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ABSTRACT

Type Il topoisomerases are ubiquitous enzymes that
control the topology and higher order structures of
DNA. Type IIA enzymes have the remarkable prop-
erty to sense locally the global DNA topology.
Although many theoretical models have been pro-
posed, the molecular mechanism of chiral discrim-
ination is still unclear. While experimental studies
have established that topoisomerases IIA discrimin-
ate topology on the basis of crossover geometry, a
recent single-molecule experiment has shown that
the enzyme has a different processivity on super-
coiled DNA of opposite sign. Understanding how
cross-over geometry influences enzyme processivity
is, therefore, the key to elucidate the mechanism of
chiral discrimination. Analysing this question from
the DNA side reveals first, that the different stability
of chiral DNA cross-overs provides a way to locally
sense the global DNA topology. Second, it shows
that these enzymes have evolved to recognize the
G- and T-segments stably assembled into a right-
handed cross-over. Third, it demonstrates how bind-
ing right-handed cross-overs across their large
angle imposes a different topological link between
the topollA rings and the plectonemes of opposite
sign thus directly affecting the enzyme freedom of
motion and processivity. In bridging geometry and
kinetic data, this study brings a simple solution for
type IlIA topoisomerase chiral discrimination.

INTRODUCTION

Type II DNA topoisomerases (topo II) are ubiquitous
enzymes that control the topology and the organization
of higher order structures of DNA (1-3). They are essential

for solving topological problems linked to DNA unwind-
ing during replication and transcription catalysing the
passage of one double-stranded DNA segment through a
transient-mediated break in another. In addition, growing
evidences have shown that they also play multiple cellular
roles such as gene regulation and chromosome condensa-
tion (2). Remarkably, these enzymes have also the unique
property that still remains unexplained, of being able to
sense locally the global DNA topology. The present article
analyses the type II topoisomerase mechanisms from the
DNA point of view and shows how these enzymes may
have exploited the intrinsic properties of the double helix
and its assembly rules for accomplishing their fascinating
cellular roles.

Type II topoisomerases are divided into two subclasses
ITA and IIB. Type ITA enzymes are found throughout
eubacteria and eukaryotic cells whereas type IIB ones are
found in archaea and also in plants (3). Both families share
structural analogies, which reveal a complex evolutionary
relationship (3-5). They display a modular architecture
that contains a series of catalytic modules linked by flexible
hinge regions (4,5). While type ITA topoisomerases are
composed of two inter-connected rings, type IIB enzymes
adopt the overall architecture of a single molecular clamp
that contains the two first gates structurally related to the
type ITA enzymes (N-ring) (Figure 1a and b). The current
model of the DNA strand-passage reaction proposes that
both enzyme subclasses bind two DNA segments and cata-
lyse the ATP-dependent transport of one intact DNA
double helix (‘T-segment’), through a gate DNA segment
that contains the enzyme-mediated transient DNA gate
(‘G-segment’) (1,6,7). To accomplish this task, topo ITA
acts like two well-synchronized molecular clamps that al-
ternatively capture and release DNA through three gates:
the entrance ‘N-gate’, the ‘DNA gate’ and the exit or
‘C-gate’ (8) (Figure 1c). The G-segment is bound to the
DNA cleavage/religation domain that contains the cata-
lytic toprim and 5Y-CAP domains (5). Binding of ATP is
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Figure 1. Type II topoisomerase architecture and catalytic mechanism. (a) Schematic representation of a full-size type IIA topoisomerase.
(b) Schematic representation of a full-size type IIB topoisomerase. (¢) The strand-passage reaction that transports the T-segment through the
transient gate of the G-segment. The T- and G-segments are represented in green and red, respectively. The N- and C-rings are represented in
orange and cyan, respectively. The top rim and CAP domains are represented in blue and yellow, respectively.

then coupled to the dimerisation of the ATPase domains
that clamp and capture the T-segment into the ‘N-ring’.
Cross-talk between ATPase and DNA cleavage domains
lead to G-segment cleavage (9). The T-segment is then
transported through the open DNA gate for storage into
the ‘C-ring’. Finally, opening the C-gate permits the release
of the T-segment into the solvent for performing a new
catalytic cycle. Recent crystallographic studies of eukaryot-
ic and bacterial type IIA enzymes have unveiled the mode of
binding of the G-segment (10-15). In these structures, the
G-segment duplex is sharply bent and its central 4 bp
located between the two catalytic tyrosines adopt a
A-conformation. Since the toprim and CAP domains are
organized differently in type IIA and IIB enzymes (16,17),
the G-segment binding regions of the two families are
structurally distinct to the degree that they generate

different DNA-cleavage products (2bp versus 4 bp over-
hangs) (5). Consequently, the G-segment might adopt a
different conformation and orientation in the two families.
Despite these differences, the strand-passage mechanism
of both enzyme families is similar, except that in type 1B
topoisomerases there is no C-gate and the T-segment is dir-
ectly released into the solvent after passing the G-gate. A
model in which the G-segment is straight and adopts a
B-DNA conformation has been proposed for type IIB
enzymes (18).

A functional link between higher order DNA structure
and topology

The major tasks of type II topoisomerases are first, the
maintenance of topological homeostasis and second, the



resolution of the topological problems linked to DNA
replication and transcription (19-21). These functions are
accomplished by the ATP-dependent strand-passage reac-
tion that enables these enzymes to catalyse supercoil
removal or introduction, catenation and decatenation or
knotting and unknotting of DNA (1). Bacteria encode
gyrase and topoisomerase IV (topo IV). Gyrase is
unique in that it introduces negative supercoils into
DNA in an ATP-dependent manner to regulate the super-
helical density of bacterial DNA (22). Topo IV plays es-
sential roles in untangling daughter chromosomes after
DNA replication, removing knots from the genomes and
contributing to replication fork progression by relaxing
positive supercoils (21). Eukaryotes encode a type II topo-
isomerase that is homologous to the eubacterial type I1A
enzymes and also play critical functions in DNA replica-
tion and chromosome segregation (23). Vertebrates
express two isoforms, topo Ila and topo IIf that display
similar catalytic properties but differ in their regulation
and cellular functions (1). Type II topoisomerases are
also involved in the organization of higher order DNA
structures in both eukaryotic and prokaryotic cells
(2,24). In eukaryotes, these enzymes have been found a
long time ago as a major component of chromosomal
scaffolds (SAR/MAR) (25-27), and growing evidences
show that these enzymes collaborate with condensin thus
playing an important role in mitotic chromosome conden-
sation (28-30) and in centromeric function (31). However,
their precise role in the building of mitotic chromosome
is still controversial and remains to be determined.
Consistent with a hierarchic mechanism of chromosome
condensation, a recent study reported that type II topo-
isomerases promote chromatin compaction in vitro, in a
manner dependent on histone HI, but independent of
ATP (32). It has also been shown that type II topoisom-
erases participate to the nucleoid organization in prokary-
otic cells (33) thus indicating that in both bacteria and
eukaryotes, these enzymes establish a functional link be-
tween genome architecture and DNA topology. Indeed,
although partitioning bacterial sister chromosomes are
distinct from chromatid segregation during eukaryotic
mitosis (34), the intimate link between the modulation of
DNA packaging and topology plays a critical role in gene
regulation in both eukaryotic and bacterial cells (24).

Local sensing of global topology

Due to their remarkable ability to sense locally, the global
DNA topology type ITA enzymes have been compared to
‘Maxwell Demons’, opening an imaginary door to act on
specific DNA topoisomers (more supercoiled, catenated or
knotted) and thus reducing the entropy of a system (35).
Rybenkov et al. (36) showed that they are able to ‘simplify’
the DNA topology beyond the level expected at the equi-
librium. In the presence of ATP, the enzymes generate
a steady-state distribution narrower than the equilib-
rium distribution of topoisomers produced by ATP-
independent enzymes such as topoisomerase I. How a
small enzyme is able to discriminate the topology of a
large DNA molecule still remains a mystery. Several the-
oretical models have been proposed to explain topology
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simplification in searching the different possible mechan-
isms that could increase the probability of the enzyme to
select a T-segment belonging to a specific topological state,
in a strand-passage reaction (reviewed in 37,38). Some
models that include DNA kinking (39), three segment bind-
ing (40) and kinetic proofreading (41) suggested that the
different probabilities of type II topoisomerase-T-segment
interactions could potentially arise via either geometric
or kinetic selection. These ‘protein-centric’ models con-
sider that the enzyme is essential in creating new probing
information about DNA topology. They contrast with
‘DNA-centric’ models proposing that the topological in-
formation is embodied in local juxtaposition geometry
and that type Il topoisomerases achieve disentanglement
by selective segment passages only at pre-existing ‘hooked’
but not free juxtapositions (42-44). However, the com-
puter simulations that account for such effects in both
protein- and DNA-centric models are, in general, not suf-
ficient to explain the observed efficiency of local sensing. A
recent experimental study has shown that topology sim-
plification is a ubiquitous feature of type IIA topoisomer-
ases (45). The authors concluded that the mechanism of
topology simplification might involve both a geometric se-
lection step such as the G-segment bending and a kinetic
proofreading process (45). Interestingly, in showing that
type 1IB topoisomerases are unable to simplify the DNA
topology, this study suggested that this property may re-
quire the presence of the two enzyme rings (N- and C-ring)
and therefore the potential ability to ‘hold’ the T-segment
into the C-ring, after the strand-passage reaction (45).
Another kind of local sensing of the global topology of
DNA is the ability of some type IIA topoisomerases to
efficiently discriminate between knots (46) or supercoiled
DNA of opposite signs. For example, bacterial topo IV
(47), DNA gyrase (48) and human topoisomerase I1a (49)
act preferentially on (+) supercoiled DNA or L-braids. It
has been proposed that the C-terminal domain of topo IV
acts as a sensor for substrate selection in orienting the
T-segment binding (50). In gyrase, this domain is also re-
sponsible for the chiral wrapping of DNA around the
enzyme tetramer (51,52). A similar role has also been
postulated for the eukaryotic C-terminal domains al-
though these domains have no apparent homology with
their eubacterial counterparts (49). Similar to the ‘DNA-
centric’ models for topology simplification, it has been
also suggested that local differences in (+) and (—) super-
coiled DNA may be distinguished by the enzymes (53).
However, the finding that the C-terminal domains of
type ITA topoisomerases play no role in topology simpli-
fication suggested that topology simplification and chiral
sensing employ different mechanisms (45). Nevertheless,
two sets of experimental studies suggest that these two
phenomena have in common some mechanistic features
probably based on a combination of geometric and kinetic
steps of T-segment selection. In the first ones, single-
molecules DNA braiding systems have clearly established
that type II topoisomerases discern positively and nega-
tively supercoiled DNA on the basis of the local geometry
of DNA cross-overs (54-56). Consistent with these finding,
chemical cross-linking of topo IV has demonstrated that
the enzyme bound to positively supercoiled DNA is in a
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different conformation from that bound to other forms of
DNA (57). Secondly, it has been shown that the relaxation
asymmetry is caused by difference in enzyme processivity
(58). Indeed, a detailed single-molecule experiment has
demonstrated that while Topo IV is highly processive on
(+) supercoiled DNA, the enzyme is perfectly distributive
on (—) supercoiled DNA. How DNA cross-over geometry
does influence the differential mobility of type II topo-
isomerases on supercoiled DNA of opposite sign represent
therefore an interesting conceptual challenge. The detailed
knowledge of DNA cross-over properties and their mode
of recognition by these enzymes is therefore essential for
understanding their puzzling properties and in particular
the mode of local sensing of the global topology.

Cross-over DNA topoisomerase II recognition: a
complex(’s) picture

A common feature connecting the multiple type II topo-
isomerase functions and their sense of topology is their
binding of DNA cross-overs. As noticed previously, ‘the
enzyme’s preference for DNA cross-overs provides an
interesting link between its catalytic and structural roles
in the cell’ (59). While DNA cross-overs are, at least tran-
siently, an obligate step for the strand-passage reaction
(60), they also constitute architectural elements of higher
order DNA structures that can be recognized by the pro-
teins condensing DNA (61-63). Indeed, many experimen-
tal studies already support the view that type Il enzymes
bind cross-overs. For example, electron microscopy studies
have indicated that they bind preferentially on the helix
juxtaposition in the supercoiled or linear DNA (64,65). On
another hand, the study of oligonucleotide concentration
dependence of DNA cleavage reaction proposed a two-site
model in which the transported T-segment must be present
for efficient cleavage of G-segment (66). Linking number
measurements of plasmid DNA relaxed by vaccinia virus
topoisomerase II also concluded to their role in the stabil-
ization of DNA crossings, while suggesting that the stable
binding to cross-overs is not directly related to its catalytic
cycle (60). Interestingly, it has also been reported that type
IT topoisomerases bind to particular DNA structures such
as four-way-junctions or hairpins to accomplish their mul-
tiple functions (67-70). Since type II topoisomerases
have presumably multiple DNA binding sites, it is possible
that several modes of cross-over binding correspond to dis-
tinct functions (71). For example, when the binding of a
cross-over occurs before the strand-passage reaction, the
G- and T-segment should be both clamped at the interface
of the DNA binding and cleavage core and the ATPase
domains. Alternatively, a ‘gate-padlock’ model proposes
that the enzymes can still hold the two DNA segments
after the strand-passage reaction (72). In this model, the
enzyme firmly clamps the G- and T-segments trapped into
the closed N- and the C-ring, respectively. The forma-
tion of this stable complex could participate to the struc-
tural role of type II topoisomerases in chromosome
architecture (72).

However, from a structural point of view, little is known
about the architecture of the ternary complexes as well as
the mode of DNA inter-helical interactions within the

enzyme cavities. Moreover, the question of cross-over-
type 11 topoisomerase recognition is highly debated, mainly
due to the idea that two negatively charged double helices
should strongly repel each other, making the formation of
such tight ternary complexes improbable. However, the
recent crystal structures of two full-size representative
enzymes of the topo IIB subclass clearly indicate that
the space enclosed between the DNA cleavage—religation
domain and the dimerized ATPase domains is suited to
accommodate two tightly packed DNA duplexes (16,17).
Interestingly, possible candidate for type Il enzyme sub-
strates have been observed a long time ago in the crystal
structures in which B-DNA double helices pack into tight
right-handed cross-overs, thus naturally minimizing elec-
trostatic repulsion (61-63) (Figure 2). It has been sug-
gested that type II topoisomerases and other proteins
such as the mismatch repair MutS protein family that rec-
ognize either DNA cross-overs or their iso-structural
stacked four-way junction (73) may clamp this kind of
structures (74). However, it remained to be determined if
the close helical approach stabilized in a crystalline envir-
onment could also occur in solution. Many more ques-
tions are still unsolved: does the simultaneous presence
of the G- and T-segments play a role in the structural
communication between the ATPase and DNA binding
domain? Do DNA-DNA interactions contribute to the
catalytic mechanism of strand passage? Are there different
cross-over binding modes and do they correspond to dis-
tinct functions of the enzymes? And finally, how is cross-
over geometry used by the enzyme to sense DNA
topology? The present analysis tries to elucidate these
questions by dissecting the possible modes of topo IIA
and IIB assembly on tight cross-overs.

It is proposed herein that the principles governing the
geometry and the stability of helical assemblies in nucleic
acids may provide useful insights to understand how type
IT topoisomerases recognize cross-overs and exploit their
properties for sensing global topology. Indeed, recent
studies have contributed to overcome the conceptual obs-
tacle of electrostatic repulsion. First, the crystallographic
structures of large functional assemblies such as ribosomal
particles have revealed an extremely dense packing of
RNA helices (75-78), similar to the ones observed earlier
in crystals of RNA or DNA duplexes, thus supporting the
biological relevance of crystal inter-molecular contacts
(61). Second, a recent molecular dynamics study has
shown that specific helical assemblies observed in crystals
can also be stable in solution (79). The detailed knowledge
of helical packing modes is therefore essential to under-
stand how cross-over geometry may influence type II
topoisomerase functions and mechanisms.

Assembly rules of double helices

The packing of double helices plays essential roles in the
architecture and catalysis of nucleic acids. Neutralizing the
close approach of negatively charged double helices strictly
requires the participation of cations or positively charged
amino acids of proteins. Although similar electrostatic
rules govern the assembly of RNA and DNA, the helical
packing modes of the two molecular cousins differ as a
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Figure 2. Modes of inter-helical interactions.Right-handed cross-overs (a—d), left-handed cross-over (e). (a) Major-groove backbone interaction
between two B-DNA duplexes. (b) Minor-groove backbone interaction between two B-DNA duplexes. (¢) Minor-groove backbone interaction
between two A-RNA duplexes. (d) Model of a hybrid cross formed by minor-groove backbone interaction between an A-DNA duplex (yellow)

and a B-DNA duplex (red). (e) Major-groove-major groove interaction.

consequence of their distinct secondary structures. Indeed,
in addition to adopt a regular A-conformation, the RNA
molecules most often fold into more complex structural
motifs due to the presence of the 2’-hydroxyl group and
extended base pairing rules (80). Thus, RNA structures
are characterized by flourishing modes of tertiary inter-
actions, from simple inter-helical interactions to the dock-
ing of a wide repertoire of sequence-dependent 3D motifs
(81,82). In contrast, DNA molecules mainly form a
regular B-DNA double helix stabilized by canonical
Watson—Crick base pairing. Following the evolutionary
choice of austerity, the building of higher order DNA
structures is mainly directed by the B-DNA double helix

geometry (62). Crystallographic and theoretical studies
have shown that close inter-helical interactions not only
minimize the electrostatic repulsion between the negatively
charged sugar—phosphate backbones but also optimize the
docking between the complementary surfaces of the double
helices (83-85). It is also clear that the double helix geom-
etry and handedness play a critical role in the building rules
of DNA higher order structures. Thus, the packing of
right-handed double helices produces asymmetric DNA
cross-overs that differ not only by their inter-molecular
contacts but also by their relative stabilities. For example,
due to the structural and electrostatic complementarity
between the grooves and the sugar—phosphate backbone,
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right-handed double helices can be mutually fitted by
either major-groove or minor-groove backbone inter-
action into right-handed cross-overs (Figure 2a—d).

From DNA chirality to stable right-handed cross-overs

In the case of B-DNA duplexes, most of the right-handed
crosses examined to date from crystallographic data are
assembled by major-groove backbone interactions and in-
volve specific cytosine-phosphate group hydrogen bonds
(86) (Figure 2a). In solution, a short-range attraction of
about —4 kcalmol™' was observed recently between the
duplexes within a right-handed cross-over, in the presence
of divalent cations (79). Although less frequent in B-DNA
crystals, minor-groove backbone interactions has also
been observed (87) (Figure 2b). Interestingly, this mode
of interaction has also been observed in a molecular dy-
namics study of mini-circles of DNA. Under helical ten-
sion, monovalent cations seem sufficient to stabilize the
neighbouring DNA segments (88). In contrast, in left-
handed cross-overs, the B-DNA helices are juxtaposed
by groove—groove interactions to minimize their electro-
static repulsion (89) (Figure 2e). This mode of interaction
is neither stabilized by sequence-specific contacts between
DNA segments, nor by inter-molecular divalent cation
bridges. Left-handed cross-overs in ionic conditions fa-
vouring the association of right-handed crosses have
been found unstable, resulting in a swift dissociation of
the helices (79). This study demonstrated that without spe-
cific inter-molecular interactions, left-handed helix juxta-
positions can only be stable in the crystallographic
environment and never in solution.

The A-form double helices differ from the B-form in
their modes of inter-molecular recognition (90). As a con-
sequence of a different accessibility and geometry of their
grooves, the A-form double helices preferentially self-
assemble into right-handed cross-overs formed by minor-
groove backbone interactions (Figure 2c). For example,
these structures have been observed in the crystal packing
of many RNA oligonucleotides (91,92) and are one of the
most common elements of the ribosome structure (78).
Interestingly, this so called ‘along-groove’ packing motif
is thought to play a role in ribosomal function such as
tRNA translocation (93,94).

The role of the DNA sequences is also different in the
packing of A- and B-DNA helices. A comparison of DNA
crystal packing modes revealed that the interactions be-
tween A-DNA helices are much less dependent from the
DNA sequence than the B-DNA ones (84). Probably
because the shallow minor-groove of the A-form provides
the opportunity to form many van der Waals and hydro-
phobic interactions, their stable association has been
found less dependent from the formation of specific hydro-
gen bonds. In consequence, a constant geometry of the
A-form assemblies can be maintained for a large variety
of sequences. Moreover, as a consequence of a more con-
straining base stacking scheme in A-form, the sequence-
dependent structural variability of the double helix is sig-
nificantly reduced (95). In summary, despite their differ-
ences in sequence requirements, right-handed cross-overs
self-fitted by groove backbone interactions constitute a

key motif for the stable assembly of both A- and B-form
double helices.

From helical interactions to DNA topology

The interplay of local and global properties constitutes a
key element in the cellular function of DNA. Factors that
affect the local properties of DNA directly influence the
global properties of supercoiled DNA and, in turn, changes
in superhelicity have repercussions on the local DNA struc-
ture and stability (96). For example, it is commonly
thought that the underwound form of (—) supercoiled
DNA facilitates locally, the strand separation required for
transcription or DNA recombination in mesophilic
bacteria (97,98). Conversely, the formation of triplex or
cruciform structures in specific sequences modulates the
rate of encounter and the efficiency of communication be-
tween remote sites and may affect transcription through
altered global dynamics of supercoiled DNA (99,100).
Consequently, local intra- or inter-molecular DNA-—
DNA interactions play a central role by establishing a
link between the two hierarchical levels of structural or-
ganization in DNA. In a recent study, it has been shown
that the various topological states of the cell are associated
with different inter-segmental interactions (101). As seen
above, due to the intrinsic helical chirality of DNA, the
global topological state of DNA is asymmetrically
encoded in the geometry and stability of DNA cross-
overs. Indeed, the stable right-handed DNA cross-overs
constitute the most probable structure of site juxtaposition
in physiological conditions. Thus, right-handed crosses
that occur preferentially in (+) supercoiled DNA for geo-
metrical reasons should also be preferentially formed in
the absence of superhelical stress, as in relaxed DNA, cat-
enanes or loose knots for electrostatic reasons. This view is
fully consistent with the observation that relaxed pBR322
DNA forms positive supercoils in the presence of divalent
cations (102). Indeed, the spontaneous formation of right-
handed cross-overs is expected to promote the winding of
the DNA molecule into a left-handed superhelix, the
braiding mode of (+) supercoiled DNA. In contrast, the
formation of unstable left-handed DNA crosses is strictly
associated with (—) supercoiling which is the normal topo-
logical state of mesophilic cells. Consequently, whereas the
unstable left-handed cross-overs are exclusively formed in
negatively supercoiled DNA, stable right-handed cross-
overs constitute the local signature of an unusual topo-
logical state in the cell, such as the positively supercoiled
or relaxed DNA (see Figure 1 in 101).

As a corollary, the differential stability of cross-overs
may be exploited for sensing the global topology of DNA
from local interactions. This provides a simple mechanism
for the local discrimination of different topological states
of DNA and provides new insights for explaining, for
example, why negative supercoiling favours decatenation
more than positive supercoiling (103). Thus, the different
stabilities and geometry of inter-segmental interactions in
supercoiled DNA of opposite sign brings a new support
for the ‘DNA-juxtaposition-centric’ models (42). Sensing
the differential stability and geometry of DNA cross-overs



would become the secret of Maxwell’s topological demons
(35)?

Type Il topoisomerases have evolved to bind stable
right-handed DNA cross-overs

It is, therefore, likely that type II topoisomerases have
evolved to clamp stable DNA juxtapositions. This para-
graph shows indeed that their architecture is designed for
selectively bind right-handed cross-overs. The analysis of
the available crystal structures of these enzymes shows
first that both families have evolved to recognize the
G- and T-segments stably assembled into a stable right-
handed cross-over. Figure 3a and b reveal indeed that the
shape of N-ring in the two class enzymes can only accom-
modate right-handed crosses. However, due to a different
organization of the catalytic domains, types ITA and II1B
enzymes recognize DNA cross self-fitted by minor- and
major-groove backbone interactions, respectively.

Within the type IIB family, a model of the archaeal topo
VI core-cleavage domain bound to DNA suggested that
the G-segment adopts the B-conformation (18). In this
model, the major-groove of the duplex is oriented towards
the interior of the N-ring, with the dyad axis of DNA
coinciding with the 2-fold axis of the protein dimer. In
addition, the crystal structures of two full-size representa-
tive enzymes of the topo IIB subclass have shown that the
space located between the DNA cleavage-religation
domain and the dimerized ATPase domains (N-Ring) is
sufficient for fitting two DNA segments (16,17). It has
been subsequently shown that these structures can only ac-
commodate right-handed cross-overs self-fitted by groove
backbone interactions (Figures 1b and 3b), thus suggest-
ing that type IIB enzymes have evolved to clamp specific-
ally stable right-handed DNA juxtapositions (101).

In the recent structures of type IIA enzymes (10-15),
both the bound G-segments and the protein domains shape
the N-ring inner surface in such way that the T-segment is
also constrained into forming a right-handed cross with
the G-segment. However, since the G-segment adopts an
A-conformation in its central base pairs and exposes
its minor groove towards the incoming T-segment
(Figure 3a), the DNA surface available for inter-helix con-
tacts is only compatible with a minor-groove backbone
interaction. Consequently, the cross-over clamped by type
ITA enzymes is expected to form a hybrid structure composed
by a G-segment in the A-conformation and a T-segment in
the B-conformation (Figure 2d). Interestingly, the shaping
of an enzymatic active site with a DNA duplex has been
also observed in DNA polymerases in which the A-form is
thought to promote the replication accuracy in buffering
the sequence dependent structural variability (95). It is
likely that the A-form play a similar role in type IIA topo-
isomerases in contributing first, to attenuate the sequence-
dependent conformational variability of the G-segment in
order to keep a constant geometry of the cavity and
second, to provide a minor groove surface that can accom-
modate, without a strict sequence specificity, the backbone
of a T-segment (see above).

Thus, independently from their C-terminal domain, the
architecture of type IIA and IIB topoisomerases has

Nucleic Acids Research, 2011, Vol. 39, No. 20 8671

evolved to clamp selectively stable right-handed cross-
overs fitted by groove backbone interaction. An interest-
ing hypothesis is that these enzymes may have exploited
the electrostatic properties of cross-overs for their cata-
lytic mechanism of the strand-passage reaction (101).
Clamping both the G- and T-segments should be greatly
facilitated if there is an attractive interaction between the
duplexes (‘pull’). Right-handed crosses are therefore opti-
mal candidates as substrates for the reaction. In contrast,
expelling the T-segment from the enzyme would be faci-
litated by the repulsive interaction between the DNA
segments within a left-handed cross-over generated by
the reaction (‘push’). Unstable left-handed cross-overs are
therefore better candidates for being the product of the
strand-passage reaction.

From cross-over geometry to type IIA topoisomerase
processivity

Importantly, the ATPase domains that surround the
N-ring of both type II topoisomerase families embrace the
DNA right-handed cross-overs across their large angle
(Figure 3a, right). This mode of binding has then crucial
repercussions on the topological relationships between the
enzyme rings and the supercoiled DNA of opposite sign,
thus directly affecting their ability to move along the DNA
chain. This observation provides a simple rational explan-
ation for the chiral discrimination by topo IV that
is processive on (+) supercoiled DNA and perfectly dis-
tributive on (—) supercoiled DNA. According to Neuman
et al. (58), the key step that differentiates the topo IV
processivity on (—) and (+) supercoiled DNA is the
large conformational changes that accompany the refold-
ing of the DNA, subsequent to the strand-passage reac-
tion. During this step, the DNA chain quickly collapses to
restore a plectoneme with a lower energetic state. However,
the structural bases explaining the different enzyme behav-
iour on (—) and (+) supercoiling during this short step
remained to be determined.

The present analysis shows that within (+) supercoiled
DNA, the enzyme clamps the right-handed cross-overs, in
such way that the N-ring is perpendicular to the long
supercoiled DNA axis and is not topologically linked to
the circular DNA chain (Figure 4a). The strand-passage
reaction then transports the T-segment into the C-ring and
generates a ‘free’ topological configuration in which,
although maintained in their closed forms, the two rings
are free to slide and to swivel along the DNA segments.
Consequently, similar to a trapeze artist, the enzyme can
exploit the large DNA conformational change that occurs
during the loop refolding, to correctly reposition itself at
the vicinity of another cross-over without dissociating
from both DNA segments. The enzyme can then release
the T-segment from the C-ring to perform a new catalytic
cycle. This provides a geometrical basis that explains the
observed processivity of topo IV on (+) supercoiled DNA
(58). The C-ring can therefore be viewed as a processivity
factor that can slide along the T-segment using the elastic
energy of supercoiled DNA after the strand-passage
reaction. Consistent with this assumption, is the lack of
a corresponding C-ring domain in topolIB that are unable
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Figure 3. Type II topoisomerases have evolved to clamp right-handed cross-overs. Model of a topo IIA (a) and of a topo IIB (b) bound to a G- and
a T-segment forming a right-handed cross-over. Detailed views of the DNA inter-helical interaction within the enzyme—cross-over complex. The T-
and G-segments are assembled by minor-groove backbone interaction within the N-ring of topo IV (a) and by major-groove backbone interaction
within the N-ring of topo VI (b). The N-rings (orange) clamp the cross-over across its large angle. The top rim and CAP domains are represented in
blue and yellow, respectively. Structural and biochemical data have been brought together for inferring the geometry of cross-overs bound to type II
topoisomerases. The available crystallographic coordinates of type II topoisomerases deposited in the PDB and in particular the recent crystal
structures of topoll complexed with a G-DNA segment (10-15) have been used for docking DNA cross-overs into the enzymes. The crystal
structures of the A-subfragment of the eubacterial Streptococcus pneumonidae topo IV complexed with DNA (12) and the structure of the full-length
archaeal methanosarcina mazei topo VI (16) have been considered as two representative models of the topoisomerase IIA and IIB families, respect-
ively. The first one consists into a protein fragment (A-subunit) with a bound G-segment while the other is a full-length enzyme without bound
DNA. Since the position of the G-segment is imposed by the protein catalytic domains, the docking problem consists into finding the orientation of
T-segment which is dictated by steric and electrostatic constraints imposed by the surface of the protein domains and of the bound G-segment DNA
that surround the inner cavity of the N-ring.

to sense DNA topology (45). In type IIB enzymes, the
T-segment is directly released into the solvent after the
strand-passage reaction.

In contrast, in (—) supercoiled DNA, left-handed cross-
overs are the prevalent crossing modes (Figure 4b) (101).
For binding its right-handed cross-over substrate, the en-
zymes must therefore be positioned differently onto the
plectoneme. Here, the N-ring that is parallel to the super-
coiled DNA axis forms an inter-locked knot and is topo-
logically linked with the circular DNA (the ring passes

across the two lobes of the ‘eight’). In consequence, the
strand-passage reaction that transports the T-segment into
the C-ring generates a ‘locked’ topological configuration
that is incompatible with the enzyme mobility along the
DNA chain. The set of forces exerted in the opposite dir-
ection by the elastic tension of DNA on the two rings not
only physically impedes their motion along the DNA but
also prevents the loop refolding. This topological situation
locks the relaxation process since the enzyme is immobil-
ized on the (—) supercoiled DNA. Consistent with
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Figure 4. From cross-over geometry to type IIA topoisomerase processivity. Clamping right-handed cross-overs across their large angles imposes a
different topological link between the enzyme’s rings and the plectoneme of opposite signs. (a) In (+) supercoiled DNA, the transport of the
T-segment (green) from the N-ring (orange) into the C-ring (cyan) generates a ‘free’ topology compatible with the enzyme motion and processivity
along the DNA chain. The enzymes can exploit the loop refolding (green arrow) for finding another cross-over (blue arrow). (b) In (—) supercoiled
DNA, the transport of the T-segment into the C-ring generates a ‘locked’ topology incompatible with the enzyme motion along DNA. Consistent
with its distributivity on (—) supercoiled DNA, the enzyme is unable to exploit the loop refolding for finding another cross-over.

the distributive behaviour of topo IV on (—) supercoiled
DNA, the enzyme is unable to exploit the loop refolding
for sliding to a next cross-over since the release of the
T-segment from the C-ring is required before the loop re-
folding. In conclusion, the present study brings the
missing link between structural and kinetic data and
provides an extremely simple explanation for the chiral
discrimination by type ITA enzymes. The intrinsic DNA
handedness that governs the stable helical associations
plays therefore a critical role for the local sensing of
DNA topology by type IIA topoisomerases. In

conclusion, this analysis suggests that type Il topoisomer-
ases have learnt the rules that govern the assembly of
DNA molecules in order to perform their multiple func-
tions and to locally sense the global DNA topology.
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