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ABSTRACT

DNA Topoisomerase | (Topol) in eubacteria is the
principle DNA relaxase, belonging to Type 1A group.
The enzyme from Mycobacterium smegmatis is es-
sential for cell survival and distinct from other eu-
bacteria in having several unusual characteristics.
To understand genome-wide Topol engagements in
vivo, functional sites were mapped by employing a
poisonous variant of the enzyme and a newly discov-
ered inhibitor, both of which arrest the enzyme activ-
ity after the first transestrification reaction, thereby
leading to the accumulation of protein-DNA covalent
complexes. The cleavage sites are subsets of Topol
binding sites, implying that Topol recruitment does
not necessarily lead to DNA cleavage in vivo. The
cleavage protection conferred by nucleoid associ-
ated proteins in vitro suggest a similar possibility
in vivo. Co-localization of binding and cleavage sites
of the enzyme on transcription units, implying that
both Topol recruitment and function are associated
with active transcription. Attenuation of the cleavage
upon Rifampicin treatment confirms the close con-
nection between transcription and Topol action. No-
tably, Topol is inactive upstream of the Transcription
start site (TSS) and activated following transcription
initiation. The binding of Topol at the Ter region, and
the DNA cleavage at the Ter indicates Topol involve-
ment in chromosome segregation, substantiated by
its catenation and decatenation activities.

INTRODUCTION

Topoisomerases maintain topological homeostasis during
a variety of cellular processes. For example, during tran-
scription, the movement of the RNA polymerase generates
positive supercoils ahead and negative supercoils behind
the transcribing machinery (1). The torsional stress gener-
ated during the process is relieved by the action of different
classes of topoisomerases. Their catalytic action involves

DNA binding, cleavage, strand passage and religation. The
Escherichia coli genome encodes four topoisomerases—two
of each type (Type 1 and Type II) (2-6). Previous work car-
ried outin the E. coli to elucidate the cellular function of the
topoisomerases have revealed that positive supercoils that
are generated ahead of the RNA polymerase are removed
by DNA gyrase and Topoisomerase IV (TopolV) while the
negative supercoils are acted upon by Topol and TopolV.
TopolV and to a lesser extent Topoisomerase 111 (TopollI),
separate the sister chromatids during chromosome segrega-
tion (1,3,7-11). However, not all bacteria have the full com-
plement of topoisomerases. For example, mycobacterial
genomes code for a limited repertoire of topoisomerases,
a departure from a number of eubacterial genomes that
have a luxury of having more than one topoisomerase of
each type. The Mycobacterium tuberculosis (Mtb) genome
encodes only DNA gyrase (Type II) and Topol (Type 1)
(12-15). Similarly, Topol and DNA gyrase are the major
topoisomerases in M. smegmatis, and both are essential for
cell survival (16,17). The absence of Topolll and TopolV
in mycobacteria, implies that the mycobacterial topoiso-
merases could have evolved to carry out additional func-
tions. Indeed, mycobacterial DNA gyrase is a dual-function
enzyme, catalysing robust decatenation in addition to super-
coiling (18-20). However, additional roles if any, for Topol
are yet to be investigated.

Given the key role of topoisomerases during DNA repli-
cation, transcription, recombination and chromosome seg-
regation, understanding how these enzymes act in vivo is of
interest. A few studies have carried out genome-wide bind-
ing of topoisomerases (21-25). While these investigations
have provided insights into the process of topoisomerase
recruitment at various sites where topoisomerases need to
be engaged, their catalytic action in vivo is less understood.
In one of the studies, TopolV activity sites were mapped
in the E. coli by trapping fluoroquinolone induced enzyme-
DNA complexes (21). Similarly, camptothecin (CPT) in-
duced cleavage has been studied with a mammalian topoi-
somerase I, TOP1, a Type 1B enzyme (23). However, func-
tional sites of other topoisomerases are yet to be mapped,
which is important given the diverse cellular roles played
by different topoisomerases. Notably, no such studies have
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been carried out with Type 1A topoisomerases, which are
found in all eubacteria and eukaryotes. In this context, un-
derstanding in vivo action of Topol in mycobacteria is of
high relevance given its essentiality and the principal role
played in DNA relaxation.

Here, we have employed multiple approaches to elucidate
the genome-wide distribution of Topol binding versus cat-
alytic engagements. High throughput sequencing was used
to map the genome-wide occupancy as well as action sites
determined by genetic and chemical interventions, which al-
lowed trapping of covalent adducts following the first trans-
estrification reaction. Importantly, steady state Topol ac-
tion could also be visualized by capturing reaction inter-
mediates without any perturbation for the first time in any
system. Our study revealed that the action landscape of
Topol in the genome is also driven by transcription induced
supercoiling. Notably, all the binding sites were not acces-
sible at a given time in vivo for Topol activity and the basis
for this inaccessibility of the sites was investigated. We also
demonstrated the recruitment of Topol at the Ter region of
the chromosome to carry out decatenation function, indi-
cating multiple crucial roles played by the sole Type 1A en-
zyme present in the cell.

MATERIALS AND METHODS
Bacterial strains and culture conditions

Mycobacterium smegmatis Topol D108A, a toprim mutant
of Topol (28) was sub-cloned in pMIND vector (26) to at-
tain MsTopol D108A clone. MsTopol D108A harbouring
M. smegmatis (mc® 155) cells were grown at 37°C in 7H9
medium (Difco) enriched with 0.05% Tween 80 and 0.2%
glycerol or on solid Middlebrook 7H11 medium (Difco)
supplemented with 0.5% glycerol. Appropriate antibiotics
were added wherever required.

Trapping enzyme—DNA covalent complexes

Mpycobacterium smegmatis competent cells were trans-
formed with MsTopol D108A containing plasmid. The cells
were grown till ODggonm of 0.4-0.6 followed by induction
with 25 ng/ml of tetracycline for 4 h. The harvested cell pel-
lets were resuspended in 200 .l of RLT Plus buffer (Qiagen)
and incubated at room temperature for 10 min for lysis. The
samples were centrifuged at 13 000 rpm for 10 min at 4°C
and supernatants were collected. Protein-DNA covalent
complexes were ethanol precipitated and resuspended in
200 pl of 8 mM NaOH. DNA was quantified using a nano
drop spectrophotometer (Thermo Scientific) and spotted
on PVDF membrane by Bio-Dot apparatus (Bio Rad) as
described (27). The complexes were probed for Topol us-
ing specific monoclonal antibodies (mAb) (28). Similarly,
for imipramine dot-blot, exponentially growing M. smeg-
matis cells were treated with 10x MIC of imipramine for
12 h, covalent complexes isolated and dot-blot assays were
carried out as described above. Dot-blots were performed
several times and similar results were obtained.

RNA isolation and quantitative PCR

RNA was isolated from exponentially growing M. smeg-
matis harbouring MsTopol D108A and imipramine treated
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cells by using RNAZol-RT reagent (Sigma). RNA concen-
tration and purity was checked spectrophotometrically and
on 1.2% formaldehyde gel respectively. cDNA was synthe-
sized using Applied Bioscience cDNA synthesis kit follow-
ing manufacturer’s instructions. Quantitative PCR (qPCR)
was carried out using Bio Rad CFX96 Touch Real Time
PCR Machine. 16S rRNA was used as internal control for
normalization. The data represented is mean+SD from the
three independent experiments.

Chromatin immunoprecipitation

Exponentially growing MsTopol DI08A M. smegmatis
cultures were harvested and pellets were re-suspended in
immune-precipitation buffer and samples were processed
as described earlier (22). Topol bound DNA was pulled
down using anti-Topol antibodies (28). Mock-IP reactions
were without Topol antibodies. DNA was extracted twice
with phenol-chloroform, precipitated and re-suspended in
50 pl of water. For imipramine ChIP, exponentially grow-
ing cells were treated with 10x MIC of imipramine for 12
h and ChIP was carried out. To identify Topol binding,
formaldehyde crosslinked ChIP was performed (22). Topol
enrichment was checked on Topol targeted genes (16) using
gPCR. The data represented is mean+SD from the three in-
dependent experiments.

ChIP-Seq library construction, sequencing and data analysis

For library construction DNA fragments of 150— 250
bp were selected. Sequencing was performed on the
IMlumina Genome Analyzer IIx using the Paired-Read
Cluster Generation Kit v4. The data were processed
using the Illumina Pipeline Software v1.60. The se-
quences with adapters and low quality reads (Phred Score
< 30) were removed using Trim Galore (https://www.
bioinformatics.babraham.ac.uk/projects/trim_galore/).
These reads were aligned to the M. smegmatis genome
(Assembly accession: GCA_000767705.1 [ASM76770v1]
http://bacteria.ensembl.org/Mycobacterium_smegmatis/
Info/Index ) using Bowtie2 (version 2.2.6) (http://bowtie-
bio.sourceforge.net/bowtie2/index.shtml). The peak calling
was performed using MACS2 (version 2.1.1.20160309)
(https://github.com/taolit/MACS). Target prediction was
performed using ChIP seeker (https://www.ncbi.nlm.nih.
gov/pubmed/25765347) and annotations from Ensembl
Bacteria for M.smegmatis (ftp://ftp.ensemblgenomes.
org/pub/bacteria/release38/gff3/bacteria_7_collection/
mycobacterium_smegmatis_str_mc2_155/)). For visual-
ization, alignment files were converted to BedGraph
format and uploaded to UCSC genome browser. The
data have been uploaded to NCBI (SRA accession
number-PRINAS503689).

Primer extension

Mpycobacterium smegmatis cells harboring MsTopol
D108A (ODgyonm = 0.4-0.6) were induced with 25 ng/ml
of tetracycline. Another set of cells were treated with
Rifampicin for 10 min prior to induction. Genomic DNA
was isolated from all the cultures using CTAB method
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(29). Primer extensions were carried out with 2 pmol of
P3? labeled specific primers (Supplementary Table DS1)
and 1 U of Tag DNA polymerase in a reaction mixture
containing 20 mM Tris—-HCI (pH-8.8), 10 mM KCI, 10
mM (NHy4),SOy4, 2 mM MgSO, and 1% Triton X-100 and
dNTPs. The samples were subjected to 29 and 10 cycles of
95°C for 1 min, 95°C for 30 s, 58°C for 50 s and 72°C for 1.5
min. The products were ethanol precipitated and resolved
on 8§ M urea 12% polyacrylamide gel. Similar primer
extension analysis was carried out with M. smegmatis cells
treated with imipramine. The experiments were performed
multiple times and similar trends were observed.

Catenation and decatenation assays

Catenation of M 13 single stranded DNA was carried out in
a 20 pl reaction volume containing 20 mM Tris—HCI (pH
8.0), 20 mM KCl, 6 mM MgCl,, 5 mM spermidine, 0.5 mM
DTT, 50 pg/ml BSA, 30% glycerol (v/v) or 10% PEG-400
or 10% PEG-8000, 100 ng of DNA substrate and 0.2 pM
MsTopol. Reaction mixtures were incubated at 52°C for
1 h and terminated by adding 1% SDS and 1mM EDTA.
The products were ethanol precipitated and resolved on
0.8% agarose gel. Gels were stained with SYBR™ Gold (In-
vitrogen) and image was documented by Biorad gel docu-
mentation system. For decatenation assay, catenated DNA
(kDNA, Inspiralis) was incubated with increasing concen-
tration of MsTopol at 37°C for 30 min in the assay buffer
containing 40 mM Tris—-HCI (pH 8.0), 20 mM NaCl, | mM
EDTA, 5 mM MgCl, and 5% glycerol and terminated by
adding 1% SDS and ImM EDTA. The products were re-
solved on 0.8% agarose gel and stained with EtBr. The ex-
periments were performed multiple times and similar results
were obtained.

Oligonucleotide cleavage assays

Thirty two mer oligonucleotides were designed from the
cleavage and binding peaks (Supplementary Table DSI).
Cleavage assays were carried with MsTopol and 5 end-
labelled 32-mer oligonucleotides and in assay buffer (40 mM
Tris—HCI (pH 8.0), 20 mM NaCland 1 mM EDTA) at 37°C
for 30 min. The products were resolved on 8 M urea and
12% polyacrylamide gel once reaction was terminated with
heat inactivation at 95°C for 2 min in a buffer containing
45% formamide. Cleavage assays were also performed in the
presence of HU or Lsr2 and the resultant products were
resolved on denaturing polyacrylamide gels as described
above. The experiments were performed multiple times and
similar results were obtained.

RESULTS
Experimental design and validation

Although genome-wide occupancy studies with topoiso-
merases would reveal the interaction of the enzyme across
the genome, such analysis do not pin-point the sites of cat-
alytical activity. In order to map functional sites of Topol
action, two strategies were employed (Figure 1A). In the
first approach, a poisonous variant of Topol is used, which
generates covalent adducts between the enzyme and DNA,

arresting the reaction at that stage (30). We have shown
previously that an alanine substituted mutant of the first
conserved amino acid in the DXDXE motif in the toprim
region of MsTopol (DI108A) leads to the accumulation
of covalent complexes in vitro (30). Instead of complet-
ing the two sequential transesterification reactions, in the
mutant enzyme catalysed reaction, the covalent complexes
are accumulated even in the presence of Mg?*, which oth-
erwise promotes religation (30). That the mutant enzyme
arrests the enzyme reaction in vivo can be shown in an
assay where covalent complexes are detected using Topol
specific antibodies. In the second approach, imipramine,
a newly discovered inhibitor of mycobacterial Topol, is
employed (31). This tricyclic antidepressant drug specifi-
cally inhibits mycobacterial Topol, generating cleaved com-
plexes (31). Thus, treatment with imipramine leads to the
arrest of the Topol reaction after the first transesterifica-
tion (31) in a manner analogous to fluoroquinolone ar-
rested ternary complexes of DNA-DNA gyrase and DNA-
TopolV (21,32,33). These complexes can also be conve-
niently captured by the antibodies against MsTopol with-
out requiring formaldehyde crosslinking used for conven-
tional ChIP. However, formaldehyde crosslinking would al-
low mapping of genome-wide binding of the enzyme (Fig-
ure 1B).

To validate the two approaches, MsTopol D108A was
overexpressed in M. smegmatis (Supplementary Figure S1),
Topol-DNA covalent adducts were isolated and detected
using dot-blot. The Topol signals increased with increas-
ing DNA concentration (Figure 1C) indicating the accu-
mulation of DNA-protein covalent adducts. DNA dam-
age brought about by DNA breakage was confirmed by
the qPCR of recA expression. The increase in recA4 expres-
sion indicated the induction of SOS response upon protein-
DNA covalent complex formation (Figure 1D). As in the
case of D108A, after imipramine treatment, protein-DNA
covalent complexes were isolated, which were detected by
immunoblots (Figure 1E). Higher recA4 expression indicated
DNA damage due to DNA cleavage after the drug treat-
ment (Figure 1F). Thus, with both the approaches, prob-
ing the Topol action in vivo resulted in accumulation of re-
action intermediates, which are captured by the antibod-
ies and the cleavage sites in DNA determined by sequenc-
ing. Our previous studies indicated that fabG, aldolase and
groS genes were down regulated in MsTopol knockdown
strain (16). Topol enrichment on these Topol targeted genes
was confirmed using ChIP-qPCR for D108A ChIP (Supple-
mentary Figure S2A), formaldehyde crosslinked ChIP (FC
ChIP, Supplementary Figure S2B) and imipramine treated
ChIP samples (IT ChIP, Supplementary Figure S2C) prior
to the genome-wide analysis.

Analyses of genome-wide Topol recruitment and activity

The genome wide Topol occupancy and the action sites
are represented on the circos plot using circlize tool (https:
/[cran.rstudio.com/web/packages/circlize/circlize.pdf) (Fig-
ure 2A). The grey circle depicts Topol occupancy on the
M. smegmatis genome, whereas blue and green circles repre-
sent Topol action sites mapped by IT ChIP-seq and D108SA
ChIP seq respectively. While the enzyme recruitment is
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Figure 1. Experimental approaches and validation. (A) Schematic of experimental approaches to map Topol functional sites. Imipramine treated (IT) and
D108A mutant mediated protein-DNA covalent adducts were immune-precipated using anti-Topol antibodies and sequenced. (B) Overall occupancy of
Topol is determined by formaldehyde crosslinking of Topol and DNA (FC). Topol linked to DNA was immune-precipitated using anti-Topol antibodies.
(C) Dot-blots showing Protein-DNA covalent complexes isolated from MsTopol D108A overexpressing M. smegmatis (mc2 155) cells and (E) imipramine
treated M. smegmatis cells probed with Topol antibodies. (D) qPCR showing increased recA expression in MsTopol D108A overexpressing M. smegmatis
cells and (F) imipramine treated M. smegmatis cells. The data represented is mean £ SD from the three independent experiments. UT = untreated, IT =

imipramine treated.

found throughout the genomic landscape, the major cleav-
age sites appear to be localized to specific regions across
the genome (Figure 2A and Supplementary Figure S3 A-
G). To verify that the cleavage peaks are indeed obtained by
Topol activity, 32mer oligonucleotides were designed from
three different genomic coordinates—6200-6300 kb, 4900—
5100 kb and 3700-3900 kb (Figure 2C-E, left panel, re-
spectively). Cleavage assays with these three sets of oligonu-
cleotides and Topol indicated that in vivo cleavage peaks
obtained by sequencing are genuine cleavage sites (Figure
2C-E, right panel). Figure 2B depicts the lincar UCSC
browser snapshot where Ori is represented at both the ex-
tremities and the Ter is located in the middle. High den-
sity of the Topol peaks were found near Ori (Supplemen-
tary Figure S4A and B) for all the samples (D108A, IT and

FC) used for the study. These patterns, were retained even
after copy number and sequencing depth normalization.
Similar higher abundance of peaks for binding of topoiso-
merases near Ori were seen in earlier studies with the Es-
cherichia coli and Mtb (21,22,25). Genomic coordinates for
Topol functional sites were further analysed (Supplemen-
tary Figure S3A-G) and three of the highly-enriched sites
are expanded to obtain better insights into Topol in vivo ac-
tion (Figure 2C-E). Analysis of the zoomed regions showed
more cleavage peaks for I'T ChIP compared to D108A cleav-
age peaks, indicating drug induced additional cleavage of
DNA (Figure 2E, closed circle). Similarly, in studies with
the E. coli TopolV, hundreds of cleavage sites were obtained
in norfloxacin ChIP (21). Remarkably, the examination of
circos plot (Figure 2A) revealed that in the experiments con-
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ducted in the absence of imipramine treatment or without
MsTopol D108A expression, the basal Topol activity was
captured during the natural reaction of the enzyme (BT-
ChIP). These sites were at identical locations (0.65 Pearson
correlation coefficient with D108A, Supplementary Figure
S5 A) to the cleavage sites mapped using Topol poisonous
variant D108A (Figure 2C-E, star) but are subsets of mu-
tant induced cleavage peaks (~150 peaks for BT ChIP and
~270 peaks for D108A). Thus, the different approaches
used to assess Topol functional sites show remarkably sim-
ilar patterns, indicating the robustness of the methods em-
ployed (Pearson correlation coefficient for D10§A and IT
= 0.61, FC and IT = 0.59 and D108 and FC = 0.48, Sup-
plementary Figure S5 B-D).

Insights into Topol sequence specific interaction in vivo

Previous studies revealed that unlike most other topoiso-
merases, both M. smegmatis and Mtb Topol interact with
DNA in sequence specific fashion. They recognised the se-
quence CG/TCTTC/G, termed as strong topoisomerase
site (STS) and cleaved DNA between the two T residues
(34-37). Earlier studies also revealed that the enzyme re-
quires a longer length of at least 20 nt DNA for binding
and cleavage (38) unlike the E. coli Topol, which can cleave
oligonucleotides of 7-8 nt length (39). Further, foot print-
ing studies revealed a large protected DNA region due to
MsTopol binding, which also encompassed upstream re-
gion of STS (37). Thus, it is probable that the enzyme would
recognise similar sequences in vivo, although DNA cleavage
sites in vivo have not been mapped for any Type 1A enzyme.
Hence, major cleavage peaks were analysed to identify com-
mon recognition motif. The consensus motif was generated
(Supplementary Figure S6A) (P value = le-4) for the en-
riched cleavage sites using MEME suite (40). The motif de-
rived was similar to the motif obtained from in vitro stud-
ies (34,35), which indicated that the mycobacterial Topol
exhibits sequence preference in vivo, in genomic context as
well. To further validate, oligonucleotides designed from the
derived motif from one of the regions where both bind-
ing and cleavage is seen was assessed for Topol cleavage.
With the increasing enzyme concentrations, the cleavage of
the oligonucleotides was increased (Supplementary Figure
S6B). The oligonucleotides with one or two nucleotide vari-
ation from the consensus sequence showed reduced cleav-
age activity indicating the sequence specific interaction of
the enzyme (Supplementary Figure SOC-E). Notably, when
oligonucleotides from the genome sequence where peaks
were not found or totally non-specific sequences were taken,
cleavage was not observed (Supplementary Figure S6F and
G).

Some binding sites are recalcitrant to cleavage by Topol

Comparison of Topol binding and cleavage data showed
that cleavage peaks were absent in a few locations where
corresponding binding peaks were seen (Figure 2C and D,
open circle). These results indicated that although Topol
is recruited, the sites may be inaccessible for cleavage. For
example-from Figure 2C-E, the supplementary figure S3
A-G and Figure 3A and C, it is evident that Topol medi-
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ated DNA cleavage sites are not seen at several locations
where peaks for recruitment are observed. Thus, although
Topol sites are distributed throughout the genome, not all
the sites where it is recruited are accessible for Topol action
in vivo. In order to understand the basis for the inaccessi-
bility of the enzyme for the substrate, oligonucleotides were
designed from these regions and in vitro cleavage reactions
with MsTopol were carried out. Cleavage of these oligonu-
cleotides at comparable efficiency to that of any other sites
indicated that these sites are actually genuine Topol sites
with respect to enzyme recognition and cleavage (Figure 3B
and D). This inaccessibility of the sites in vivo for the en-
zyme action could be due to the masking of the sites by the
binding of other DNA binding proteins or topological con-
straints rendering the sites refractory to cleavage.

NAPs, by virtue of their DNA binding, compaction, si-
lencing and genome organisation roles, are the most likely
candidates, which hinder the Topol action at these sites in
vivo (41-43). To address whether binding of NAPs to the
DNA leads to protection from Topol action, two of the
well-studied NAPs of mycobacteria—HU and Lsr2, were
chosen for protection analysis. HU is an abundant NAP,
conserved among all the eubacterial species and is consid-
ered the archetypal bacterial counterpart of eukaryotic his-
tones (44). The Lsr2 protein is specific to mycobacteria but
has properties similar to H-NS from the E. coli (45,46). One
of the major roles of H-NS is to repress gene transcription
by binding to AT-rich sequences in a sequence indepen-
dent fashion (47,48). In addition, H-NS is also a key player
in silencing genomic regions (49). In order to test whether
HU and Lsr2 protect the binding sites from Topol medi-
ated cleavage, the oligonucleotides were incubated with HU
or Lsr2 and then Topol cleavage assays were carried out.
Both the NAPs inhibited Topol mediated cleavage (Figure
3E and F), implying NAPs mediated protection could play
a role in the inaccessibility of the sites in vivo.

Transcription modulates Topol activity

During transcription, the transcribing RNAP would in-
duce the formation of both positive and negative super-
coils ahead and behind it, respectively, facilitating the re-
cruitment of topoisomerases to transcription units. Indeed
a few recent studies show such recruitment of topoiso-
merases (21-25). Co-localization of Topol and DNA gy-
rase along with RNAP in transcription units (TUs) has been
described in Mtbh indicating a close connection between
topology and transcription (22). In a study in mammalian
cell lines, the TOPI1 activity was activated by RNA poly-
merase II (RNAPII) phosphorylation. The inactive TOP1
bound at the upstream of TSS becomes fully active after
the transcription pause release triggered by phosphoryla-
tion of C-terminal domain of RNAPII (23). Thus, to ex-
amine such a close connection between transcription and
topoisomerase function, both Topol occupancy and activ-
ity were analysed on highly and lowly expressed genes lo-
cated across the genome. The occupancy and activity of the
enzyme were found more on highly expressed genes com-
pared to lowly expressed genes (not shown). To compare
the binding verses activity pattern of the enzyme during
transcription, both binding (FC ChIP) and activity (D108A



1422 Nucleic Acids Research, 2019, Vol. 47, No. 3

D108A
Fe M‘A—L—_
IT
e
BT
C 5050-5200 kb reg.i(?_r] o
D108A

BT
E

Topol + O+ O+ o+

HU -+
Cleaved _,| PR ——
products =

HU Protection assay

@
B o Topol _—

B > >

- - -

MSMEG_3902_binding

Cleaved
I~ products

»
D °°6° Topol
¢)

BB

s 2

-

Cleaved
-
d ‘—products

MSMEG_5103_binding

Cleaved .I ooy

products

F
Topol| ., . + o+
Lsr2l .+ 4+ +++

Lsr2 Protection assay

Figure 3. Protection of cleavage sites by NAPs. (A and C) UCSC browser view in higher magnification for 3905-4050 and 5050-5200 kb genomic coordinates
respectively. (B and D) Cleavage assay with DNA having Topol recognition motif but cleavage not seen in vivo. Oligonucleotides (32mer) from DNA binding
peaks were treated with increasing concentration of MsTopol (0.01-0.16 wM). The resultant products were analysed on 8M urea 12% polyacrylamide gel.
(E and F) Protection assay with NAPs. 32mer oligonucleotides were incubated with increasing concentration of HU (E) or Lsr2 (F) and cleavage assays
were carried out with Topol (0.2 wM). The resultant products were analysed on 8 M urea and 12% polyacrylamide gel.

ChIP) of Topol were plotted along with RNAP ChIP data.
The initiating and clongating RNAP were distinguished
by holoenzyme ChIP (RNAP sigma ChIP) verses core en-
zyme ChIP (RNAP beta ChIP) respectively (50). DNA-
bound Topol was co-localized with RNAP from 1.5 kb up-
stream of TSS to 1.5 kb downstream (Figure 4A and B).
Although Topol was bound upstream of TSS along with
initiating RNAP (RNAP sigma) (Figure 4A), the cleav-
age sites were co-localised with elongating RNAP (RNAP
beta) in the downstream 1.5 kb region (Figure 4B) show-
ing that Topol activity is associated with active transcrip-
tion. That the transcription drives Topol recruitment and
function is confirmed by treating the cells with Rifampicin,
which inhibits transcription. The primer extension reac-
tions with the genomic DNA isolated from the MsTopol
D108A overexpressing strain for 4900-5100 and 3700-3900
kb genomic coordinates (Figure 2D and E) showed reduc-
tion in cleavage after treatment with Rifampicin, indicating
the requirement of active transcription for Topol activity
(Figure 4C and D, lanes 2 and 4). Similar results were ob-
tained with DNA cleavage of imipramine treated cells. Ri-
fampicin treatment attenuated in vivo Topol cleavage in case
of imipramine mediated cleavage as well (Figure 4C and D,
lane 3 and 5).

Topol action near Ter region

Unexpectedly, ChIP-seq analysis revealed Topol binding
and cleavage peaks near the Ter region in M. smegmatis
genome suggesting that the enzyme is catalytically engaged
at these sites (Figure 5A). That the cleavage sites found at
the Ter region are due to genuine Topol activity was con-
firmed by primer extension of the genomic DNA isolated
from M. smegmatis harbouring MsTopol D108A. Appear-
ance of cleavage signals in case of D108A confirmed the
in vivo activity of Topol at the Ter region (Figure 5B). To-
wards the completion of DNA replication, daughter DNA
molecules form precatenane and catenane at the Ter region.
These interlinked DNA duplex molecules are resolved by
the decatenation activity of TopolV in a majority of eu-
bacteria examined, where TopolV is a dedicated decate-
nase (51,52). In addition to TopolV, Topolll, a Type 1A
enzyme also participates in the removal of precatenane in
the E. coli (53,54). However, in the absence of both Topolll
and TopolV in genus Mycobacterium (14,17), Topol ap-
pears to be carrying out the role of Topolll. To verify, cate-
nation and decatenation activities of Topol were analysed.
Using phage M13 ssDNA, we show that Topol has cate-
nation activity (Figure 5C) confirming our earlier observa-
tions (34). Importantly, its decatenation activity is visual-
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urea 12% polyacrylamide gel. Arrow indicates the cleavage product.

ized with KDNA as a substrate (Figure 5D). Thus, mycobac-
terial Topol is a dual-function enzyme, the relaxase of the
cell also having decatenation activity likely to be function-
ing in the removal of precatenane/catenane generated dur-
ing replication.

DISCUSSION

Supercoiling is an indispensable component and inevitable
consequence of DNA and RNA metabolism (3). The ex-
cess of supercoiling, both positive and negative, generated
during replication and transcription have to be removed
by the activity of topoisomerases to manage normal cel-
lular function (1-3,55). We recently provided experimental
demonstration for the co-localization of DNA gyrase and
Topol with RNAP by analysing the genome-wide binding
profile of DNA gyrase, Topol and RNAP in Mtb as a vali-
dation of the twin supercoiled domain model (22). The dis-
tribution profile of DNA gyrase and Topol correlated well
with that of RNAP indicating the functional interplay be-
tween these enzymes and RNAP (22). Such an interaction
of the topoisomerases with transcription apparatus, follow-
ing their recruitment is necessary for further continuation
of the transcription elongation. Although these studies im-
plied the function of topoisomerases during transcription,
their actual catalytical activity per se was not examined.
By applying multiple approaches, we provide the first di-
rect experimental verification of genome-wide action of a

prokaryotic Topol during transcription and also uncover
its hitherto unknown role in chromosome segregation. To
identify MsTopol functional sites, the site specific cleavage
characteristic and the processivity attributed to the enzyme
have been considered while exploiting a poisonous mutant
of Topol and an inhibitor, both of which arrest the reac-
tion after DNA cleavage, creating imbalance in cleavage-
religation equilibrium.

It is imperative that negative supercoiling generated dur-
ing transcription in the vicinity of the RNAP has to be re-
solved for the continuation of the process. Indeed from the
data presented in the Figure 4A and B, we are able to vi-
sualize the close linkage between transcription elongation
and Topol activity. The cleavage activity of the enzyme is
high throughout the ORF (open reading frame) and low
at upstream promoter region and at the ends of the genes.
Although, Topol binding is seen at promoter proximal up-
stream region as well as at TSS, the absence of cleavage in-
dicates the inactivity of the enzyme at the promoter region.
Thus, although both RNAP and Topol would co-exist at
and in the vicinity of the TSS, Topol is not functionally ac-
tive prior to the initiation of the transcription process. In
the hind sight, this is not surprising given that the negative
supercoils generated at the promoter by RNAP binding to
—10 and -35 elements would be needed to retain promoter
melted state by the enzyme (56-58). Much of the under-
wound DNA sequence at the promoter region is wrapped
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without Topol.

around RNAP to favour transcription initiation and hence
DNA will not be available for Topol action (59,60). How-
ever, during transcription elongation, continuously gener-
ated negative supercoils must be resolved by the action of
Topol throughout gene body as seen in the present study. In
this context, the observation that Topol physically interacts
with RNAP gains significance (61). The authors hypothe-
sized that the enzyme may migrate with the transcription
elongation complex to prevent the accumulation of super-
coiling (61). Our results provide experimental support for
the co-migration model of Topol and RNAP during tran-
scription elongation. The data presented also imply that
Topol recruited at the promoter has to be retained in an
inactive state prior to transcription initiation. This is rem-
iniscent of the behaviour of eukaryotic TOP1 (a Type 1B
enzyme), which is recruited to the promoter but remains in-
active until activated (23). The enzyme is activated after the
activation of CTD of RNAPII by phosphorylation within a
zone of ~1.5 kb downstream of the transcription pause site
(23). Transcription by RNAPII is resumed once the oppos-
ing torque is removed by the relaxation activity of activated
TOP1 (23). Key factors (BRD4 and PTEFD) participate in
this TOP1-RNAPII interplay to overcome the transcrip-
tional pause and to commence the elongation process. [tisa
moot point whether the bacterial Topol would also require
such elaborate activation process involving complex inter-
play. Alternatively, the activation of the enzyme may sim-

ply be brought about by the mechanical relay of the topo-
logical stress created by RNAP movement. Nevertheless,
there appears to be a parallel in the involvement of distinct
types of topoisomerases during initiation and elongation of
transcription in prokaryotes and eukaryotes, although these
two enzymes function differently. Being a Type 1B topoi-
somerase, TOP1 in eukaryotes acts ahead of transcription
machinery to remove positive supercoils whereas bacterial
Topol (Type 1A) acts behind transcription machinery to re-
move negative supercoils.

Our analysis of Topol cleavage sites in vivo revealed sev-
eral interesting features. For the first time in any system,
steady state reaction intermediates of a topoisomerase ac-
tion were captured possibly reflecting the high quality of
the antibodies used, which arrest enzyme-DNA covalent
adducts without drug treatment. That these are genuine re-
action intermediates and not the artefacts is evident given
that the same peaks were seen when the poisonous variant
MsTopol D108A was induced in the cells and in the drug
imipramine treated samples, which arrest the reaction in-
termediates after the first transestrification reaction. More-
over, Topol mediated genomic cleavage was verified by PCR
analysis of isolated genomic DNA. It is rather obvious why
the steady state arrested cleavage peaks detected were fewer
in number, as the reaction would have gone to completion
in most sites where enzyme is engaged in the process. How-
ever, when the Topol function is perturbed by the addition



of imipramine, a large number ie ~1000 cleavage peaks were
generated. The number of peaks with the poisonous vari-
ant (MsTopol D108A) is lower than drug treated samples
because of the fact that both MsTopol WT and MsTopol
D108A would compete for the sites. The peaks seen with
D108A induction are thus due to its dominant negative ef-
fect.

Another notable feature is that while a majority of the
sites were cleaved in the genome by the enzyme a few were
resistant. The refractoriness of the sites could be due to
chromosome compaction mediated by several factors. The
bacterial chromosome is packed into a condensed structure
termed nucleoid, which displays higher order organisation
(41-43). Protein mediated packaging involving NAPs and
topological maintenance brought about by topoisomerases
join together to manage higher order genome organisation
(62). By virtue of their multiple binding modes viz looping,
bridging and coating, NAPs such as H-NS have the ability
to occlude the binding of other proteins and/or silence gene
expression (41). Similarly HU, a major NAP in all eubac-
teria, has multiple roles in the cell (41,63). The protection
of Topol sites from cleavage by HU and Lsr2 (H-NS ho-
mologue in mycobacteria), two of the NAPs tested, prob-
ably hints at dynamic interplay in vivo. We showed previ-
ously that HU and Topol physically and functionally inter-
act in mycobacteria (64). At higher concentrations of HU,
it inhibited the Topol activity (64). Similarly, occlusion of
TopolV binding and cleavage by H-NS binding is also docu-
mented (21). Nucleoid dynamics at various stages of growth
has been well documented (41). Under different experimen-
tal conditions and different growth phases some Topol sites
would become inaccessible due to the alteration in chro-
matin architecture with changes in steady state levels of var-
ious NAPs.

One of the prevailing views is that the main role of bac-
terial Topol is in the removal of R-loops to reduce genome
instability (65,66). This idea has gathered support from the
studies with the E. coli Topol and Topolll. The E. coli
has the luxury of having three relaxases (Topol, TopolIl
and TopolV) to carry out DNA relaxation. As a result,
backup relaxation activity is provided by one or the other
enzyme when the activity of individual enzyme is compro-
mised (3,7,9,11). However, in genus Mycobacterium and in
a number of other bacteria where there is single Type 1A
topoisomerase and where there is no backup relaxase, the
primary role of Topol has to be the removal of negative
supercoils generated during active transcription and repli-
cation. The data presented in the present study reinforce
such a thesis. The negative supercoils removal by the en-
zyme would also resolve the problem of excessive R-loops.

A major finding in the present manuscript is the detec-
tion of Topol activity at the Ter region. A distinct cleav-
age peak is seen with D108A ChIP, IT ChIP and even in
basal cleavage, indicating that Topol is active at the Ter site.
The ability of the enzyme to catenate and decatenate the
DNA together with the action at the Ter site imply a role
for it in chromosome segregation. Normally, in well stud-
ied eubacteria such as the E. coli, entangled daughter DNA
molecules are segregated by TopolV activity. In no small
measure, TopolIl, which also exhibits decatenase activity,
participates in the removal of replication precatenanes. The
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absence of both the enzymes in mycobacteria necessitates
that these microorganisms evolve strategies to solve DNA
segregation problem towards the end of replication. Indeed,
previous studies have revealed that in addition to its su-
percoiling function, DNA gyrase from both Mth and M.
smegmatis is a strong decatenase (18-20). Its recruitment to
the Ter site indicated a role for the enzyme in resolution of
daughter chromosome catenanes (22). The present analysis
provide evidence for the involvement of Topol in chromo-
some segregation. Thus, it appears that both DNA gyrase
and Topol participate in chromosome segregation by virtue
of their decatenation properties, akin to the role played by
TopolV and Topolll in the E. coli. Participation of both
DNA gyrase and Topol in chromosome segregation, how-
ever, is without any precedent. Moreover, Topol in my-
cobacteria appears to have acquired properties of TopolIl.
Dual-function of both DNA gyrase and Topol in mycobac-
teria thus seem to compensate for the underrepresentation
of topoisomerases in the genus.

To conclude, the genome-wide analysis of Topol has
provided the insights into its indispensable functions dur-
ing transcription and additional responsibility in removing
catenated products at replication terminus. The enzyme’s re-
cruitment at promoter in an inactive state and activated role
during transcription process is akin to what is seen in eu-
karyotes during transcription elongation. The approaches
used to map Topol activity in M. smegmatis have the poten-
tial (poisonous variant, newly discovered drug) to be read-
ily applied for understanding the in vivo functional role of
other topoisomerases in both prokaryotes and eukaryotes.
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