1 mM EDTA, 250 mM NaCl 

TESS buffer: 10 mM Tris-HCl pH 7.5, 250 mM NaCl, 1 mM EDTA, 0.1% v/v Tween 20, 0.05% w/v SDS 

TE buffer: 10 mM Tris-HCl pH 7.5, 1 mM EDTA 
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3.2 Bacterial strains and plasmids  

Full lists of bacterial strains and plasmids used in this study can be found, respectively, in Tables 1 and 2.  

Table 1. Bacterial strains used in this study 

Strain Description Source 

E. coli DY330 W3110 lacU169 gal490 cI857 

Δ(cro-bioA) 

Purchased from Horizon 

Discovery Biosciences 

E. coli DY330 topA-SPA W3110 lacU169 gal490 cI857 

Δ(cro-bioA) topA-SPA 

Purchased from Horizon 

Discovery Biosciences 

E. coli DY330 gyrA-SPA W3110 lacU169 gal490 cI857 

Δ(cro-bioA) gyrA-SPA 

Purchased from Horizon 

Discovery Biosciences 

E. coli DY330 gyrA-SPA 

MuSGS 

W3110 lacU169 gal490 cI857 

Δ(cro-bioA) gyrA-SPA (dcuC-

crcA)::(cat-MuSGS) 

This study 

E. coli DY330 parC-SPA W3110 lacU169 gal490 cI857 

Δ(cro-bioA) parC-SPA 

Purchased from Horizon 

Discovery Biosciences 

E. coli DY330 parC-SPA 

gyrAS83L 

W3110 lacU169 gal490 cI857 

Δ(cro-bioA) parC-SPA 

gyrAS83L 

This study 

E. coli DY330 rpoC-TAP W3110 lacU169 gal490 cI857 

Δ(cro-bioA) rpoC-TAP 

Purchased from Horizon 

Discovery Biosciences 

E. coli BW25113 E. coli K12 F– Δ(araD-

araB)567 ΔlacZ4787(::rrnB-3) 

λ– rph-1 Δ(rhaD-rhaB)568 

hsdR514  

Laboratory stock 

E. coli BW25113 topA-Δ11kDa E. coli K12 F– Δ(araD-

araB)567 ΔlacZ4787(::rrnB-3) 

λ– rph-1 Δ(rhaD-rhaB)568 

hsdR514  

This study 

E. coli BW25113 topA-Δ14kDa E. coli K12 F– Δ(araD-

araB)567 ΔlacZ4787(::rrnB-3) 

λ– rph-1 Δ(rhaD-rhaB)568 

hsdR514 

This study 

E. coli BW25113 topA-Δ30kDa E. coli K12 F– Δ(araD-

araB)567 ΔlacZ4787(::rrnB-3) 

λ– rph-1 Δ(rhaD-rhaB)568 

hsdR514 

This study 

E. coli CSH50 λsfiA::lacZ (Δlac-pro) ara rpsL thi [192] 

E. coli NEB5α E. coli K12 huA2 (argF-

lacZ)U169 phoA glnV44 80 

(lacZ)M15 gyrA96 recA1 relA1 

endA1 thi-1 hsdR17  

NEB 

E. coli BL21(DE3) E. coli B F– ompT hsdSB (rB–, 

mB–) gal dcm (DE3)  

Laboratory stock 
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C. crescentus CB15N gyrA-

3xFLAG 

 Constructed by Monica Guo 

Table 2. Plasmids used in this study 

Plasmid Description Source 

pBAD-mcbABCDEFG Plasmid containing a full operon 

required for microcin B17 

production, araBAD promoter,  

Gift of Dr. M. Metelev, [193] 

pMP1000 Contains SGS from Mu phage 

genome, AmpR 

Gift of Dr. P. Higgins, [194] 

pBR322 TcR, AmpR Laboratory stock 

pKD3 Contains cat gene flanked by 

FRT sites, used as a source of a 

resistance cassette for 

recombineering 

Gift of Dr. K. Datsenko, [195] 

pKD4 Contains kan gene flanked by 

FRT sites, used as a source of a 

resistance cassette for 

recombineering 

Gift of Dr. K. Datsenko, [195] 

pKD46 pKD with λ RED systems’ exo, 

beta, gam genes under the 

control of araBAD promoter  

Gift of Dr. K. Datsenko, [195] 

pCA24 gfp Contains gfp gene insert under 

T5-lac promoter, CmR 

ASKA collection, [196] 

pCA24 topA Contains topA gene insert under 

T5-lac promoter, CmR 

ASKA collection, [196] 

pET28 T7 promoter, AmpR Laboratory stock 

pET28 topA_strepII Contains topA gene fused with 

strepII encoding sequence (C-

terminal), T7 promoter, AmpR 

This study 

pCA24 14kDa CTD Contains fragment encoding 

CTD of EcTopoI under T5-lac 

promoter, CmR 

Alina Galivondzhyan 

pCA24 topA Y319F Contains fragment encoding 

catalytically inactive EcTopoI 

mutant under T5-lac promoter, 

CmR 

This study 

pBAD33 araBAD promoter, CmR Laboratory stock 

pBAD33 topA-strepII Contains topA gene fused with 

strepII encoding sequence (C-

terminal), araBAD promoter, 

CmR 

This study 

pBAD33 topA(G116S/M320V) Contains fragment encoding 

EcTopoI double mutant under 

araBAD promoter, CmR 

This study 
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pBAD30 araBAD promoter, AmpR Laboratory stock 

pBAD30 rnhA Contains rnhA gene with native 

RBS under araBAD promoter, 

AmpR 

This study 

pBAD30 rnhAD10N Contains fragment encoding 

catalytically inactive RNAse I 

mutant under araBAD promoter, 

AmpR 

This study 

 

3.3 Cultivation of bacteria  

Bacteria were grown in LB or 2YT (where indicated) rich media supplemented with the corresponding 

antibiotics when required. MacConkey lactose plates (1.2% agar) were prepared according to the 

manufacturer's instructions (BD Difco). 

3.4 Microcin B17 purification 

E. coli BW25113 was transformed with pBAD-mcbABCDEFG plasmid and night culture was inoculated 

with one isolated colony. 1 liter of 2YT media was inoculated with 1/100 volume of the overnight culture. 

When the culture reached OD600=0.6-0.8, mcb operon expression was induced by addition of arabinose up 

to 1 mM. Cultivation was continued for 18-20 hours on 37°C with shaking on 180 rpm. Cells were pelleted 

by centrifugation, then resuspended in 40 ml of 100 mM acetic acid/1 mM EDTA and boiled for 15 min. 

The clarified supernatant was applied onto 1g C18 HyperSep cartridge (Thermo Scientific) pre-equilibrated 

with 0.1% trifluoroacetic acid (TFA). The cartridge was extensively washed with 0.1% TFA followed by 

10% acetonitrile (ACN) in 0.1% TFA. The microcin B17-containing fraction was eluted in 30 ml 30% ACN 

in 0.1% TFA and vacuum dried (GeneVac). The resulting precipitate was dissolved in dimethyl sulfoxide 

(DMSO) and applied onto Phenomenex Luna C18 high-performance liquid chromatography (HPLC) 

column (pre-equilibrated with 0.1% TFA) in 10% DMSO/0.1% TFA. Elution was performed with linear 

gradient of ACN (from 0% to 50% ACN in 30 min) in 0.1% TFA. Microcin B17 was eluted between 12-16 

min, individual peaks were collected. Fractions obtained were merged and dried in vacuo. Lyophilized 

powder was dissolved in DMSO and stored at -20°C. Concentration of the microcin B17 was determined 

spectroscopically as described previously [197]. 

3.5 E. coli DY330 gyrA-SPA MuSGS strain construction 

349-bp DNA fragment containing strong gyrase binding site from bacteriophage Mu (Mu SGS) was 

amplified from pMP1000 plasmid [194] (a gift of P. Higgins) using Mu_G_F and Mu_G_R primers. cat 
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gene was amplified from pKD3 plasmid [195] with G_cat_Mu and cat_Mu_R primers (Supplementary 

Table 1). Fragments were joined by overlap PCR using G_cat_Mu and Mu_G_R  primers [194]. Resulting 

cassette was inserted into intergenic region between dcuC and crcA genes using recombination techniques 

described elsewhere [198]. Successful insertion was confirmed by PCR and whole genome sequencing. 

3.6 Minimal inhibitory concentration (MIC) measurement 

MICs were determined by microdilution method in 96-well plates in liquid LB according to CLSI guidelines 

(M07-A10). Inoculum suspensions were prepared by dilution of night cultures grown in LB up to 1-5*105 

colony forming units (CFU)/ml. Plates were incubated 18-24 hours on 37°C, MIC recorded as minimal 

concentration of antibiotic that completely inhibit bacterial growth.  

3.7 ChIP with different DNA gyrase poisons as stabilizing agents (DNA gyrase Topo-Seq) 

1 ml of overnight culture was prepared for E. coli DY330 gyrA-SPA or E. coli DY330 gyrA-SPA MuSGS 

by inoculating 2YT medium supplemented with antibiotics (kanamycin 50 µg/ml for DY330 gyrA-SPA and 

kanamycin 50 µg/ml, chloramphenicol 15 µg/ml for DY330 gyrA-SPA MuSGS) with cells from a single 

colony. 2 ml of starter culture was cultivated at 32°C with shaking (180 rpm), then 1 ml was inoculated into 

100 ml of 2YT without antibiotics and cultivation was continued at 37°C and shaking until culture reaching 

mid-logphase (OD600=0.6-0.8). At this point the culture was bisected and DNA gyrase poison (0.9 µM and 

10 µM ciprofloxacin (Cfx), 120 µM oxolinic acid (Oxo) or 10 µM and 50 µM microcin B17 (Micro)) was 

added to the first half (+A samples), while the second served as a control (-A samples). Cultures (+A and -

A) were incubated at 37°C with shaking for additional 15 min, then cells were pelleted by centrifugation at 

10°C (4500g) and resuspended in 10 ml of TES buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA, 250 mM 

NaCl). Washing procedure was repeated twice to remove all traces of culturing medium. Washed pellets 

were resuspended in 1 ml of TESS buffer (10 mM Tris-Cl pH 7.5, 1 mM EDTA, 250 mM NaCl, 0.02% 

SDS, 0.2% Tween-20) with addition of protease inhibitors cocktail (cOmplete ultra EDTA free, Roche) and 

RNase A (Thermo Scientific). Resulting suspensions were sonicated with parameters optimized to obtain 

DNA fragments between 200 and 700 bp (SONOPULS HD 3100). Lysates were diluted with 1 ml of TES 

buffer and 100 μl of ANTI-FLAG® M2 affinity gel (Sigma-Aldrich) was added. Immunoprecipitation was 

performed for 1.5-2 hours at room temperature with moderate mixing, then affinity gel was washed 4 times 

(two times with 1 ml of TESS buffer, once with 1 ml of TES buffer, and once 1 ml of TE buffer). For 

proteolysis, affinity gel obtained after the last wash step was diluted with TES buffer up to 200 μl, proteinase 

K (Sigma-Aldrich) was added (0.5 mg/ml) and samples were incubated at 55°C for at least 3 hours. After 



38 
 

this step samples were centrifuged (2 minutes, 2000g at room temperature) and DNA was extracted from 

resulting supernatant with phenol/chlorophorm method followed by precipitation in ethanol. Mock controls 

(-IP) were made both for +A and for -A: for this, 100 μl aliquots of lysates obtained after sonication were 

deproteinized and DNA was purified as described before. The procedure described gives a quartet of 

samples (+A+IP, +A-IP, -A+IP, -A-IP), where +A-IP, -A+IP, and -A-IP serves as controls for gyrase poison 

action and immunoprecipitation.  

Sequencing libraries were prepared with Accel NGS 1S kit (Swift Bioscience) from DNA obtained on step 

I procedure, according to the manufacturer’s protocol. Library preparation and sequencing were performed 

by Dr. M. Logacheva at A.N.Belozersky Research Institute of Physico-Chemical Biology MSU. Sequencing 

was performed on Illumina NextSeq platform (150 bp paired-end reads). Combination of gyrase poison-

mediated ChIP procedure (Step I) and specific sequencing libraries preparation step (Step II) was named by 

us a Topo-Seq technique. For each antibiotic Topo-Seq was performed in triplicate. 

Reads were aligned to the E. coli W3110 MuSGS genome (E. coli W3110 genome with the insertion of cat-

MuSGS cassette may be downloaded from GEO: GSE95567) using BWA-MEM [199]. BAM files were 

prepared with Samtools [200] and visualized in IGV [201]. 

For each position in the genome a number of 3’-ends (N3E) and 5’-ends were counted based on reads 

alignments stored in SAM file. Obtained values were divided by the total amount of reads aligned and 

multiplied by the lowest value across samples forming the quartet. Additional normalization was performed 

to get rid of the bias in the coverage depth across the genome: due to active replication, there is a significant 

difference in the total amount of DNA between origin of replication and terminator area. For this purpose, 

N3E values of +A+IP sample were divided by corresponding N3Es of +A-IP control and N3Es of –A+IP 

sample were divided by N3Es of –A-IP control (all samples originate from the same quartet). N3Es of +A-

IP and –A-IP controls were preliminarily smoothed using 200 kb sliding window. In resulting pairs of 

samples (+A+IP_norm and –A+IP_norm) gyrase cleavage sites (GCSs) were called if values in i and i+5 

positions in +A+IP_norm sample both exceed the right confident interval value calculated based on the 

appropriate values in  -A+IP sample (Audic & Claverie statistical test from [202], p-value<0.05). As Topo-

Seq was performed for each antibiotic in triplicate, GCS was called reliable if it was identified in at least 

two biological replicas. Only reliable GCSs sets were used for further analysis. 
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3.8 qPCR validation of Topo-Seq (Topo-qPCR) 

qPCR was performed to estimate the enrichment of DNA at specific loci after Step I (MuSGS, rRNA A DS, 

ccmH, and rRNA A US) and validate data obtained with Topo-Seq (primers listed in Supplementary Table 

1). Step I of the procedure followed by qPCR was named Topo-qPCR. 

3.9 Gyrase Topo-Seq and Topo-qPCR with cells treated with RNAP inhibitor rifampicin 

Topo-Seq and Topo-qPCR experiments were performed as described above with the only exception that E. 

coli DY330 gyrA-SPA or E. coli DY330 gyrA-SPA MuSGS cells were pretreated with RNAP inhibitor 

rifampicin (Rif) (final concentration 122 μM) for 15 minutes to stop transcription [203] before addition of 

DNA gyrase poison (10 μM Cfx). Topo-Seq was performed in triplicate. 

3.10 Gyrase Topo-Seq with E. coli DY330 gyrA-SPA carrying pBR322 plasmid 

Gyrase Topo-Seq experiments with E. coli DY330 gyrA-SPA pBR322 were performed as described above 

except that growth medium was supplemented with ampicillin 100 µg/ml and cultures were treated with 

increased, 100 µM, concentration of Cfx to trap the gyrase cleavage complexes. Topo-Seq was performed 

in triplicate. 

3.11 Gyrase Topo-Seq with E. coli DY330 gyrA-SPA at different growth stages 

Gyrase Topo-Seq experiments with E. coli DY330 gyrA-SPA MuSGS were performed as described above 

except cultures were grown to OD600~6 (early stationary phase culture – ESP, approximately 6 h after 

inoculation of the starter culture) and OD600~10 (stationary phase culture – SP, approximately 10 h after 

inoculation of the starter culture). To trap gyrase cleavage complexes, Cfx was added to concentration 10 

µM. Topo-Seq experiments were performed in triplicates. 

3.12 Time-resolved gyrase Topo-Seq with synchronized E. coli DY330 gyrA-SPA 

To prepare synchronously replicating and dividing E. coli cells, a stationary-phase method was used [204]. 

A colony of E. coli DY330 gyrA-SPA Mu SGS was inoculated to 5 mL LB supplemented with 30 µg/mL 

chloramphenicol, and was cultivated overnight at 37oC, 180 rpm. 0.5 mL of this starter culture was diluted 

100x with LB and cultivation proceeded for 6 h (OD600~6, ESP culture). At this time-point (named -3 min) 

5 mL of culture was collected and treated with 10 µM Cfx for 15 min. Cells were collected by centrifugation 

and washed with 10 mL of TES buffer. Obtained cell pellet was snap-frozen in N2(liq.) and stored at -20oC 

(+Cfx sample). Simultaneously with the aliquot collection, another, 1 mL, aliquot was taken and SDS was 
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added to it to a concentration 1%. Cells were rapidly lysed at room temperature and the lysate was 

transferred to -20oC (-Cfx control). The ESP culture was diluted 10x with LB and 50 mL aliquots were 

collected and immediately treated with 10 µM Cfx after 0, 5, 10, 15, 20, 25, 30 min after dilution. 15 min 

treatment with Cfx was immediately followed by centrifugation at 4oC and washing with 10 mL of TES. 

Obtained cell pellet was snap-frozen in N2(liq.) (+Cfx samples). -Cfx controls for the time-points were 

processed as described above. All samples were rapidly transferred to -20oC and stored overnight.  

Next day, +Cfx samples were thawed at room temperature and processed as described above for DNA 

gyrase Topo-Seq using different gyrase poisons resulting in +Cfx-IP and +Cfx+IP DNA samples. -Cfx 

controls were treated with proteinase K (Sigma-Aldrich) (0.5 mg/ml) by incubation at 55°C for 2 hours and 

DNA was extracted with phenol/chlorophorm method followed by precipitation in ethanol resulting in -

Cfx-IP method. Two biological replicates of the experiment were conducted. 

DNA sequencing and initial data analysis were performed as described above, except that for GCS-calling 

procedure -Cfx-IP sample substituted both -Cfx-IP and -Cfx+IP. To perform time-series analysis, all +Cfx-

IP and +Cfx-IP tracks were normalized by average coverage depth (named, N_tracks). Normalized tracks 

were smoothed by Fourier filtering (20 first harmonics were retained) (named, NSF_tracks). Locations of 

replisomes at a time-point t+1 were identified as global maximum and global minimum of the function 1 

for the counter-clockwise and clockwise replisomes, respectively. 

d(NSF_+Cfx−IP(𝑡+1)/ NSF_+Cfx−IP(𝑡))

dx
   (1) 

Locations of progressing gyrase enrichment at a time-point t+1 was identified as two global maxima of 

function 2 – one for the left replichore and one for the right replichore. 

N_+Cfx+IP(𝑡+1)/NSF_+Cfx−IP(𝑡+1)

N_+Cfx+IP(𝑡)/NSF_+Cfx−IP(𝑡)
      (2) 

Replication rates were derived from the locations of replisomes at different time-points. 

3.13 Gyrase motif identification 

DNA sequences were extracted from E. coli W3110 MuSGS genome as a 130 bp vicinity of GCSs’ positions 

identified for exponentially growing cells. Therefore, all the sequences are centered relative to the DNA 

gyrase cleavage sites and sequences sets can be processed as multiple alignments: nucleotide frequencies 

were counted within formed columns giving position probability matrix (PPM) visualized with Python 

Matplotlib package [205]. The degenerate GC% motif was obtained similarly by calculating the frequency 
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of G or C in the columns of the alignment. Logos were calculated with WebLogo for the same sets of DNA 

sequences [206]. Motif visualization and Logos were made for each Topo-Seq condition independently.  

“Combined” gyrase motif was constructed using sequences obtained from Cfx, Micro and Oxo Topo-Seq 

experiments. For each antibiotic top 732 GCSs having the highest N3E values were taken, resulting in a set 

containing 1828 sequences that was used for PPM and Position Weight Matrix (PWM) construction. 

Antibiotic-specific bias was removed for the most antibiotic-influenced positions (0-3 bp) in the 

intermediate PPM by changing corresponding values with a baseline frequency of nucleotides observed in 

a E. coli W3110 genome. To find potential DNA gyrase binding sites, sequences of interest were scanned 

with final PWM in forward and reverse-complement forms. For the particular position final score was 

specified as a maximum between values obtained for both strands. PWM construction and sequences 

scanning were performed with Bio.motifs from Biopython package [207]. 

3.14 3D modelling 

DNA model (B-form, 10.7 bp/turn, bend angle 210°) was constructed for 43 bp fragment of the consensus 

sequence (-63:-21 or 24:66 regions, corresponds to periodic areas) using 3D-DART web service [208]. The 

model was manually docked with the structure of E. coli DNA gyrase CTD (1zi0 [209]) in PyMOL (PyMOL 

Molecular Graphics System, Version 1.8 Schrödinger, LLC). 

3.15 Genome editing, introduction of the gyrA-S83L mutation 

The gyrA-S83L mutation conferring resistance to fluoroquinolone antibiotics [210], was introduced to the 

E. coli DY330 parC-SPA strain by recombineering using the template oligonucleotide complementary to 

the lagging DNA strand [211]. A culture of E. coli DY330 parC-SPA harboring the pKD46 plasmid was 

prepared for recombineering as described in [195] and 50 µL aliquot of cells (~6*108 cells) was 

electroporated with 0.2 µL of 50 µM chemically synthesized 70-mer oligonucleotide (~6*1012 molecules) 

gyrA_S83L (Supplementary Table 1). Fluoroquinolone-resistant mutants were selected on LB plates 

containing 500 nM ciprofloxacin. To verify the mutation acquisition, a fragment of gyrA gene was PCR 

amplified using gyrA_F and gyrA_R (Supplementary Table 1) primers and subjected to Sanger 

sequencing. 

3.16 TopoIV Topo-Seq and data analysis 

Purification and sequencing of DNA fragments covalently attached to the poisoned TopoIV (Topo-Seq) was 

performed with E. coli DY330 parC-SPA and E. coli DY330 parC-SPA gyrA-S83L as described previously 
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for E. coli DNA gyrase [212]. Briefly, ciprofloxacin (final concentration 10 µM) was added to the 50 mL 

of exponentially growing cell culture in LB medium when OD600~0.6, and the culture was incubated for 15 

min with rotation at 37oC. Cells were harvested by centrifugation and washed twice with TES buffer (10 

mM Tris–HCl pH 7.5, 1 mM EDTA, 250 mM NaCl). Then, cells were resuspended in 1 mL of TES and 

disrupted by sonication (DNA fragmentation range 200-800 bp). Lysate was cleared by centrifugation and 

incubated with 100 µL of ANTI-FLAG M2 affinity gel (Sigma-Aldrich). After immunoprecipitation, the 

resin was treated with Proteinase K (Sigma-Aldrich) in 200 µL of TES and DNA fragments were purified 

with AMPure XP magnetic beads from the supernatant (Beckman Coulter). Non-treated control was 

processed identically, excepting that ciprofloxacin was not added. For mock control, DNA was extracted 

from 100 µL of cleared lysate using the GeneJET DNA purification kit (Thermo Scientific). 

NGS libraries were prepared using Accel NGS 1S kit (Swift Bioscience). DNA sequencing was performed 

with Illumina HiSeq 4000 in a 150+150 bp paired-end mode. Library preparation and sequencing were 

performed at Skoltech Genomics Core Facility. Topo-Seq was performed in triplicate. 

Raw reads were filtered with Trimmomatic [213] and then aligned to the E. coli W3110 MuSGS genome 

(the genome may be obtained from GEO: GSE95567) using BWA-MEM [199]. SAM, BAM, and bed files 

were prepared with Samtools [200]. The number of DNA fragments’ 3’-ends (N3E) was calculated per 

position, based on the read alignments stored in SAM files. Normalization of N3E tracks and identification 

of Topoisomerase Cleavage Sites (TCSs) was performed as described previously [212]. The resultant tracks 

were further analyzed using custom Python scripts (https://github.com/sutormin94/TopoIV_Topo-

Seq_experiment). 

3.17 Cloning of EcTopoI and EcTopoI 14kDa CTD, construction of pCA24 topA Y319F plasmid 

The topA gene was PCR-amplified from genomic DNA extracted from E. coli DY330 (Genomic DNA 

extraction kit, ThermoFisher Scientific). To remove the NcoI restriction site at the end of the topA gene, 

two overlapping fragments were generated using the following primers: topA_NcoI_fw + NcoI_mut_rev, 

NcoI_mut_fw + topA_HindIII_strepII_rev (for primers see Supplementary Table 1). The two fragments 

were joined by overlap extension PCR using topA_NcoI_fw and topA_HindIII_strepII_rev primers. The 

resulting PCR product was cloned into pET28 at NcoI and HindIII sites, giving pET28 topA-strep. The C-

terminal StrepII tag was introduced with topA_HindIII_strepII_rev primer.  

  

https://github.com/sutormin94/TopoIV_Topo-Seq_experiment
https://github.com/sutormin94/TopoIV_Topo-Seq_experiment
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3.18 Construction of pBAD33 topA-strepII and pBAD33 topA(G116S/M320V)-strepII plasmids 

To generate topA double-mutant (G116S/M320V), three overlapping fragments were generated by PCR of 

pET28 topA-strep plasmid using three primer pairs: topA_XbaI_RBS_fw+topA_G116S_out_rev, 

topA_G116S_in_fw+topA_M320V_in_rev, and topA_M320V_out_fw+topA_strepII_HindIII_rev. The 

fragments were fused by overlap extension PCR using primers 

topA_XbaI_RBS_fw+topA_strepII_HindIII_rev (Supplementary Table 1). The final amplicon treated 

with DpnI was cloned into pBAD33 at XbaI and HindIII sites, resulting in pBAD33 topA(G116S/M320V)-

strepII. 

To construct pBAD33 topA-strep, a plasmid backbone of pBAD33 topA(G116S/M320V)-strepII was 

obtained by NdeI and HindIII and ligated with a PCR-product (topA_NdeI_fw+topA_HindIII_strepII_rev 

primers, see Supplementary Table 1) digested with the same restriction enzymes and DpnI. 

3.19 Toxicity assay of EcTopoI G116S/M320V 

E. coli DY330 topA-SPA strain harboring pBAD33 topA(G116S/M320V)-strepII plasmid was grown in LB 

supplemented with 0.5% glucose. At OD600~0.2 the culture was divided and 10 mM Ara was added to one 

half (+Ara 10 mM, light blue curve), while the second half served as a non-induced control (-Ara, black 

curve). To construct growth curves, OD600 of the cultures were measured every 15 min. The experiment was 

performed in triplicate.  

3.20 SOS-response detection and quantification 

E. coli CSH50 λsfiA::lacZ reporter strain was used for SOS-response detection [192]. For 14kDa CTD 

overexpression-induced SOS-response detection, the strain was transformed with pCA24 14kDa CTD. Non-

transformed strain and strain transformed with pCA24 GFP served as controls. Transformants were grown 

on MacConkey agar supplemented with 1% lactose for 4-6 h. SOS-response induction leads to lacZ 

expression, followed by active lactose digestion and acidification of the medium, which is monitored by 

color change – red color indicates acidification and SOS-response. Intensity of a red color adjusted for the 

background level was qantified and used as a proxy for SOS-response levels. The assay was performed in 

triplicate. 

For EcTopoI G116S/M320V double-mutant overexpression-induced SOS-response detection, the reporter 

strain was transformed with pBAD33 EcTopoI G116S/M320V. Non-transformed strain and strains 

transformed with pBAD33 or pBAD33 EcTopoI served as controls. The strains were grown on MacConkey 

agar supplemented with 1% lactose and 1 mM Ara for 4-6 h.  
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3.21 Strand-specific EcTopoI Topo-Seq and data analysis 

E. coli DY330 topA-SPA cells transformed with pBAD33 topA(G116S/M320V)-strepII plasmid were 

grown at 37oC in LB supplemented with chloramphenicol (34 µg/mL) and 0.5% glucose until OD600=0.4. 

The 100 mL culture was then divided: one half was induced by adding arabinose to 10 mM (+Ara), and the 

other half served as a non-induced control (-Ara). 30 min after the induction, cells were harvested by 

centrifugation (3000 g), the cell pellet was frozen in liquid N2 and stored at -80oC until further processing. 

The cell pellet was resuspended in 1 mL of Strep-Tactin lysis buffer (50 mM Tris HCl pH 8.0, 150 mM 

NaCl) containing protease inhibitors (cOmplete ULTRA, Sigma-Aldrich) and RNase A (0.1 mg/ml, Thermo 

Scientific). Cells were disrupted by sonication as described for EcTopoI ChIP-Seq. Lysates were clarified 

by centrifugation at 8000 g for 5 min at 4°C, and the resulting supernatant was used for further analysis. 

For the preparation of Input DNA, the initial lysate (100 µL) was treated with proteinase K (Thermo-Fisher 

Scientific) and decrosslinked by incubation at 55°C for 4 h. Input DNA was purified using a DNA clean-up 

kit (Thermo Fisher Scientific), and the DNA fragmentation range was assessed by electrophoresis. 

For immunoprecipitation of EcTopoI-DNA cleavage complexes (+Ara+IP and -Ara+IP samples), 900 µL 

of the lysate was mixed with 80 μL of Strep-Tactin Superflow Plus affinity resin (Qiagen) pre-equilibrated 

with Strep-Tactin lysis buffer containing 0.05% SDS. After 1 h of incubation at 25oC the resin was washed 

3x with Strep-Tactin lysis buffer, and the complexes were eluted with 100 μL of Elution buffer (50 mM 

Tris HCl pH 8.0, 150 mM NaCl, 2.5 mM desthiobiotin). A 20 µL-aliquot of the eluate was analyzed by 

SDS-PAGE. The remaining 80 µL of the eluate was treated with proteinase K (Thermo-Fisher Scientific) 

overnight at 50oC. The IP-DNA samples were purified using AMPure XP magnetic beads (Beckman 

Coulter). All Topo-Seq experiments were performed in triplicates. 

NGS libraries were prepared using a strand-specific Accel NGS 1S kit (Swift Bioscience) suitable for 

damaged DNA. DNA sequencing was performed by Illumina NextSeq 150+150 bp paired-end protocol. 

Library preparation and sequencing were performed at Skoltech Genomics Core Facility. 

Reads were prepared and mapped to the reference genome as described above for WGS and ChIP-Seq 

sequencing data. The number of DNA fragments’ 3’-ends was calculated per position (N3E) separately for 

forward and reverse strands, based on the read alignments stored in SAM files. The tracks were scaled by 

the total number of aligned reads to normalize the coverage across samples, and the biological replicates 

were averaged. After that, the -IP tracks (+Ara-IP and -Ara-IP) were subtracted from the +IP tracks 

(+Ara+IP and -Ara+IP) tracks strand-wise, resulting in +Ara and -Ara tracks, respectively. Finally, the -Ara 

tracks were subtracted from +Ara tracks strand-wise to obtain the enriched signal. The resultant tracks were 

further analyzed using custom Python scripts (https://github.com/sutormin94/TopoI_Topo-Seq). 

https://github.com/sutormin94/TopoI_Topo-Seq
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3.22 Identification of EcTopoI cleavage sites (TCSs) 

Separately for forward and reverse strands, the number of DNA fragments 3’-ends was calculated per 

position (N3E) based on read alignments stored in SAM files (giving N3E_F and N3E_R tracks 

respectively). The tracks were scaled by the total number of aligned reads to get normalized coverage across 

samples and biological replicates were averaged. After that -IP tracks (+Ara-IP and -Ara-IP) were subtracted 

from corresponding +IP tracks (+Ara+IP and -Ara+IP respectively) strand-wise resulting in +Ara and -Ara 

tracks. TCSs were detected as sites having a signal higher than threshold value 15 (values 10 and 20 were 

also tested and given similar results in respect to identified DNA motif). 

3.23 Purification of EcTopoI 

15 mL of a night culture of E. coli BL21(DE3) pET28 topA_strep in LB, supplemented with kanamycin 50 

µg/mL, was added to 1.5 L of LB medium and cultivated at 37oC and 180 rpm. At OD600~0.6 the culture 

was induced with IPTG (final concentration 0.4 mM) and cultivation continued for 4 h. The cells were 

pelleted (5000 rpm, 10 min, 4oC) and frozen in liquid nitrogen. Subsequently, the pellet was thawed on ice 

and resuspended in 5 mL of Lysis Buffer (100 mM Tris HCl pH 8.0, 150 mM NaCl, 1 mM EDTA) 

supplemented with 1 mM PMSF, lysed using incubation with 2 mg/mL lysozyme (1 h, 4oC) followed by 

sonication for 10 min. The obtained lysate was cleared by centrifugation (14000 rpm, 20 min, 4oC). Strep-

tagged EcTopoI was purified on StrepTrap HP column (GE Healthcare). Briefly, the lysate was loaded on 

the 5 mL column pre-equilibrated with Lysis Buffer and the column was washed with 50 mL of Lysis buffer. 

Then proteins bound were eluted using 10 mL of Elution Buffer (50 mM Tris HCl, pH 8.0, 150 mM NaCl, 

1 mM EDTA, 2.5 mM desthiobiotin). The eluted proteins were analyzed using electrophoresis in 11% PAA 

gel, the bands were visualized with Instant Blue protein stain and subjected to protein identification via MS. 

10 mL of the eluate was dialyzed overnight at 4oC against 1.5 L of the Storage buffer (10 mM Tris-HCl pH 

7.5, 50 mM KCl, 0.1 mM EDTA, 1 mM 2-mercaptoethanol) and then concentrated 5x on Amicon Ultra-15 

filter (Millipore) by centrifugation (3500 g, 20 min, 4oC). Glycerol was added to 30% w/v and the sample 

was stored at -20oC. The activity of the enzyme was confirmed by relaxation assay with a negatively 

supercoiled pBR322 plasmid. 

3.24 Relaxation assay for EcTopoI 

2 µL (330 ng/µL) of negatively supercoiled pMP1000 plasmid extracted from E. coli DH5α cells was 

combined with 2 µL of 10x Reaction buffer (100 mM Tris-HCl pH 8.0, 500 mM NaCl, 60 mM MgCl2), 

different amount of EcTopoI (0, 50, 100, 200, 300, 400 ng of the enzyme with concentration 170 ng/µL), 
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and milli-Q H2O up to 20 µL. The mixture was incubated 30 min at 37oC and the reaction was stopped by 

the addition of 5 µL of 5x Stop-buffer (50 mM EDTA pH 8.0, 0.5% bromophenol blue, 50% glycerol). 

Relaxation products were separated by electrophoresis in 1% agarose gel supplemented with 2 µg/mL 

chloroquine. After separation, for DNA visualization gel was stained with ethidium bromide. 

3.25 Electrophoretic mobility shift assay (EMSA) 

DNA fragments of dps, potF or nuoN were PCR-amplified from E. coli DY330 genomic DNA (for primers, 

see Supplementary Table 1) and purified by GeneJET Gel Extraction and DNA cleanup micro kit (PCR 

cleanup protocol, ThermoFisher). For a DNA-binding assay, 2.85 pmoles of DNA fragment was mixed with 

0-16 pmoles of purified EcTopoI in 20 µL of Binding buffer-1 [215]. Reactions were incubated at 37oC for 

10 min, and the samples were separated in 10% PAGE in TAE buffer at room temperature at 100 V. For 

DNA visualization, the gel was stained with ethidium bromide. 

3.26 E. coli RNA-Seq and data analysis 

Total RNA was extracted from 2 mL of E. coli DY330 culture exponentially growing in LB to OD600=0.6 

or from 1 mL of a pre-stationary culture at OD600=6 or from 0.5 mL of a stationary culture at OD600=10 

using ExtractRNA reagent (Evrogen). RNA samples were treated with DNase I (ThermoFisher Scientific) 

and purified by RNAClean XP beads (Beckman Coulter). Sequencing libraries were prepared without rRNA 

depletion using NEBNext Ultra II Directional RNA Library kit (NEB) with the following modifications: 10 

min of fragmentation and 10 PCR cycles. The libraries were sequenced on HiSeq4000 instrument (Illumina, 

USA) with 50 bp long reads protocol. Library preparation and sequencing were performed at Skoltech 

Genomics Core Facility. RNA-Seq was performed in triplicate. 

Reads were prepared and mapped to the reference genome as described above for WGS and ChIP-Seq. 

RSeQC package was used for FPKM and genes expression level calculations [216].  

3.27 Meta-gene analysis 

To produce scaled meta-gene plots, fold enrichment of a protein of interest or another signal (coverage 

depth, GC%, etc.) was extracted in vicinity of transcription units (15 kb upstream, TU body, 15 kb 

downstream) in concordance to their orientation. Regions were scaled to have the same number of positions 

(5000 bp) by omitting of randomly chosen points (if a region is longer than 5000) or by random duplication 

of points (if a region is shorter than 5000). Data extraction and scaling were performed with 

FE_over_US_GB_DS.py custom script. The resulting scaled arrays were averaged by position, smoothed 
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with averaging sliding window 200bp and plotted with Plot_signal_over_transcription_units.py custom 

script. Zoom-in meta-gene plots representing the proximity of transcription start and transcription and sites 

(+300 bp:-200 bp and -200 bp:+300 bp, respectively) were produced without smoothing. 

Normalization of ChIP-Seq and Topo-Seq data for the construction of joint metagene plots with several 

types of data or with data from different experiments was performed as following. For each nucleotide 

position of a metagene plot the z-score transformation was applied – a genome average was subtracted from 

the signal values and the result was divided by a genome standard deviation. 

For TopoI Topo-Seq data, in respect to the data strands-specificity, signals for coding and template strands 

of TUs in a forward orientation were taken from N3E_F and N3E_R tracks respectively; signals for coding 

and template strands of TUs in a reverse orientation were taken from N3E_R and N3E_F tracks respectively 

(see FE_over_US_GB_DS_strand_specific_binning_and_statistics.py script in the 

https://github.com/sutormin94/TopoI_Topo-Seq repository). 

3.28 Data and code availability  

Custom scripts written for data analysis and data visualization for this work can be freely obtained from 

GitHub repositories (Supplementary Table 2). NGS datasets generated and analyzed in this work are 

listed in Supplementary Table 3. 

 

  

https://github.com/sutormin94/TopoI_Topo-Seq
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Chapter 4. Results and discussion 

 
Results of sections 4.1-4.8 are published in: Sutormin D., Rubanova N., Logacheva M., Ghilarov D., 

Severinov K. Single-nucleotide-resolution mapping of DNA gyrase cleavage sites across the Escherichia 

coli genome. Nucleic Acids Research, Vol. 47(3), p.1373–1388, 2019 

4.1 Topo-Seq allows precise localization of gyrase cleavage sites  

 

Figure 9.  DNA gyrase structure and Topo-Seq procedure. (A) DNA gyrase structure with gyrase 

domains (GHKL, TOPRIM, WHD, CC, CTD) indicated. (B) Topo-Seq workflow: (i) Schematic illustration 

of DNA gyrase on DNA plectonemes; (ii) A gyrase-DNA complex trapped with an inhibitor, here 

quinolone-like (red stars); (iii) C-terminal SPA tag is recognized by M2 antibodies and used to precipitate 

gyrase-bound fragments; (iv) Deproteinized DNA fragments have blocked 5’-ends; (v) Resulting signals 

visualized. 
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Many DNA gyrase (Figure 9A) inhibitors trap covalent 

cleavage complexes leading to accumulation of double-

stranded breaks and, ultimately, cell death [217–220]. 

Purification of trapped complexes followed by deproteination 

and sequencing (or hybridization) of recovered DNA allows 

one to analyze the sites of gyrase cleavage (Figure 9B). Earlier 

such approach was widely used for mapping of particular 

cleavage sites [194,221–223] and for investigating relatively 

short DNA regions in detail [224–228].  Next-generation 

sequencing allowed genome-wide analysis: cleavage maps 

were generated for TopoIV in E. coli and Topo IIA in human 

cells [112,229]. As a consequence of trapping, several amino 

acid residues from topoisomerase active site remain linked to 

the 5’-ends of nucleic acid fragments after proteolytic 

treatment, resulting in poor adapter ligation efficiency [112]. 

To overcome this challenge, I developed a procedure, which 

we name Topo-Seq, that employs single-strand DNA 

sequencing protocol [230] to obtain information on DNA 

strands that remain free within the cleavage complexes. Topo-

Seq allows to get rid of modified DNA chains at the library 

preparation step (Figure 10).  

Figure 10. DNA gyrase mechanism of action and 

sequencing libraries preparation protocol allows to identify 

cleavage sites with single-nucleotide resolution. (A) 

Coverage depth in the close vicinity of Mu SGS; cleavage site 

sequence is written under the depth track; known cleavage positions (with references) marked with colored 

triangles. (B) Schematic view of double strand DNA fragment cleaved with DNA gyrase; 5’-ends blocked 

with peptides including catalytic Tyr122 (Y) labeled with yellow. (C) dsDNA is melted giving 4 chains. 

Terminal Deoxynucleotidyl Transferase (TDT) adds Gs to the free 3’-ends; single strand Adapter 1 aligns 

to the oligoG region with its oligoC track; Klenow fragment fills the gap to make dsDNA. (D) Double strand 

Adapter 2 ligates with free blunt ends. Ligation is inefficient when the end is blocked with peptide (in 

yellow). (E) Sequencing starts from Adapter 2 (arrows). (F) Legend for adapters 
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Thus, only free chains with 3’-ends directed towards the gyrase catalytic site are being sequenced, 

resulting in a specific structure of enrichment peaks at GCSs. Each of them should have a characteristic 

bimodal shape with a sharp 4-bp gap in the middle.  Sequences to the left of the gap should align in a forward 

orientation with the GCS; their 5’-ends should vary, while 3’-ends should be identical and form the left 

“wall” of the central 4-bp gap. Sequences to the right of the gap should similarly align in reverse orientation. 

To validate Topo-Seq, I constructed an E. coli strain with the Mu SGS strong gyrase binding site 

inserted into a non-essential region of the genome. Exponentially growing cells were treated with several 

DNA gyrase inhibitors - ciprofloxacin (Cfx), microcin B17 (Micro), and oxolinic acid (Oxo) and subjected 

to Topo-Seq. While a weak signal was observed in control untreated cells at Mu SGS, in the presence of the 

inhibitors there was a dramatic increase in the abundance of intermediate complexes, resulting in a strong 

signal (Figure 11A).  

 

Figure 11. Signal structure at the strong gyrase binding site from bacteriophage Mu (Mu SGS). (A) 

Profiles of the number of 5’- and 3’-ends (N5E and N3E correspondingly) are shown in black. Total 

coverage depth (Depth) is in blue and coverages for DNA fragments that were aligned in forward and reverse 

orientations (F DNAs and R DNAs correspondingly) are in red and sky blue respectively. Tracks height 

(depth) are shown in brackets. The data visualized in IGV [201]. (B) Close-up of the cleavage site. Coverage 

depth around the site is shown as a grey track, local sequence lies below. Cleavage sites known from the 

existing literature are shown [194,223,231]. 

Concentrations of poisons used in Topo-Seq were chosen to be well above experimentally 

determined minimal inhibitory concentrations (MICs) for strains tested (300-625x for Cfx, 32-40x for 

Micro, and 120-188x for Oxo). The shape of a signal at Mu SGS fully matched the expectations based on 

gyrase catalytic mechanism and the sequencing protocol used. The positions of the 4-bp gap “walls” 

coincided with cleavage positions observed in previous biochemical studies of gyrase complexes trapped 



51 
 

on Mu SGS in vitro [194,223,231] (Figure 11B). Thus, our procedure allows for accurate single-nucleotide 

identification of GCSs in vivo. 

4.2 Thousands of DNA gyrase cleavage sites are distributed throughout the E. coli genome 

I, next, investigated the global distribution of GCSs in cells treated with gyrase poisons. I used the 

hallmark 4-bp gaps between 3’-ends of Topo-Seq enriched DNA fragments to develop an automatic GCS-

calling procedure. Plotting the number of 3’-ends (N3E) allowed us to globally identify pairs of enriched 

positions (gap walls) separated by 4-bp gaps. We interpret these signals as gyrase trapping sites; the heights 

of gap walls provide an estimate of the relative number of gyrase binding events that initiate the strand 

passage step at a particular site.  

GCSs were detected as significantly enriched signals (statistical test from [202], p-value<0.0025) 

during the two-step normalization procedure and have passed additional filtering as being shared between 

at least two out of three biological replicas that were made for each gyrase inhibitor. In total, 4635 GCSs 

distributed throughout the genome were identified in Cfx-treated cells, 5478 in Oxo-treated, and 732 in 

Micro-treated cells. 41% of GCSs identified in the presence of Cfx are shared with Oxo set. The level of 

GCSs common for Micro and Cfx, or Micro and Oxo-treated cells is lower (33% and 23% of Micro GCSs, 

respectively), consistent with higher degree of similarity between Cfx and Oxo compared to a non-quinolone 

poison. We found that GCSs revealed simultaneously by several drugs tend to have higher N3E (Figure 

12).  

 

Figure 12. Cleavage sites simultaneously revealed by several poisons are stronger: have higher signals 

(N3E) and are high-scored. Venn diagram representation of the relations between GCSs sets obtained with 
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different gyrase poisons (on the left). Comparison of N3E medians and score means for different subsets of 

GSCs (on the right). 

We also found that the number of GCSs depends on the concentration of the poison used: for 

example, using 30-50-fold excess of Cfx over MIC we got 50-250 GCSs, while 300-600-fold excess gave 

6000-7000 GCSs. Similarly, a five-fold increase in Micro concentration resulted in the rise of the number 

of GCSs from 500-700 up to more than 3000. Thus, the relatively low number of GCSs observed with Micro 

(732 GCSs at 30-40x MIC) is likely due to lack of saturation. Interestingly, compared to Oxo, Cfx is a much 

more effective cell growth inhibitor. Yet, judging by number of GCSs revealed by Topo-Seq, 120 µM Oxo 

(120-180xMIC) traps gyrase significantly more effectively than 10 µM Cfx (300-600xMIC). These 

observations seem to suggest that gyrase capture and subsequent cell death may be mediated by different 

processes. Indeed, differences in killing mechanisms between oxolinic acid and newer generations of 

quinolones have been reported [232]. 

A comparison of GCSs detected in strains with or without Mu SGS revealed no noticeable 

differences (apart from the expected strong gyrase enrichment at Mu SGS in the former strain) indicating 

that insertion of Mu SGS does not significantly affect genome-wide gyrase distribution. 

When regions flanking Mu SGS and another strong GCS (site downstream of rRNA A operon) 

identified by our procedure were tested by Topo-qPCR (for Cfx), enrichment was detected, and extent of 

this enrichment corresponded to levels of Topo-Seq signals. In contrast, no enrichment was observed during 

qPCR with primers specific for control sites where no gyrase cleavage was detected by Topo-Seq (Pearson’s 

correlation: 0.94) (Figure 13). We conclude that our peak calling procedure is robust and reflects the in vivo 

positioning of gyrase intermediates trapped by the inhibitor.  

Figure 13. Comparison of the results of Cfx-mediated Topo-qPCR and Topo-Seq. Enrichment was 

estimated for four sites: Mu SGS, ccmH, rRNA A DS, and rRNA A US. Numbers above the error bars 
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indicate the numbers of biological replicas, error bars constructed as +/- 2 standard errors. (A) Fold 

enrichment obtained by Topo-qPCR at genome sites indicated. (B) Average coverage depth for +Cfx+IP 

Topo-Seq track at genome sites indicated. 

Topo-Seq data was compared with available for E. coli gyrase ChIP-chip data [62]. Despite the 

differences between the two approaches and the resolution of final data, we found a significant positive 

correlation between both datasets and a very similar distribution of signals over the E. coli genome 

(Supplementary Figure 1). Thus, gyrase binding and cleavage are likely to be connected, additionally 

validating the Topo-Seq methodology. 

4.3 DNA gyrase has an extensive and degenerate binding motif 

Single-nucleotide resolution GCS mapping allowed us to directly look for potential sequence 

preferences of the gyrase in antibiotic-treated cells. Aligning of sequences flanking the positions of GCSs 

revealed a significant deviation from random frequencies of nucleotides indicating the presence of a 

potential motif. When the obtained frequency matrix was converted to GC%, similar 130-bp degenerate 

pattern was observed for signals obtained from cells treated with each of the gyrase poisons tested (Figure 

14A).   
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Figure 14. DNA gyrase has a binding motif revealed with a range of poisons: Cfx, Micro, and Oxo. 

(A) DNA sequences under GCSs were extracted and aligned; resulting motif, shown as a plot of GC content, 

has a central region (-16:19 nt) around the cleavage site, and two periodic regions (-63:-17 and 20:66 nt). 

Orange arrows indicate GC-rich and hydroxyl radical hypersensitive sites, blue arrows – AT-rich and 

protected regions. The structure of DNA-wrapped CTD is shown above the motif, dashed arrows point 

hypersensitive sites in DNA’s minor groove. MaG – DNA major groove, MiG – DNA minor groove. 

Hydroxyl radical sensitivity data is taken from [233]. (B) Logo representation of motif’s central part around 

cleavage site. In the coordinates chosen, DNA gyrase cleaves forward chain between -1 and 0 and reverse 

chain between 3 and 4 bp (cleavage events are indicated with arrows). (C) Fitting of the motif GC% in the 

periodic region. (C) Fourier frequency spectrum for the gyrase motif periodic region. Local maximum of 

the spectra (4 Hz or 10.75 bp) is marked with arrows. 

The pattern is symmetrical with respect to the cleavage sites, which are located between -1/0 and 

+3/+4 positions of the motif. We refer to this pattern as the “gyrase motif”. It consists of a central (from -

16 to 19 bp) part containing the cleavage site and two flanking (from -63 to -17 bp and from 20 to 66 bp) 

regions, each with periodic (10.75 bp) changes in GC% resembling the binding pattern of eukaryotic 

nucleosomes [234] (see Figure 14C, D). Analysis of calculated DNA geometry for GCSs sequences using 

GBshape database [235] revealed noticeable deviations for such parameters as helix twist, propeller twist, 

and minor groove width. This observation may indicate that DNA recognition by the enzyme occurs through 

indirect readout [236]. 

The only significant differences between motifs obtained with different inhibitors were observed at 

the cleavage site (Figure 14B). GCS motifs obtained with Cfx and Oxo-treated cells confirmed the well-

established tendency of quinolones to intercalate and facilitate scission before guanine residues 

[225,237,238]. In contrast, this pattern was not observed in the case of Micro, which likely has a different 

mode of interaction with gyrase and/or DNA [239], leading to a different consensus in the central part of 

GCS. This difference in cleavage preferences may explain a poor overlap between the Micro and quinolones 

GCSs sets (Figure 12). When sequences under the GCSs were screened for overrepresentation of known 

motifs with Tomtom [240], none were detected, suggesting that gyrase trapping is independent of other 

DNA binding proteins. 

4.4 Gyrase activity correlates with sequence properties  

To remove antibiotic-specific biases from the gyrase motif, the frequency values for central positions 

most affected by antibiotics (0-3 bp) were made equal to baseline nucleotide frequencies of the E. coli 

genome. The resulting position-weight matrix corresponding to a “combined” gyrase motif was used to scan 

the genome of bacteriophage Mu and the pBR322 and pSC101 plasmids. As expected, previously known 
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strong gyrase sites from Mu, pSC101 and pBR322 [221,223,225] were identified as having the highest 

scores. When the genome of E. coli DY330 Mu SGS was scanned, Mu SGS had the 3rd highest score. 5 out 

of 13 highest scoring E. coli sites were among the GCSs identified by Topo-Seq, a highly significant 

(binomial test, p-value: 8.4e-14) overrepresentation. In addition, for 8 out of 13 highest scoring sites, there 

was a total of 27 GCSs within 5 bp of their central regions providing independent support for the relevance 

of the motif (binomial test, p-value: 0) and suggesting some flexibility of the cleavage sites within the motif. 

Analyzing the predictive power of gyrase motif score, we found that GCSs located in sequences with 

higher scores tend to have higher N3E values, an evidence that gyrase activity depends on DNA substrate 

sequence composition. Correlations between N3E and score are small, but statistically significant for all 

Topo-Seq experiments (Pearson’s correlation: 0.22, 0.15 and 0.23 for Cfx, Micro and Oxo respectively with 

p-values<4.3e-5). N3E and score values for GCSs revealed by more than one poison are higher (Figure 12) 

meaning that 149 GCSs reproduced in experiments with all three drugs might be the most preferred gyrase 

sites in the genome. 
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4.5 Gyrase is attracted to the regions downstream of transcribed loci 

Based on the “twin-domain model”  and the fact that gyrase prefers positively supercoiled DNA to 

act upon, we expected the enzyme to be preferentially found downstream of transcribing RNAP [56,180]. 

Whole-genome analysis revealed that in general less GCSs associate with poorly transcribed transcription 

units (TUs) than with highly transcribed ones (binomial test, p-value: 0), as has been also observed in M. 

tuberculosis [63]. We have screened the highly transcribed loci for their association with GCSs and found 

that cleavage sites significantly accumulate in extended downstream regions of active TUs (Figure 15A-

C). The enrichment is most noticeable for rRNA operons, which have the highest transcription rate [241] 

(Figure 15D).  

Figure 15. GCSs are associated 

with highly transcribed genes and 

accumulate at the ends of genes and 

downstream (DS) regions. (A) 

Ciprofloxacin-mediated Topo-Seq. 

AG – all genes (4240 genes), GLE – 

genes with low transcription level 

(379 genes with transcription level 

less than 0.95 units), GHE – genes 

with high transcription level (379 

genes with transcription level more 

than 100 units), AO – all operons 

were analyzed (2330 operons), OLE 

– operons with low transcription level 

(194 operons with transcription level 

less than 1.36 units), OHE – operons 

with high transcription level (194 

operons with transcription level more 

than 101 units). Upstream – upstream 

region, TU start – beginning of a 

transcription unit, TU end – end of a 

transcription unit, Downstream – 

downstream region. All regions have 

a constant length – 650 bp. Stars 

above the bars indicate statistically significant deviations in the number of GCSs (p-value<0.01) from the 

expected number. Green asterisks – regions with significantly lower GCSs than expected, red asterisks – 

significantly higher number of GCSs. (B) Micro Topo-Seq. (C) Oxo Topo-seq. (D) Enrichment of GCSs in 

downstream (DS) regions of rRNA operons revealed by Topo-Seq with Cfx. Coverage depth of the regions 

containing operons are shown on the left. Amounts of GCSs in upstream (US), operon bodies (IG) and DS 
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are summarized in the table on the right. Numbers that are significantly exceeded expected values are in 

bold (binomial test, p-value<0.01). 

To experimentally test whether transcription affects the gyrase distribution, we treated cells with 

RNAP inhibitor rifampicin (Rif) before Cfx-mediated gyrase trapping (the procedure further referred as 

RifCfx). While the overall number of cleavage sites dropped twofold after Rif treatment (4635 for Cfx vs 

2355 for RifCfx, Figure 16A) their average strength (measured as N3E value) and sequence specificity 

(measured as gyrase binding score value) slightly increased (mean score 3.06 vs 3.49 for Cfx and RifCfx, 

respectively). Rifampicin did not affect either overall shape of gyrase motif, or local cleavage properties 

characteristic of Cfx (Figure 16B-C).  

 

Figure 16. Effect of transcription inhibition by Rif on cleavage by gyrase. (A) Venn diagram showing 

overlap of Cfx and RifCfx GCSs sets. (B) DNA gyrase motif for Cfx (green) and RifCfx (light green). (C) 

Logo representation of motif’s central part for Cfx and RifCfx. 
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Most notably, Rif eliminated both the accumulation of GCSs in the downstream regions of rRNA 

operons (Figure 17B, C) and avoidance of poorly transcribed TUs (Figure 17A). The GCSs which 

remained downstream of rRNA operons decreased their signals (Figure 17D, E). In contrast, signals from 

some other sites, potentially not directly related to transcription intensity, for example GCSs located inside 

repetitive sequences known as class 2 bacterial interspersed mosaic elements (BIME-2), were increased in 

the presence of Rif (Figure 17E).  

Figure 17. Transcription facilitates gyrase activity. (A) Number of RifCfx GCSs at Upstream, 

Downstream regions and at the beginning and ending segments of genes for different gene and operon sets, 

grouped by transcription levels (see Figure 7A for annotation). (A) Enrichment of GCSs in downstream 

(DS) regions of rRNA operons revealed by Topo-Seq with RifCfx. Coverage depth of the regions containing 

operons are shown on the left. See Figure 7D for annotation. (C) GCSs relocation from downstream regions 

of rRNA operons when transcription is inhibited with rifampicin. Plotted is enrichment in the number of 

GCSs which is a ratio of the number of observed GCSs to the number of expected GCSs (statistic - Fisher 

exact test). (D) Enrichment observed at several genomic sites by Topo-qPCR for Cfx and RifCfx (data for 

3 replicas). Error bars constructed as +/- 2 standard errors, p-values for t-test for means are indicated above 

the bar pairs. (E) GCSs shared between Cfx and RifCfx sorted by ratio of their N3E values. GCSs that fall 

in 5 kb downstream regions of rRNA operons (red dots) have a significant tendency to have lower N3E 

values when cells are treated with Rif (binomial test, p-value=0.015). On the other hand, GCSs that fall into 
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REPs (green dots) reveal tendency to increase N3E under the same conditions (binomial test, p-value=4e-

7). 

Metagene analysis performed for different groups of transcription units (TUs) stratified by level of 

transcription revealed that gyrase is enriched downstream (DS) of active TUs and that enrichment level is 

roughly proportional to the transcription level. Gyrase enrichment is observed for more than 15 kb 

downstream of TUs presumably indicating a diffusion range for positive supercoiling over bacterial DNA. 

Consistently, treatment with Rif abolished gyrase enrichment confirming that gyrase is attracted by positive 

supercoiling (Figure 18). 

Figure 18. Metagene plot showing DNA gyrase enrichment in TUs, their upstream and downstream 

regions. Enrichment is shown for all TUs (black curve), highly-expressed (HETU, orange curve), and least-

expressed (LETU, grey curve) sets. The number of TUs in each group is indicated in parentheses. Topo-

Seq experiments with Cfx as a gyrase poison were used in the analysis. Data for gyrase under untreated and 

Rif-pretreated growth conditions are shown with solid and dashed curves, respectively. Gyrase fold 

enrichment is given relative to the input sample (+Cfx+IP/+Cfx-IP). 

Overall, we conclude that transcription inhibition with rifampicin leads to significant relocation of 

active gyrase, suggesting that transcription is a strong factor that attracts gyrase to downstream DNA. 
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4.6 GCSs are overrepresented in a subset of BIME-2 sequences  

We found significant overrepresentation of GCSs in BIME-2 elements in full agreement with 

previous experiments [228] (binomial test, p-value: 0 for Cfx, 3e-4 for Micro, and 1e-9 for Oxo). In 

particular, BIME-2 located between sucC and sucB and between tldD and yhdP genes house multiple GCSs 

(6 and 35 GCSs for Cfx, respectively). Closer look revealed that gyrase much more frequently cleaves y-

type than z2-type repetitive extragenic palindromes (REPs) that form BIME-2 in consistence with old 

observations [227] and especially prefers loops and non-complementary regions within the stems of 

cruciform-forming REPs (Figure 19).  

Figure 19. Frequencies of GCSs within schematic BIME-2 region that consists of one z2-type and one y-

type REP. 13 BIME-2s with at least 3 GCSs were analyzed. REPs are shown as cruciforms, GCSs indicated 

as asterisks, color of asterisk corresponds to Topo-Seq condition when a GCS was observed. 

The number of GCSs-containing REPs within particular BIME-2 elements considered by Espeli and 

Boccard [228] is also similar to the previously observed number of gyrase-generated cuts. Thus, DNA 

gyrase binds at least some BIME-2s in vivo. BIME-2 locate in intergenic regions and accumulation of GCSs 

in them could be due to positive supercoiling associated with transcription of adjacent genes. In this case 

one would expect the gyrase signal to decrease when transcription is inhibited by Rif: however, the opposite 

is observed (Figure 17E). Interestingly, BIME-2 have a higher mean score than expected (-1.3 vs -2.3 over 

the E. coli genome; t-test, p-value: 0), which may be a reason of their preferential binding by gyrase. Thus, 
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BIME-2 have properties of transcription-independent strong gyrase sites and might contribute to genome 

organization. 

4.7 GCSs colocalize with MukB and avoid H-NS binding regions 

Nucleoid-associated proteins (NAPs) contribute to genome organization and local topology. High-

resolution maps of the binding sites of E. coli NAPs Fis, IHF, H-NS, MatP, and MukB are available 

[130,242,243]. Genome-wide cleavage data are also published for E. coli TopoIV, which is a close paralog 

of DNA gyrase [112]. We compared available datasets with our Topo-Seq data to find potential associations 

between gyrase activity and these proteins. We found that GCSs are slightly underrepresented at IHF sites 

and at Fis sites in Cfx (+/-Rif) and Oxo treated cells (binomial test, p-value<0.002) but not in Micro-treated 

cells. GCSs are strongly underrepresented at H-NS binding regions (binomial test, p-value<9.75e-23) for 

all Topo-Seq experiments. H-NS, a well-known transcription repressor, primarily associates with silent 

regions of the genome [243]. Hence, H-NS occupied areas are expected to lack transcription-mediated 

positive supercoiling. Sequences of H-NS occupied areas also score lower than the genome mean for gyrase 

motif (-4.4 vs -2.3, t-test p-value<2.2e-308). A combination of these two factors may jointly contribute to 

gyrase avoidance. 

Due to similarities in structure and mechanism of TopoIV and gyrase action, one could expect a 

correspondence between their cleavage sites distribution. However, our analysis did not reveal any 

significant association, either positive or negative, between GCSs and TopoIV cleavage sites. TopoIV 

activity and distribution within a cell are thought to be positively connected to MukBEF – a complex 

involved in structural maintenance of chromosomes [244]. In turn, MukBEF is known to physically interact 

with the MatP protein [130]. MatP binds with high affinity to specific matS sites that concentrate in the Ter 

macrodomain [129], and displaces the MukBEF complex [130,131]. Together, the TopoIV-MukBEF-MatP 

system is thought to coordinate the proper timing of replicating chromosome unlinking and segregation 

[130]. We found that GCSs are overrepresented at MatP-occupied regions (binomial test, p-value<0.006) 

but not in the immediate vicinity of matS sites. Strikingly, the enrichment is even more pronounced for 

MukB sites (binomial test, p-value<3.9e-14). Moreover, the gyrase binding motif score of MukB binding 

regions is relatively high (-1.5 vs -2.3 genome average, t-test p-value≈0). Overall, we suggest that DNA 

gyrase likely acts independently of the MatP-MukBEF-TopoIV decatenation ensemble, but the MukBEF 

complex might synergize with the gyrase downstream of active TUs by stabilizing plectonemes induced by 

transcription-dependent positive supercoiling. 
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4.8 Lack of association between GCSs density, topologically associated domains (TADs), and sites of 

spontaneous mutations 

DNA gyrase supercoiling activity might contribute to bacterial genome structuring [85,245]. We 

therefore looked for association of GCSs with TADs, as defined for E. coli MG1655 [131]. However, no 

significant over- or underrepresentation of GCSs were found either in TADs, the inter-TADs, or nearby the 

TADs borders. Gyrase sites on DNA can also be expected to have an increased rate of spontaneous 

mutations due to association with double-strand breaks introduced by gyrase. We compared the distribution 

of spontaneous mutations throughout the E. coli genome (for wild-type and mutagenic mutL cells [246]) 

and found no pronounced associations between mutations and GCSs. 

4.9 Topo-Seq allows mapping of GCSs in plasmids in vivo 

Well characterized strong gyrase sites are known for several plasmids including pSC101 and 

pBR322 [223]. To test whether Topo-Seq is capable for mapping GCSs in plasmids, I performed Topo-Seq 

with E. coli DY330 gyrA-SPA strain transformed with pBR322. To increase sensitivity, I treated cells with 

increased, 100 µM, concentration of Cfx.  

Figure 20. GCSs revealed in pBR322 plasmid in vivo. Gyrase enrichment is shown in purple (outer circle). 

Sequence score weighted by gyrase binding/cleavage motif is shown in red. Detected GCSs marked with 

* 
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grey boxes. GCS in the strong gyrase site with a top-scored sequence marked with a red asterisk. Map was 

constructed with Circos [247]. 

Topo-Seq revealed 12 GCSs in the pBR322 plasmid (Figure 20). As predicted by scanning pBR322 

sequence with gyrase motif, known strong gyrase binding site with a high-score sequence (score 12.9) 

hosted a GCS with the highest enrichment level across all GCSs detected in the plasmid. Coordinate of this 

GCS matched the cleavage site identified earlier using oxolinic acid [225,226]. We conclude that Topo-Seq 

can be used for high-throughput mapping of GCSs in plasmids, and that strong gyrase sites can be predicted 

with a gyrase motif. 

4.10 Gyrase activity follows transcription at different growth stages of a cell culture 

To systematically track gyrase activity in different growth stages, I performed Topo-Seq using Cfx 

with exponentially growing E. coli DY330 gyrA-SPA MuSGS (EP, OD600~0.6, 2 h after inoculation), 

stationary culture (SP, OD600~10, 14 h after inoculation), and a culture transitioning from exponential to 

stationary stages (ESP, OD600~6, 6 h after inoculation) (Figure 21A). To complement Topo-Seq data, 

transcription was assessed with RNA-Seq at selected time points.  

Interestingly, for ESP and SP stages an increased number of GCSs was observed relative to EP stage 

and EP culture treated with Rif (Figure 21B). Comparison of GCSs sets indicated that ESP dataset is closer 

to SP than to EP (Figure 21C). Concordantly, by RNA-Seq, transcription levels of TUs at SP and ESP were 

well-clustered and differs from EP data (Figure 21D). 

To investigate, whether changes in gyrase cleavage sites localization at different growth stages 

reflects changes in a transcriptional profile, I stratified transcription units by changes in a transcription level 

and calculated the average number of GCSs in DS regions (5 kb). Enrichment of GCSs was increased for 

TUs with increased transcription level and decreased for TUs with decreased transcription level (p-value < 

0.05, t-test), supporting the idea that gyrase is attracted by positive supercoiling and follows transcription 

(Figure 21E). For example, activation of gad-regulon genes (gadC/B and gadA/gadE) in ESP and SP stages 

concise with a dramatic increase in gyrase-mediated cleavage downstream of these genes (Figure 21F). 

Analysis of gyrase motifs reveled no differences between growth stages (Figure 21G) indicating 

that despite transcription-mediated alterations in GCSs positioning, gyrase binds and cleaves specific 

sequences “activated” by positive supercoiling. 
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Figure 21. DNA gyrase activity in different growth stages of E. coli culture. (A) Time points at which 

E. coli cells were collected for Topo-Seq and RNA-Seq. EP – exponentially growing culture, SP – stationary 

culture, ESP - culture transitioning from exponential to stationary stages. (B) Venn diagram of GCSs sets 

for different growth stages. (C) Jaccard distances between GCSs sets. (D) Pearson correlations between 

RNA-Seq datasets (for genes). (E)  Left - genes which have increased transcription levels at ESP relative to 

EP stage tend to have more GCSs in DS regions (5 kb), genes which have decreased transcription levels at 

ESP relative to EP stage tend to have less GCSs in DS regions (5 kb). Right – the same analysis but for SP 

and EP datasets. (F) Representative genomic regions demonstrating changes in transcription levels and 

gyrase-induced cleavage between growth stages. (G) DNA gyrase motif for different culture growth stages. 
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4.11 Gyrase resides at strong genomic sites in a stationary phase culture 

In Topo-Seq data for SP culture, I observed 

characteristic, gyrase-induced, cleavage of DNA in 

samples not treated with gyrase poison (Figure 22). 

Cleavage was much less intensive than for Cfx treated and 

enriched samples and detectable only for high-scored sites. 

Interestingly, no cleavage in non-treated samples was 

observed for exponentially growing culture. This indicates 

that gyrase naturally resides at some strong binding sites 

in stationary stage culture. I suggest that absense of 

replication and less intensive transcription in SP might 

increase gyrase residence time on DNA. 

Figure 22. Gyrase resides at strong binding sites in 

stationary phase. Representative genomic regions with 

GCSs (cleavage sites marked with black arrows): 657709 [MuSGS] (score 13.3), 2090756 (score 7.2), 

3688139 (score 9.1). All tracks comprising a Topo-Seq experiment are shown. 

 

4.12 Gyrase follows replication forks as demonstrated by time-resolved Topo-Seq 

Azamat Gafurov contributed to the results presented in this section. 

As expected by twin-domain model, moving DNA-polymerase produces ahead of itself positive 

supercoiling during DNA replication [248]. DNA topoisomerases, gyrase and TopoIV, are responsible for 

supercoiling relaxation, promoting DNA replication [111]. To directly observe localization of gyrase 

activity in the E. coli genome during replication, I performed a time-resolve series of gyrase Topo-Seq 

experiments for synchronously replicating E. coli DY330 gyrA-SPA Mu SGS (Figure 23A). To synchronize 

cells replication and division, a stationary-phase method was used. Briefly, replication was started in a pre-

stationary culture (OD600~6) by dilution of the culture 10 times with fresh LB medium [204]. Samples were 

collected before replication initiation (-3 min time-point), when culture was diluted (0 min time-point) and 

every 5 min upon dilution (5-30 min time-points) (Figure 23A). 
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Analysis of sequencing data revealed that replication initiation in the cell population was not 100% 

synchronous. A fraction of cells (~15%) initiated replication in 10 min after dilution (early replicating cells) 

and after 30 min nearly all cells initiated replication of DNA (Figure 23B). By comparison of coverage 

depth for +Cfx-IP samples frame-by-frame, replisome locations in early replicating cells were inferred. A 

single replisome speed deduced from this data was 41.5 ± 1.9 kb/min or 690 ± 30 nt/s (± standard deviation) 

(Figure 23C), which is in agreement with earlier reports based on DNA combing - 653 ± 9 nt/s (± SEM) 

[249] and DNA-microarrays – 750 nt/s [111].  

Figure 23. Gyrase time-course Topo-Seq experiment. (A) Overview of E. coli cells replication 

synchronization procedure and time-points collection for Topo-Seq. (B) Fraction of cells initiated 

replication at a given time-point. Data is shown for two biological replicates (R1 and R2) and for different 

track smoothing conditions (1, 5, 10 kb smoothing windows, respectively). (C) Determination of replication 

speed for two biological replicates (R1 and R2) and two replichores (left and right) separately. Green area 

marks the confidential interval for the approximation with a linear function. Linear regression equation is 

shown on the plot. (D) Number of GCSs called at different time-points. Data is shown for two biological 

replicates (R1 and R2) and for two GCSs calling conditions (0.01 and 0.05 statistical cutoffs, respectively). 

GCSs calling revealed that number of cleavage sites increases for the first 10 min after replication 

was induced by dilution with fresh medium (when first cells initiate replication – Figure 23B) and decreases 

after 25 min (when over 80% of cells were already replicating DNA) (Figure 23D). I propose that 
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replication initiation and/or progression of replisomes close to the origin region may attract increased gyrase 

activity. Interestingly, gyrase enrichment dramatically increases over the whole genome at a time-point 5 

min and remains high at later time-points (Figure 24A). I suppose that in 5 min upon addition of a fresh 

medium, cells response to the flush of nutrients by increasing level of metabolism, produce more ATP 

and/or activate transcription, which both increase gyrase activity.  

 

Figure 24. Colocalization of gyrase activity and replication. (A) Smoothed genome coverage depth 

(NSF_+Cfx-IP) and non-smoothed gyrase enrichment (NS_+Cfx+IP/NSF_+Cfx-IP) for all time-points of 

the experiment. Red and green arrows indicate replication terminator and origin, respectively. (B) Tracking 

of the early initiated replisomes (blue triangles mark global minimum and maximum of the function 1 – see 

Material and Methods) and emerging gyrase enrichment (yellow triangles mark two local maxima of the 

function 2). Red and green arrows indicate replication terminator and origin, respectively. 
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Average distance between leading replisomes in early replicating cells and emerging replication-

induced gyrase enrichment was -15 ± 30 kb (± standard deviation) (Figure 24E), indicating colocalization, 

which is in accordance with twin-domain model predictions. Recent studies involving single-molecule 

tracking microscopy of DNA gyrase revealed colocalization between replisome and DNA gyrase clusters 

comprising of ~12 molecules. Interestingly, average distance between replisome and a cluster was 135 ± 14 

nm (± SEM) suggesting that gyrase operates at some distance from replisome, probably, to avoid collisions 

[250]. I conclude that by Topo-Seq data, DNA gyrase colocalizes with replisomes where, presumably, 

relaxes positive supercoiling generated by DNA unwinding. 

4.13 Identification of GCSs in Caulobacter crescentus genome 

Monica Guo contributed to the results presented in this section; Topo-Seq experiments were conducted at 

Mike Laub laboratory at MIT, during my visit in 2018. 

To investigate localization of gyrase activity on a different background than E. coli, Topo-Seq was 

conducted with C. crescentus (class Alphaproteobacteria). First, chromosomal gyrA gene was fused with a 

sequence encoding 3xFLAG tag. Second, an efficient gyrase poison was selected to trap gyrase on DNA by 

MIC measurements on solid and in liquid media (Figure 25A). Cfx had a much lower MIC compared to 

Oxo (5.9 µM vs 95 µM, respectively) and was used in further Topo-Seq experiments in a concentration 1.5 

mM (~256*MIC). Third, conditions of cells sonication were adjusted to reach the optimal level of DNA 

fragmentation for IP and sequencing library preparations Figure 25B.  

Topo-Seq experiments performed in two biological replicates revealed 43 GCSs, which is much 

lower than is usually detected for E. coli (several thousand), likely indicating the insufficient concentration 

of Cfx. The amount of detected GCSs was not adequate to reveal the gyrase motif. However, the majority 

of detected GCSs were located in the downstream vicinity of two rRNA operons in the C. crescentus genome 

(Figure 25C). This observation confirms the role of gyrase in the association with positive supercoiling, 

generated by transcription. 
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Figure 25. Mapping gyrase cleavage sites in C. crescentus genome with Topo-Seq. (A) MIC 

determination of Cfx, Oxo, sodium hydroxide and hydrochloric acid for C. crescentus by serial dilution 

method. Minimal concentrations for which growth inhibition was observed are marked with red arrows. (B) 

DNA fragmentation range as a function of sonication time (20 s pulse, 20 s relaxation, power 30%, Virsonic 

Virtis). (C) Gyrase enrichment is shown for a typical Cfx-based Topo-Seq experiment with E. coli (upper 

panel) and for C. crescentus (lower panel). Positions of ori, dif and Mu SGS sites are shown as vertical 

black arrows. Positions and orientations of rRNA operons are shown with black triangles. For C. crescentus, 

GCSs located in downstream regions of rRNA operons marked with white brackets. 
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4.14 Mapping of TopoIV cleavage sites in E. coli genome with a single-nucleotide resolution using 

Topo-Seq  

TopoIV is another type IIA topoisomerase abundant in bacteria. Despite homology to gyrase, 

structural and mechanistic similarities, it is thought to be mainly involved in DNA decatenation and not in 

relaxation of supercoils [96,98]. Earlier, TopoIV binding and cleavage sites were determined in E. coli 

genome with ChIP-Seq and NorfIP [112]. The latter approach, similarly to Topo-Seq, relies on 

topoisomerase poison to trap cleavage complexes, enrich them and then sequence DNA attached to TopoIV. 

However, NorfIP was lacking a single-nucleotide resolution due to a library preparation step based on a 

standard ligation protocol. To overcome this limitation, I decided to apply Topo-Seq to map TopoIV 

cleavage sites in a genome of exponentially growing E. coli cells carrying chromosomal parC (encodes 

ParC subunit of TopoIV) fused with sequence encoding SPA tag. 

Topoisomerase cleavage complexes were trapped with a TopoIV poison Cfx and ParC subunits were 

purified by SPA tag (Figure 26A, verified by MS), followed by strand-specific sequencing of covalently 

attached DNA fragments. With Topo-Seq, 356 TopoIV cleavage sites were identified in the E. coli genome.  

Cfx inhibits both Type IIA bacterial topoisomerases - TopoIV and DNA gyrase – so, to increase the 

specificity of treatment, a mutation in a gyrA gene leading to the mutation S83L conferring resistance of 

DNA gyrase to fluoroquinolones was introduced by recombineering. In agreement with published data 

[210], the mutation led to the specific 32-fold increase of the minimal inhibitory concentration to Cfx 

(Figure 26B). On average, with the wild-type strain Topo-Seq detected ~8-times lower amount of cleavage 

sites than with Cfx-resistant strain, which might indicate that more Cfx molecules are available for binding 

to TopoIV when DNA gyrase is resistant to it (Figure 26C). 

Enrichment of TopoIV cleavage activity spans over the E. coli genome and has several remarkable 

peculiarities that differs it from gyrase enrichment (Figure 26D).  

First, TopoIV has an increased number of cleavage sites with a high level of enrichment near the 

origin region. Interestingly, this phenomenon was not observed by ChIP-Seq and NorfIP earlier [112]. 

However, by super-resolution microscopy it was observed that ~15 TopoIV complexes are colocalized with 

~16 MukBEF complexes in a cluster at replication origin [127,130,251]. I speculate that TopoIV may be 

involved in early steps of replication progression where its activity can be critical to resolve precatenanes 

when two replisomes are relatively close to each other.  
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Figure 26. E. coli TopoIV Topo-Seq. (A) Purification of ParC-SPA subunits conjugated with DNA during 

Topo-Seq with M2-agarose affinity resin (Sigma Aldrich). Bands of protein marker are labeled with kDa. 

(B) MIC determination for DY330 parC-SPA strain and DY330 parC-SPA gyrA-S83L derivative. 4 

biological replicates are shown. (C) Venn diagram representing overlap between GCS sets identified for wt 

and gyrA-S83L strains. (D) TopoIV enrichment (N3E) over E. coli genome (blue). Black and red arrows 

mark positions of dif and oriC sites, respectively. Grey rectangle indicates ter-region of E. coli chromosome 

containing matS sites. (E) Comparison of nucleotide motifs found for gyrase and TopoIV with Topo-Seq. 

Below the plot are the schematic representations of gyrase and TopoIV complexes with DNA. (F) Metagene 

plot of averaged TopoIV enrichment in upstream and downstream regions of genes (15 kb each) and inside 

genes. Enrichment is shown for all genes (black curve, 4119 genes), least-expressed genes (grey curve, 

LEG, 270 genes), and highly-expressed genes (orange curve, HEG, 269 genes) 
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Second, TopoIV enrichment is depleted in a ter-region (grey zone, Figure 26D), which was also 

detected by NorfIP. Ter-region contains 23 matS sites which are bound by a MatP protein. MatP is known 

to organize Ter macrodomain by forming dimers and dimers of dimers, also it binds MukBEF and promotes 

its unloading from DNA [130]. Moreover, interaction of MatP and TopoIV with MukBEF was shown to be 

competitive [133]. So, the enrichment depletion in the ter-region is likely reflecting the displacement of 

MukBEF-TopoIV complexes by MatP. Should be noted, that TopoIV enrichment is symmetrically 

increased left and right to the ter-region, presumably indicating active resolution of precatenanes at the 

edges of the region. Why MukBEF-TopoIV complexes should be displaced from ter? It was proposed that 

unloading system based on matS-MatP is required to recycle SMC associated with DNA, and promote it 

uploading at replication origin [130]. I speculate that TopoIV depletion may prevent knotting and catenating 

of over-replicated chromosomes when a replisome did not stop between inner ter-sites terA and terC and 

travels further, replicating an opposite replichore. Particularly, two pairs of ter-sites (B, C and A, D), which 

are considered as primary replisome traps, located inside the ter-region meaning that over-replicated regions 

are mainly restricted by this region [252]. 

Third, the strongest cleavage site detected with Topo-Seq (as well as with NorfIP) is located at the 

dif-site inside the ter-region (marked with black arrow, Figure 26D). The site is bound by XerC/XerD 

recombinase which resolves chromosome dimers and is known to bind TopoIV (by XerC). Existing model 

implies that a chromosome dimer is resolved as a catenane which, in turn, is released by TopoIV activity 

[112]. 

Single-nucleotide resolution of Topo-Seq allowed to identify the cleavage motif of TopoIV. As was 

for gyrase, in the positions 0 and +3 of TopoIV motif there were G and C nucleotides, respectively, which 

are the hallmark of Cfx-induced cleavage (removed from the motif in Figure 26E). The overall motif of 

TopoIV was much shorter and was lacking the periodic regions characteristic for gyrase motif. The motif 

resembles motif of eukaryotic Top2 [253]. The absence of periodic regions indicates that CTD of ParC does 

not interact with proximal extensions of DNA G-segments, but rather binds a different DNA region, a 

mechanism that favors resolution of precatenates and catenanes.  

To investigate if TopoIV is somehow involved in relaxation of transcription-induced supercoiling, I 

performed a metagene analysis for TopoIV enrichment. Turned out, that TopoIV enrichment was dependent 

to the transcription level of selected genes – with the highest enrichment associated with downstream 

regions of highly expressed genes (where positive supercoiling is expected). This observation indicates that 

TopoIV, similarly to gyrase, is likely involved in relaxation of transcription-induced positive supercoiling 

in vivo which is in line with its in vitro preferences [56,92]. 
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Overall, compared with ChIP-Seq and NorfIP, Topo-Seq demonstrated enhanced sensitivity and 

precision. With ChIP-Seq only ~10 peaks were identified spanning 200 bp each and with NorfIP 223 

cleavage regions were repeatedly detected, while with Topo-Seq 1908 cleavage sites were detected (Figure 

27A). Among the three approaches, only Topo-Seq allowed to map cleavage sites with a single-nucleotide 

resolution making possible to unambiguously detect a cleavage motif (Figure 27B). 

Figure 27. Specificity and precision of TopoIV Topo-Seq. (A) Venn diagram demonstrating the overlap 

between TopoIV cleavage sites identified with Topo-Seq (TCSs, 1908 sites) and NorfIP (intervals, 223 

sites). (B) Three representative genomic regions containing TopoIV binding and cleavage sites. Red track 

is a TopoIV fold enrichment (FE, Topo-Seq data), black track is a TopoIV N3E (Topo-Seq data), pink and 

blue tracks are TopoIV fold enrichments generated by, respectively, NorfIP and ChIP-Seq (data is from 

[112]). 

 

Short and weak motif observed for TopoIV rises a question which factors (besides the Cfx bias and 

a specialized dif-site) contribute to the cleavage specificity of TopoIV. Probably, other proteins interacting 

with TopoIV, such as SeqA and MukBEF, as well as topological factors, supercoiling and DNA crossings, 

together contribute to this. 

 

 

  



74 
 

Results of sections 4.15-4.8 are published in: Sutormin D., Galivondzhyan A., Musharova O., Travin D., 

Rusanova A., Obraztsova K., Borukhov S., Severinov K. Interaction Between Transcribing RNA 

Polymerase and Topoisomerase I Prevents R-loop Formation in E. coli. Nature Communications, 2022. 

ACCEPTED FOR PUBLICATION 

Alina Galivondzhyan and Ksenia Obraztsova contributed to the results of these sections. 

 

4.15 EcTopoI is widely distributed over the E. coli genome, colocalized with RNAP, and enriched in 

regions with negative supercoiling, which was revealed by ChIP-Seq 

 

Figure 28. Distribution of EcTopoI, RNAP, and gyrase enrichment peaks over the E. coli 

chromosome. Circular maps show fold enrichment profiles of EcTopoI (ChIP-Seq, light orange; Topo-Seq, 

cyan and dark orange for two separate DNA strands), RNAP (ChIP-Seq, green), and DNA gyrase (Topo-

Seq, dark red). Additionally, GC-content (%, purple) and mean expression levels (FPKM, RNA-Seq, grey) 

for annotated TUs (inner blue segments) are also shown. Blue asterisks indicate positions of rRNA operons 

on the innermost orange ring representing E. coli DY330 genome. The numbers on the outside of the orange 

ring indicate genome coordinates in megabase pairs (Mbs). Three gaps around ~0.3 Mb, ~0.8 Mb, and ~1.2 

Mb correspond to deletions in the E. coli DY330 genome relative to the E. coli W3110 reference genome. 

Insets provide a zoom-in view at representative regions with high EcTopoI signals. Coordinates in kb are 

https://www.researchgate.net/profile/Dmitrii-Travin
https://www.researchgate.net/scientific-contributions/Anastasiya-Rusanova-2205695261
https://www.researchgate.net/scientific-contributions/Kseniya-Obraztsova-2205699227
https://www.researchgate.net/scientific-contributions/Sergei-Borukhov-2205683834
https://www.researchgate.net/profile/Konstantin-Severinov
https://www.researchgate.net/scientific-contributions/Kseniya-Obraztsova-2205699227
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indicated on top of each inset. For ChIP-Seq, fold enrichment is given relative to the input sample in all 

figures. The maps were constructed with the Circos tool [247], and the insets were prepared using IGV 

[201].  

 

The topoisomerase I distribution along the E. coli chromosome was determined using ChIP-Seq with 

a DY330 strain derivative carrying a fusion of the topA gene with the SPA tag encoding sequence (Figure 

28, orange track). Three biological replicas were made, showing good reproducibility between them 

(Pearson correlation > 0.6). Using the MACS2 analysis pipeline [254], we detected 403 significantly 

enriched regions (e-value < 0.001) present in all three replicas. EcTopoI peaks tend to have a lower GC-

content than the genome average. Indeed, a positive correlation between peaks log-fold enrichment and the 

AT-content was observed (Spearmen correlation 0.36, p-value 2.3e-5). Furthermore, the peaks appeared to 

be uniformly distributed over the entire chromosome. Of note, there was no enrichment of the EcTopoI 

signal at the terminator region of chromosome replication, in contrast to observations made for M. 

smegmatis [179].  

We next determined whether the EcTopoI ChIP-Seq signal overlaps with the RNAP signal, a result 

that might be expected based on the published data about the interaction between the two enzymes [173]. 

We performed a ChIP-Seq experiment with a DY330 strain derivative expressing TAP-tagged RpoC (β’ 

RNAP subunit) (Figure 28, green track). The RpoC ChIP-Seq signal correlated well with the published 

ChIP-Seq obtained for RpoB (β RNAP subunit; Spearman correlation 0.59, p-value=2.4e-158; Figure 29A) 

[243] and transcription level (RNA-Seq performed with exponentially growing E. coli DY330, Spearman 

correlation 0.55, p-value 1.4e-133; Figure 29B). Overall, we found 3635 RpoC peaks with fold enrichment 

of at least 3, ~25% of which overlapped with earlier reported RpoB peaks (Monte-Carlo simulation with 

10000 iterations, p-value<1e-308). 60% of topoisomerase peaks (243/403, Monte-Carlo simulation with 

10000 iterations, p-value=4.9e-6) overlapped with the RpoC peaks (Figure 29C). Consistently, enrichment 

of RpoC is significantly higher within the EcTopoI-enriched regions compared to the outside regions (Welch 

t-test, p-value<1e-308). Reciprocally, enrichment of EcTopoI is significantly higher inside the RpoC-

occupied regions than outside of these regions (Welch t-test, p-value<1e-308) (Figure 29D). Colocalization 

of the RpoB and EcTopoI signals was also observed with a publicly available RpoB ChIP-Seq dataset for 

E. coli MG1655 [243]. Overall, we conclude that EcTopoI is significantly colocalized with RNAP on the 

E. coli chromosome in exponentially growing cells. 

The ChIP-Seq signal of EcTopoI was also generally proportional to transcript abundance, with the 

highest enrichment values observed for 200 most highly-expressed transcription units (HETUs, expression 
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level > 31 FPKM) and, particularly, for rRNA operons and their upstream regions (Figures 29F). In 

contrast, little or no EcTopoI enrichment was observed for 200 least expressed TUs (LETUs, expression 

level < 0.31 FPKM) (Figure 29E).  

 

Figure 29. EcTopoI and EcRNAP enrichment colocalization. (A) Correlation between RpoC fold 

enrichment and RpoB signal for TUs. (B) Correlation between RpoC fold enrichment and transcription level 

of TUs. (C) Venn diagram represents an overlap between the EcTopoI peaks (403 total) and RNAP peaks 

(3635 total). (D) Violin plots of RNAP enrichment in EcTopoI peaks and outer regions (left), and EcTopoI 

enrichment in RNAP peaks and outer regions (right). The means and medians are indicated by black and 

blue lines, respectively. Statistically significant differences between means (t-test, p-value<<0.05) are 

indicated by asterisks. (E) Metagene plot of EcTopoI enrichment within TUs (middle), their upstream (left), 

and downstream (right) regions. Enrichment is shown for all TUs (black curve), highly-expressed (HETU, 

orange curve), and least-expressed (LETU, grey curve) sets. The number of TUs in each group is indicated 
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in parentheses. The two insets show zoom-in views of EcTopoI enrichment near transcription start (TU 

start) and termination (TU end) sites. (F) Snapshots from IGV genomic browser representing EcTopoI fold 

enrichment around rRNA operons for Rif-/CTD- conditions. rRNA operons are listed from A to H; genes 

comprising the operons are colored in red. For panels F and G ChIP-Seq fold enrichment is given relative 

to the input sample. (G) Top, metagene plot of RNAP enrichment within TUs, their upstream, and 

downstream regions. Analysis and groups of TUs are the same as in E. Bottom, graphical representation of 

the Liu & Wang twin-domain model [180] showing localization of RNAP and EcTopoI according to the 

metagene plots in E and G. 

 

Next, we analyzed the enrichment of EcTopoI and RNAP within TUs, and in upstream and 

downstream regions (Figures 29E, G). Metagene analysis indicated colocalization of EcTopoI and RNAP 

within the TU bodies, with the highest enrichment for both enzymes near the transcription start sites (TSS). 

A decreasing RNAP enrichment gradient toward the ends of TUs, presumably caused by premature 

transcriptional termination [255,256], was observed. A gradient with a similar slope was also detected for 

EcTopoI enrichment, suggesting that EcTopoI either directly follows elongating RNAPs or physically 

associates with the enzyme.  

EcTopoI accumulated upstream but was depleted downstream of TUs, a result that is consistent with 

the predictions of the Liu & Wang twin-domain model that posits accumulation of negative supercoiling (a 

substrate of TopoI) upstream, i.e., behind the elongating RNAP [180]. Excessive accumulation of EcTopoI 

could be tracked up to 12-15 kb upstream of TSS for HETUs (Figure 29E), suggesting that negative 

supercoiling diffuses over significant lengths of the E. coli chromosome. Interestingly, this range is 

significantly longer than that observed for eukaryotic chromatin, possibly, due to the absence of 

supercoiling-“buffering” nucleosomes [257,258]. Alternatively, the enrichment of EcTopoI in upstream 

regions might be mediated by transcription-induced chromatin remodeling, though we did not observe any 

significant skew in enrichment of Fis, HNS, MatP, and MukB nucleoid-associated proteins in these regions 

(data not shown). A small peak of EcTopoI and RNAP enrichment at TU ends may correspond to enrichment 

at promoter regions of closely packed adjacent genes or result from the physical association of the two 

enzymes at transcription termination sites.  

Overall, our observations strongly support the association of EcTopoI with RNAP at TSSs and 

within the TUs, as well as with negatively supercoiled DNA upstream of actively transcribed genes.  
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4.16 EcTopoI is not involved in chromosome decatenation in the Ter region 

Topoisomerase I can catenate and decatenate ssDNA and dsDNA circles containing nicks in vitro 

[179,259,260]. Recently, an enrichment of TopoI activity was found at the Ter region of M. smegmatis 

chromosome [179]. This bacterium lacks classical decatenating topoisomerases, TopoIII and TopoIV, and, 

thus, TopoI is likely to be involved in chromosomal decatenation after replication. Despite the similarity in 

TopoI in vitro activities in both bacterial species, we did not observe any specific binding or cleavage by 

EcTopoI near Ter regions of the E. coli chromosome, indicating that this enzyme is not involved in 

chromosome decatenation. 

4.17 The RNAP inhibitor rifampicin causes EcTopoI re-localization to promoter regions 

 

Figure 30. Enrichment of EctopoI and RNAP upon Rif treatment. (A) Metagene plot of EcTopoI 

enrichment within TUs, their upstream, and downstream regions for cells pretreated with Rif. (B) Top, 

metagene plot of RNAP enrichment within TUs, their upstream, and downstream regions for cells pretreated 

with Rif. Bottom, graphical representation showing localization RNAP and EcTopoI according to metagene 
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plots in A and B. (C) Venn diagram represents an overlap between the EcTopoI peaks (327 total) and RNAP 

peaks (2513 total) in cells pretreated with Rif before ChIP-Seq. (D) Violin plots of RNAP enrichment in 

EcTopoI peaks and outer regions (left), and of EcTopoI enrichment in RNAP peaks and outer regions (right) 

for Rif-treated cells (an RpoC ChIP-chip dataset for Rif-treated cells was taken from [262]). 

 

If EcTopoI interacts with RNAP, it should redistribute to promoters upon the treatment with 

rifampicin (Rif), an inhibitor that prevents RNAP escape into elongation [261,262]. In addition, if EcTopoI 

association with extended regions upstream of TUs is driven by excessive transcription-generated negative 

supercoiling, Rif treatment should abolish this association. To test these predictions, we performed EcTopoI 

ChIP-Seq in cells treated with Rif prior to formaldehyde fixation. According to metagene analysis, EcTopoI 

enrichment along the lengths of HETUs bodies disappeared in Rif-treated samples, reaching values below 

the background (Figure 30A). This was consistent with the disappearance of elongating RNAP from TU 

bodies in Rif-treated samples (Figures 30B; see [262]). Association of EcTopoI with upstream regions of 

HETUs was also abolished upon Rif treatment (Figures 30A).  

Yet, the enrichment of EcTopoI at promoter regions of HETUs remained, although at lower levels 

compared to the untreated control. This decrease may be caused by the dissipation of transcription-induced 

negative supercoiling and/or by a more uniform redistribution of RNAP holoenzymes across promoters 

(since high-affinity promoters cannot be occupied by more than one RNAP molecule, remaining molecules 

become trapped by Rif at weaker promoters). The latter scenario is supported by the observation that in Rif-

treated samples, enrichment of both EcTopoI and RNAP is increased at LETU promoters (Figures 30A, B). 

Be that as it may, EcTopoI and RNAP remained colocalized in Rif-treated cells (Welch t-test, p-value<1e-

308, Figures 30C, D), sharing a significant number of enrichment peaks (Monte-Carlo simulation with 

10000 iterations, p-value<1e-308). Consistent with the re-localization of EcTopoI to promoters, EcTopoI 

peaks found by MACS2 in Rif-treated cells were narrower (median width 311 bp) and more AT-rich (43.5% 

GC) than peaks in untreated samples. Overall, these results further support the EcTopoI interaction with 

elongating RNAP, promoter initiation complexes, and regions upstream of transcribed genes. 

 

4.18 EcTopoI is recruited to chromosomal regions with excessive negative supercoiling surrounded 

by topological barriers 

I examined EcTopoI distribution in 1529 E. coli intergenic regions (IRs) in more detail. I observed 

significant EcTopoI enrichment at IRs flanked by highly-transcribed genes and/or having a high level of 

RNAP enrichment (Supplementary Figures 2A, B). Irrespective of RNAP enrichment/transcriptional 
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activity, high levels of EcTopoI enrichment were found at IRs that i) were located between divergently 

transcribed genes (Supplementary Figures 2C), ii) harbored transcription factor-binding sites 

(Supplementary Figure 2D), and iii) were flanked by genes coding for membrane proteins 

(Supplementary Figures 2E). Consistently, IRs that fulfilled all three criteria and were located between 

highly transcribed genes had the highest level of EcTopoI enrichment (Figures 31A).  

The meta-intergene analysis revealed that IRs flanked by divergent genes exhibit, on average, much 

higher EcTopoI signal than those located between convergent genes (Figure 32A). Based on these results, 

we propose that EcTopoI is preferentially recruited to regions with excessive negative supercoiling 

stabilized by local topological barriers (see representative examples in Figure 31B). These barriers may be 

generated by divergent transcription from highly complex promoters and by transertion process (a coupled 

transcription/translation/polypeptide chain translocation into the cell membrane) [263] (Figure 31C). 

 

Figure 31. Topological barriers attract EcTopoI to intergenic regions. (A) Cumulative effect of 

transcription and local topological barriers on EcTopoI fold enrichment (FE) in IRs. Violin plots show the 
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contribution of positive (top row) and negative (bottom row) factors to the increased EcTopoI enrichment 

in IR, including the expression level of adjacent genes (EL), fold enrichment of RNAP (RNAP), presence 

of divergently orientated adjacent genes (double arrows), annotated sites for transcription factors (TF), and 

membrane localization of proteins encoded by flanking genes (M). The leftmost plot shows an overall 

EcTopoI fold enrichment in 1529 IRs. Positively associated features are: high transcription level and high 

level of RNAP enrichment (EL>5 FPKM, RNAP>2 fold enrichment units), → - divergently transcribed 

genes, +TF – at least one annotated site of a transcription factor is present in an IR, M – at least one gene 

flanking IR encodes a membrane protein. Negatively associated features are: low level of transcription and 

RNAP enrichment (EL<5, RNAP<2), ~→ - genes separated by an IR are NOT in a divergent orientation, 

-TF – no annotated sites of transcription factors binding are present, -M – genes flanking an IR do not 

encode membrane proteins. Means are shown with horizontal black lines and numeric values are shown 

below each violin-plot, medians are shown as blue horizontal lines; vertical axes are log-scaled. (B) 

Representative genomic regions showing the increased enrichment of EcTopoI in divergent IRs upstream 

of highly transcribed TUs and decreased enrichment in convergent IRs. Data for four representative genomic 

regions are shown. Enrichment of RNAP is shown in green; EcTopoI - in red; EcTopoI in Rif+ condition - 

in blue; EcTopoI in CTD+ condition - in magenta. RNA-Seq data are shown in grey. Data scaling is shown 

in parenthesis for each genomic track. Locations of IRs with specific enrichment patterns and directions of 

transcription of flanking genes is shown by black horizontal arrows. (C) Graphical representation of 

topological borders that trap negative supercoiling: divergent orientation of genes, complexly organized 

promoters, transertion. 

4.19 EcTopoI and DNA gyrase have mutually exclusive localization on the E. coli chromosome 

EcTopoI and DNA gyrase have opposite binding preferences and activities: while EcTopoI is 

attracted to and relaxes negative supercoils, DNA gyrase is attracted to and removes positive supercoils 

[56,151,181,212]. Comparison of ChIP-Seq data for EcTopoI and Topo-Seq data for DNA gyrase [212] 

directly demonstrates that in vivo gyrase enrichment is significantly lower in regions occupied by EcTopoI 

and vice versa (Welch t-test, p-value<1e-308, Figure 32B).  

While EcTopoI is enriched upstream of HETUs (where transcription-induced negative supercoiling 

should be high) and depleted in downstream regions (where positive supercoiling should be accumulated), 

the gyrase enrichment shows the opposite pattern (Figure 32C). I used Psora-Seq and GapR-Seq data 

recently published and available for E. coli to localize enrichment of topoisomerases with, respectively, 

regions of negative and positive supercoiling genome-wide. A signal of negative supercoiling revealed by 
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Psora-Seq [265] matches the enrichment of EcTopoI, indicating that EcTopoI accumulation upstream of 

active TUs indeed colocalizes with increased negative supercoiling. Concordantly, a signal of positive 

supercoiling revealed by GapR-Seq [264] matches the enrichment of DNA gyrase in regions downstream 

of active TUs (Figure 32C). Both gyrase enrichment downstream of TUs and EcTopoI enrichment upstream 

of TUs positively correlate with transcription activity and are abolished by Rif (Figure 18). Furthermore, 

while EcTopoI is particularly enriched in IRs flanked by divergent genes (see above) where cumulative 

negative supercoiling is expected, the DNA gyrase signal is the highest for IRs between convergent genes 

(where cumulative positive supercoiling is expected) (Figure 32A), in line with observations made in M. 

tuberculosis [63]. Together, these data indicate that EcTopoI and gyrase have opposing patterns of 

distribution genome-wide, fully consistent with the predictions of and validating the Liu & Wang model 

[180].  

 

Figure 32. EcTopoI and DNA gyrase mutual exclusion. (A) Meta-intergene plots of EcTopoI (on the 

left), RNAP (in the center), and gyrase (on the right) enrichments in IRs. IRs were classified according to 

the orientation of flanking genes. The number of regions comprising a group is indicated in brackets. (B) 

Violin plots of gyrase enrichment in EcTopoI peaks and outside of these regions (left) and of EcTopoI 

enrichment in gyrase peaks and outside of these regions (right). Mean and median are indicated by black 
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and blue lines, respectively. The statistically significant difference between means (t-test, p-value<<0.05) 

is indicated by asterisks. (C) Comparison of EcTopoI ChIP-Seq data (CTD-/Rif- conditions), gyrase Topo-

Seq data (experiments with ciprofloxacin [212]), GapR-Seq [264], and Psora-Seq [265]. Metagene analysis 

performed for the HETU set of TUs. For ChIP-Seq, fold enrichment is given relative to the input sample. 

 

4.20 Mapping of TopoI cleavage sites in E. coli with a single-nucleotide resolution with Topo-Seq 

The DNA topoisomerases binding and cleavage sites may not completely overlap (El Sayyed et al., 

2016; Baranello et al., 2017). To identify EcTopoI cleavage sites (TCSs) in vivo genome-wide, a Topo-Seq 

was conducted. Due to the unavailability of efficient poisons (like ciprofloxacin for gyrase) for EcTopoI, I 

constructed EcTopoI G116S/M320V, an “intrinsically-poisoned” double mutant that forms stable covalent 

complexes with DNA (Cheng, Sorokin and Tse-Dinh, 2008). As expected, continuous production of 

EcTopoI G116S/M320V from a plasmid led to growth inhibition (Figure 33A) and SOS-response (Figure 

33B). EcTopoI G116S/M320V was transiently (30 min) expressed in E. coli DY330, and the trapped 

protein-DNA cleavage complexes were purified through a C-terminal StrepII tag fused with the mutant 

topoisomerase (Figure 33C). Expression of EcTopoI G116S/M320V had no apparent adverse effect on cell 

culture growth in the course of the experiment (Figure 33A). Topoisomerase-associated DNA fragments 

were isolated and subjected to strand-specific sequencing of ssDNA using the Accel NGS 1S kit, and the 

reads were mapped to the reference genome. The number of 3’-ends (N3E) was counted for every genomic 

position strand-specifically. Since EcTopoI forms a covalent intermediate with the 5’-end of a single-

stranded break it introduces and leaves the 3’-end unmodified, an increase in the N3E should mark a TCS. 

A total of 262 TCSs were identified in the E. coli genome (125 on the forward and 137 on the reverse 

strand). The TCSs determined by Topo-Seq, which identifies the sites of EcTopoI activity with single-base 

precision, significantly overlap with EcTopoI peaks detected by ChIP-Seq (Monte-Carlo simulation with 

10000 iterations, p-value 3.5e-13). Interestingly, several chromosomal regions with increased EcTopoI 

binding (as evidenced by ChIP-Seq and ChIP-qPCR data shown in Figure 33F) and enhanced cleavage (as 

evidenced by Topo-Seq, Figure 33D) also demonstrated high affinity to purified EcTopoI in vitro, revealing 

sequence specificity of the enzyme (Figure 33E).  
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Figure 33. Identification of EcTopoI cleavage sites by Topo-Seq. (A) Effect of EcTopoI G116S/M320V 

overexpression (from pBAD33 topA(G116S/M320V)-strepII) on E. coli DY330 topA-SPA growth. Shaded 

area represents 0.95 confidence intervals for the mean of three biological replicas. (B) SOS-response is 

induced by EcTopoI G116S/M320V overexpression from pBAD33 plasmid. E. coli CSH50 λsfiA::lacZ 

[192] reporter strains (empty, harboring empty pBAD33, pBAD33 EcTopoI or pBAD33 EcTopoI 

G116S/M320V) were grown on MacConkey indicator medium. Red color indicates a SOS-response. The 

assay is shown for three replicates. (C) Overexpression and purification of EcTopoI G116S/M320V during 
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the Topo-Seq procedure. Bands corresponding to EcTopoI G116S/M320V (verified by MS) are marked 

with white triangles. (D) Representative regions of the E. coli chromosome demonstrate the matching of 

EcTopoI peaks identified by ChIP-Seq and EcTopoI TCSs obtained by Topo-Seq (dps, potF) and a region 

lacking EcTopoI binding and activity (nuoN). EcTopoI cleavage activity is shown strand-specifically for 

forward and reverse strands separately. As a control, a non-induced culture was used. Positions of amplified 

regions used for ChIP-qPCR and affinity measurements are indicated with grey rectangles. (E) The affinity 

of purified EcTopoI to three amplified regions of the genome indicated in panel D assessed by EMSA: nuoN 

(control, low ChIP-Seq and Topo-Seq signals), potF, and dps (two highest peaks identified by ChIP-Seq 

and strong TCSs). Red stars mark the lowest concentration of EcTopoI at which a gel-shift was detected. 

(F) ChIP-qPCR validation of ChIP-Seq peaks near the dps and potF genes. The dps and potF regions exhibit 

dramatically increased fold enrichment signals compared to the two control regions – dif and H2394. (G) A 

logo representing a binding motif of EcTopoI identified by ChIPMunk [266] in sequences under the ChIP-

Seq peaks. The motif is shown in both orientations. (H) EcTopoI cleavage motif identified by alignment of 

TCSs (cleavage is introduced between nucleotides at positions -1 and 1 and is indicated by a dashed line). 

The N3E signal is plotted below the motif. 

 

To further characterize sequence specificity of EcTopoI, I used ChIPMunk [266] to find 

overrepresented motifs in EcTopoI ChIP-Seq peaks sequences. A strong motif was detected in more than 

90% of enrichment peaks. The motif was AT-rich, strongly asymmetric, with a conserved central 

TCNTTA/T part (Figure 33G) and limited similarity to known DNA motifs in E. coli. Next, to test whether 

EcTopoI has a specific cleavage motif, I aligned sequences around the established TCSs. The identified 

cleavage motif was very similar to the binding motif identified using ChIP-Seq. As shown in Figure 33H, 

EcTopoI preferentially cleaves a TA dinucleotide located 4 nt downstream of the conserved position of C. 

Earlier in vitro experiments demonstrated that type-IA topoisomerases, including EcTopoI, specifically 

recognize a C residue and cleave DNA 4 nt downstream [215,267–270]. Likely, this requirement is 

characteristic for the entire protein family. The results extend these observations and show that a C in a 

specific context is required for EcTopoI cleavage in vivo.  

The DNA-binding and cleavage activities of EcTopoI were compared by metagene analysis. Both 

signals were increased over the background upstream of active TUs, where the GapR-Seq signal is 

significantly depleted, indicating the attraction of EcTopoI by transcription-generated negative supercoiling 

followed by relaxation of bound DNA (Figures 34A and 32C for GapR-Seq data). Intriguingly, the 

compared to regions upstream of TUs, the cleavage activity of EcTopoI was significantly lower at promoters 
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and within the TU bodies (Figure 34B), i.e., at sites where the formation of complexes with RNAP is 

expected. Indeed, the overlap of TCSs with RNAP peaks is decreased (Monte-Carlo simulation with 10000 

iterations, p-value 1.6e-2; Figure 34C). 

 

Figure 34. EcTopoI cleavage activity and transcription. (A) Comparison of EcTopoI ChIP-Seq data 

(untreated condition, black curve) and EcTopoI Topo-Seq data. EcTopoI Topo-Seq signal is strand-specific 

and shown for coding (blue curve) and template (red curve) strands separately. Confidence bands around 

the mean metagene signal are represented by ±SEM. Metagene analysis was performed for the HETU set. 

Regions used for further quantification of enrichment in panel B (US, TU start region, TU end region, and 

DS) are shown by colored areas on the plot. (B) Comparison of EcTopoI cleavage signal in different regions 

relative to HETUs. Differences in the signal were tested using the Welch t-test. Significance is indicated by 

asterisks. Error bars represent ±SEM. (C) Correspondence between EcTopoI ChIP-Seq peaks, 

topoisomerase cleavage sites (TCSs) identified with Topo-Seq, and EcRpoC ChIP-Seq peaks. The Venn 

diagram demonstrates the number of overlapping peaks and TCSs. (D) A metagene plot comparing the 
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cleavage activity (N3E) of EcTopoI for all TUs, LETU, and HETU subsets. Cleavage is shown for coding 

and template strands separately.  

 

Overall, the data for EcTopoI resemble the activity pattern of eukaryotic Top1, which remains 

inactive in complex with RNAPII until it is triggered by an RNAPII stalled by torsional stress [271]. A 

similar, independently evolved mechanism could be at work for bacterial topoisomerases. A naturally 

occurring modification of EcTopoI, Nε-acetylation of lysins, was reported to reduce the enzyme's activity 

in vivo [272]. I speculate that this modification can regulate the activity of EcTopoI when it’s in complex 

with RNAP. I predict that EcTopoI activity is inhibited by acetylation at promoters and at the beginning of 

TU bodies, and is activated by deacetylation (probably, by the CobB protein) at the end of TUs. This 

deacetylation may be triggered by conformational changes within the RNAP:EcTopoI complex caused by 

RNAP stalling or by extensive torsional stress. Interestingly, while the cleavage is decreased in HETU 

bodies, it is increased within inside LETUs, particularly towards their ends (Figure 34D). I speculate that 

in HETUs, where EcTopoI remains inactive, RNAP molecules move in convoy and mutually annihilate 

positive and negative supercoils (Kim et al., 2019; Alena and Kolomeisky, 2021). In contrast, EcTopoI 

activity is needed to remove excessive negative supercoiling generated by individual RNAP molecules in 

LETUs.  Alternatively, the apparent absence of the TCSs within active TUs may be explained by the activity 

of transcription-coupled DNA repair pathways which might remove such complexes in situ [273,274].  

I conclude, that for the optimal activity of EcTopoI, the binding/cleavage motif should be “activated” by 

melting of DNA, excessive negative supercoiling upstream of TUs, or, perhaps, by hypothetical signaling 

such as deacetylation of EcTopoI when in complex with RNAP at the end of TUs. 

4.21 E. coli and Mycobacterium rely on different versions of the twin-domain model 

Analysis of the genome-wide distribution of mycobacterial topoisomerases (DNA gyrase and TopoI) 

and RNAP reported by the Nagaraja and co-workers showed co-localization of all three enzymes (Ahmed 

et al., 2017; Rani and Nagaraja, 2018). I re-examined the published ChIP-Seq data. Indeed, a significant 

colocalization between RNAP and gyrase, and RNAP and TopoI was observed (Supplementary Figure 

3A-D). Surprisingly, in Mycobacterium, both topoisomerases are enriched within the TU bodies with the 

highest signal near the transcription start sites. In contrast to E. coli, there is no evidence for supercoiling 

diffusing away from the TUs (Figures 35A, B). These patterns define two possible variations of the original 

Liu & Wang’s scheme: an “open” model for E. coli in which supercoiling domains extend on DNA bi-

directionally over a substantial distance from transcribing RNAP and a “closed” model for Mycobacterium 

where the supercoiling domains are trapped within RNAP-topoisomerase I/gyrase complex and cannot 
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escape. Likely, S. pneumoniae has also an “open” model, because EcTopoI enrichment is observed for a 

long upstream region of TUs (Supplementary Figure 3E, based on data published in [175]). Possibly, both 

mycobacterial topoisomerases form a relatively stable complex with RNAP, in which they fully relax the 

supercoils generated within TUs during transcription and, therefore, their activity is not needed in adjacent 

regions. Hypothetically, “semi-open” models may also exist: i) when gyrase is highly-active in complex 

with RNAP while TopoI does not interact with RNAP, allowing negative supercoils to diffuse freely 

upstream of TUs; ii) alternatively, when only TopoI is active within the RNAP complex, allowing positive 

supercoils to diffuse downstream of TUs where they are relaxed ahead of RNAP by free gyrase (Figure 

35C).  

 

 

Figure 35. Possible variations of the twin-domain model. Average normalized enrichment of TopoI, DNA 

gyrase, and RNAP over transcription units of E. coli (A, “open” model) and Mycobacterium (B, “closed” 

model). Graphical representation of twin-domain sub-models is shown below. ChIP-Seq data for M. 

tuberculosis MtbRNAP, MtbGyrase, and M. smegmatis MsmTopoI was taken from publicly available 

datasets [63,179,275]. (C) Other “semi-open” hypothetical variations of the twin-domain model, based on 

the interaction of key topoisomerases (TopoI, DNA gyrase) with RNAP and their activity within a complex. 

For ChIP-Seq, fold enrichment is given relative to the input sample. 
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Additional variations of these models may also be possible depending on the balance of topoisomerase and 

RNAP activities. If topoisomerase acts faster than the rate at which RNAPs generate supercoiling, diffusion 

of supercoiling will be limited due to rapid relaxation by topoisomerases. Following this logic, EcTopoI in 

complex with RNAP may allow a portion of unconstrained supercoiling to diffuse upstream, where it is 

subsequently relaxed by free topoisomerase. Our observation that EcTopoI does not actively cleave DNA 

in TUs when associated with RNAP is consistent with this hypothesis. 
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Chapter 5. Conclusions 

 
In this thesis, a Topo-Seq method for genome-wide and high-resolution identification of 

topoisomerase cleavage sites was developed. Using this method, I mapped sites of activity for three major 

E. coli topoisomerases – DNA gyrase, TopoIV, and Topo I. 

For DNA gyrase, several thousand of cleavage sites distributed throughout the E. coli genome were 

identified. The sites were enriched in downstream regions of highly transcribed transcription units, where 

positive supercoiling is accumulated, in agreement with Liu & Wang twin-domain model. Treatment with 

RNAP inhibitor rifampicin abolishes this pattern, indicating that gyrase accumulation is supercoiling and 

transcription dependent. Consistently, gyrase cleavage sites were found accumulated downstream of rRNA 

operons in C. crescentus genome. Topo-Seq with stationary phase E. coli culture revealed that gyrase 

cleavage sites are re-distributed in the E. coli genome following the changes in transcriptional profile, again 

demonstrating the attraction of DNA gyrase by positive supercoiling in vivo. A time-resolved series of Topo-

Seq experiments with synchronously replicating cells demonstrated that DNA gyrase is colocalized with 

moving replisome. The obtained data indicates that gyrase is involved in relaxation of positive supercoiling 

generated by transcription and replication. 

Using ChIP-Seq and Topo-Seq, binding and cleavage sites of topoisomerase I were mapped genome-

wide. Enrichment of the topoisomerase was significantly increased in the upstream regions of highly 

transcribed transcription units, where according to the twin domain model, negative supercoiling is 

accumulated. Consistently, TopoI enrichment was also increased in intergenic regions, where accumulation 

of negative supercoiling is expected. TopoI enrichment is transcription specific, as treatment with rifampicin 

removes accumulation in the upstream regions. The data indicates that TopoI is attracted by negative 

supercoiling generated by transcription.  

Several thousand of TopoIV cleavage sites were identified in the E. coli genome with Topo-Seq. In 

accordance with previous data, the strongest cleavage site was identified at dif-site, supporting the role of 

the topoisomerase in decatenation of sister chromosomes. At the same time, cleavage activity of TopoIV 

was significantly reduced in the Ter macrodomain, where complexes between TopoIV and MukBEF SMC 

are disassembled by the action of MatP. Interestingly, TopoIV cleavage activity was dramatically increased 

nearby oriC (a novel observation). Presumably, this enrichment highlights the TopoIV activity at early 

stages of DNA replication, probably, when TopoIV is organized with MukBEF in multimeric complexes 

colocalized with oriC. However, the role of TopoIV in organization and spatial positioning of the origin 
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regions during replication is still unknown. I speculate that accumulated and spatially organized activity of 

TopoIV within such complexes is required for fast and efficient decatenation of origin regions, which further 

stimulates the proper positioning of origins and initiates the segregation of replicating chromosomes. 

TopoIV enrichment was found increased in the downstream regions of highly transcribed transcription units 

(similar to DNA gyrase), indicating that in vivo it is involved in the relaxation of transcription-induced 

positive supercoiling. 

Taken together, generated data indicates that TopoI relaxes negative supercoiling generated by 

transcription, while DNA gyrase and TopoIV relax positive supercoiling. The enrichments of the 

topoisomerases can be tracked 12-15 kb upstream or downstream of transcription units which gives a 

diffusion range for unconstrained supercoiling in the E. coli genome. We, therefore, named this variation of 

the twin-domain model “open”, an opposite to the “closed” variation observed for Mycobacterium. In the 

“closed” model, all topoisomerases are colocalized with RNAP within transcription units and that is no 

enrichment upstream or downstream. “Closed” model may be characteristic for bacteria having strong 

interactions between the topoisomerases and RNAP or when the catalytic activity of the topoisomerases 

exceeds much the rate of supercoiling generation. In both cases supercoiling will be efficiently relaxed in 

situ and its diffusion is minimized.  

 

Figure 36. A scheme illustrating genomic factors attracting DNA topoisomerases: supercoiling (negative 

in the upstream regions of TUs for TopoI, positive in downstream regions for DNA gyrase and TopoIV) 

and local DNA motifs. In E. coli genome unconstrained transcription-induced supercoiling can diffuse over 

distances of up to 15 kb. 
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Single-nucleotide resolution of Topo-Seq allows us to build cleavage motifs for the studied 

topoisomerases. For DNA gyrase a long (~120 nt) symmetric and degenerate motif was observed. The motif 

has two periodic regions with a period corresponding to the period of DNA in a B-form. Periodic regions 

reflect wrapping of DNA around the gyrase CTDs. The central region of the motif was biased with the 

effects of topoisomerase poisons used in Topo-Seq, however, by comparison of obtained cleavage motifs 

for different drugs, an unbiased motif was constructed. Scanning of DNA sequences with gyrase motif 

revealed that known strong gyrase sites or strong cleavage sites identified by Topo-Seq all have a high 

similarity to the motif identified. As a validation, with Topo-Seq, a high-scored gyrase site was confirmed 

in the pBR322 plasmid. Interestingly, background gyrase cleavage was observed without any poison at 

several strong sites for the stationary phase E. coli culture, indicating that gyrase may reside for a long time 

at optimal substrates in vivo. In contrast to gyrase, TopoIV cleavage motif was lacking periodic regions, 

supporting that TopoIV does not wrap the DNA G-segment, but rather transfer an unrelated DNA region 

during catalysis. For E. coli TopoI, a short (~15 nt), asymmetric, AT-rich binding/cleavage motif was found 

with both ChIP-Seq and Topo-Seq. In accordance with the previous studies, in the -4 position to the cleavage 

site, a conserved C nucleotide is positioned. The AT-richness of the observed motif probably reflects the 

thermodynamic advantage of such sequences, as for catalysis the topoisomerase first needs to melt DNA 

duplex. A single-nucleotide resolution achieved with Topo-Seq, and its high sensitivity make the method 

superior over other ChIP-based methods applied for bacterial topoisomerases up to date. 

Our data demonstrate that the topoisomerases choose their sites by sensing both DNA topology 

(supercoiling of a particular sign) and local sequence properties (motifs) (Figure 36). Optimal sequences 

(e.g., strong gyrase sites like Mu SGS) may be recognized per se. Sub-optimal sequences, which comprise 

the majority of topo-sites, however, should be “activated” by supercoiling to be efficiently recognized and 

cleaved by a topoisomerase. 
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Supplementary Materials 

 
Supplementary Table 1. Primers and oligonucleotides used in this study 

Primer Primer sequence Description 

Mu_1_F CGACGTTGTAAAACGACGGCC Targeting MuSGS 

site with qPCR Mu_1_R CGCGCCACGGGATTTTTAAACC 

L_2394_F CCAGTACCAACAGTGCAGAGATC Targeting ccmH site 

with qPCR L_2394_R GGTGAGCCTGTATCTTCACGC 

H_3594_F ATTGAAGATTCACTGGCGGATTACC Targeting rRNA A 

DS site with qPCR H_3594_R CTCACCAGCTTCCTGCTGC 

L_3602_F CCAGAAAGTCGGGGTAAAGAGC Targeting rRNA A 

US site with qPCR L_3602_R CTTTACCAGTATGAACCCGGTGG 

G_cat_Mu CATAATAATGTGTGCAAATTGATGGTGGATTGATGCAAATTT 

GTTAATTGGAATAGGAACTTCATTTAAATGGCGCG 

cat gene 

amplification from 

pKD3 plasmid cat_Mu_R TTACCCAACTTAATCGCCTTGCAGCACATCCTACCTGTGACG 

GAAGATCACTTCG 

Mu_G_F TCTGCGAAGTGATCTTCCGTCACAGGTAGGATGTGCTGCAAG 

GCGATTAAGTTGG 

MuSGS site 

amplification from 

pMP1000 plasmid Mu_G_R AAAGAAAAACCAAGTCTTTTTTGATGACAAAATGCAATCAA

G 

GAAAAATGGGCGGTACACCCGATATGG 

topA_NcoI_fw GTAAGGTGACCATGGGTAAAGCTCTTG  

NcoI_mut_rev GGCTAAAGCGAACCACGGTCTTATTACC  

NcoI_mut_fw GGTAATAAGACCGTGGTTCGCTTTAGCC  

topA_HindIII_strepII_rev atataaagcttttaTTTTTCGAACTGCGGGTGGCTCCAcgcgcttttttttccttca 

acccatttgccatc 

 

topA_NdeI_fw GTAAGGTGCatATGGGTAAAGCTCTTGTCATCG  

topA_strepII_HindIII_rev atatcaagcttTTATTTTTCGAACTGCGGGTGGCTCCAC  

TopoA_14_kDa_CTD_Ba

mHI_fw 

GGATCGCATCACCATCACCATCACGGATCCGGCGAAGTGGC

A 

CCACCG 

 

TopoA_CTD_HindIII_rev aacaggagtccaagctcagctaattaagctTTATTTTTTTCCTTCAACCCATTT

G 

CC 

 

pCA24_core_NcoI_rev AATCTAACCATGGATCCGTGATGGTGATGGTGATGC  

pCA24_core_HindIII_fw AAACTGGGGCACAGATGAAGCTTAATTAGC  

topA_Y319F_fw TATATCACTTTCATGCGTACCGACTCCACTAACC  

topA_Y319F_for AGTCGGTACGCATGAAAGTGATATAGCCTG  

topA_XbaI_RBS_fw 

Tatataactctagaaataattttgtttaactttaagaaggagatataccatgggcagcagccatcatcat

cat 

catcacagcagcggcctggtgccgcgcggcagccataTGGGTAAAGCTCTTGTCA

T 

CG 

 

topA_G116S_out_rev ATGCAATGGCTTCAGATTCGCGGTCAAGGTCGG  

topA_G116S_in_for TTGACCGCGAATCTGAAGCCATTGCATGGCACC  

topA_M320V_in_rev AGTCGGTACGCACGTAAGTGATATAGCCTGCTTCATAC  

topA_M320V_out_for ATCACTTACGTGCGTACCGACTCCACTAACC  

topA_strepII_HindIII_rev atatcaagcttTTATTTTTCGAACTGCGGGTGGCTCCAC  

dps_850_F CGGTGTAGAGGAAAAGTAGCGAGAAATTCTGC  

dps_850_R ATGGGGTCTACGCTGACAGTACG  

potF_895_F CGGGAGAAAGTTCTCTTTTCTTACACCG  

potF_895_R GCGGTCATATCTCTTTCCTTCTGAAAGTTCG  

L_2394_F CCAGTACCAACAGTGCAGAGATC  
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L_2395_R GGTGAGCCTGTATCTTCACGC  

topA_delta_topA66_kanR

_F 

CACCACCGAAAGAAGATCCGGTGCCATTACCTGAGCTGCCG

T 

GCGAAAAATAATAGTGATCGTGTAGGCTGGAGCTGCTTC 

 

topA_delta_14kDa_kanR_

F 

GTAAATACATGGCCTGCACCAACGAAGAGTGTAAAAACACA

C 

GTAAGATTTTACGTAACTAATAGTGAATCGTGTAGGCTGGAG

C 

TGCTTC 

 

topA_delta_30kDa_kanR_

F 

AGTTAGATAAAGCTGAAAAAGATCCGGAAGAGGGTGGTATG

C 

GCCCGAACTAATAGTGAATCGTGTAGGCTGGAGCTGCTTC 

 

topA_SPA_kanR_cysB_R ATGCAATAAAAAAGGGCCGCTTTCGCGACCCTTTGTTTATA 

AAAACCTGACAGAATTAAAGGTGAAGAAGTAAAACATATG 

AATATCCTCC 

 

BW25113_topA_wt_F GCCGCTTTCGCGACCCTTTG  

BW25113_topA_wt_R CGACTGGCTGGTCAGCATTTTATGTTGATGG  

BW25113_topA_delta11_

SPA_F GAGCTGCCGTGCGAAAAATCCATG 

 

BW25113_SPA_qPCR_R CAAGTGCCCCGGAGGATGAGATTTTC  

BW25113_topA_delta14_

SPA_F ACACACGTAAGATTCTGCGCAATTCCATG 

 

BW25113_SPA_qPCR_R CAAGTGCCCCGGAGGATGAGATTTTC  

gyrA_S83L 

GCGCCATGCGGACGATCGTGTCATAGACCGCCAGATCACCA

TGGGGATGGTATTTACCGATTACGTCACC 

 

gyrA_F ATGAGCGACCTTGCGAGAGAAATTACACCG  

gyrA_R CCGGAATTTTTTCCGTGCCGTC  
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Supplementary Table 2. Links to GitHub repositories with code written for data analysis and data 

visualization for this work 

Dataset Link 

E. coli DNA gyrase Topo-

Seq 

https://github.com/sutormin94/Gyrase_Topo-Seq 

E. coli DNA gyrase time-

course Topo-Seq 

https://github.com/sutormin94/Gyrase_time-course-experiment 

E. coli TopoIV Topo-Seq https://github.com/sutormin94/TopoIV_Topo-Seq_experiment 

E. coli TopoI Topo-Seq https://github.com/sutormin94/TopoI_Topo-Seq 

E. coli RNA-Seq https://github.com/sutormin94/E_coli_RNA-Seq_analysis 
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Supplementary Table 3. NGS datasets generated, analyzed, and re-analyzed in this work 

Dataset Dataset ID and links Description Study 

E. coli DY330 

DNA gyrase 

Topo-Seq GSM3273139-GSM3273144 

Topo-Seq performed for 

exponentially growing culture 

in LB. Cfx, Oxo, and Micro 

were used to trap covalent 

intermediate complexes 

between gyrase and DNA. 

Performed in triplicate. 

This work, 

[109]  

E. coli DY330 

DNA gyrase 

Topo-Seq for 

cells pre-

treated with 

Rif GSM3273145-GSM3273150 

Topo-Seq performed for 

exponentially growing culture 

in LB. Culture was pre-treated 

with 100 µg/ml Rif for 20 min 

before adding the Cfx. 

Performed in triplicate. 

This work, 

[109] 

E. coli DY330 

pBR322 DNA 

gyrase Topo-

Seq Not published 

Topo-Seq performed for 

exponentially growing culture 

in LB. Covalent complexes 

trapped with Cfx. Performed in 

triplicate. This work 

E. coli DY330 

DNA gyrase 

time-course 

Topo-Seq Not published 

Time-resolved DNA gyrase 

Topo-Seq on synchronized E. 

coli cells.  Covalent complexes 

trapped with Cfx. Performed in 

duplicate. This work 

E. coli DY330 

DNA gyrase 

Topo-Seq for 

different 

growth phases Not published 

DNA gyrase Topo-Seq 

conducted with exponentially 

growing, stationary, and 

transition to stationary cultures.  

Covalent complexes trapped 

with Cfx. This work 

Caulobacter 

crescentus 

DNA gyrase 

Topo-Seq Not published 

DNA gyrase Topo-Seq 

conducted with exponentially 

growing culture.  Covalent 

complexes trapped with Cfx. This work 

E. coli DY330 

TopoIV Topo-

Seq Not published 

Topo-Seq performed for 

exponentially growing culture 

in LB.  Covalent complexes 

trapped with Cfx. Performed in 

triplicate. This work 

E. coli DY330 

gyrAS83L 

TopoIV Topo-

Seq Not published 

Topo-Seq performed for 

exponentially growing culture 

in LB.  Covalent complexes 

trapped with Cfx. Performed in 

triplicate. This work 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM3273139
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM3273144
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM3273145
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM3273150
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E. coli DY330 

EcTopoI 

Topo-Seq GSM5529907-GSM5529918 

Topo-Seq performed for 

exponentially growing culture 

in LB. EcTopoI 

G116S/M320V mutant was 

used to obtain covalent 

intermediates. Performed in 

triplicate. This work 

E. coli DY330 

RNA-Seq GSM5509255-GSM5509263  

Total RNA-Seq for 

exponentially growing, 

stationary, and transition to 

stationary cultures in LB. 

Performed in triplicate. This work 

E. coli DY330 

RpoC ChIP-

Seq GSM5538289, GSM5538290 

ChIP-Seq performed for 

exponentially growing culture 

in LB. Single replicate. This work 

E. coli DY330 

EcTopoI ChIP-

Seq GSM5514277-GSM5514282 

ChIP-Seq performed for 

exponentially growing culture 

in LB. Performed in triplicate. This work 

E. coli DY330 

EcTopoI ChIP-

Seq with cells 

pre-treated 

with Rif GSM5514289-GSM5514294 

ChIP-Seq performed for 

exponentially growing culture 

in LB. Culture was pre-treated 

with 100 µg/ml rifampicin for 

20 min before crosslinking. 

Performed in triplicate. This work 

E. coli 

MG1655 

RpoB ChIP-

Seq GSM613808 

ChIP-Seq performed for 

exponentially growing culture 

in LB. Single replicate. [243] 

E. coli 

MG1655 

RpoC ChIP-

chip for cells 

pre-treated 

with Rif GSM351003 

ChIP-chip performed for 

exponentially growing culture 

in M9 medium. The culture 

was pre-treated with Rif before 

the experiment. [262] 

E. coli 

MG1655 

GapR-Seq GSM4628311-GSM4628314 

ChIP-Seq performed for 

exponentially growing aerobic 

culture in LB. [264] 

E. coli 

MG1655 

Psora-Seq 

SRR17974444-SRR17974449, 

SRR17974460, SRR17974471, 

SRR17974480-SRR17974483 

ChIP-Seq performed for 

exponentially growing aerobic 

culture in LB. [265] 

Mycobacteriu

m tuberculosis 

DNA gyrase 

ChIP-Seq GSM2538162 

ChIP-Seq performed on 

exponentially growing culture 

of MtbRa cells. 

[63] 

Mycobacteriu

m tuberculosis 

RNAP ChIP-

Seq GSM1003214, GSM1003215 

ChIP-Seq performed on 

exponentially growing culture. [275] 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5529907
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5529918
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5509255
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5509263
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5538289
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5538290
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5514277
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5514282
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5514289
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM5514294
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM613808
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM351003
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4628311
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4628314
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR17974444
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR17974449
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR17974460
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR17974471
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR17974480
https://trace.ncbi.nlm.nih.gov/Traces/sra/?run=SRR17974483
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2538162
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1003214
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1003215
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Mycobacteriu

m tuberculosis 

RNA-Seq GSM1003224, GSM1003225 

RNA-Seq performed for 

exponentially growing culture. [275] 

Mycobacteriu

m smegmatis 

RNAP ChIP-

Seq GSM1171544, GSM1171545 

ChIP-Seq performed on 

exponentially growing culture. [278] 

Mycobacteriu

m smegmatis 

TopoI ChIP-

Seq SRX4970107 

ChIP-Seq performed on 

exponentially growing culture. [179] 

Mycobacteriu

m smegmatis 

Mock DNA for 

ChIP-Seq 

normalization GSM4274349, GSM4274350 Mock DNA data [279] 

Mycobacteriu

m smegmatis 

RNA-Seq GSM2756262, GSM2756263 

RNA-Seq performed for 

exponentially growing culture. [280] 

Streptococcus 

pneumoniae 

TopoI and 

RNAP ChIP-

Seq 

SRR12427932, SRR12427936, 

SRR12427942 

ChIP-Seq performed for 

exponentially growing culture. [175] 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1003224
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1003225
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1171544
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM1171545
https://www.ncbi.nlm.nih.gov/sra/SRX4970107%5baccn%5d
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4274349
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM4274350
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2756262
https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSM2756263
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR12427932&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR12427936&display=metadata
https://trace.ncbi.nlm.nih.gov/Traces/index.html?view=run_browser&acc=SRR12427942&display=metadata
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Supplementary Figure 1. Correlation and correspondence between gyrase binding data (Jeong et al., 

2004 [62]) and cleavage data revealed with Topo-Seq data. (A) Heatmap represents the Pearson 

correlation coefficients were calculated between 4 replicas of Jeong et al., 2004 gyrase binding data and all 

replicas of normalized Topo-Seq data (IP/Input). (B) Binding of DNA gyrase to the E. coli W3110 

chromosome according to Jeong et al., 2004. Smoothed with a 200 kb sliding window. (C) Gyrase 

enrichment (IP/Input) over the E. coli W3110 genome from Topo-Seq experiments, smoothed with a 200 

kb sliding window.  
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Supplementary Figure 2. Factors associated with high or low EcTopoI enrichment signal at intergenic regions 

(IRs). (A) Effect of a high-level expression of adjacent genes. IRs were classified as regions associated with a high 

level of expression if the cumulative expression of adjacent genes was higher than 5 FPKM units (EL>5) and as 

regions associated with a low level of expression if the cumulative expression of adjacent genes was lower than 5 

FPKM units  (EL<5). Then, for each group of IRs, RNAP fold enrichment (pink), the expression level of adjacent 

genes (yellow), and fold enrichment of EcTopoI in Rif-/CTD- (red) and Rif+/CTD- (green) conditions were 

identified. Violin plots demonstrate the distribution of the parameter’s values; the vertical axis is log-scaled. The 

sample size is indicated above the plots, means are marked with a horizontal black line and indicated below with ( X  

), medians are marked as a blue horizontal line. If present, statistically significant differences between means are 

visualized with dashed lines with stars (p-value<0.01, Welch t-test). (B) Violin plots showing the effect of RNAP 

with high and low enrichments at IR. IRs were classified as regions with a high RNAP signal if the fold enrichment 

was higher than 2 (RNAP>2) or as regions with a low RNAP signal if the fold enrichment was low (RNAP<2). The 

color coding and denotations are the same as in A. (C) Violin plots for IRs classified by the orientation of adjacent 

genes: genes can be in the same orientation on the positive or negative strand (→→ or ), divergent (→), or 

convergent (→). (D) Violin plots for IRs containing (+TF) and not containing (-TF) annotated binding sites for 

transcription factors (based on data from RegulonDB [281]). (E) Violin plots for IRs classified by the presence of 

adjacent genes encoding membrane-localized protein: both genes encode membrane protein (MM), one gene encodes 

membrane protein (M-), and neither gene encodes a membrane protein (--). The subcellular localization of E. coli 

proteins data was taken from EcoCyc database.  
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Supplementary Figure 3. Colocalization of TopoI and RNAP and DNA gyrase and RNAP in 

mycobacteria; TopoI enrichment in S. pneumoniae. (A) The Venn diagram represents the number of 

overlapping RNAP and TopoI peaks in M. smegmatis. (B) Enrichment of MsmRNAP in regions occupied 

by MsmTopoI peaks and enrichment of MsmTopoI in regions occupied by MsmRNAP peaks. (C) The Venn 

diagram represents the number of overlapping RNAP and gyrase peaks in M. tuberculosis. (D) Enrichment 

of MtbGyrase in regions occupied by MtbRNAP peaks and enrichment of MtbRNAP in regions occupied 

by MtbGyrase peaks. (E) Metagene plot represents enrichment of SpTopoI and SpRNAP over a set of all S. 

pneumoniae TUs. ChIP-Seq data is taken from [175]. For all panels ChIP-Seq fold enrichment is given 

relative to the input sample. 

 


