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ABSTRACT

Streptomyces topoisomerase I (TopA) exhibits ex-
ceptionally high processivity. The enzyme, as other
actinobacterial topoisomerases I, differs from its
bacterial homologs in its C-terminal domain (CTD).
Here, bioinformatics analyses established that the
presence of lysine repeats is a characteristic feature
of actinobacterial TopA CTDs. Streptomyces TopA
contains the longest stretch of lysine repeats, which
terminate with acidic amino acids. DNA-binding stud-
ies revealed that the lysine repeats stabilized the
TopA–DNA complex, while single-molecule experi-
ments showed that their elimination impaired en-
zyme processivity. Streptomyces coelicolor TopA
processivity could not be restored by fusion of its N-
terminal domain (NTD) with the Escherichia coli TopA
CTD. The hybrid protein could not re-establish the
distribution of multiple chromosomal copies in Strep-
tomyces hyphae impaired by TopA depletion. We ex-
pected that the highest TopA processivity would be
required during the growth of multigenomic sporo-
genic hyphae, and indeed, the elimination of lysine
repeats from TopA disturbed sporulation. We specu-
late that the interaction of the lysine repeats with DNA
allows the stabilization of the enzyme–DNA complex,
which is additionally enhanced by acidic C-terminal
amino acids. The complex stabilization, which may
be particularly important for GC-rich chromosomes,
enables high enzyme processivity. The high proces-
sivity of TopA allows rapid topological changes in
multiple chromosomal copies during Streptomyces
sporulation.

INTRODUCTION

Only two topoisomerases: topoisomerase I (type I topoiso-
merase) and gyrase (type II topoisomerase) are sufficient

to maintain bacterial chromosome supercoiling (1). Topoi-
somerase I homologs (named TopA or TopoI) belong to
the type IA topoisomerases, which constitute a ubiquitous
group of enzymes that remove an excess of negative super-
coils using enzyme-bridged DNA strand passage (2). The
enzymes cleave one strand of the DNA helix and transfer
the second, intact strand through the breakage, which is
then religated (3,4). The catalytically active tyrosine within
the 5Y-CAP domain forms a transient phosphotyrosine
bond with the DNA backbone (5). The active site is lo-
cated in the toroidal N-terminal fragment of the protein
(67 kDa), which also includes a topoisomerase-primase do-
main (TOPRIM) and DNA-binding sites (6,7). While the
N-terminal TopA fragment is highly conserved among var-
ious bacteria, the C-terminal domain (CTD) exhibits high
diversity (4). In most bacterial species, the CTD contains a
varying number of positively charged amino acids and Zn2+

finger motifs (four in Helicobacter pylori TopA, three in Es-
cherichia coli and only one in Thermotoga maritima) (8–11).
Removal of the Zn2+ finger motifs from E. coli TopA did
not inhibit DNA binding and cleavage but abolished DNA
relaxation, while a T. maritima TopA lacking the Zn2+ fin-
ger motif still relaxed DNA (4,7,12,13). Thus, Zn2+ fingers
were hypothesized to either provide an auxiliary DNA in-
teraction interface or to facilitate strand passage during re-
laxation. Some bacteria, including E. coli and Bacillus sub-
tilis, possess an additional topoisomerase of type IA, named
TopB or TopoIII, that is involved in DNA recombination
and decatenation (14,15). The CTD of TopB is shorter than
that of TopA (14 kDa instead of 30 kDa) and lacks Zn2+

fingers; however, similar to TopA, the TopB C-terminus is
enriched in positively charged amino acids (16). TopA and
TopB exhibit different processivities and velocities of su-
percoil removal, suggesting that the CTD modulates the
mechanism of topoisomerase action (17). This idea is rein-
forced by observations made for actinobacterial homologs
of TopA, which stand out as a group of topoisomerases with
unique properties (18,19).

Since Actinobacteria represent a phylum that encom-
passes both clinically (Mycobacterium) and industrially
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(Streptomyces) important bacteria, the activity of their
topoisomerases––enzymes essential for cell survival and in-
volved in the regulation of secondary metabolism––has re-
ceived considerable attention over the last decade (18–27).
Actinobacterial IA topoisomerases differ from other bacte-
rial TopA homologs in their CTD, which, although highly
divergent within the class, is elongated, positively charged
and lacks Zn2+ fingers (18,19). Instead, the CTDs of acti-
nobacterial TopA homologs include very long stretches
of polypeptide chains that are enriched in lysine residues
(three such fragments in Mycobacterium and one in Strep-
tomyces) (19,23,25). Biochemical studies of M. smegmatis
and S. coelicolor TopAs have demonstrated the indispens-
ability of the CTD for protein activity (19,28). The unique
CTD structure was linked to the unusually high processivity
that both enzymes exhibit (18,19). Single-molecule studies
of S. coelicolor TopA revealed its ability to remove as many
as 150 negative supercoils in a single relaxation burst (19).
Ahmed and Nagaraja (23) suggested that the high proces-
sivity of M. smegmatis TopA may be due to DNA-binding
by its CTD, which they suggested to be involved in strand
passage. However, it remains unclear whether the partici-
pation of the TopA CTD in strand passage may enhance
enzyme processivity. Another question that remains unan-
swered is whether less-processive enzymes would be biolog-
ically functional in Actinobacteria.

Streptomyces are soil Actinobacteria that, like all bacteria
in this class, possess a GC-rich genome; however, the Strep-
tomyces chromosome is linear and exceptionally long (up
to 12 Mb) (29,30). The large genome size of Streptomyces
is associated with complex secondary metabolism and reg-
ulatory networks, which allow their survival in harsh envi-
ronmental conditions (30,31). Another adaptation for the
soil habitat is the Streptomyces complex life cycle, which in-
volves mycelial vegetative growth and sporulation. Strep-
tomyces grow by forming dense hyphae composed of elon-
gated and branching cells called hyphal compartments (32–
34). These hyphal compartments contain multiple copies
of chromosomes, which remain unseparated and uncon-
densed during vegetative growth (35). Sporulation involves
the growth of specialized hyphae, which, due to inten-
sive chromosomal replication, contain up to fifty chro-
mosomal copies in a single sporogenic compartment, fol-
lowed by the transformation of this compartment into a
chain of unigenomic spores. At this stage, tens of chromo-
somes synchronously condense and segregate along the hy-
phal cell (32,36). The rapid topological changes in chro-
mosomes during sporulation are dependent on a num-
ber of proteins, such as segregation proteins (ParA and
ParB) and nucleoid-associated proteins (NAPs), and they
also require TopA activity (21,37,38). S. coelicolor, one of
the model Streptomyces species, possesses only one type
I topoisomerase––TopA. While TopA is indispensable, its
depletion inhibits growth, blocks sporulation and affects
the production of secondary metabolites (such as the eas-
ily detectable blue actinorhodin) (21). We hypothesized that
impairing S. coelicolor TopA processivity may affect the
growth and development of Streptomyces.

Here, we verified the hypothesis that the exceptionally
high processivity of S. coelicolor TopA is dependent on ba-
sic amino acids in its CTD. We tested the ability of the TopA

CTD to interact with DNA, and we used magnetic tweez-
ers to answer the question of how modifications within
the CTD influence DNA relaxation at the single-molecule
level. Since the CTD of E. coli TopA binds DNA, we tested
whether it could restore the DNA binding, activity and pro-
cessivity of C-terminally truncated S. coelicolor TopA. Fi-
nally, we tested whether the C-terminal modifications affect
the in vivo functionality of TopA.

MATERIALS AND METHODS

In silico analysis

The amino acid sequences of actinobacterial type IA topoi-
somerases and the referenced actinobacterial proteomes
were obtained from the UniProtKB Protein Knowledge-
base (www.uniprot.org). Our dataset contained 4415 pro-
teins belonging to 170 different genera. In this dataset, we
searched for a pattern containing one to three lysines or
arginines separated by two to nine neutral amino acids.
The obtained dataset (3949 proteins with the general pat-
tern) was filtered to contain only unique proteins possess-
ing lysine-rich sequences with a minimum of five repeats and
containing a minimum of 10% lysines and 27% alanines. We
excluded fragments of proteins and topoisomerases anno-
tated as ATP hydrolyzing. The final dataset contained 1126
proteins belonging to 133 different genera. For each protein,
we added an annotation from the GO database indicating
its probable function. To search for lysine repeats in dif-
ferent proteins, we downloaded complete proteomes from
UniProtKB for 22 different species belonging to the genus
Streptomyces. In this dataset, we searched for proteins us-
ing the same pattern as described above. We excluded pro-
teins shorter than 120 amino acids and longer than 1500
amino acids (554 proteins in total) and filtered only unique
proteins containing at least 3 repeats of a pattern that had
a length of at least 17 amino acids and contained a mini-
mum of 10% lysines and 10% alanines. To check whether
non-Actinobacteria also contained lysine repeats, we per-
formed a similar search as described for the genus Strepto-
myces using 20 proteomes from bacteria belonging to dif-
ferent types. Data analyses and searches for lysine repeats
were performed using the R program (39). The Basic Lo-
cal Alignment Search Tool (BLAST) was used for similarity
analyses (40).

Bacterial strain preparation and growth conditions

Basic DNA manipulations were performed according to
standard protocols (41). The oligonucleotides used for PCR
and the construction of vectors are listed in Supplemen-
tary Table S1. The strains used in this study are listed in
Supplementary Table S2. The culture conditions, antibiotic
concentrations, transformation protocols and conjugation
methods for S. coelicolor followed typical procedures (42).
All S. coelicolor strains were grown on minimal medium
that was supplemented with 1% mannitol (MM) or on rich
medium (SFM) (42). The construction of the mutant S.
coelicolor strains is described in the Supplementary Infor-
mation. The genetic modifications of the obtained strains
were verified by PCR, sequencing and western blot analysis.
The growth curves of the S. coelicolor strains were measured

http://www.uniprot.org
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in 79 medium (not supplemented with glucose, as previously
described (21)) for 96 h at 30◦C using Bioscreen C (Au-
tomated Growth Curves Analysis System, Growth Curves
USA) with five replicates for each strain. The optical density
(OD600) of the cultures was measured every 10 minutes.

Purification of mutant proteins

The construction of expression vectors used for the overpro-
duction of modified S. coelicolor TopA proteins (see Fig-
ure 2A) in E. coli, and the purification methods are de-
scribed in the Supplementary Information. All purified pro-
teins were tested for nuclease contamination as follows: 250
ng of protein was incubated for 24 h at 37◦C with 200 ng of
supercoiled pUC19 plasmid in 50 mM NaH2PO4 (pH 8.1),
300 mM NaCl, 10% glycerol buffer supplemented with 10
mM MgSO4 and 1 mg/ml bovine serum albumin (BSA).
Degradation of DNA was assessed by standard 1% agarose
gel electrophoresis (data not shown). A circular dichroism
(CD) spectra analysis indicated that, for all the analyzed
proteins, the incidence of unstructured regions and struc-
tural composition was similar (Supplementary Figure S1).

Topoisomerase activity assays

In gel assays of topoisomerase activity, the 200-�l reac-
tion mixture contained 120 ng of negatively supercoiled
pUC19 plasmid and 200 nM S. coelicolor TopA, TopA881,
TopA�CTD, TopAED:AA or TopACTDEc in 10 mM
MgSO4, 1 mg/ml BSA, 25 mM NaH2PO4 (pH 8.1), 75
mM NaCl and 5% glycerol buffer. The reaction mixture
was incubated at 37◦C for 0, 0.5, 1, 2, 4, 6, 8 and 12
min and was stopped at that time by the addition of 2
�l of 0.5 M ethylenediaminetetraacetic acid (EDTA). The
DNA was subsequently extracted with 1 volume of phe-
nol:chloroform:isoamyl alcohol (25:24:1), and the topoiso-
mers were analyzed in 1% agarose as previously described
(19). The calculation of band intensities and the amount of
DNA in each band were performed using Fiji software (43).
The assay for each protein was repeated three times. To es-
timate the kinetic parameters Km (Michaelis-Menten con-
stant) and Vmax (maximum velocity), we used 10 ng of TopA
(5 nM), 20 ng of TopAED:AA (10 nM), 150 ng of TopA881
(75 nM) or 100 ng of TopACTDEc (50 nM) (the concen-
tration of each protein was determined experimentally, us-
ing standard topoisomerase tests, to ensure that the initial
velocity of supercoil removal could be precisely measured).
The tested proteins were incubated with increasing amounts
of negatively supercoiled pUC19 plasmid (100–2500 ng).
The reactions were stopped after 30, 60, 90 and 120 s, and
the plasmid was resolved and visualized as previously de-
scribed (19). The calculation of the initial velocity (V0) was
performed according to the protocol described by Xu and
Leng (44). The obtained data were fitted to the Michaelis–
Menten model using R Software and the drc package (45).
The Vmax parameters that were calculated for different en-
zyme values were linearly extrapolated to the same enzyme
concentration.

The single-molecule analysis of S. coelicolor TopA,
TopA881, TopAED:AA and TopACTDEc protein activity
was performed using a 5-kb DNA substrate encompassing a

chromosomal fragment from the related S. venezuelae (GC
content 72%) in 25 mM NaH2PO4 (pH 8.1), 75 mM NaCl
and 10 mM MgCl2 at 34◦C. Linear DNA fragments were
prepared by cutting the pGEMF08 vector with XbaI and
SbfI, purifying them by agarose gel electrophoresis and lig-
ating them with 1-kb DNA labels: SbfI-biotin and XbaI-
digoxigenin. Preparation of the 1-kb DNA labels for the
magnetic trap experiments was performed according to the
protocol described by Szafran et al. (19). In brief, the labeled
linear DNA fragments were first attached to streptavidin-
coated magnetic beads (Dynal MyOne, Life Technologies)
and then to an antidigoxigenin-coated glass flow cell be-
fore being placed on a home-built magnetic trap running
the PicoTwist software suite. The flow cell was placed on
a magnetic trap instrument based on an inverted micro-
scope. To introduce the negative supercoils, the magnetic
beads were acted upon by a magnetic field gradient. The
experiments were performed with the DNA molecules ex-
tended by a force of ∼0.5 pN. This causes DNA instability
and the transient, local appearance of single-stranded re-
gions (ssDNA) in the AT-richest parts of the molecule. The
fragments were negatively supercoiled by ∼12 turns (lead-
ing to the formation of ∼12 plectonemic supercoils; how-
ever, after each round of the experiment, unrelaxed super-
coils could still be present on the DNA, and the addition
of a further 12 negative supercoils to such a DNA molecule
would lead to the presence of more than 12 supercoils on
the DNA). The removal of the supercoils by topoisomerase
was observed as the DNA extension that was measured in
real time by analyzing the position of the bead above the
surface using nm-resolution particle tracking algorithms.
The total time of the experiment amounted to 15 minutes
for TopA, TopAED:AA and TopACTDEc and 60 minutes
for the TopA881 protein. All the data were analyzed with R
Software.

DNA-binding analyses

Surface plasmon resonance (SPR) analyses were performed
on a BIAcore T200. For the SPR analysis, the following
DNA fragments were obtained: a 241-bp-long fragment of
S. coelicolor chromosomal DNA (GC-rich, 69% GC) that
was amplified with primers parAB4200 and biotinylated-
parS4440rv, as well as a 218-bp-long fragment of Arcobac-
ter butzleri RM4018 chromosomal DNA (AT-rich, 29%
GC) that was amplified with primers Abori2PEtv and
biotinylated-pOCrv for a comparison of binding to AT-
rich and GC-rich DNA. To compare binding to single-
stranded and double-stranded DNA, the following DNA
fragments were used: a 120-bp-long single-stranded biotiny-
lated oligonucleotide sstopA-biot that was based on the S.
coelicolor chromosome (63% GC) and a 120-bp-long frag-
ment of S. coelicolor chromosomal DNA that was ampli-
fied with the primers topA biacore 120 and biotinylated-
RV3543RT. All DNA molecules were immobilized on the
surface of a Sensor Chip SA (GE Healthcare Life Sciences)
with up to 200 response units (RU) in total. An empty flow
cell (no DNA bound) was used as a control. DNA not
bound to the chip surface was removed, according to the
manufacturer’s recommendations, by washing the chip first
with 50 mM NaOH and 1 M NaCl and subsequently with
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50 mM NaOH, 1 M NaCl and 50% isopropanol. The inter-
actions of the proteins with DNA were measured in bind-
ing buffer (25 mM NaH2PO4 (pH 8.0) and 150 mM NaCl)
for 500 s at flow rate of 15 �l/min, followed by injection of
binding buffer for 180 s. After each experiment, the chip
surface was regenerated by washing it with the stripping
buffer (0.05% SDS, 10 mM HEPES pH 8, 10 mM MgCl2,
1 mM EDTA, 0.05% Tween and 0.9 M NaCl). The inter-
actions were analyzed in a broad range of proteins con-
centrations (from 2.5 to 100 nM). The results were plot-
ted as SPR sensorgrams after the background signal ob-
tained from empty control flow cell was subtracted. The ex-
perimental data were analyzed using the R Software. Since
the DNA:protein ratio was not 1:1, all parameters were ob-
tained from the empirical data instead of mechanical mod-
els. The stoichiometry analysis was based on the equilib-
rium phase that was obtained at the highest protein con-
centration that was used and was calculated using the fol-
lowing equation: Rmax = MwA/MwL * RU * n, where Rmax
is the maximal response for protein; MwA and MwL are the
molecular mass of the analyte and ligand, respectively; RU
is the initial response after the DNA molecule binds to the
chip; and n is the number of molecules. The KD (dissoci-
ation constant) and maximum binding capacity were ob-
tained from the steady-state equilibrium phase by fitting a
plot of equilibrium Req against the protein concentration
and were calculated using the following equation: Req =
(Rmax * [S])/(KD + [S]), where Req is the response at equilib-
rium, KD is the dissociation constant, and [S] is the substrate
concentration. For each parameter (KD and Rmax), a stan-
dard error was calculated and used to compare parameters
from different proteins. Differences exceeding standard er-
rors were considered significant. The dissociation rate (kd)
was calculated from the dissociation phase in the SPR sen-
sorgrams.

In electrophoretic mobility shift assays (EMSA), up
to 250 nM of TopA protein (as well as TopA881 or
TopAED:AA mutants) was incubated for 15 min at 37◦C
in phosphate buffer (25 mM NaH2PO4, pH 8.0, 150 mM
NaCl, and 5% glycerol) with 100 ng of supercoiled pUC19
plasmid (2.8 nM). Subsequently, all samples were supple-
mented with 3.0 �l of 50% glycerol and resolved overnight
at low voltage in 0.5% agarose in 0.5× TAE buffer (40 mM
Tris, 20 mM acetate and 1 mM EDTA). To visualize the
DNA bands, the gel was treated with ethidium bromide so-
lution for 30 min at room temperature.

Fluorescence microscopy and image analysis

Microscopy specimens were prepared by inoculating strains
at the acute-angle junction of coverslips inserted at 45◦
in MM solid medium containing 1% mannitol (42) and
cultured for either 24 or 44 h at 30◦C. For DNA
and cell wall staining, samples were fixed with a 2.8%
paraformaldehyde/0.00875% glutaraldehyde mixture for 10
min at room temperature, digested with lysozyme (2 mg/ml
in 20 mM Tris–HCl supplemented with 10 mM EDTA and
0.9% glucose) for 2 min, washed with PBS, blocked with
2% BSA in PBS buffer for 10 min and incubated with 0.1–
1 �g/ml DAPI (Molecular Probes) and 10 �g/ml WGA-
Texas Red (Molecular Probes) for 60 min. Fluorescence mi-

croscopy was performed using a Zeiss Axio Imager Z1 flu-
orescence microscope equipped with a 100× oil immersion
objective.

RESULTS

C-terminal lysine repeats are a characteristic feature of acti-
nobacterial TopA homologs

Actinobacterial type IA topoisomerases (TopA) differ from
their other bacterial homologs at their CTD, which is
longer and lacks Zn2+ finger motifs. Instead, the C-terminal
fragment of S. coelicolor TopA encompasses a lysine-
rich stretch of polypeptide chain (71 aa) (Figure 1A).
The lysine residues alternate with three to five neutral
amino acids (usually alanines or threonines), constituting
a K1–2(A/T/N)3–5 motif named ‘the lysine repeat’ (Figure
1B). To determine whether the lysine repeats are a unique
characteristic of Streptomyces TopA homologs, we searched
2212 actinobacterial type IA topoisomerase sequences for
similar patterns.

Lysine repeats were identified in the C-termini of almost
all the analyzed actinobacterial TopA homologs. While the
number of repeats differed among and within genera, the
Streptomyces TopA homologs contained the most numer-
ous motifs––12 on average, but even up to 15 (Figure 1C).
Different genera could be distinguished by the presence of
additional amino acids, such as prolines or serines, in the
lysine repeats, as shown by a principal component analysis
(PCA) (Figure 1D). Interestingly, in 80% of the analyzed
Streptomyces species (191 species), TopA homologs termi-
nated with two acidic amino acids (glutamate, aspartate or
both) (Figure 1E). This feature was found to be highly con-
served in almost all analyzed Streptomyces TopA-like se-
quences but not in the sequences from other Actinobacteria.

To determine whether lysine repeats could be identified
in proteins other than TopA, we searched for them in 22
complete Streptomyces proteomes. The search identified
554 proteins that contained lysine repeats similar to those
present in S. coelicolor TopA. Among all the identified pro-
teins, 175 were annotated as DNA-binding proteins (such
as FtsK, HupS, Ku and HrdB), suggesting their overrepre-
sentation in the group, which was confirmed by a statisti-
cal analysis using a hypergeometric test (p-values < 0.001).
This result indicated that the lysine repeats may be impor-
tant for interactions with DNA.

Interestingly, when we searched for lysine repeats in 20
proteomes of bacterial species from unrelated genera, we
identified only a few proteins, including Caulobacter cres-
centus TopA and Bordetella pertussis sigma factor RpoD
(Supplementary Figure S2). This finding may indicate that
lysine repeats are characteristic of bacteria with GC-rich
genomes.

In summary, our analyses showed that the multiple lysine
repeats present in the CTD are characteristic of actinobac-
terial TopA homologs. In Streptomyces TopAs, the number
of repeats is higher than the TopA-like proteins of other an-
alyzed bacteria, and two C-terminal amino acids are acidic.
Interestingly, among the proteins containing lysine repeats,
the DNA-binding proteins are overrepresented, suggesting
that they play a role in protein–DNA interactions.
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Figure 1. Lysine repeats are characteristic of the actinobacterial TopA C-terminal domain. (A) Comparison of TopA sequences from various bacterial
species. Blue and green color bars represent N- and C-terminal domains, respectively. Positions of the TOPRIM domain (purple), the catalytical tyrosine
residue (black), Zn2+ fingers (yellow) and the lysine repeats (red) are indicated. (B) Sequence of S. coelicolor TopA 71 terminal amino acids encompassing
the lysine repeats (K1–2(A/T/N)3–5). Basic amino acids are marked in red, and acidic in green. (C) The number of lysine repeats present in the TopA
C-terminal domains of various genera belonging to Actinobacteria. Only data for the genera that had at least 20 identified proteins (699 proteins in total)
are presented. The red box with a crossbar indicates the mean with 95% confidence interval, and all observations are marked by semitransparent points.
(D) Principal component analysis (PCA) of the lysine repeats found in TopA C-terminal domains of Actinobacteria showing the variation in length and
amino acid content. PCA was performed using the amino acid composition shown as the percentage of each amino acid: proline (P%), lysine (K%), alanine
(A%), arginine (R%) and serine (S%), the length of the lysine repeats (Frag. length) and the number of acidic amino acids present among the last three
amino acids of the protein (Acidic aa nb). On the plot, the first two principal components that have the largest variance (indicated on the plot) are shown.
Color points indicate individual species belonging to different genera with normal data ellipse for each group (probability = 0.68). The analyzed genera
are indicated. (E) Percentage of Actinobacteria TopA homologs containing acidic amino acids at the C-terminus. The analyzed genera are indicated.
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The C-terminal domain of S. coelicolor TopA requires lysine
repeats to bind DNA

We then examined whether the lysine repeats in the S. coeli-
color TopA CTD are indeed engaged in DNA binding. To
this end, we used SPR to measure the DNA binding of the
intact TopA CTD as well as its truncated versions that lack
the two terminal acidic amino acids, ED (CTD�ED), or
the lysine repeats (CTD272, lacking 71 amino acids at the
C-terminus) (Figure 2A).

The intact CTD efficiently bound double-stranded lin-
ear DNA (dsDNA) fragments (Figure 2B). The binding
curves showed that the CTD had a higher binding capac-
ity (Rmax) for AT-rich DNA than for GC-rich DNA. The
calculated number of protein molecules bound to the DNA
fragment was 1.3 molecules per 100 bp GC-rich DNA and
3.1 molecules per 100 bp AT-rich DNA fragment (Figure
2D and E). The CTD also bound efficiently to ssDNA (GC-
rich); however, due to the high efficiency of protein bind-
ing and equipment limitations, we could not use sufficiently
high concentrations of the tested protein to allow a reliable
calculation of KD (Supplementary Figure S3). The affinity
of CTD for GC-rich and AT-rich DNA fragments was simi-
lar, based on the steady-state calculation of the dissociation
constant, while the dissociation rate for GC-rich DNA was
two-fold higher (kd = 2.64 × 10−3 s−1) than that for AT-rich
DNA (kd = 1.26 × 10−3 s−1) (Figure 2D and E).

The removal of the lysine motif from the TopA CTD
(CTD272) completely abolished its interaction with DNA,
while the terminal ED-truncation (CTD�ED) affected the
binding properties of the CTD (Figure 2B). The binding ca-
pacity of CTD�ED was less than half that of the intact
CTD protein fragment; the stoichiometry of the complex
was similarly decreased (0.6 molecules/100 bp instead of
GC-rich DNA compared to 1.3 for CTD), while the dissoci-
ation rate, kd, was only slightly affected (Figure 2D). Similar
to the CTD, CTD�ED showed more than two-fold higher
binding capacity to AT-rich DNA or to ssDNA than to
GC-rich dsDNA (Figure 2D and E, Supplementary Figure
S3B). Surprisingly, the steady-state dissociation constant of
CTD�ED was 4-fold lower than that calculated for the in-
tact CTD protein fragment (KD 5.4 ± 0.7 nM for CTD�ED
compared to 22.1.5 ± 5.9 nM for CTD), indicating its in-
creased affinity for DNA (Figure 2D).

Thus, the S. coelicolor TopA CTD binds linear DNA
fragments, exhibits higher binding capacity and forms a
more stable complex with AT-rich or ssDNA than with GC-
rich dsDNA. The binding affinity was increased by the re-
moval of the two C-terminal acidic amino acids, possibly
due to the lack of charge repulsion. Removal of the lysine
repeats completely abolished the interaction of the TopA
CTD with the DNA.

Truncation of the C-terminal domain destabilizes the TopA–
DNA complex

Having confirmed that the lysine repeats in S. coelicolor
TopA CTD are required for interaction with DNA, we
investigated whether CTD modifications affect the DNA
binding by the enzyme. To this end, we studied the DNA-
binding behavior of the TopA N-terminal domain alone

(TopA�CTD), the TopA variant that lacks the lysine re-
peats in its CTD (TopA881, truncated as in CTD272) and
the TopA variant with the two acidic C-terminal amino
acids (ED) replaced with AA (TopAED:AA) (Figure 2A).

The intact TopA protein, similar to the CTD, bound to
AT-rich dsDNA or ssDNA more efficiently than to GC-rich
dsDNA (two TopA molecules/100 bp to AT-rich or ssDNA
and 1 molecule/100 bp to GC-rich DNA) (Figure 2C, D and
E, Supplementary Figure S3A and C). Although the calcu-
lated steady-state dissociation constant for the TopA–DNA
interaction was similar to that calculated for the CTD-DNA
binding (Figure 2D), the DNA–TopA complex was very
stable and dissociated inefficiently only at the highest pro-
tein concentrations used in the experiment (kd = 0.7 × 10-3

s−1; 80% of protein molecules remained bound to DNA,
Figure 2C, D, and Supplementary Figure S3D).

The C-terminal truncation of TopA (TopA�CTD) com-
pletely abolished binding to any of the tested DNA frag-
ments (Figure 2C). The binding profile of TopA881 was also
strikingly different from that of the wild-type TopA (Figure
2C). Sensorgrams showed that TopA881 rapidly bound to
the DNA and rapidly dissociated from GC-rich DNA (kd
= 2.56 × 10−3 s−1, compared to kd = 0.71 × 10−3 s−1 for
the wild-type TopA) and AT-rich DNA (kd = 1.39 × 10−3

s-1, compared to kd = 0.44 × 10−3 s−1 for the wild-type
TopA); in addition, only 40% of the molecules remained
bound to the DNA (Figure 2D and Supplementary Fig-
ure S3D). TopA881, similar to wild-type TopA, showed a
lower dissociation rate and higher binding capacity for AT-
rich DNA (and ssDNA) than for GC-rich DNA (Figure 2D
and E and Supplementary Figure S3A and C). Surprisingly,
the TopA881 affinity for DNA was higher than that of the
wild-type TopA (KD = 4.9 ± 1.3 nM, compared to KD =
16.4 ± 3.6 nM calculated for wild-type TopA), but the stoi-
chiometry of TopA881 binding was similar to the wild-type
TopA binding stoichiometry (Figure 2D). The increased
affinity of TopA881 for DNA was additionally confirmed
by a gel retardation experiment using supercoiled plasmid
DNA (Supplementary Figure S4). The TopAED:AA bind-
ing (KD) was similar to that of wild-type TopA, and its
slow dissociation rate (70% of molecules remained bound to
DNA, Supplementary Figure S3D) and binding stoichiom-
etry (Figure 2D) were also similar; however, the binding ca-
pacity of the modified protein was marginally lower.

To recapitulate, we showed that the elimination of the
CTD abolished DNA binding by S. coelicolor TopA. Unex-
pectedly, the removal of the lysine repeats increased the en-
zyme’s affinity for DNA and destabilized the protein–DNA
complex. We speculate that the higher affinity toward DNA
could be the result of the exposure of the binding site in the
N-terminal domain by the removal of the CTD fragment.
Replacement of the terminal acidic amino acids with ala-
nines only marginally affected DNA binding by TopA.

Fusion of the E. coli TopA CTD to S. coelicolor TopA�CTD
restores its enzymatic activity but not its processivity

Previously, we demonstrated that a truncated S. coelicolor
TopA lacking the CTD (TopA�CTD) was unable to re-
lax DNA (19). Having shown here that the CTD binds
DNA, we expected that an E. coli TopA CTD that contains
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Figure 2. The C-terminal domain of S. coelicolor TopA binds DNA. (A) Scheme of the modified versions of the TopA protein used in the analyses. Colored
bars represent N- (blue) and C-terminal domains (green) with the lysine repeats (red). The E. coli TopA CTD containing Zn2+ fingers (orange) and terminal
acidic amino acids (ED) are also shown. The number of amino acids and molecular weight of each protein are indicated. (B) SPR sensorgrams showing
the binding of the TopA C-terminal domain (CTD) and its modified versions (CTD�ED and CTD272) at increasing concentrations (2.5–100 nM) to the
GC-rich (69% GC, 241 bp) and AT-rich (29% GC, 218 bp) dsDNA. The maximum binding capacity (Rmax) is indicated on each plot. (C) SPR sensorgrams
showing the influence of C-terminal truncations (TopA�CTD, TopA881, TopAED:AA and TopACTDEc) on the binding of TopA to GC-rich (69% GC,
241 bp) and AT-rich (29% GC, 218 bp) DNA. Increasing concentrations (2.5–100 nM) of each protein were used, and the maximum binding capacity
(Rmax) is indicated on each plot. (D and E) GC-rich and AT-rich dsDNA-binding parameters calculated for each tested protein: steady-state dissociation
constant (KD), number of bound protein molecules/100 bp of DNA fragment and the dissociation rate (kd).

Zn2+ fingers and interacts with DNA could restore topoi-
somerase activity when fused to TopA�CTD. To test this
hypothesis, we constructed a hybrid protein (TopACTDEc)
that was a fusion of the E. coli TopA CTD (269 aa) with the
S. coelicolor TopA�CTD construct (609 aa) (Figure 2A).

First, we tested whether the hybrid protein TopACTDEc
could bind DNA. The SPR analysis showed that, although
the binding capacity (Rmax) of TopACTDEc was higher than
that of the wild-type TopA and the number of TopACTDEc
molecules that bound to both GC-rich and AT-rich DNA
fragments increased 3-fold, the dissociation constant in-
creased compared to wild-type TopA (KD = 28.8 ± 1.5 nM

for hybrid protein versus 16.4 ± 3.6 nM for wild-type TopA)
(Figure 2C–E and Supplementary Figure S3). Thus, the hy-
brid protein exhibited lower affinity for DNA than wild-
type S. coelicolor TopA.

Next, we tested the enzymatic activity of the hybrid pro-
tein. While the DNA relaxation activity of TopA�CTD was
completely abolished (19), TopACTDEc relaxation activity
was restored; however, the relaxation pattern was more dis-
tributive than observed for the wild-type S. coelicolor TopA
(Figure 3A). Using the substrate concentration range from
0 to 70 nM, we measured the reaction velocities (Vmax)
within their linear range and fitted the reaction kinetics
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Figure 3. Bulk topoisomerase assays show that the activity of TopA depends on the presence of the lysine repeats in the C-terminal domain. (A) Images of
agarose gel-based assays demonstrating the activity of TopA, TopACTDEc, TopA881 and TopAED:AA (200 nM); the reaction mix was sampled at time
points from 0 to 12 min. (B) Estimation of kinetic parameters based on the agarose gel assays. Vmax and Km were calculated by fitting the data for TopA
(red), TopACTDEc (blue), TopA881 (green) and TopAED:AA (purple) to the Michaelis–Menten equation.

to the Michaelis–Menten model. This analysis showed de-
crease of the maximum reaction velocity of the hybrid pro-
tein (Vmax = 0.6 ± 0.1 nM/min) and its substrate affinity
(Km = 22.6 ± 8 nM) compared to both parameters (Vmax =
6.5 ± 0.12 nM/min and Km = 5.1 ± 0.4 nM) of the wild-
type TopA (Figure 3B).

Our previous report showed that S. coelicolor TopA is
substantially more processive than the E. coli enzyme; this
enhanced processivity was associated with the differences in
the CTDs (19). Thus, we expected that the hybrid enzyme
TopACTDEc, although active, would exhibit lower proces-
sivity than the wild-type S. coelicolor TopA. This behavior
was already suggested by the bulk assay of topoisomerase
activity. The magnetic tweezers experiment allowed us to
measure the number of negative supercoils (Lk––linking
number) that were removed in a single enzymatic burst from

a 5-kb DNA molecule in which 12 supercoils were initially
introduced (Figure 4A and B). The analysis revealed that
although TopACTDEc exhibited the same velocity of su-
percoil removal as wild-type TopA (Figure 4E), the initial
time lag (ITL––the time between the addition of the enzyme
and the first observed DNA relaxation event) was signifi-
cantly extended (the concentration of TopACTDEc was 200-
fold higher than that of wild-type TopA, Figure 4A and B).
Moreover, while the wild-type S. coelicolor TopA removed
at least 10 supercoils from 38% of DNA molecules in the
first reaction burst (Figure 4F), TopACTDEc removed 10
or more supercoils from only 17% of DNA molecules and
usually (44% of molecules) removed fewer than three super-
coils (Figure 4G and J).

To recapitulate, our experiments showed that the E. coli
CTD restored DNA-binding and relaxation activity in the
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Figure 4. Single-molecule analysis shows that modifications of the C-terminal domain decrease the processivity of TopA. (A–D) Example trace lines from
single-molecule experiments for TopA (A) and the modified TopA versions TopACTDEc (B), TopA881 (C) and TopAED:AA (D) with the ITL and first
reaction burst marked. (E) The supercoil relaxation rates (�Lk/s) for TopA (red), TopACTDEc (blue), TopA881 (green) and TopAED:AA (purple). The
plot shows the distribution as a probability density function. n is the number of analyzed events, in which between 6 and 12 supercoils were removed from
the DNA molecule. (F–I) Decreased processivity of the modified proteins TopACTDEc (G), TopA881 (H), and TopAED:AA (I) compared to the wild-type
TopA (F), calculated as the number of supercoils removed––�Lk (change in the linking number) during the first relaxation burst. Dashed lines indicate
the fraction of the molecules in which fewer than three (blue) or more than nine supercoils (red) were removed. ‘n’ is the total number of relaxation events
analyzed for each protein. (J) The increased number of steps required by TopA (red), TopACTDEc (blue), TopA881 (green) and TopAED:AA (purple)
for the full relaxation of 5-kb DNA molecules. The histogram shows the percentage of the non-relaxed DNA molecules and the DNA molecules that were
relaxed in the specified number of steps (1–7) for each tested protein.
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truncated S. coelicolor TopA�CTD protein. The hybrid
protein, however, exhibited lower DNA affinity (higher KD
and higher Km) and lower Vmax than the wild-type protein.
The E. coli CTD fusion could not re-establish the high pro-
cessivity of S. coelicolor TopA, confirming that it was de-
pendent on its CTD.

Modifications of TopA C-terminus affect enzyme processivity

Since we showed that the lysine repeats confer the DNA-
binding activity of the S. coelicolor CTD and its substitu-
tion with the E. coli TopA CTD restored DNA binding but
not enzyme processivity, we expected that the lysine repeats
are a prerequisite for high processivity. Thus, we examined
how the removal of the lysine repeats (71 aa; TopA881) or
substitution of acidic C-terminal glutamate and aspartate
with alanines (TopAED:AA) would affect the enzyme’s ac-
tivity.

First, using the bulk topoisomerase activity assay, we
compared the activities of the wild-type TopA, TopA881
and TopAED:AA (Figure 3A). As previously observed (19),
the wild-type TopA relaxed DNA efficiently (Figure 3A)
and removal of CTD (TopA�CTD) abolished TopA activ-
ity, however mixing TopA�CTD with the CTD restored
DNA relaxation (Supplementary Figure S5) (as observed
earlier for M. smegmatis TopA (28)), indicating the proper
folding of TopA�CTD. Markedly, removal of the lysine
motif changed the DNA relaxation pattern from processive
to distributive (Figure 3A). Interestingly, the replacement of
the terminal Glu-Asp with Ala-Ala also slightly lowered the
TopA activity (Figure 3A). At the end of the experiment, the
wild-type TopA completely relaxed approximately 45% of
the plasmid molecules, while TopAED:AA completely re-
laxed only 20% of plasmids. The maximum reaction veloc-
ity of TopA881 and TopAED:AA mutants was decreased
(Vmax = 0.6 ± 0.1 nM/min and 4.8 ± 0.5 nM/min, respec-
tively), while their Michaelis–Menten constants increased
(TopA881 Km = 23.8 ± 3.6 nM and TopAED:AA Km =
10.8 ± 3.5 nM) compared to the wild-type enzyme TopA
(Vmax = 6.5 ± 0.1 nM/min and Km = 5.1 ± 0.4 nM) (Figure
3B). These results suggest that both modifications notably
influenced the efficiency of DNA relaxation.

Having confirmed that modifications of the TopA CTD
affected the enzymatic activity parameters, we used mag-
netic tweezers to examine their influence on the enzyme’s
processivity (Figure 4C and D). Whereas the wild-type
TopA removed all supercoils (�LK > 9) from 38% of
molecules in a first relaxation burst, TopAED:AA fully re-
laxed 24% and TopA881 only 2% of DNA molecules (Fig-
ure 4F, H and I). Both modified enzymes more often re-
moved only one or two supercoils (�LK < 3 for 70% of
DNA molecules relaxed by TopA881 and 31% of molecules
relaxed by TopAED:AA) (Figure 4H and I). Thus, the num-
ber of steps required to fully relax DNA molecules increased
significantly for both modified proteins, and TopA881 was
unable to fully relax 80% of the DNA molecules during
the experiment time (Figure 4J). These analyses showed
that TopAED:AA removed supercoils less effectively than
the wild-type TopA, while the processivity of TopA881 was
completely abolished.

The initial time lag for TopA881 was increased >20-fold
compared to TopA, although the protein concentration was
100-fold higher (5 nM TopA881, ITL = 852.5 s ± 72.3
versus 0.05 nM TopA, 45.9 s ± 3.9), while the ITL of the
TopAED:AA protein was 2-fold longer than that of wild-
type TopA (0.1 nM, 91.6 ± 7.8) (Figure 4C and D). His-
tograms of individual ITLs that were measured for all tested
proteins showed that the ITLs were distributed according
to single-exponential statistics (Supplementary Figure S6),
which suggests that the binding was not cooperative. In-
terestingly, the relaxation velocities measured for reaction
steps that removed more than six supercoils remained sim-
ilar in all tested proteins (6–7 Lk/s) (Figure 4E). This re-
sult also confirmed that the analyzed proteins were properly
folded.

Thus, our results establish that the CTD is essential for
high TopA processivity. The removal of the lysine repeats
and the mutation of the terminal acidic amino acids low-
ers protein processivity and increases the time before reac-
tion initiation. These observations are in agreement with the
observation that modification of the CTD destabilizes the
TopA:DNA complex.

Growth of the TopA-depleted strain cannot be restored by
TopACTDEc and is further impaired by the presence of
TopA�CTD

The CTD truncation of S. coelicolor TopA abolished its
activity, while its substitution with the E. coli CTD re-
stored enzyme activity but not its high processivity. Since
TopA depletion inhibited the growth and development of S.
coelicolor, we expected that C-terminal TopA modifications
(topA�CTD and topACTDEc) may also delay the growth
and development of mutant strains. To test this hypothesis,
we constructed S. coelicolor strains that produced modified
TopA proteins and analyzed their growth.

As expected, the deletion of the topA gene fragment
encoding the CTD was unsuccessful, which may be ex-
plained by impaired DNA binding of the TopA�CTD pro-
tein. We were also unable to complement the S. coelicolor
topA deletion with the topACTDEc gene. Thus, we used a
merodiploidic strain (PS07 strain with a second copy of the
topA gene under the control of the ptipA inducible promoter
(21)) to delete the CTD-encoding fragment of the topA gene
in its native locus or to replace it with the CTD-encoding
fragment of E. coli topA (with the sequence optimized for
Streptomyces codon usage) (strains AS02 and AS09, respec-
tively, Figure 5A). Due to topA promoter autoregulation
(46), the production of the modified TopAs (under the con-
trol of the native promoter) was detected only in the ab-
sence of the ptipA inducer and not at the induction of wild-
type topA gene expression (Supplementary Figure S7). The
growth of the obtained strains was compared to the growth
of the wild-type and PS04 strains (with a single copy of
topA under control of the ptipA promoter (21)), in which the
TopA protein level was depleted 20-fold compared to the
wild-type strain when cultured without inducer.

The vegetative growth (liquid culture) of all modified
strains was retarded at the low level of full-length topA
gene expression in the absence of the inducer. The growth
of the strain that produced the C-terminal-truncated vari-
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Figure 5. C-terminal TopA domain modifications impair S. coelicolor growth and development. (A) Scheme of the strains used in the in vivo experiments:
PS04 (TopA depleted), AS02 (topA�CTD) and AS09 (topACTDEc). (B) Inhibited growth of TopA-depleted (PS04, red), topA�CTD (AS02, blue) and
topACTDEc (AS09, green) strains cultured with different concentrations of wild-type topA expression inducer (0–1 �g/ml) compared to TopA-restored
strain (PS04, inducer concentration 1 �g/ml). Semitransparent lines show the mean absorbance values obtained from five replicates, and the dashed lines
correspond to the fit to a log-logistic growth model. (C) Slower development TopA-depleted (PS04), topAΔCTD (AS02), topACTDEc (AS09), topA881
(AS03) and topAED:AA (AS05) strains compared to the wild-type (M145) at 72 and 96 h of growth on SFM medium. Gray pigment is characteristic of
fully developed aerial hyphae and white color indicates the inhibition of S. coelicolor sporulation (the dark appearance of AS09 results from the production
of blue actinorhodin). (D) Disturbed positions of chromosomal oriC regions in hyphae of wild-type (AK101), TopA-depleted (AS11, with and without the
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ant, TopA�CTD (AS02), was significantly slower than
the growth of TopA-depleted strain PS04 at all tested in-
ducer concentrations. Even at the inducer concentration
of 1 �g/ml (the TopA level restored to the wild-type level
and decreased topAΔCTD expression due to autoregula-
tion (Supplementary Figure S7) (21,46)), the growth of
the topA�CTD (AS02) strain was still somewhat slower
than that of the TopA-restored strain (PS04), suggesting a
dominant-negative effect of the production of TopA�CTD.
The growth of the topACTDEc (AS09) strain was similar to
the growth of the TopA-depleted strain (Figure 5B).

The depletion of the TopA level in S. coelicolor inhibits
sporulation, and as the gray spore chains are not formed,
the colonies remain white (21). If the production of the wild-
type TopA was not induced, neither the topACTDEc (AS09)
strain nor the topA�CTD (AS02) strain was able to gener-
ate spores (indicated by the presence of gray pigment), even
after prolonged incubation, similar to the TopA-depleted
PS04 (the dark AS09 appearance resulted from enhanced
blue actinorhodin production, which was also associated
with increased chromosome supercoiling (21)) (Figure 5C,
left panel). Moreover, the topA�CTD strain (AS02) re-
quired 96 h to produce the white aerial hyphae, while the
TopA-depleted strain took 72 h. Thus, the expression of
topA�CTD impaired AS02 strain development to an even
greater extent than TopA depletion by itself.

To determine how the expression of the modified TopA
proteins affects the distribution of multiple chromosomes in
vegetative hyphae, we marked the chromosomal oriC (ori-
gin of chromosome replication) region using a ParB-EGFP
protein (35). Our earlier studies showed that chromosomes
in multigenomic hyphae follow the extending hyphal tip
and that the apical chromosome oriC complexed with ParB
maintains a constant distance to the hyphal tip (35). In the
vegetative hyphae of the TopA-depleted strain (AS11), the
distance between the first ParB complex and the tip was sig-
nificantly increased compared to the wild-type strain (mean
distance: 4.6 and 1.7 �m, respectively); the apical anchorage
of oriC was restored upon induction of topA expression.
In the topA�CTD (AS12) strain, the position of the api-
cal chromosome was similar to that in the TopA-depleted
strain (mean distance: 4.8 �m) (Figure 5D and E), suggest-
ing substantial problems with the chromosome distribution
in the vegetative hyphae. In the hyphae of the topACTDEc
strain (AS19), the position of the apical chromosome was
partially restored (mean distance: 3.6 �m) (Figure 5D and
E), indicating that the processivity of the hybrid protein was
sufficient to maintain the chromosome distribution in veg-
etative hyphae.

In summary, these results indicate that the hybrid TopA
protein that contains the E. coli CTD is able to complement
the TopA depletion to some extent, but only during vegeta-
tive growth, and it does not restore sporulation. Markedly,
the production of truncated TopA�CTD apart from the
wild-type TopA protein severely impaired the growth of S.
coelicolor. The growth inhibition of strains producing mod-
ified TopA proteins was associated with impaired chromo-
some distribution in the hyphae.

C-terminal modifications of TopA affect the sporulation
stage of S. coelicolor growth

The depletion of the TopA level completely blocks sporu-
lation. During the growth of sporogenic hyphae and their
conversion to spore chains, multiple copies of chromo-
somes in the hyphal cell undergo intensive replication and
rapid topological changes, suggesting the highest demand
for TopA processivity. Having demonstrated that modifi-
cation of the lysine repeats in the CTD of TopA and sub-
stitution of the last two acidic amino acids affected DNA
binding and enzyme processivity, we expected that the bio-
logical consequences of the CTD modifications should be
pronounced at the sporulation stage. To verify this hypoth-
esis, we constructed S. coelicolor strains in which the topA
gene in its native locus was replaced with topA881 (AS03) or
topAED:AA (AS05) (expressed from the native promoter)
and analyzed their development.

The vegetative growth (liquid culture) of strains topA881
(AS03) and topAED:AA (AS05) was the same as the growth
of the wild-type strain (Supplementary Figure S8); however,
the development of the mutant strains was affected. In the
culture of the topA881 strain, the gray pigment, indicating
spores, was detected only after 96 h, compared to the 72 h
required for the wild-type strain (Figure 5C, right panel),
indicating a delay in sporulation. After 72 h of growth, the
lighter color of the topAED:AA strain (AS05) suggested
that its development of gray spores was less efficient than
in the wild-type strain (Figure 5C, right panel).

Having established that the topA881 strain (AS03) ex-
hibited severely delayed sporulation, we further examined
its aerial hyphae microscopically. The extension of Strepto-
myces aerial hyphae is inhibited before synchronized septa-
tion and transformation into the prespore chain. The pre-
spore chains of the wild-type strain had an average length
of 30–50 �m and were usually divided into 20–30 prespores
(Figure 5F and G). The analysis of the topAED:AA (AS05)
prespore chains did not show clear differences in the num-
ber of prespore compartments or chromosome distribution
(Figure 5G). In contrast, the topA881 strain (AS03) pro-

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
presence of the inducer of TopA expression), topAΔCTD (AS12) and topACTDEc (AS19) strains. Images show ParB-EGFP fluorescence (green) overlaid
with a DIC image (gray). Scale bar 1 �m, asterisks indicate the tips of hyphae, and the cartoon represents the imaged hyphae. (E) Increased distance
between the hyphal tip and the apical chromosome oriC in the TopA-depleted (AS11, 202 hyphae analyzed), TopA-restored (AS11 cultured in the presence
of inducer, 578 hyphae analyzed), topAΔCTD (AS12, 296 hyphae analyzed) and topACTDEc (AS19, 312 hyphae analyzed)) strains compared to the wild-
type (AK101, 202 hyphae analyzed). Boxplots show the median of distribution (line), the first and third quartiles (lower and upper ‘hinges’), and the 95%
confidence interval (notches around the median). (F) Prespore chains of normal length in wild-type (M145) and examples of shortened prespore chains in
topA881 (AS03) strains. Images show hyphae (after 44 h of culture); cell walls were stained with Texas Red (red), and the DNA was stained with DAPI
(blue). Scale bar 2 �m. (G) The number of compartments in prespore chains of the wild-type (M145, 25 hyphae analyzed), topAED:AA (AS05, 28 hyphae
analyzed) and topA881 (AS03, 50 hyphae analyzed) strains. Boxplots show the median of distribution (line), first and third quartiles (lower and upper
‘hinges’), and the 95% confidence interval (notches around the median). Semitransparent points indicate all observations.
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duced much shorter spore chains, containing 2-fold fewer
prespores than the wild-type strain (Figure 5F and G). The
average size of the prespores was not disturbed in this strain,
but 5% of the spores lacked the chromosome (compared to
1% in the wild-type strain).

To conclude, our analysis showed that the high processiv-
ity of topoisomerase I conferred by the lysine repeats is not
essential for vegetative growth but is required during Strep-
tomyces sporulation for efficient production of spore chains.

DISCUSSION

Our in silico analyses revealed that the presence of lysine re-
peats (K1–2(A/T/N)3–5), similar to the lack of Zn2+ fingers,
is a characteristic feature of actinobacterial TopA CTDs.
Streptomyces TopA homologs contain a single stretch of
lysine repeats, the longest among actinobacteria, that ter-
minates with two negatively charged amino acids. The S.
coelicolor TopA structure prediction indicated that the ly-
sine repeats may form an �-helix. Indeed, the analysis of
the CD spectra indicated a lowered incidence of �-helixes
for the truncated proteins and a higher incidence of �-
structures for the hybrid protein TopACTDEc, which is con-
sistent with the higher incidence of �-structures in the E.
coli TopA CTD (32%, based on crystallographic data) com-
pared to the S. coelicolor TopA CTD (16%, based on struc-
ture prediction using DeepCNF (Deep Convolutional Neu-
ral Fields) (47)). The recent sequence and structure analy-
sis of M. tuberculosis TopA revealed that its CTD encom-
passes four repeated subdomains and ends with a lysine-rich
stretch of peptide chain (25). Each subdomain is formed
by four-stranded antiparallel �-sheets that are stabilized by
crossing over an �-helix, constituting a novel protein fold.
However, this study did not elucidate the structure of the
whole CTD and the role of the lysine stretch.

We demonstrated here that the lysine repeats in the
CTD of S. coelicolor TopA interact with DNA. The re-
moval of the lysine repeats from the CTD (CTD272) com-
pletely abolished its interaction with DNA, while the trun-
cation of the lysine repeats from the full-length S. coelicolor
TopA (TopA881) significantly changed the enzyme’s bind-
ing properties. The impaired DNA binding of the CTD272
protein fragment could result from its partial misfolding or
the removal of the DNA-binding domain. Removal of ly-
sine repeats from the whole enzyme also affected its DNA
binding––TopA881 exhibited an affinity for DNA that was
higher than that of wild-type TopA, and it rapidly asso-
ciated but also readily dissociated from DNA. The disso-
ciation of the wild-type TopA from DNA in the absence
of Mg2+ is very limited, presumably due to impaired re-
ligation of the cleaved DNA strand and the inability of
TopA to finish the catalytical cycle (19). The rapid disso-
ciation of TopA881 may indicate that, in the absence of
lysine motifs, the formation of the complex does not lead
to DNA cleavage. The formation of the unstable complex
by TopA881 corroborates its decreased enzymatic activ-
ity (increased Km), significantly decreased processivity of
supercoil removal and significantly increased initial time
lag (ITL). Markedly, the modification of the characteris-
tic Streptomyces TopA homologs’ C-terminal acidic amino
acids (TopAED:AA) also led to the modification of the en-

zyme’s affinity for substrate (Km), processivity and initial
time lag; however, as expected, these changes occurred to
a much lesser extent than in the case of the removal of the
lysine repeats. Strikingly, the velocity of supercoil removal
by TopA881, TopAED:AA and the wild-type TopA were
identical, which indicates that C-terminal truncation affects
only the stability of the complex, not the reaction mecha-
nism.

Thus, DNA binding by the CTD is a conserved property
of TopA homologs, which is conferred by Zn2+ fingers in
E. coli TopA and by the positively charged amino acids in
TopB (Topo III), Mycobacterium and Streptomyces TopA
(11,23). It has been suggested that Mycobacterium species
eliminated the Zn2+ fingers from TopA to increase the en-
zyme’s pH and oxidative stress tolerance or to endure the
intracellular paucity of Zn2+ ions (maintained due to their
toxicity) (23). It is difficult to determine whether similar rea-
sons could account for the lack of Zn2+ fingers in Strepto-
myces TopA. Nevertheless, actinobacterial TopA homologs
apparently use the lysine repeats as the DNA-binding inter-
face in their CTDs. The results from this work and those de-
scribed previously indicate that S. coelicolor TopA, similar
to most topoisomerase IA homologs, preferably interacts
with single-stranded DNA (19). This preference was con-
ferred by both the CTD and the truncated TopA881 lacking
lysine repeats. Notably, the occurrence of single-stranded re-
gions is substantially diminished in GC-rich chromosomes,
thus limiting the number of interaction sites for TopA. The
DNA-binding site based on the lysine repeats may play a
significant role in the additional stabilization of the com-
plex in the shortage of single-stranded DNA regions. In-
terestingly, lysine repeats were identified in a number of
Streptomyces DNA-binding proteins, such as HupS (HU
homolog), FtsK and the HrdB sigma factor as well as pro-
teins from bacteria with GC-rich genomes that interact with
DNA (e.g. B. pertussis sigma factor RpoD and C. crescen-
tus TopA). Lysine repeats were also shown to be required for
DNA interaction of M. smegmatis HupB (Holowka et al.,
submitted). Markedly, lysine repeats were not recognized in
the homologs of these proteins in other species.

Previously, Ahmed and co-workers noted that the re-
moval of one or two lysine-rich stretches impaired M. smeg-
matis TopA processivity and suggested that the basic amino
acids in the mycobacterial TopA CTD are involved in strand
passage (23). That suggestion is in agreement with the ear-
lier notion that in E. coli TopA, Zn2+ fingers interact with
the transferred DNA strand during the reaction. However,
it was also observed that modifications of the CTD of T.
maritima TopA did not affect strand passage, suggesting
that this protein fragment instead provides an accessory
platform for DNA binding (4,48). Our studies of S. coeli-
color TopA cannot confirm the engagement of lysine repeats
in strand passage, although the single-stranded DNA bind-
ing preference could support this hypothesis. However, the
single-molecule experiments revealed the identical velocity
of supercoil removal by the truncated (TopA881) and the
wild-type TopA proteins. This result strongly questions the
involvement of the lysine repeats in the relaxation reaction
itself. Instead, our observations indicate that the interaction
of the lysine repeats with DNA stabilizes the complex before
the initiation of the reaction and during supercoil removal.
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Thus, our results provide new insight into the mechanism
of TopA activity.

On the basis of our observations, we propose a specula-
tive model (Figure 6A) that explains the obtained results:
the differences in binding affinity and complex stability re-
sulting from TopA modifications. According to our model,
the CTD not only may bind DNA but also possibly in-
teracts with the NTD, forming a clamp that stabilizes the
complex. The sequence analysis indicated that the S. coeli-
color TopA NTD in the last helix of the D4 domain con-
tains an unusual (not present in E. coli TopA homologs)
insertion of 23 amino acids (including 5 acidic amino acids)
flanked by basic amino acids that are not conserved (Sup-
plementary Figure S9). A similar but shorter insertion was
noted in M. tuberculosis TopA (25). This insertion (or an-
other unique fragment of the NTD sequence, Figure 6, red
dashed area) could provide the interaction interface for C-
terminal amino acids. The fact that the insertion is located
in proximity to the DNA-binding groove in subdomain IV
of the NTD may suggest that its interaction with the termi-
nal fragment of the CTD may hinder the DNA-binding site
in subdomain IV. That could explain the higher affinity of
TopA881 for DNA as resulting from the increased accessi-
bility of the DNA-binding groove in the NTD. The obser-
vation that the elimination of the ED amino acid pair from
the whole-length protein (TopAED:AA) affected the pro-
tein’s interaction with DNA to a much lesser extent than
their mutation in the CTD protein fragment could be ex-
plained by the interaction of these acidic amino acids with
basic amino acids in the NTD. Because of such an in-
teraction in the wild-type TopA, the terminal ED would
not be as exposed as in the CTD, where they could lower
the affinity for DNA via charge repulsion. Thus, we spec-
ulate that the interaction of the C-terminal ED with ba-
sic amino acids in the NTD could help to maintain the
clamp closed on DNA, additionally increasing complex sta-
bility and enzyme processivity (Figure 6). It must be noted
that the removal of the C-terminal domain completely abol-
ished S. coelicolor TopA activity (19) and the DNA binding
of the NTD (Figure 6). The impaired DNA binding of S.
coelicolor TopA�CTD may result from its partial misfold-
ing, however this explanation seems unlikely since mixing
TopA�CTD with CTD restores enzyme relaxation activ-
ity. Thus, the presence in CTD of additional (other than ly-
sine repeats) subdomain required for the formation of the
TopA–DNA complex could explain the obtained results. In-
terestingly, the M. smegmatis TopA NTD and CTD inter-
acted with DNA independently; moreover, they could cat-
alyze the reaction when mixed together (28). This observa-
tion and the finding that also S. coelicolor TopA�CTD and
CTD when mixed relax DNA support our hypothesis that
an interaction between the CTD and NTD stabilizes the
complex on DNA. Thus, the clamp formation that is sug-
gested here may be a conserved feature of actinobacterial
TopA that stabilizes enzymes on GC-rich chromosomes.

The fusion of the S. coelicolor TopA NTD to the DNA-
binding E. coli TopA CTD was unable to restore the high
processivity of S. coelicolor TopA. The hybrid TopACTDEc
enzyme was unable to reestablish the growth and sporula-
tion of the S. coelicolor strain that was depleted of TopA
(Figure 6D). The hybrid protein exhibited lowered DNA

affinity, consistent with its elongated initial time lag and
lower processivity. All of these observations most likely ex-
plain the lack of complementation of TopA-depleted strain
by the hybrid protein. The other possible explanation is the
lower stability of the hybrid protein (not confirmed by the
Western blotting) or an essential interaction occurring be-
tween the S. coelicolor CTD and an unknown factor that
is abolished in the hybrid protein. At this stage, we can-
not suggest which explanation is more likely. The presence
of the truncated TopA�CTD had an even more severe in-
fluence on growth than the production of the hybrid pro-
tein TopACTDEc and TopA depletion. A similar reduction
in growth was observed in an M. smegmatis strain over-
producing the truncated TopA that lacked the lysine-rich
amino acid stretches (23). The authors suggested that the
wild-type protein was outcompeted by the truncated form,
which was unable to perform the full catalytical cycle. The
extremely slow growth of the S. coelicolor that produced the
TopA�CTD protein apart from the wild-type protein may
presumably be similarly explained by the outcompeting of
a possible interaction partner or regulator.

During the formation of Streptomyces sporogenic hy-
phae, multiple chromosomal copies undergo intensive repli-
cation (providing up to 50 genome copies in one com-
partment), followed by the synchronized separation of nu-
cleoids. Having multiple copies of the genome that must be
rapidly processed during sporulation creates an extra chal-
lenge for TopA processivity. The slower vegetative growth of
S. coelicolor strains with impaired TopA processivity may
be explained, at least partially, by the diminished distribu-
tion of the multiple chromosomes in the hyphae. We noted
that a proper level of S. coelicolor TopA is required to main-
tain the constant distance between apical chromosomes and
the tip of extending hyphal branches. This result is the first
indication that the chromosome topology affects chromo-
some distribution during hyphal growth. At the sporula-
tion stage, the multiple copies of chromosomes intensely
replicate and need to be uniformly distributed throughout
the hyphal cell. The diminished processivity of the S. coeli-
color strain producing TopA881 compared to the wild-type
protein, although it did not affect the vegetative growth,
impaired sporogenic hyphae formation (Figure 6C). The
lower number of chromosomal copies in the sporogenic hy-
phae indicates that the reduced processivity of the trun-
cated TopA was not sufficient to remove the topological
constraints during the simultaneous replication and/or seg-
regation of multiple chromosomes. Even the elimination of
the terminal ED, which led to a modest inhibition of TopA
processivity, delayed sporulation (Figure 6B). Thus, the S.
coelicolor TopA processivity that is required for the topo-
logical maintenance of multiple copies of GC-rich chromo-
somes, particularly during the development of sporogenic
hyphae, is conferred by lysine repeats and may be addi-
tionally enhanced by the fastening of the stabilizing clamp
caused by the interaction of the terminal acidic amino acids.

In summary, our findings elucidate the role of actinobac-
terial TopA CTDs in DNA relaxation. We suggest that the
lysine repeats stabilize the TopA–DNA complex, and we
hypothesize that this may be possibly due to formation of
the clamp, closed by the interaction between terminal acidic
amino acids and the NTD. The lysine repeat structure con-
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Figure 6. Model of DNA complex formation by the S. coelicolor TopA. (A) A speculative model of the TopA–DNA complex that involves the formation
of the DNA-stabilizing clamp by the CTD, fastened due to the interaction between the lysine repeats (LR, red) with DNA and actinobacterial unique
sequence (red hatched area) in subdomain IV. (B–E) The influence of TopA modifications––exchange of C-terminal Glu and Asp for Ala (TopAED:AA)
(B); truncation of the lysine repeats (TopA881) (C); the fusion of E. coli TopA C-terminal domain (TopACTDEc) (D) and the CTD truncation (TopA�CTD)
(E)––on DNA binding, enzymatic activity, and processivity is reflected in in vivo functionality either during sporulation alone or also during vegetative
growth.
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fers unusually high enzyme processivity, which in Strepto-
myces is particularly required for the replication and seg-
regation of multiple chromosomes in sporogenic hyphae.
However, severe modification of TopA activity also affects
the chromosome distribution in vegetative hyphae. Thus,
the lysine repeats represent a DNA-interaction interface
specific to GC-rich bacteria.
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Jakimowicz,D. (2014) A highly processive topoisomerase. I: Studies at
the single-molecule level. Nucleic Acids Res., 42, 7935–7946.

20. Narula,G., Becker,J., Cheng,B., Dani,N., Abrenica,M.V. and
Tse-Dinh,Y.-C. (2010) The DNA relaxation activity and covalent
complex accumulation of Mycobacterium tuberculosis topoisomerase
I can be assayed in Escherichia coli: application for identification of
potential FRET-dye labeling sites. BMC Biochem., 11, 41.

21. Szafran,M., Skut,P., Ditkowski,B., Ginda,K., Chandra,G.,
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