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ABSTRACT

Type IIA topoisomerases catalyze a variety of differ-
ent reactions: eukaryotic topoisomerase II relaxes
DNA in an ATP-dependent reaction, whereas the bac-
terial representatives gyrase and topoisomerase IV
(Topo IV) preferentially introduce negative supercoils
into DNA (gyrase) or decatenate DNA (Topo IV). Gy-
rase and Topo IV perform separate, dedicated tasks
during replication: gyrase removes positive super-
coils in front, Topo IV removes pre-catenanes behind
the replication fork. Despite their well-separated cel-
lular functions, gyrase and Topo IV have an over-
lapping activity spectrum: gyrase is also able to
catalyze DNA decatenation, although less efficiently
than Topo IV. The balance between supercoiling and
decatenation activities is different for gyrases from
different organisms. Both enzymes consist of a con-
served topoisomerase core and structurally diver-
gent C-terminal domains (CTDs). Deletion of the en-
tire CTD, mutation of a conserved motif and even by
just a single point mutation within the CTD converts
gyrase into a Topo IV-like enzyme, implicating the
CTDs as the major determinant for function. Here,
we summarize the structural and mechanistic fea-
tures that make a type IIA topoisomerase a gyrase or
a Topo IV, and discuss the implications for type IIA
topoisomerase evolution.

INTRODUCTION

The double-helical nature of DNA poses challenges for
every cell. During replication and transcription, the two
strands of the DNA duplex have to be separated. Strand
separation is more facile in negatively supercoiled DNA,
and both processes are facilitated by the steady-state level
of negative supercoiling in cellular DNA (1). The impor-

tance of this global negative supercoiling is evident from
the detrimental effect of even small changes: a change of
just 15% in the supercoiling density is toxic for Escherichia
coli (2). The replication and transcription machineries move
along the DNA, and thereby alter the topological state of
the flanking DNA segments. According to the twin-domain
model, negative supercoils accumulate behind the translo-
cating machinery, whereas positive supercoils are formed in
the unwound DNA ahead (3,4). The torsional stress in front
of the enzymes involved inhibits further strand separation,
and leads to arrest of these processes if not alleviated.

DNA topoisomerases [recently reviewed in (5)] are en-
zymes that maintain the steady-state level of global super-
coiling and solve topological problems. Their common cat-
alytic principle consists of the cleavage of one or two DNA
strands, the manipulation of topology, and the resealing of
the gap in the DNA strand(s) [reviewed in (6)]. The enzymes
are classified into type I and type II topoisomerases with
respect to the number of DNA strands that are cleaved.
They are further divided into type IA and IB according to
mechanistic differences, and into type IIA and IIB accord-
ing to structural features of the enzymes. Type IIA topoiso-
merases include the eukaryotic topoisomerase II (Topo II)
and the bacterial enzymes topoisomerase IV (Topo IV) and
gyrase [reviewed in (7)]. Although these three enzymes share
a highly similar core structure, they catalyze different reac-
tions in vitro, and fulfil different tasks in the cell (Figure 1):
Topo II catalyzes the ATP-dependent relaxation of positive
and negative supercoils in the presence of ATP (8). Topo IV
decatenates DNA, and relaxes positive and negative super-
coils in the presence of ATP (9,10). In contrast to Topo II,
Topo IV shows a strong preference for relaxing positive su-
percoils (11,12). However, in bacteria, its main task is the
decatenation of entangled daughter chromosomes (10). The
third representative of type IIA topoisomerases, the bacte-
rial enzyme gyrase, is unique as it couples ATP hydrolysis to
the introduction of negative supercoils. Gyrase can also de-
catenate DNA in the presence of ATP, and relaxes negative
supercoils in the absence of ATP (13). In vivo, it is responsi-
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Figure 1. Type IIA topoisomerases and reactions catalyzed. (A) Type IIA
topoisomerases comprise the bacterial enzymes gyrase and Topo IV, and
the eukaryotic Topo II. The enzymes share a similar core structure (gray),
but catalyze different ATP-dependent reactions in vitro: negative super-
coiling and decatenation (gyrase), decatenation and relaxation (Topo IV),
and relaxation (Topo II). Gyrase and Topo IV cooperate in the allevia-
tion of torsional stress during bacterial replication. Gyrase removes pos-
itive supercoils ahead of the replication fork, whereas Topo IV removes
pre-catenanes behind the fork and separates catenated DNA after replica-
tion. Gyrase also removes positive supercoils generated during transcrip-
tion. (B) Some bacteria, including members of the order Corynebacteriales
contain only one type IIA topoisomerase, typically a gyrase. This enzyme
needs to remove positive supercoils ahead of the replication fork and de-
catenate replication intermediates in vivo.

ble for maintaining a low negative supercoiling level in the
cell, and for cancelling the positive supercoils ahead of the
replication fork and the transcription machinery (14,15).

Most bacteria contain two type IIA topoisomerases, gy-
rase and Topo IV, which cooperate in resolving topologi-
cal challenges arising during DNA replication (16,17). The
movement of the replisome along the DNA leads to the for-
mation of positive supercoils ahead of the replication fork.
By rotation of the fork, these positive supercoils can diffuse
backwards, resulting in the formation of pre-catenanes be-
hind the fork (18). Topo IV is an efficient decatenase, and
preferentially works behind the fork to remove such pre-
catenanes (19,20). Gyrase, on the other hand, is inefficient
in decatenation. In vivo, it is located in front of the replica-
tion fork and removes positive supercoils (21). In this way,
both enzymes divide the labor of resolving the topological
problems associated with the movement of the replication
fork. In some bacteria, only a single type IIA topoisomerase
is present (Figure 1). These enzymes have to remove positive
supercoils accumulating during transcription and replica-
tion, and to dissolve pre-catenanes behind the replication
fork (see ‘Hybrid enzymes: part gyrase, part Topo IV’).

Due to their central role for bacteria, both gyrase and
Topo IV are attractive drug targets. Inhibition of gy-
rase causes a slow stop of replication, while inhibition of
Topo IV only reduces the velocity of replication elongation
(22). Inhibition of both enzymes, on the other hand, causes
a rapid arrest of replication. Dual inhibitors targeting both

gyrase and Topo IV are thus superior to single inhibition. In
addition to the more severe effect on replication, resistance
development would require the concurrent appearance of
mutations in both enzymes, which is far less likely than the
appearance of single mutations (23). The current state of
the art of gyrase and Topo IV inhibition has been reviewed
elsewhere (24–26).

Gyrase and Topo IV share similar structures, but have
different substrate preferences and perform different cellu-
lar activities, which raises the question: What makes a type
IIA topoisomerase a gyrase or a Topo IV? In this review,
we will analyze the differences and similarities of gyrase
and Topo IV. In the first part, we will compare their struc-
tural features. In the second part, we will summarize how
these structural features influence the interactions of these
enzymes with DNA, their activities and their cellular tasks.
We will conclude with a short discussion of the implications
for the evolution of gyrase and Topo IV.

THE STRUCTURE OF BACTERIAL TYPE IIA TOPO-
ISOMERASES

Common structural features of the type IIA topoisomerase
core

The general structure of the bacterial type IIA topoiso-
merase core is largely conserved. While Topo II is a dimeric
enzyme, the active form of gyrase and Topo IV is a hetero-
tetramer, formed by two GyrB/ParE and two GyrA/ParC
subunits, respectively (1,9) (A2B2 or C2E2; Figure 2).
The GyrB and ParE subunits contain the same modules,
namely an N-terminal ATPase domain of the GyrB-Hsp90-
histidine/serine protein kinase-MutL (GHKL) phospho-
transferase superfamily, connected to a C-terminal Mg2+-
binding topoisomerase-primase (TOPRIM) domain by the
transducer domain (27). GyrA and ParC are also organized
similarly: their N-terminal domain or breakage-reunion do-
main (BRD) consists of a winged-helix domain (WHD) har-
boring the catalytic tyrosines, a tower domain, and a coiled-
coil domain (28). The C-terminal domain (CTD) is a DNA-
binding domain with a �-pinwheel fold (29,30).

In the hetero-tetrameric complex, the four subunits of
gyrase or Topo IV form three protein-protein interfaces,
termed gates, which open and close during catalysis of
topological changes (31–34). The N-gate is formed by the
ATPase domains of GyrB/ParE, which dimerize upon ATP
binding and make the N-gate an ATP-operated clamp
(35,36). In the closed state, the ATPase domains exchange
a short stretch of ∼14 amino acids at their N-terminus
(37,38). This interaction stabilizes the dimer, and con-
tributes to formation of the nucleotide binding site of
the opposite GyrB/ParE (37,38). The central DNA-gate,
formed by the TOPRIM domains of GyrB/ParE and the
WHDs of the GyrA/ParC dimer, is the active site of the en-
zyme for DNA processing. Here, a double-stranded DNA
segment, the G-segment, is bound, bent or distorted, and
finally cleaved by the catalytic tyrosines (39,40). The third
gate, termed C-gate, is formed by the globular domains at
the end of the coiled-coil domains of GyrA/ParC, and is
principally responsible for dimer stability (28,41,42). By this
arrangement, two cavities are formed, one between the N-
and DNA-gate and a second between the DNA- and C-gate
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Figure 2. Structural comparison of type IIA topoisomerases. (A) Schematic domain structure of Escherichia coli gyrase, Topo IV from Streptococcus
pneumoniae and Topo II from Saccharomyces cerevisiae showing the GHKL-ATPase domain (yellow), transducer (orange) and TOPRIM domains (red) of
GyrB/ParE/N-terminal half, and the WHD domain (light purple), tower (dark purple), the coiled coil (cc, blue) and C-terminal domain or region (CTD
or CTR, green) of GyrA/ParC/C-terminal part. The C-tail of gyrase is shown in light green. (B) Cryo-EM structure of full-length E. coli gyrase with
ADPNP, DNA (black) and Gepotidacin bound [PDB-ID: 6rkw (68)]. (C) Crystal structure of the topoisomerase core of Topo IV from S. pneumoniae with
34-bp DNA and Levofloxacin bound [PDB-ID: 4i3h (66)]. (D) Crystal structure of Topo II from S. cerevisiae missing the C-terminal region (CTR) with a
short, linear DNA (black) and ADPNP bound [PDB-ID: 4gfh (65)]. The structures in panels (B)–(D) are colored according to the same color code as in
panel A.

(Figure 2). These cavities are thought to temporarily accom-
modate a second DNA segment, the T-segment, during its
transport through the gap in the cleaved G-segment (see be-
low) (41,43).

Structural differences: the CTDs

Although the topoisomerase core is highly conserved, some
gyrases contain species-specific elements within the core
that enable additional interactions between GyrB and
GyrA subunits and modulate enzyme activity (44–46). In
contrast, structures of ParC and ParE from different bacte-
ria are virtually identical and do not show sequence-specific
insertions (37,47–54). The parts that differ most between
gyrase and Topo IV are the CTDs of the GyrA/ParC sub-
units. The GyrA CTD folds into a six-bladed �-pinwheel
(Figure 3) (30). Although the global architecture of this
fold is similar to a �-propeller, the order of the �-strands
is different: in a �-propeller, one blade consists of a four-
stranded antiparallel �-sheet with the strands arranged in
the order A–B–C–D, from the N-terminal, innermost (A) to

the C-terminal, outermost strand (D) (55). The strand order
in the �-pinwheel is D–A–B–C, where the C-strand belongs
to the adjacent blade (Figure 3A). In this arrangement, a
long loop connecting strand C and D wraps around a neigh-
boring blade. HSIEH et al. named this structure a ‘hairpin-
invaded �-propeller’ (56), and compared the connection
between adjacent blades achieved by the strand exchange
to a ‘Velcro system’. Alternatively, the �-pinwheel may be
based on the prevalent Greek key motif as a repeating unit,
which follows the D–A–B–C topology (30) (see ‘Evolution
of type IIA topoisomerases’). Altogether, the six blades
form a closed circular structure in which blades 1 and 6 are
connected by a loop containing a conserved sequence motif
with the consensus sequence Q(R/K)RGG(R/K)G, termed
the GyrA-box (Figure 3A) (57). Blades 2–5 contain degen-
erate forms of this motif (58), pointing to a possible evolu-
tionary origin of the CTD from the duplication of a single
blade (see ‘Evolution of type IIA topoisomerases’). Inter-
estingly, in Mycobacterium tuberculosis gyrase the GyrA-
box in the fifth blade of the CTD differs by only a single
amino acid from the consensus, and is important for the de-
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Figure 3. Structural features of Topo IV and gyrase CTDs. (A) Crystal structure of the gyrase CTD from E. coli [PDB-ID: 1zi0 (61)]. The blades are
numbered from the N- to the C-terminus; the box highlights blade 3. Strands are labeled according to the invasion hypothesis. The sequence is rainbow-
colored from yellow (N-terminus) to blue (C-terminus). The �-strand-bearing proline is shown as a stick model in cyan. The crystalized part of the
GyrA-box is depicted in light green, the position where the second GyrA-box is located in mycobacterial gyrase in blade 5 (here part of blade 4 due
to the domain swap of strand C) is shown in dark green. (B) Electrostatic surface potential of the E. coli CTD in a front and side view (blue: positive,
red: negative), calculated with PyMOL (133). (C) Crystal structure of three CTDs (colored according to panel F) showing the different spiral pitch. (D, E)
Crystal structure and surface potential of the Topo IV CTD from E. coli as in panel A and B [PDB-ID: 1zvt (50)]. (F) Sequence alignment of the C-terminus
for different GyrA subunits and ParC. Acidic residues in the C-terminal tail are depicted in red.

catenation activity of this enzyme (59). The loops of blades
1, 4, 5 and 6 form a contiguous, positively charged surface
around the perimeter of the CTD, where the DNA binds
(Figure 3B) (29,30,60). Most gyrases show a more or less
pronounced spiral shape of their CTD, with an out-of-plane
displacement of more than 10 Å in the CTD of E. coli GyrA
(61). Most of this displacement, enabled by a conserved pro-
line in a �-strand of blade 2 occurs between blades 1 and 2
(62). As a consequence, the DNA binding surface of the gy-
rase CTD along the perimeter follows a right-handed curve,
which enables chiral wrapping of the DNA bound (Figure
3C) (60,61). The CTDs of Borrelia burgdorferi gyrase lack
the conserved proline; their �-pinwheel is almost flat (30).
This CTD also binds and bends DNA, but introduces less
supercoils than CTDs with a spiral shape (61). The CTDs
of most gyrases contain an unstructured C-terminal tail (C-
tail) following the �-pinwheel, which is enriched in acidic
residues and lacks positive charges (Figure 3F). Its length
differs between different organisms, from zero amino acids

in B. burgdorferi (no C-tail) to 35 in E. coli and 77 in Staphy-
lococcus aureus gyrase (63). The acidic character also varies
from organism to organism. The C-tail is a regulatory ele-
ment (63,64) (see ‘The CTDs – binding, bending, and wrap-
ping DNA’ in the section on ‘Mechanistic differences of gy-
rase and Topo IV’).

The CTDs in Topo IV show remarkable differences to
the gyrase CTDs, both in sequence and structure. The ParC
CTD lacks the conserved GyrA-box, although it contains
degenerate forms in each blade (see ‘Evolution of type IIA
topoisomerases’). Without the GyrA-box, the tight connec-
tion between the first and last blade is missing, and the ParC
CTD adopts an open, C-shaped structure with a gap be-
tween these blades (Figure 3D) (50,56). The conserved pro-
line present in the �-strand of blade 2 in gyrase is absent
in most Topo IV enzymes, resulting in a planar or less spi-
rally pitched structure (Figure 3C) (58,50). An exception is
Bacillus stearothermophilus Topo IV, which contains a pro-
line in the conserved position, and shows a spiral shape
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of the CTD similar to gyrase (56); see ‘Evolution of type
IIA topoisomerases’). The number of blades in the Topo IV
CTD is not restricted to six, but varies from zero in Chlamy-
dia (no CTD) over five in E. coli to eight in Clostridium. The
consequences of the structural differences in the CTDs for
the functional properties of gyrase and Topo IV will be dis-
cussed in more detail in the section ‘The CTDs – binding,
bending, and wrapping DNA’ in the second part (‘Mecha-
nistic differences of gyrase and Topo IV’).

Different conformations of the gyrase and Topo IV hetero-
tetramers

Due to their size, multi-subunit nature, conformational flex-
ibility and heterogeneity, structure determination of com-
plete type IIA topoisomerases has been challenging. The
first structure of a type IIA topoisomerase reported was
of a S. cerevisiae Topo II core, missing the C-terminal re-
gion (65). In this structure, the part that is homologous
to the GyrA/ParC dimer and the parts corresponding to
GyrB/ParE are positioned on top of each other, but are ro-
tated with respect to one another. As a result of this rota-
tion, the ATPase domain of one protomer comes into close
contact with the DNA cleavage part of the second protomer
(65).

From the appreciable level of sequence conservation, the
shared domain architecture and similar structures of in-
dividual domains or sub-domains (28,30,37,43,50,66), an
overall structure similar to Topo II has been inferred for gy-
rase and Topo IV heterotetramers. While this holds true for
the topoisomerase core, the comparison of sequences and
structures available has revealed not only differences be-
tween gyrase or Topo IV in comparison to Topo II, but also
between gyrase and Topo IV; and among gyrases. The main
structural difference between gyrase and Topo IV is the con-
formation of the GyrB/ParE subunits, and thus of the N-
gate (Figure 4). A first glimpse on the structure of the com-
plete gyrase heterotetramer, bound to DNA and nucleotide,
was provided by the cryo-electron microscopy (cryo-EM)
structure of the Thermus thermophilus enzyme (67). This
structure captured gyrase with all three gates in the closed
state. The nucleotide-bound, dimerized ATPase domains of
GyrB are in an orthogonal orientation above the catalytic
core, and pointing away from the DNA-gate, similar to the
arrangement in Topo II. DNA is bound at the DNA-gate,
and flanking regions are wrapped around both CTDs that
are facing upwards, in plane with the gate. More recently,
BROECK et al. reported a cryo-EM structure of E. coli gy-
rase with a resolution of up to 3.0 Å (68) that shows a sim-
ilar overall arrangement (Figure 4A). Although there is no
structure available up to now with the N-gate of gyrase in
the open state, it has been shown in single-molecule Förster
resonance energy transfer (FRET) experiments that the two
ATPase domains are only a few Ångstrøm apart in the open
conformation (34).

In contrast to the closed state captured for gyrase bound
to DNA and nucleotide, the crystal structure of S. pneumo-
niae Topo IV without the CTDs shows a wide-open confor-
mation of the N-gate (66) (Figure 4B). The TOPRIM do-
mains are in a similar orientation as in gyrase, but the ParE

ATPase domains are bent downwards, facing toward the C-
gate, and are far apart from each other. In this conforma-
tion, the G-segment bound at the DNA-gate and the polar
side chains of the TOPRIM domain are solvent-exposed. A
possible role of the TOPRIM domain in T-segment capture
has been suggested (66).

In 2019, the crystal structure of gyrase from Mycobac-
terium tuberculosis lacking the CTDs has been determined
(44) (Figure 4C). This enzyme shows a similarly wide-open
conformation of the N-gate as Topo IV, despite the fact that
the non-hydrolysable ATP analogue AMPPNP is bound to
the active site of both GyrB subunits. The ATPase domains
also point in the direction of the C-gate, but their orienta-
tion differs from the one of the ParE domains in Topo IV:
the longitudinal axis of the GyrB GHKL domain is almost
parallel to the two-fold axis of the cleavage core. This con-
formation is mediated by interactions between two motives
specific for the order of Corynebacteriales, the C-loop in the
ATPase domain of GyrB and the DEEE-loop in the tower
domain of GyrA (69,70). The wide-open conformation has
been interpreted as a possible ‘resting state’ (44).

The CTDs of gyrase and Topo IV are flexibly attached
to the GyrA/ParC NTD, and constitute mobile elements
that change their position relative to the topoisomerase
core during the catalytic cycle. In gyrase, the CTDs face
downwards towards the C-gate in the absence of DNA (71–
74), but move upwards, and are aligned with the DNA-
gate in the DNA-bound state (67,68,74). It is currently un-
clear at which stage in the catalytic cycle they return to the
downward-facing state and if asymmetric intermediates ex-
ist in which one CTD faces downward, the other one up-
ward. In Topo IV, the CTDs are located on the level of the
DNA-gate in the absence of DNA (50). From the different
contributions of individual blades of the CTD to different
topological changes catalyzed by Topo IV, it has been pro-
posed that the CTDs can rotate to accommodate interac-
tions with different topological states of the DNA substrate
(75).

MECHANISTIC DIFFERENCES BETWEEN GYRASE
AND TOPO IV

The general strand-passage mechanism of type IIA topoiso-
merases versus nicking-closing

According to the current model, type IIA topoisomerases
change the topological state of DNA by a strand-passage
mechanism (Figure 5) (reviewed in (76)). The sequence of
events leading to supercoiling, relaxation, or decatenation
starts with the binding of a double-stranded G-segment
at the DNA-gate. On binding, the DNA adopts A-form
geometry directly at the scission sequence, while retaining
B-form geometry in the remaining parts (40,77). The G-
segment also becomes bent on binding, caused by the in-
tercalation of two conserved isoleucine side chains into the
DNA (40,77). In gyrase, a DNA-induced upward move-
ment of the CTDs and a narrowing of the N-gate was
observed (34,74), which may be specific for intramolecu-
lar strand passage and super-coiling. The next step in the
catalytic cycle is the capture of a second double-stranded
DNA segment, the T-segment, which becomes fixed above
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Figure 4. Different conformations of the heterotetrameric type IIA topoisomerases. (A) Cryo-EM structure of E. coli gyrase [PDB-ID: 6rkw, (68)] showing
a closed N-gate. (B) Crystal structure of Topo IV from S. pneumoniae [PDB-ID: 4i3h, (66)] showing the wide-open conformation of the N-gate with the
ATPase domains facing downward to the C-gate. (C) Crystal structure of M. tuberculosis gyrase [PDB-ID: 6gav (44)] with a wide-open conformation of
the N-gate. However, the longitudinal axis of the ATPase domains is rotated with respect to the axis of the topoisomerase core in comparison to Topo IV.
Top: front view, bottom: top view. The color code is the same as in Figure 2; DNA is shown in black.

the G-segment by ATP-induced closing of the N-gate. Gy-
rase and Topo IV interact differently with DNA: while
Topo IV can stably bind two DNA molecules, gyrase only
binds a single DNA segment (78–80). Gyrase thus captures
a T-segment located in the same DNA molecule as the G-
segment (79,80), whereas Topo IV captures a T-segment lo-
cated on a second DNA molecule (80). The different in-
teraction with DNA thus makes the difference between in-
termolecular strand passage and decatenation by Topo IV,
or intramolecular strand passage and supercoiling by gy-
rase. Subunit mixing experiments showed that binding of
the second DNA molecule depends on the ParE/GyrB sub-
units (80). After DNA binding, both strands of the G-
segment are cleaved, leading to a double-strand break with
a four-base stagger. In this reaction, the catalytic tyrosines
in GyrA/ParC act as nucleophiles; they remain covalently
bound to the 5′-end of each DNA strand (81). The co-
valent enzyme-DNA intermediate formed is referred to as
the cleavage complex. After opening of the DNA-gate and
transport of the T-segment through the gap created, the G-
segment is re-ligated. Subsequently, the T-segment can leave
the enzyme, which is controlled by opening of the C-gate
(32,82). Finally, after the release of ADP and phosphate,
the N-gate re-opens (34,83), and the enzyme is prepared for
another cycle.

In contradiction to the strand-passage mechanism, gy-
rase in which one of the two tyrosines is replaced by a
phenyl-alanine is able to supercoil DNA in the absence
of double-strand cleavage and strand passage (84). This
variant supercoils DNA with similar characteristics as the
wildtype enzyme, introducing changes of the linking num-
ber in steps of two and undergoing the same conforma-
tional changes in the catalytic cycle (84). These obser-
vations suggest an alternative mechanism for supercoil-
ing, in which two positive supercoils are captured by gy-
rase, segregated from the rest of the substrate, and re-
laxed by nicking of one of the strands (Figure 5) (84). The
two compensatory negative supercoils, formed in the re-
mainder of the DNA substrate on capture of the positive
supercoils, remain, and relaxation of the positive super-
coils thus leads to an overall decrease in the linking num-
ber by two (84) [reviewed in (85)]. DNA supercoiling by
nicking-closing does not require the DNA- and C-gates
to open. Nevertheless, subtle conformational changes of
these interfaces may enable the associated rearrangements
of the DNA (84) [reviewed in (85)]. It remains to be deter-
mined whether the nicking-closing mechanism is used for
DNA supercoiling in vivo as a safeguard to avoid double-
strand breaks, or whether both mechanisms are used in
parallel.
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Figure 5. Possible mechanisms for type IIA topoisomerases. The upper part shows the canonical strand-passage mechanism for DNA supercoiling, de-
picting gyrase in top view, looking down in the DNA bound at the DNA-gate. The bottom part shows the nicking-closing mechanism, which rationalizes
the ability of gyrase to negatively supercoil DNA with only one catalytic tyrosine present (84). Here, the CTDs are not shown as the structural basis for
capturing two positive supercoils is unknown. In both mechanisms, the first step is the binding of the G-segment (light blue) to the DNA-gate (one subunit
shown in purple, the other in gray). On binding, the G-segment becomes bent (dark blue) at the DNA-gate, and is wrapped around the CTD (green). When
ATP binds, the N-gate closes, and the T-segment (blue/orange) is captured. Strand passage (top) can occur with a T-segment located on the same (blue)
or a second DNA molecule (orange). Intramolecular strand passage is wrapping-dependent and leads to DNA supercoiling (blue); intermolecular strand
passage is wrapping-independent and leads to DNA decatenation (orange). The two catalytic tyrosines cleave the G-segment, whereupon the DNA-gate
opens, and the T-segment can pass through the gap, converting a positive into a negative node. Gyrase with a single catalytic tyrosine can supercoil DNA
without strand passage, following a nicking-closing mechanism (bottom). Capture of the T-segment leads to the stabilization and segregation of two pos-
itive supercoils, resulting in the formation of two negative supercoils in the remainder of the DNA. The ATP-operated clamp inhibits the rotation of the
T-segment around its helical axis. Upon induction of a nick in the G-segment by the single catalytic tyrosine, the two positive supercoils can relax, leaving
two negative supercoils behind.

In-line with the physical requirement of double-strand
cleavage and strand passage for DNA decatenation, gyrase
with a single catalytic tyrosine fails to decatenate DNA. The
ATP-dependent relaxation activity of gyrase lacking the
CTDs also depends on double-strand cleavage and strand
passage (84). From these data, a similar loss of decatena-
tion and relaxation activities for Topo IV with just a sin-
gle tyrosine can be inferred. Altogether, these observations
point to a different mechanistic spectrum of gyrase and
Topo IV.

Sensing topology: preferences for different DNA substrates

Despite the common principles in their core mechanism,
gyrase and Topo IV display large differences in their in-
teractions with the DNA substrate, which are intimately
linked to their different activity profiles. ATP-dependent re-
laxation by Topo IV and ATP-dependent negative super-
coiling of DNA by gyrase are the result of intramolecular
strand passage, whereas decatenation of DNA is brought
about by intermolecular strand passage, involving two
DNA molecules. Topo IV catalyzes decatenation faster than

relaxation (11,86,87), whereas gyrase is more efficient in
DNA supercoiling than in decatenation (86,88); decatena-
tion by gyrase is almost two orders of magnitude slower
than decatenation by Topo IV (16,89).

Gyrase and Topo IV both show strong preferences for the
topology of their substrates: gyrase catalyzes the relaxation
of positive supercoils much faster and more processively
than the introduction of negative supercoils into relaxed
DNA (12,17). Similarly, Topo IV relaxes positive supercoils
much faster than negative supercoils (86,87). Nevertheless,
the mechanisms for topology sensing are different for the
two enzymes. The handedness of the DNA substrate is rec-
ognized at multiple stages. The first stage is binding of the
G-segment. E. coli gyrase shows a 10-fold higher affinity for
relaxed than for linear or negatively supercoiled DNA (90).
Gyrase from M. tuberculosis binds positively supercoiled
DNA with a higher affinity than negatively supercoiled
DNA (91). In contrast, Topo IV has a 4-fold preference
for binding to supercoiled than to linear DNA, and shows
similar affinities for positive and negative supercoils (92,93).
Crosslinking experiments have provided evidence for a dis-
tinct conformation of Topo IV bound to positively super-
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coiled DNA, with the two ParE subunits within crosslink-
ing distance, which is not observed with other DNAs (94). A
second step in topology discrimination is T-segment bind-
ing. Unlike Topo IV, gyrase does not stably interact with
two DNAs simultaneously (78–80). Instead, DNA wrap-
ping around the CTDs is key for the stable interaction with
a positive supercoil, and for positioning of the T-segment
above the G-segment in a defined relative orientation for
supercoiling (67,68). Topo IV does not wrap DNA (58),
but forms a stable complex with both G- and T-segment
DNAs (80). It preferentially interacts with negative cross-
ings occurring in positively supercoiled DNA and positive
catenanes (92,95). As a third step, the topology of the sub-
strate plays a role in DNA cleavage. Gyrases, including the
M. tuberculosis enzyme, form more cleavage complexes with
negatively than with positively supercoiled DNA (12,91).
This preference does not depend on the CTDs, but instead
it has been linked to the N-terminal part of GyrB (91).
For Topo IV, the reports range from little preference un-
der stochiometric conditions (excess enzyme) (12) to 20-
fold more efficient cleavage of positively supercoiled DNA
under catalytic conditions (11). Finally, the processivity of
strand passage is also dependent on DNA topology. De-
spite the lower level of cleavage complexes on positively
supercoiled DNA, gyrase catalyzes the relaxation of posi-
tive supercoils (i.e. negative supercoiling) much faster and
more processively than the introduction of negative super-
coils into relaxed DNA (12,17). Topo IV relaxes positive su-
percoils much faster than negative supercoils (86,87). Mag-
netic tweezers experiments revealed that, similar to gyrase,
the reason for the preferred action on positively supercoiled
DNA is the difference in processivity: while relaxation of
positive supercoils is highly processive, the relaxation of
negative supercoils is entirely distributive (11,87,92). The
processivity difference has been ascribed to a more stable
interaction of Topo IV CTDs with the DNA during relax-
ation of positively supercoiled DNA, leading to a lower rate
constant for dissociation of the enzyme from positively than
from negatively supercoiled DNA (50,75,87).

Despite their shared preference for positively supercoiled
DNA, gyrase and Topo IV thus show substantial differ-
ences in the mechanism of topology discrimination dur-
ing DNA binding, cleavage, and strand passage. While the
wrapping of DNA by gyrase leads to a preferential inter-
action with positively supercoiled DNA and at the same
time favors intramolecular strand passage, Topo IV pref-
erentially decatenates DNA through its stable interaction
with two DNA molecules, and preferentially relaxes posi-
tively supercoiled DNA, predominantly through the high
processivity of this reaction. Although the GyrB/ParE sub-
units have been implicated in the preferred cleavage of neg-
atively supercoiled DNA by gyrase (91) and in binding
to a second DNA molecule by mycobacterial gyrase and
Topo IV (80), there is mounting evidence that the CTDs are
the key elements that dictate topology-dependent interac-
tions with the DNA, and hence the different activities of
gyrase and Topo IV (29,50,75,79,96,97). In-line with this
hypothesis, removal of the CTDs leads to simple topoiso-
merases that relax DNA in the presence of ATP without a
preference for negative or positive supercoils (58,96). This
brings us back to a comparison of the gyrase and Topo IV

CTDs to answer the question: What is so special about
the CTDs?

The CTDs: binding, bending, and wrapping DNA

The important role of the CTDs in DNA binding to gyrase
became evident from DNase- and hydroxyl-radical foot-
printing experiments: full-length gyrase protects a 140 bp-
DNA segment, with a higher protection of the central 40 bp
(60,98–102). Although Topo IV protects only the central re-
gion of the DNA (103,104), deletion of the CTDs in gyrase
and Topo IV leads to a decrease in DNA affinity (50,74),
confirming that they contribute to DNA binding in both
enzymes. The CTDs of gyrase and Topo IV are in fact
DNA-binding proteins on their own: the isolated CTDs
bind DNA via the positively charged surface at their perime-
ter, which introduces a bend (30,105). The gyrase CTDs
bind the DNA in a right-handed spiral, which addition-
ally introduces writhe (29) and results in wrapping of the
DNA around gyrase in a positive supercoil (61). In Topo IV,
the CTDs have been implicated in stronger DNA interac-
tions of Topo IV during the relaxation of positively su-
percoiled DNA and decatenation (50,75). They also con-
tribute to bending of the G-segment by gyrase and Topo IV
(34,75,105). In the following, we will dissect the role of the
individual structural features of the CTD in determining the
activities of gyrase and Topo IV.

Spiral shape and positive patch. Mutational studies of the
CTDs revealed that the positive patch determines their
DNA affinity and their capability to bend the DNA and
enable wrapping (75,97). Increasing the number of posi-
tive charges on the surface of the gyrase CTD generally
strengthens DNA binding. The removal of a single posi-
tive charge does not abolish binding, but leads to a loss of
wrapping and of supercoiling activity (97). The effect of ex-
changing positive by negative charges on the surface of the
Topo IV CTD on DNA binding depends on the position
of the mutation: mutations close to the N-terminus do not
alter the DNA affinity, whereas binding is progressively im-
paired when the mutations are closer to the C-terminus (75).

Through its spiral shape, the positive patch around the
CTDs is also important for introducing writhe. The degree
of writhe introduced varies. The linking number of DNA
bound to the E. coli CTD (lacking the C-tail, see below) is
changed by +0.8, whereas the CTD of B. burgdorferi only in-
creases the linking number by 0.3 (61). This lower change in
linking number has been linked to the planar shape of this
CTD. In agreement with this hypothesis, mutation of the
conserved proline in E. coli gyrase that enables formation of
the spiral shape of the CTD leads to impaired DNA wrap-
ping and a decrease of supercoiling activity (62). The pla-
nar Topo IV CTD also introduces only little chiral writhe
(30,58). From the spiral shape of the CTD in B. stearother-
mophilus ParC (56) one would predict that this CTD may
also be capable of introducing writhe, similar to gyrase
CTDs. However, the B. stearothermophilus ParC CTD sur-
face is less curved, and has a lower positive electrostatic po-
tential than GyrA CTDs (56). The biochemical properties
of the CTD or the reaction profile of B. stearothermophilus
Topo IV have not been characterized yet.
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GyrA-box. The GyrA-box in blade 1 of the CTD was dis-
covered as a signature motif of gyrases (57,105). Deletion or
substitution of the GyrA-box leads to a loss of supercoiling
activity, but has no effect on the decatenation activity, sim-
ilar to the removal of the complete CTD (57). According
to the cryo-EM structure of E. coli gyrase, the GyrA-box
faces away from the NTD and from the G-segment bind-
ing site (68). In this configuration, blade 1 is the last blade
that is contacted by the wrapped DNA before it exits the
CTD (68). The GyrA-box has been suggested as a key el-
ement for the local DNA geometry and for stabilizing the
wrap (56). Indeed, mutations in the GyrA-box do not af-
fect DNA binding to the isolated CTD, but the capability
to bend the DNA is reduced (105). Mutations of the GyrA-
box in gyrase prevent DNA wrapping (57). They also sup-
press DNA-induced N-gate narrowing, although the CTDs
still move upwards when DNA binds (105). In the absence
of the GyrA-box, DNA binding does not stimulate the
ATPase activity, implicating it in coupling of DNA binding
and ATP hydrolysis (105). The GyrA-box is also required
for the high processivity of relaxing positively supercoiled
DNA (12). It has been suggested that the strong deviation
of the GyrA-box in the B. burgdorferi CTD from the consen-
sus contributes to its inability to introduce writhe into DNA
(61). However, the link between sequence and writhing has
not yet been explored experimentally.

Due to the modular structure of the CTD, a sequence
reminiscent of the GyrA-box is present in every blade, al-
though these sequences have diverged from the consensus
(58). In M. tuberculosis gyrase, a second GyrA-box con-
forming to the consensus sequence is present in blade 5 (59)
(see Figure 3A). While mutations in the canonical GyrA-
box lead to similar changes of activities as in E. coli gy-
rase, mutations in the second GyrA-box decrease the de-
catenation activity (59). In all gyrases, residues in the GyrA-
box-like sequences in each blade contribute to the positively
charged band at the CTD perimeter, with positive charges
placed at regular intervals along the DNA binding surface.
By removing or adding individual positive charges, HOB-
SON et al. have dissected the role of individual blades of
the CTD for gyrase activities (97). Notably, removal of a
single positive charge significantly reduces the capacity of
the CTD to wrap DNA. Generally, charge removal and a
concomitant weakening of DNA wrapping lead to a de-
crease in supercoiling activities, but enhanced decatena-
tion, and thus generated a more Topo IV-like enzyme. In-
creasing the interaction with the DNA by introducing ad-
ditional positive charges, on the other hand, also resulted in
slower DNA supercoiling and reduced coupling, suggesting
that the positively charged surface of E. coli gyrase is opti-
mized for negative supercoiling (97). The DNA-stimulated
ATPase activity of the gyrase variants correlated with
the wrapping propensity. Charge addition and removal
also affected the balance between supercoiling and de-
catenation activities. Variants with a higher ability to
wrap DNA catalyzed supercoiling more efficiently than
decatenation, whereas a variant with impaired wrap-
ping was a more efficient decatenase (97). This ob-
servation is in agreement with a kinetic partitioning
model proposed earlier by NÖLLMANN et al., who

rationalized gyrase activity as a competition between
wrapping and negative supercoiling on one hand, and
wrapping-independent decatenation of DNA on the other
hand (106).

Although the GyrA-box is a signature motif of gy-
rases, degenerate forms of this sequence containing positive
residues are also present in Topo IV (see ‘Evolution of type
IIA topoisomerases’). VOS et al. showed that mutations of
positive charges in different blades of Topo IV have differ-
ential effects on the interaction of Topo IV with different
DNA substrate, and on different activities of Topo IV. Mu-
tations in blades 4 and 5 led to reduced DNA binding to the
isolated CTD, whereas mutations in other blades did not al-
ter DNA affinity much (75). In the context of Topo IV, pos-
itively supercoiled DNA is bound mostly through blades 2,
3 and 4. Negatively supercoiled DNA interacts also with
blades 2, and 3, and with a strong binding site on blade
5. Catenated DNAs preferentially interacts with blades 3,
4, and 5. Interestingly, reduced DNA affinity due to mu-
tations in blade 5 was associated with an increased activ-
ity in the relaxation of negatively supercoiled DNA and in
decatenation, suggesting that high-affinity binding of DNA
to blade 5 is auto-inhibitory for these activities. Strikingly,
residues in blade 1 located nearest to the ParC NTD con-
tribute to bending of the G-segment DNA bound at the
DNA-gate of the topoisomerase core (75). In terms of ac-
tivity, mutations in the CTD either lead to global changes in
Topo IV activities on any substrate (blade 1), shifted the bal-
ance between decatenation and relaxation (blade 3, blade
2), altered chiral selection and the balance between relax-
ation of positive and negative supercoils (blade 5), or had
no effect on any of Topo IV’s activities (blade 4) (75). The
strongest effect on decatenation activity was observed for
mutations in blade 3. Relaxation of negative and (to a lesser
extent) positive supercoils depends not only on residues in
blade 3, but also on blade 2. Residues on blades 2 and
3 determine the processivity of relaxation and decatena-
tion. The differential engagement of the CTDs with differ-
ent substrates, and their contributions to G-segment bend-
ing and T-segment binding, require a reorientation of the
CTDs relative to the NTD (75) that has not been probed
experimentally.

C-tail. A distinct structural feature of the CTDs in gyrase,
but not in Topo IV, is the presence of an unstructured, acidic
C-tail. In E. coli gyrase, the C-tail acts as an auto-inhibitory
element: the E. coli CTD and the GyrA subunit are not
able to bind DNA or to introduce writhe, but gain these
functions when the C-tail is removed (63). DNA wrapping
is also restored when the gyrase heterotetramer forms, pre-
sumably through interactions of the C-tail with the GyrB
subunit (63). In contrast to E. coli, the CTDs and GyrA
subunits of M. tuberculosis and B. subtilis show similar or
slightly increased DNA binding and bending without the C-
tail (64,107). Both enzymes have a shorter C-tail than E. coli
gyrase. The C-tail thus appears to be an extra regulatory el-
ement in gyrase that enables species-specific variations of
supercoiling activity and the degree of supercoiling reached
(63,108).
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Clearly, the CTDs play a major role in determining the in-
teractions of gyrase and Topo IV with different DNA and
the different reactions these enzymes can catalyze. How im-
portant are the differences in interactions with the DNA
substrate for gyrase and Topo IV activities in vivo?

Different activities in the cell

The unique hallmark reaction of gyrase, i.e. the ATP-
dependent introduction of negative supercoils into DNA,
is key for maintaining the negative supercoiling density of
the genome (109,110). The global supercoiling state is deter-
mined by the delicate balance between opposing activities
of the different topoisomerases present. DNA-dependent
processes, predominantly replication and transcription, al-
ter the local supercoiling level of the DNA (3,4). Despite the
overlapping spectrum of gyrase and Topo IV activities in
vitro, the in vivo tasks of these enzymes are distinct. Gyrase
activity is critical during transcription, and in the beginning
of and during replication, whereas Topo IV activity is essen-
tial for chromosome segregation at the end of the replication
process (16,86). Gyrase has a high intrinsic affinity for pos-
itively supercoiled DNA (91), and is located ahead of the
replication fork (21,111–113). By removing positive super-
coils with high processivity and velocity (12), it alleviates
accumulating torsional stress and ensures fork progression.
In contrast, Topo IV is located on the negatively supercoiled
DNA behind the replication fork, where its decatenation ac-
tivity is stimulated (16,17,86,87,89). Topo IV efficiently dis-
entangles pre-catenanes during replication elongation, and
mediates chromosome decatenation at the end of the repli-
cation process to ensure chromosome segregation (19,114).
The localization of Topo IV behind the fork is mediated
through protein-protein interactions. Three well-examined
interaction partners of Topo IV are MukB, SeqA, and
FtsK. MukB interacts with Topo IV and increases the
local concentration of Topo IV at the origin of replica-
tion (20,115,116). SeqA is a DNA-binding protein, which
binds to hemi-methylated DNA (117). By interacting with
the CTD of the ParC subunit, it recruits Topo IV to the
freshly replicated DNA behind the replication fork, and in-
creases the decatenation and relaxation activity of Topo IV
(118,119). Finally, FtsK interacts with ParC, leading to an
increased concentration of Topo IV at the septal ring, where
it decatenates newly replicated chromosomes prior to segre-
gation (114). FtsK also stimulates the decatenation activity
of Topo IV (114).

Despite their dedicated cellular functions, Topo IV and
gyrase can partially complement each other in vivo: over-
expression of gyrA and gyrB partially rescues a parC and
parE mutant (120), suggesting that gyrase can take over at
least some of the activities of Topo IV. A gyrase variant
that is supercoiling-deficient, but a more efficient decate-
nase than wildtype gyrase, can also rescue a parC mutant
(96). Topo IV can replace gyrase during replication elonga-
tion in vitro and partially in vivo (16,121). However, the over-
expression of parC and parE does not rescue a gyrB mutant
(120), indicating that one or more of the cellular functions
of gyrase cannot be provided by Topo IV.

The preferential relaxation of positive supercoils by
Topo IV and the conversion of positive into negative su-

percoils by gyrase jointly remove excess positive super-
coils in bacteria without relaxation of negative supercoil-
ing required for DNA compaction and metabolism. While
Topo IV cleaves negatively and positively supercoiled DNA
with equal efficiencies, gyrase shows less cleavage on posi-
tively supercoiled DNA. The resulting lower inherent dan-
ger of introducing double-strand breaks in the unreplicated
DNA makes gyrase a safer enzyme ahead of the replica-
tion fork than Topo IV (12). It has been a puzzle for a
long time how Topo IV can resolve the ‘paradox’ that is in-
herent to its spectrum of activities:, i.e. how can Topo IV
resolve right-handed pre-catenanes and catenanes during
replication without relaxing right-handed negative super-
coils and interfering with the steady-state negative super-
coiling density in the cell? First single-molecule studies sug-
gested that a preference of Topo IV for left-handed juxta-
positions of G- and T-segments prevents activity on nega-
tively supercoiled DNA. Subsequent studies determined the
preferred crossing angle to approx. 85◦ (87). Such crossing
angles are populated in right-handed catenanes, which ra-
tionalizes their dissolution by Topo IV (87). However, math-
ematical simulations showed that selection for left-handed
DNA crossings characteristic of right-handed topologies
enables Topo IV to relax positively supercoiled DNA pref-
erentially, and to decatenate negatively supercoiled (pre-
)catenanes without torsional relaxation (95). The regulation
of Topo IV in space and time (through the interaction with
other proteins; see before) further contributes to a preferred
decatenation of replication intermediates. The preferred re-
laxation of positive over negatively supercoiled DNA is
brought about through different processivities for these re-
actions, caused by different interactions of the CTDs with
the DNA during catalysis (75,87,92). The distributive re-
laxation activity of Topo IV is reminiscent of Topo IA,
a type I topo-isomerase responsible for the relaxation of
negative DNA supercoils behind the translocating RNA
polymerase during transcription (113,122). Inactivation of
Topo IV leads to similar levels of hypernegative supercoiling
as mutations of Topo IA (109), indicating that Topo IV and
Topo IA may act in concert to limit the degree of negative
supercoiling. Strikingly, more recent results show that both
Topo IA and Topo III are not necessary when Topo IV is
overexpressed, providing further evidence that Topo IV can
relax negative supercoils in the wake of RNA polymerase
when Topo IA is lacking (123).

Hybrid enzymes: part gyrase, part Topo IV

The division of labor between gyrase and Topo IV during
replication is not possible in bacteria that possess only a sin-
gle type IIA topoisomerase. These enzymes have to remove
positive supercoils ahead of the fork and disentangle pre-
catenanes behind the fork. One example are mycobacteria
that contain only a gyrase. In-line with the physiological re-
quirements, mycobacterial gyrases show an altered balance
between intra- and intermolecular strand passage than gy-
rase homologs from organisms that also harbor a Topo IV,
and catalyze supercoiling and decatenation with similar ef-
ficiencies (59,124,125). This balance is the result of less effi-
cient DNA supercoiling compared to other gyrases; the de-
catenation activity remains lower than the one of Topo IV
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Table 1. Comparison of mycobacterial gyrase with Topo IV and other gyrases.

Topo IV mycobacterial gyrase gyrase

structural features ATPase domains bent downa bent downb facing upwardsc

CTDs 0–8 blades six-bladed six-bladed
open closed closed

less spiral spiral spiral
GyrA-box no yes yes

interaction with DNA DNA affinity +sc ≈ -sc +sc > -sc +sc > -sc
# of DNAs bound two two one
cleavage +sc > -sc -sc > +sc -sc > +sc
wrapping no yes yes

mechanism strand passage decatenation: yes
relaxation: yes

decatenation: yes
supercoiling: ?

decatenation: yes
supercoiling: not

requiredd

reactions catalyzed decatenation > relaxation decatenation ≈
supercoiling

supercoiling >

decatenation

aPDB-ID 4i3h, see Figures 2C and 4B.
bPDB-ID 6gau, 6gav, see Figure 4C.
cAccording to single-molecule FRET data (34).
dGyrase with a single tyrosine catalyzes DNA supercoiling in the absence of strand passage by a nicking-closing mechanism. This enzyme cleaves only a
single strand of the G-segment, but still catalyzes supercoiling in steps of two (84). -sc: negatively supercoiled DNA, +sc: positively supercoiled DNA.

(124,125). Mycobacterial gyrase can thus be regarded as an
evolutionary compromise to perform both tasks.

The hybrid character of mycobacterial gyrase is reflected
in the fact that some of its enzymatic characteristics are
more reminiscent of gyrase, whereas others are more similar
to Topo IV (Table 1): the altered balance between supercoil-
ing and decatenation may be linked to its unsual, ’Topo IV-
like’ conformation, with the ATPase domains of GyrB bent
downwards (44). In addition, Mycobacterium smegmatis gy-
rase stably binds two DNAs, similar to Topo IV (80), favor-
ing intermolecular strand passage and decatenation. On the
other hand, the CTDs of mycobacterial gyrase are gyrase-
like, with six-blades in a spiral shape, and a canonical GyrA-
box in blade 1, and are capable of DNA wrapping (107). As
a result, the enzyme is also a gyrase with respect to its prefer-
ence for positively supercoiled DNA substrates (91). In fact,
mycobacterial gyrase wraps DNA more stably than E. coli
gyrase (107), which, according to the kinetic competition
model proposed by NÖLLMANN et al. (106), should favor
supercoiling over wrapping-independent decatenation. On
the other hand, exceedingly strong wrapping leads to a de-
crease in supercoiling activity of E. coli gyrase and futile
cycling (97). It is conceivable that the same effect is respon-
sible for the low supercoiling activity of mycobacterial gy-
rase and its higher propensity to decatenate. Notably, simi-
lar to other gyrases and unlike Topo IV, mycobacterial gy-
rase forms a lower level of cleavage complexes on positively
than on negatively supercoiled DNA (91). Thus, despite the
altered balance between supercoiling and decatenation, it
remains a safe enzyme to process the unreplicated DNA in
front of the replication fork with a low risk of introducing
double-strand breaks (91).

Similar to the situation in Mycobacteria, only one type
IIA topoisomerase has been identified in the thermophilic
bacterium Aquifex aeolicus. Phylogenetically, this enzyme
has been classified as a gyrase (126). However, the in vitro
activities of this enzyme are characteristic of a Topo IV (58),
making A. aeolicus the only organism known to date that
lacks a functional gyrase. However, as a highly thermophilic
bacterium, A. aeolicus may be a special case and may not re-

quire the introduction of negative supercoils by gyrase – in
fact, the presence of such an activity could even be detri-
mental.

EVOLUTION OF TYPE IIA TOPOISOMERASES

The evolution of type IIA topoisomerases is most likely
connected to the transition from an RNA to a DNA world,
when the appearance of double-stranded DNA brought
with it the topological problems resolved by these enzymes.
For a long time, this hypothesis was supported by the ab-
sence of RNA topoisomerases, but with the discovery of
RNA topoisomerase function for Topo III in 1996 (127),
this picture has changed. It is conceivable that topoiso-
merase subunits were present even during the RNA world,
and then jointly took over different functions later on (128).
The structural similarities of type IIA topoisomerases, com-
bined with their different functional specialization, suggest
the presence of a common ancestor. The close relation of
gyrase and Topo IV is also evidenced by their shared sensi-
tivity to coumarin and quinolone inhibitors (120,129). It is
unclear which of the two bacterial enzymes appeared first,
gyrase or Topo IV. With its multiple cellular functions, in
the maintenance of supercoiling homeostasis, and in tran-
scription and replication, gyrase appears to be the more im-
portant enzyme of the two. In-line with this notion, gyrase
is an essential enzyme present in all bacteria (with only one
exception, see before), while Topo IV is not essential and
not universally present (128). It was commonly believed that
in organisms lacking Topo IV, the decatenation activity of
gyrase could compensate for the missing Topo IV activity.
In-line with this hypothesis, the gyrase from M. tuberculo-
sis, an organisms lacking a Topo IV, shows a different bal-
ance between supercoiling and decatenation activities, and
a higher tendency to decatenate DNA (124,125). Compar-
isons of gyrases from different organisms has shown that
the balance between supercoiling and decatenation can be
modulated through species-specific insertions in the topo-
isomerase core (44–46). However, the CTDs are clearly a
major determinant for the prevailing topoisomerase activ-
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Figure 6. Possible evolutionary pathway for the appearance of gyrase and Topo IV. The �-pinwheel of the CTDs was either formed by the repetitive assembly
of single blades consisting of �-sheets with A–B–C–D topology into a canonical �-propeller, followed by the invasion of a hairpin formed by strands B
and C into the adjacent blade, and subsequent rearrangements that convert the �-propeller into a �-pinwheel with a D–A–B–C topology, including a
domain swap of strand C (bottom). Alternatively, individual blades with the D–A–B–C topology of the prevalent Greek key motif may have assembled
directly into a �-pinwheel, followed by a domain swap of strand C (top). Both pathways would have generated a protein capable of binding DNA around
its perimeter. Fusion of this ancestral CTD (green) to an ancestral topoisomerase core (gray) then led to the appearance of gyrase. Gene duplication then
enabled branching into Topo IV and gyrase. Subsequent changes in the CTDs and the topoisomerase core enabled the specialization of gyrase in different
organisms. For Topo IV, the loss of the GyrA-box and loss or gain of blades followed.

ity. This hypothesis was supported early-on by demonstrat-
ing that deletion of the gyrase CTDs converts the enzyme
into a Topo IV (96). Later, it was shown that mutation of
the GyrA-box is sufficient for converting a gyrase into a
Topo IV (57). In fact, single point mutations in the CTD can
alter the mode of DNA binding drastically, and can shift
the balance between supercoiling and decatenation in gy-
rase (97). A single point mutation is also sufficient to gener-
ate a hybrid type IIA enzyme that acts as a gyrase on relaxed
and moderately supercoiled DNA, but as a Topo IV when
the DNA is highly negatively supercoiled (97). This shows
that only small changes are required to change the activity
profile of a gyrase into an enzyme with Topo IV-like activi-
ties.

An interesting case from an evolutionary perspective is
the single type IIA topoisomerase of A. aeolicus. Accord-
ing to phylogenetic analyses, this enzyme is a hybrid en-
zyme with a gyrase-like topoisomerase core and a Topo IV-
like CTD (126). This enzyme shows Topo IV-like activity in
vitro, but is not capable of negative DNA supercoiling (58).
TRETTER et al. re-constituted a gyrase-like enzyme with su-

percoiling activity by mixing E. coli GyrA and A. aeolicus
ParE (58). In fact, the exchange of the CTDs of A. aeolicus
ParC by CTDs from Thermotoga maritima gyrase was suffi-
cient to convert the A. aeolicus Topo IV into a gyrase. This
gain-of-function experiment provides strong support for the
hypothesis of a modular architecture of type IIA topoiso-
merases, in which the CTDs are the key determinant for the
prevailing activity (58).

These considerations bring us back to the order of ap-
pearance of gyrase and Topo IV. Was the last common an-
cestor a gyrase or a Topo IV? The phylogenetic distribu-
tion of topoisomerases is difficult to interpret as it does
not reflect the universal tree of life (128,130). Phylogenetic
analyses of type IIA topoisomerase subunits put gyrase and
Topo IV into one group, separate from eukaryotic Topo II
(128). The structure of the phylogenetic tree suggests an
early separation of Topo IV and gyrase, arguing against a
development of Topo IV from gyrase (128). However, in-
creasing experimental evidence on the central function of
the CTDs supports the hypothesis that the common an-
cestor of gyrase and Topo IV was in fact a gyrase (Figure
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6). Based on the central functional role of the CTDs for
gyrase activity, this hypothesis posits that the CTDs were
fused to an ancestral type IIA topoisomerase core during
evolution (58,131). In fact, in B. burgdorferi, the CTD is
present as a separate DNA binding protein, independent
of gyrase (132). B. burgdorferi may reflect an evolutionary
intermediate that provides support for the occurrence of
such a fusion event in evolution. The CTD itself most likely
originated from the duplication of a single blade (30,56),
each of which carried a GyrA-box. The �-pinwheel topol-
ogy may have originated from the assembly of blades into
a canonical �-propeller, followed by invasion of a hairpin
into the adjacent blade, rearrangement of the strands and
a domain swap, to arrive at the observed D–A–B–C strand
order (hairpin invasion hypothesis) (56). Alternatively, the
�-pinwheel may have originated from the repetitive assem-
bly of the common Greek key motif, followed by a domain
swap leading to the formation of an antiparallel �-sheet be-
tween strand C of one blade and strand B of the neighboring
blade (30) (Figure 6). In any case, this would make the first
enzyme a gyrase, from which Topo IV appeared through
another gene duplication event. During evolution, only the
GyrA-box in the first blade was preserved in gyrase, whereas
the other blades gained different functions in DNA bind-
ing and bending (97). Topo IV lost the canonical GyrA-box
in all blades, although remnants are still present. In addi-
tion, Topo IV lost or gained individual blades of the CTD
(50,58,75). In this scenario, B. stearothermophilus Topo IV
with its six-bladed, spiral CTD might constitute an early
evolutionary intermediate that is still close to a gyrase (56).

CONCLUSIONS

In this review, we have summarized how the type IIA topo-
isomerase scaffold provides a common basis for two dif-
ferent biological tasks, decatenation and supercoiling. Su-
percoiling enzymes are optimized for DNA wrapping and
intramolecular strand passage (gyrase), while efficient de-
catenases are optimized for intermolecular strand passage
(Topo IV). We have also illustrated how, based on the same
type IIA scaffold, gyrase can be fine-tuned to become more
or less Topo IV-like. E. coli gyrase is an example for an en-
zyme that is highly optimized for its function as a super-
coiling enzyme, with very little Topo IV-like decatenation
activities. M. tuberculosis gyrase, on the other hand, is an
example for a hybrid, more Topo IV-like enzyme, that is less
efficient in supercoiling, but shows robust decatenation ac-
tivity. Mutational studies on both gyrase and Topo IV have
shown that the balance between ‘gyrase-like’ and ‘Topo IV-
like’ can be tipped by as little as a single point mutation
in the CTDs. Thus, gyrase and Topo IV provide an illus-
trative example for a continuum of overlapping functions,
based on multi-layered evolutionary fine-tuning of a com-
mon core mechanism. We are only beginning to understand
the molecular mechanisms that enable this spectrum of ac-
tivities. While the DNA- and nucleotide-induced conforma-
tional changes that orchestrate DNA supercoiling by gyrase
have been dissected in detail, less is known about the con-
formational changes associated with gyrase- or Topo IV-
catalyzed decatenation. To arrive at a thorough mechanistic
understanding of these enzymes during their different re-

actions, it is key to explore the potential differences in the
conformational cycle of gyrase and Topo IV, differences be-
tween the catalysis of supercoiling and decatenation by gy-
rase, as well as catalytic nuances between gyrases from dif-
ferent species. The insight gained from such studies will not
only define the molecular determinants that make a type
IIA topoisomerase a gyrase or a Topo IV, but will also help
unravel possible evolutionary relationships and pathways,
and may open up novel pathways for gyrase and/or Topo IV
inhibition.
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