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ABSTRACT. Type Il topoisomerases are essential enzymes in all cells. They help to solve the topological
problems of DNA by passing one double helix through a transient break in another, in a reaction coupled
to the hydrolysis of ATP. Members of one class of the enzymes, DNA gyrases, are configured to carry
out an intramolecular reaction, removing positive supercoiling and introducing negative supercoiling into
circular DNA using free energy derived from ATP hydrolysis. The nonsupercoiling class, including bacterial
topoisomerase IV and eukaryotic topoisomerase Il enzymes, can carry out both intra- and intermolecular
reactions, and their primary role is the unlinking (decatenation) of daughter replicons before partition. In
these enzymes, ATP hydrolysis is coupled to a reduction in DNA complexity (catenation, supercoiling,
and knotting) below the level expected at equilibrium. This review discusses our current understanding
of the mechanisms behind the coupling of the energy of ATP hydrolysis to topological changes catalyzed
by both of these classes of enzyme.

The double-helical structure of DNA is a 20th Century Perhaps the easiest way to visualize the basic problem is
icon, with its capacity for encoding information in the base to think about what happens as the DNA strands are separated
sequence, and with the complementary nature of the twoby a helicase at a replication fork. Since the whole replication
strands providing the mechanism for its replication and hence apparatus has a limited capacity to rotate as it tries to follow
the efficient transfer of hereditary informatiot)(However, ~ the parental helix, the DNA must instead rotate ahead of
the fact that double-stranded DNA is helical is probably an the fork. Friction and tethering to other structures in the cell
accident of the formation of a polymer of asymmetric Prevent the whole DNA from rotating, and the result is the
monomers (nucleotides), rather than an evolved feature ofcOmpression of the helical turns or overtwisting of the DNA
the molecule; helices are very common in macromolecules 2h€ad of the fork (Figure 1). This is analogous to an attempt
for this reason. The double-helical configuration of the t© Pull apart the strands of a long twisted rope, which will
molecule means that the two strands are interlinked, a fact"®Sult in overtwisting and ultimately tangling (supercoiling)
that underlies the “topological” properties of DNA: super- of the _st_rands;{). Ov_e_rt\letlng of the DNA helix corresponqls
coiling, knotting, and catenation (interlinking of two separate to positive s_upercomng, which must be removed for replica-
double-stranded DNA molecules). In a closed-circular mol- tion elongation to continue. The only effective way to resolve
ecule, the two single strands are linked together, and thisthIS problem IS to break and rejoin one or b_Oth. of the DNA.
linking is quantified by the linking number (LK)an integer strands, allowing the supercoiling to relax; this process is

L . mediated by the topoisomerase enzymes. In an analogous
that counts, in simple terms, the number of double-helical - : :
wrns in the m0|eCLE)|620 A change in the linkina number manner, thg spoolmg of DNA through an effectively sta'qon—

T 9 gn ary transcription complex, where the strands are transiently
corresponds to a change in the level of supercoiling of the

i i : separated, causes the formation of positive supercoils ahead
molecule. These topological properties are problematic for ¢ he complex and an untwisting of the helix (negative
the cell, and a group of enzymes, the topoisomerases (topos)snercoils) behind, with a similar requirement for topo-

has evolved to deal with their consequenc®s ( isomerases to moderate this effed}. (

In replication, any rotation of the replication fork that does
"We thank BBSRC (U.K.) for financial support (Grant BB/C517376/ occur leads to an intertwining of the daughter molecules (to
form what are known as precatenanes), which results in
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Ficure 1. Positive supercoiling at the replication fork. As the
parental strands are pulled apart, with limited rotation of the fork
(A), the double-helical turns are compressed ahead of the fork (B)
and would ultimately form interwound (“plectonemic”) positively
supercoiled regions (C), preventing replication elongation. This
positive supercoiling is relieved by the action of topoisomerases.
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rial DNA gyrase [now also identified in plantd@, 11)], is
actually atypical in its ability to introduce negative super-
coiling, an endergonic reaction introducing torsional and
bending energy into the DNALQ). DNA gyrase thus clearly
couples the free energy of ATP hydrolysis to the introduction
of elastic strain into the DNA molecule. The other homolo-
gous type IIA enzymes, bacterial topo IV and eukaryotic
topo Il (the nonsupercaoiling type Il enzymes), have basically
the same strand-passage mechanism but can only relax
supercoiling and carry out the apparently exergonic decat-
enation reaction, so their requirement for ATP was for a long
time mysterious. The type 1IB topos are a distantly related
group identified in Archaea, and more recently in plants, and
have only recently been characterized structurally and
biochemically (3).

In vivo, the type IIA topoisomerases are believed to have
distinct but overlapping roles. In bacteria, gyrase is respon-
sible for removing positive supercoils ahead of replication
and transcription complexe44) and maintaining a steady
state of negative supercoiling, whereas topo IV is a special-

Reprinted with permission from ref. Copyright 2005 Oxford

pHIIE ized decatenase responsible for the resolution of catenated
University Press.

daughter repliconsl§), although it may also contribute to
the relaxation of positive supercoil$). In eukaryotes, the

A variety of strategies are used by topoisomerases toenzymes may be more promiscuous, although decatenation
resolve these topological problems. Type | topos break andof un-nicked double-stranded daughter replicons is the only
rejoin one of the two DNA strands, forming a transient role that cannot also be carried out by type | enzynmie.
phosphodiester intermediate between an active site tyrosin
and the 5 (type 1A) or 3 (type IB) side of the breakey.
Type IB topoisomerases (for example, eukaryotic topo | and The menu of reactions catalyzed by type Il DNA topo-
vaccinia virus topo ) allow the free€ 8nd at the break point  isomerases includes supercoiling and relaxation of DNA,
to rotate around the intact strand, dissipating either positive knotting and unknotting, and catenation and decatenation,
or negative supercoiling in a processive, energetically although not all enzymes can carry out all these reactions
favorable reaction. Type IA enzymes (prokaryotic topo I/topo (2). It is assumed, and there has been no evidence to the
Il and eukaryotic topo Ill) use a different mechanism. contrary, that all these processes are carried out by the same
Binding only to negatively supercoiled DNA, they use the core mechanism. Consideration of the catenation and decat-
energy of supercoiling to facilitate the unwinding of a enation reactions suggests that this must involve passage of
segment of DNA. They break one strand and pass the intactone double-stranded segment of DNA through another, and
strand through the break into a cavity in the enzyme’s this mechanism, termed strand passage, was proposed to
interior; resealing the break results in a change in linking account for all the reactions of type Il enzymek7)
number of£1. The enzymes are distributive and relatively Following this, a combination of structural and biochemical
inefficient and can incompletely remove only negative studies, particularly usingscherichia colDNA gyrase and
supercoils. However, type 1A enzymes can also manipulate Saccharomyces cerisiae topoisomerase Il, has been used
catenanes, providing one of the partner DNAs has a to derive a common general catalytic mechanism for the type
preexisting single-strand break, or nick. Breaking the secondIlA topos; this has been reviewed in detail elsewhees(
strand at the same point allows passage of another double8). The enzymes are homodimeric, although in the bacterial
stranded molecule through the break, thereby removing aenzymes two distinct subunits correspond to the single
catenane. Prokaryotic topo Ill is an effective decatenase ofeukaryotic protein, and they are (ABj)limers (Figure 2).
linked nicked-circular DNAsY). They operate on two distinct segments of DNA (Figure 3).

On the other hand, the type Il topoisomerases, the subjectThe enzymes bind the G (gate) segment close to the active
of this review, are more sophisticated molecular machines site tyrosines responsible for breaking and rejoining the DNA
that break both strands of the DNA helix and pass a secondbackbones, and then the N-terminal domains act like a clamp,
double helix through the break (gate) in a reaction that is or bear trap, closed by the binding of ATP, to capture the T
dependent on the binding and hydrolysis of AB. (f the (transported) segment. The G segment is transiently broken
strand-passage reaction on a circular DNA is intramolecular, in both strands by attack of a tyrosine residue on a backbone
the result is a change in the linking number a2 (or, phosphate in each strand, with phosphodiester exchange
potentially, the introduction or removal of a knot), but if forming a 3-phosphotyrosine intermediate and a fré©B8i,
intermolecular, the result is the formation or resolution of which is tightly bound to the enzyme. The T segment is then
catenanes. Type Il topoisomerases can be divided into twopassed through the break in the G segment, and hence
subtypes, IlA and 1IB, on the basis of structural and between the subunits of the enzyme, to leave by a gate at
evolutionary consideration®); this review relates to type the bottom of the complex, as drawn (Figure 3). The G
IIA enzymes, although we expect the IIB group to exhibit segment is resealed by the reverse phosphodiester exchange
similar properties. The best-known type IIA enzyme, bacte- reaction. As part of this cycle, the bound ATPs are

eA Generic Mechanism for Type Il Topoisomerases
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A ATPase DNA binding/cleavage introduction of negative supercoils. The basic outline of the

5 cereisise . | I Méc mechanism was fairly soon discovered. T_he enzyme was
Horman | : shown to make double-stranded breaks in DNA and to
topo ll S — operate by the passage of one double strand through another
e | I E— (1_8). Liu ar_u_j Wang {9) showed that the enzyme wraps DNA
£l | — —cm—— m(tah (;an rz)osmve handedness, suggesting a mechanism whereby

A box yme converts a positive crossover, or n@let¢ a
4 875

Gyrase :EJ%E,-@_GEZ negative one by strand passage, resulting in a linking number
s change of-2 (+1 — —1). More recently, this process has
been described in further detail. The key difference between
S shib | . . S | Fhe mechanism of_gyrage and_ that of oth_er type II_ topo-
topo M1 530 369 isomerases (described in outline above) is the ability of
Ficure 2: Domain structures and alignment of type Il topo- gyrase to wrap a segment of DNA around itself with a
isomerases. The “GyrB-like” part of the proteins is colored yellow prescribed handedness. This is a property of the C-terminal
(ATPase domain) and orange, and the “GyrA-like” part is colored 44 main of GyrA (GyrA-CTD), which is the region that shares
dark blue (DNA cleavage domain) and light blue. The approximate Lo .
positions of the active site tyrosine (Tyr) and the GyrA box are (1€ leastsequence similarity with other topo Il enzynsj.(
indicated. Indeed, deletion of this domain results in an enzyme with
topo Il-like properties Z1); i.e., it cannot supercoil DNA
but can carry out ATP-dependent relaxation. Moreover,
whereas gyrase is rather inefficient at decatena@@ ¢(he

B ATPase

l' T segment truncated enzyme can decatenate well enough to complement
a topo IV temperature-sensitive mutant in viai). Recent
G segment structures of GyrA-CTD 23, 24) have shown that this

domain, which has a novg@-propeller structure, is indeed
able to wrap DNA around itself in a manner appropriate for

+ 2 ATP (%) initiating the supercoiling reaction.
Biophysical studies of DNA wrapping by gyrase using
footprinting and microscopy techniques have established that

‘39 ~130 bp of DNA is wrapped around the enzyme with a
~ ) positive handedness that preseat T segment over a G
"3 segment 25, 26). Capture of the T segment was proposed

1 3 to lead to the establishment of an “on-enzyme” equilibrium

_2 ADP across the open DNA gate (Figure 3+-4), where the T
y Pi / segment is trapped within the enzyme following nucleotide
binding 7). This capture event occurs irrespective of the

superhelical state of the DNA [as evidenced by the observa-
tion that DNA-dependent ATP hydrolysis is independent of
the level of supercoiling28); see below], but the superhelical
3 state was proposed to determine the position of the on-
/4 enzyme equilibrium and hence the probability of strand
passage 47). Work using atomic force microscopy and
FicURE 3: Generic core mechanism for type Il topoisomerases. reanalysis of earlier hydroxyl radical footprinting data
The enzyme domains are color-coded as they are in Figure 1; thestrongly supports modifications of this model in which an

CTD is not shown. The enzyme binds a DNA G segment (green, agsymmetric wrap positions the T segment above the G

1), and then a T segment (red) binds between the N-terminal ; P ; )
domains (yellow2). ATP binding triggers the dimerization of the Segment, and nucleotide binding e§tabllshes th(? on-enzyme
NTDs, trapping the T segment, which is passed through a transient€duilibrium of the T segment, ultimately leading to the

break in the G segmer), The T segment exits through the bottom ~ release of the T segment from the complex and loss of the

of the protein dimer4). ATP hydrolysis and product release reset DNA wrap (26). Recent determination of the low-resolution

the enzyme for a further reactio)( structures of full-length GyrA and GyrB by small-angle
X-ray scattering 29, 30) has enabled incorporation of these

¢ data into a coherent mechanism for ATP-driven strand

. passage by gyrase (Figure 4). Recent single-molecule experi-

ments have confirmed the basic features of this mechanism

(31—33) and shown that there is a competition between DNA

hydrolyzed to ADP and jPand the products are release
allowing the N-terminal clamp to open and the enzyme to
be reset for further catalytic cycles.

Energy Coupling in DNA Gyrase wrapping and DNA dissociation that determines the proces-
sivity of the enzyme, at least when the DNA is under tension.
Mechanism of Supercoiling by Gyrasg. coli DNA Additionally, it has been shown that gyrase can relax positive

gyrase, the first type Il topoisomerase to be identified, was supercoils under conditions where the DNA is not wrapped
characterized in 1976 as a host factor that introduces negative(33).

supercoils into circularized phadeDNA before integration Gyrase ATPase Reactiohhe ATP-binding site of gyrase
(12). It was immediately apparent that the enzyme transducedis situated within the N-terminal domain of GyrB [GyrB-
the free energy of ATP hydrolysis into the endergonic NTD, a 43 kDa fragment (Figure 2834)]. The ATPase
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Ficure 5: Structure of the N-terminal ATPase domain of DNA
gyrase (GyrB43) complexed with ADPNBS§). Ribbon representa-
tion of the structure of the GyrB43ADPNP complex. ADPNP is
colored orange, and the two subdomains are indicated. The image
was generated using PyMOB4).

+2 ATP (%) Py NI
—2 ADP ) {5 sub-domain 2
Zopi C-terminus

in which the T segment is always trapped, thus stimulating
%trand ATP hydrolysis, but the enzyme’s ability to carry out strand
ﬁ passage passage is determined by the level of supercoiling of the
0‘19' . substrate DNA.
L Investigations of the DNA length dependence of the
~ 4 stimulation of ATPase activity demonstrated that full stimu-

Ficure 4: Structure and mechanism of DNA supercoiling by DNA  lation requires>100 bp of DNA, although shorter lengths
gyrase. Enzyme domains are color-coded as they are in Figure 1.could stimulate at high concentratior®). This corresponds
Wrapping of DNA around gyrasel{-2) presents the T segment approximately to the length of DNA that has been shown to

over the G segment with a positive crossover. For clarity, only half
of the wrapped region and one potential T segment are shown. Uponbe wrapped around the gyrase complex180 bp @9)].

ATP binding @—3) GyrB dimerizes, captures the T segment, and 1hese data suggest, in terms of the generic mEChanism', that
the G segment is transiently cleaved (at this stage ATP can bea length of DNA correspondingta G and a T segment is
hydrolyzed with release of the T segment, i.e., an abortive cycle). required for stimulation of the ATPase activit2g, 37).

The T segment is then transported through the cleaved G segment . .
and into the GyrA cavity3—4). The T segment is then released In 1991, the high-resolution structure of the ATPase

(4—5). Hydrolysis of ATP allows reopening of the GyrB clamp domain of gyrase (GyrB-NTD), complexed with ADPNP,
(5—2) and resetting of the enzyme. It is likely that the two ATP was determined by X-ray crystallograp8g]. This clearly
molecules are hydrolyzed sequentially at different points in the showed how ATP was likely to be bound by the enzyme
cycle. Based on Costenaro et &) and Bates32). (Figure 5). The salient features of the structure are that it is
a dimer, with a central hole-20 A across between the two
activity of gyrase is stimulated by DNA and is coupled to monomers, and with an N-terminal arm from each monomer
the introduction of negative supercoils. Substitution with a wrapped around the other. Each monomer can be subdivided
nonhydrolyzable analogue, ADPNP {&denylylj,y-imido- into two distinct subdomains. One molecule of ADPNP is
diphosphate), leads to substoichiometric introduction of bound per monomer with additional contacts with the other
supercoils into relaxed DNA; it was hypothesized that monomer; i.e., the ATP-binding site is composed of residues
nucleotide binding can lead to one round of strand passagefrom both monomers. Most of the contacts with the nucleo-
but that ATP hydrolysis is required to complete the reaction tide are from the N-terminal part of the fragment (subdomain
cycle 35). With relaxed DNA, only 30% of the enzymes 1), although two side chains from subdomain 2 (GIn335 and
carry out a supercoiling reaction in the presence of ADPNP, Lys337) also make contacts; subdomain 2 is also termed the
suggesting that the coupling between nucleotide binding and“transducer” domain and is proposed to communicate ATP
strand passage is not perfe86). The coupling is dependent hydrolysis to the rest of the molecul88, 39). ATPase
on the level of supercoiling of the substrate, being high with kinetics and nucleotide binding studies confirmed that GyrB-
positive supercoils but too low to measure at moderate levelsNTD is a monomer in the absence of nucleoside triphosphate
of negative supercoiling3g). Consistent with this, it was  and a dimer in its presencd4, 40). Subsequent site-directed
shown that as relaxed DNA was supercoiled by the enzyme mutagenesis experiments identified Glu42 from subdomain
in the presence of ATP, the reaction became slower and1 as the catalytic base, which abstracts a proton from water,
reached a limit of negative supercoiling, while ATP hy- which in turn nucleophilically attacks thg-phosphate of
drolysis continued at a rate independent of the level of ATP (41). An adjacent residue (His38) was proposed to
supercoiling of the DNA substrat§ 36). This can be orient and polarize Glu42. Further work suggested that
interpreted in terms of the on-enzyme equilibrium mo@e) ( Lys337 from subdomain 2 has a critical role in transition-
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state stabilization, i.e., stabilizing the pentacoordinate phos-constructed as a series of gates that control the strand-passage
phate intermediate4@). process %4). The G segment sits across the “DNA gate”,
From this work, a clear picture of how the enzyme binds which in gyrase is formed, at least in part, by the N-terminal
and hydrolyzes ATP and how nucleoside triphosphate domain of GyrA; the structure of the 59 kDa N-terminal
binding promotes dimerization of GyrB43 has emerged. This fragment (GyrA-NTD) reveals a positively charged “saddle”
supported the concept of the “ATP-operated clamp” proposedregion, which is likely to be the G segment binding st6)(
for the nonsupercoiling yeast topo 43), which trapsthe T The GyrB-NTDs form the ATP-operated clamp, which
segment prior to passage through the G segment. A directcontrols the delivery of the T segment to the G segme8jt (
test for such a function was performed by mutating an GyrA-NTD also contains the “exit gate”, which is responsible
arginine residue (Arg286), which protrudes into the central for the release of the T segment at the end of the strand-
hole 38), and showing that ATP-driven strand passage and passage procesS5). Cross-linking experiments have been

DNA-dependent ATPase were Vvirtually abolishedid)( used to probe the function of each of these gates and have
However, whether the T segment is stably bound within the shown that they fulfill their predicted role$—58). This
cavity of the GyrB43 dimer is not known. parallels work carried out with yeast topo 89, 60), which

Energy Transduction in GyraseA key mechanistic has provided strong evidence for the role of protein gates in
guestion is how gyrase transduces the free energy of ATPthat enzyme.
hydrolysis into torsional stress in DNA (negative supercoil-  Work with yeast topo Il has provided some insight into
ing). Early work had suggested that there is an equivalencethe finer details of ATP hydrolysis and energy coupling
between the limit of supercoiling that can be achieved by issues §1—64). These studies suggest that the two ATPs
gyrase [a superhelix density, or specific linking difference are hydrolyzed sequentially and that the hydrolysis steps
(0), of —0.11] and the free energy available from the occur at different stages of the topoisomerase reaction cycle
hydrolysis of ATP ¢45—47). The free energy required for and could be used to drive different processes. Specifically,
the introduction of the final two supercoils in plasmid it has been shown that one ATP is rapidly hydrolyzed and
pBR322 can be calculated as114 kJ/mol 48) and its products are released before the second ATP is hydrolyzed
compared to the free energy liberated from the hydrolysis (61, 63, 64). It is proposed that hydrolysis of the first ATP
of two ATP molecules, approximately120 kJ/mol 49). precedes and accelerates DNA strand pass%®e I{ may
Bates and Maxwell 45) investigated the supercoiling of be that such sequential hydrolysis events and differential
small DNA circles in the range 116427 bp to determine  utilization of the free energy of the two ATPs also occur
whether supercoiling by gyrase is limited by steric or with gyrase; this idea could be incorporated into the model
thermodynamic constraints. They found that the constraint in Figure 4.
was thermodynamic, supporting the idea that the limit of In experiments with gyrase in which one GyrB subunit
supercoiling is determined by the free energy available from could bind but not hydrolyze ATP5(), the topoisomerase
ATP hydrolysis. Further, using AT#S as a substrate, Cullis  reaction could still occur, as could that of DNA-dependent
et al. 60) showed that gyrase could introduce an extra ATPase. In similar experiments with a heterodimer of human
supercoil into plasmid pBR322 compared with ATP; the topo llo. in which only one subunit could bind ATP, this
difference in the free energy of hydrolysis of these two enzyme was also shown to retain topoisomerase activity,
nucleoside triphosphates is approximately equivalent to thealbeit at a reduced rates%); however, in this case, the
additional free energy required to introduce the additional ATPase activity of the enzyme could not be stimulated by
supercoil. Using a mutant gyrase in which one GyrB subunit DNA. The authors speculate that one ATP is sufficient for
was unable to hydrolyze ATP, Kampranis and Maxwgll)( catalyzing strand passage and the other is required for
showed that the enzyme could still supercoil DNA but that communication between the ATPase domain and the cleav-
the limit of supercoiling was reduced. Taken together, these age/religation domain to promote efficient catalysis. Interest-
results strongly support a direct link between the free energy ingly, a mutation in the transducer domain of human topo
of ATP hydrolysis and the free energy of supercoiling DNA. Ila results in an enzyme incapable of strand passage, but

However, a more challenging issue is how the free energy able to carry out DNA-dependent ATP hydrolysis, albeit at
is actually transduced; i.e., what is the mechanism of a reduced rate6@). This implies a defect subsequent to T
coupling? Clearly, this will involve conformational changes segment capture but prior to strand passage, suggesting that
in the gyrase proteins, and there is already ample evidencethese are separable events.
that these occuib@). One clue has come from studies with Recent work using topo VI from the arche&ulfolobus
ATPSS, which is a good substrate for the gyrase ATPase shibataehas revealed the range of conformational changes
reaction but drives supercoiling very inefficiently3); i.e., that can occur in the ATPase domain of type Il top63, (
the supercoiling and ATPase reactions are somewhat un-68). Topo VI, from Archaea, is a member of the type 1I1B
coupled with this analogue. One possible explanation for topoisomerases, which exhibit only weak sequence similarity
these data is that the T segment is captured by the ATP-to type IIA enzymes like gyrase and yeast topo 9).(
operated clamp, thus stimulating the ATPase reaction, butHowever, its ATPase domain is very similar to that of GyrB-
is released prematurely prior to strand passage. This couldNTD, and both are members of the GHKL family of ATPases
be ascribed to rapid release of product (A% compared (69). Structures available for this domain include the
to the normally slow release of ADP. However, the ordered apoprotein and complexes with ADPNP (substrate analogue),
series of conformational changes in gyrase driven by ATP ADP-AIF,~ (transition-state analogue), and ADP and ADP
binding and/or hydrolysis that must occur during supercoiling P; (product complexes)¥(7, 68). These data have revealed a
are not known, although there is good evidence for their detailed outline of the nucleotide hydrolysis cycle and the
existence. Type Il topoisomerases are described as beingassociated protein conformational changes. It appears that
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ATP hydrolysis itself does not directly drive structural ineffective binding of a supercoiled T segment in a negatively
changes within the enzyme and that it may be the trapped Tsupercoiled substrate might facilitate the alternative binding
segment that plays a direct role in powering the conforma- of a catenated (or knotted) T segment, leading to preferential

tional changes that result in strand pass&g. (t is likely decatenation (or unknotting) (Figure 6A). Subsequent in-
that a similar series of events will occur with type IIA topos, vestigations of the structural origins of these preferences of
including DNA gyrase, and other GHKL proteins. topo IV have suggested that the specificity is mediated

. . through the C-terminal domains of the ParC prote&if)(
Nonsupercoiling Type Il Topoisomerases This domain, which is homologous to the “wrapping” domain
Substrate SpecificityAlthough much was known about of GyrA, is a DNA-binding protein, and it is proposed that
the structure and basic mechanism of type Il topoisomeraseghe domain is responsible for the initial selective binding of
by the mid-1990s, relatively little was known about the potential T segments with a specific angular relationship to
specificity (or selectivity) of their reactions. While gyrase the previously bound G segment; deletion of these domains
has a very clear specificity for intramolecular strand-passageabolishes the selectivity for relaxation of positive supercoils
reactions, for reasons elaborated above, at first it appeared78). This idea has been incorporated into Figure 6A. This
that the nonsupercoiling type Il topos might operate as ratherconclusion is supported by the fact that two viral type Il
indiscriminate strand-passage enzymes, binding and transtopoisomerases, PBCV-1 and CVM-1, which naturally lack
porting whichever T segment first comes to hand, i.e., CTDs, show no selectivity for the relaxation of positively
converting DNA molecules into “phantom chains”, with the over negatively supercoiled substrates, although they do show
apparent ability to pass freely through themselvég).( a 2—4-fold preference for cleavage of negatively supercoiled
However, a number of aspects of the specificity of type Il DNA (79).
topoisomerases have been identified and are being investi- The problem with the *angular selection” model is that
gated. In general, type Il topoisomerases are highly specific yeast topo Il has a similar specificity for decatenation of
for decatenation and unknotting reactions, relative to the negatively supercoiled catenane substrates but no strong
relaxation of negative supercoils. With a negatively super- selectivity for the relaxation of positive supercoils over
coiled catenated substrate, topo 1V is 30-fold more efficient negative {3). Instead, Roca7@) has suggested what might
at decatenation than relaxatiorl}, despite the presence of be a more generally applicable model. In this version, the
an apparently high density of potentially competing “super- enzyme is proposed to bind two potential, or proto-T,
coiled” T segments (that is, T segments that if transported segments (pT), in other words, three DNA segments in all
would lead to relaxation). Indeed, it appears that decatenation(Figure 6B). There are two alternatives for the handedness
is actually stimulated-4-fold by negative supercoiling/’{). of the crossing of the two pT segments, and one of these
The same is true db. cereisiae topoisomerase 1172, 73), has been chosen by Roca so that the binding of a negative
and it has additionally been shown that, relative to relaxed interwound strand as pTwill facilitate the binding of a
DNA, decatenation is inhibited, and catenation stimulated, catenated strand as the second pT segmen),(p/hereas
by positive supercoiling®?). A possibly related finding is  binding of a positive supercoil will tend to exclude the
that some of the enzymes have a preference for the relaxatiorbinding of a catenated strand aslit instead promote the
of positive over negative supercoils. In both ensemble and binding of an unlinked strand. If efficient strand passage can
single-molecule experiments, topo 1V is approximately 20- occur with either pT segment, then this can neatly explain
fold more efficient at the relaxation of positive supercoils the dependence of the decatenation reaction on negative and
than negative, with a much more processive reacti@. ( positive supercoiling. This model can be elaborated to explain
However, the same specificity is not exhibited by yeast topo the selectivity of some of the enzymes for relaxation of
Il (73) and Drosophilatopo Il (75), which relax positive positive supercoils by assuming that in the yeast enzyme,
and negative supercoils equally well. It has recently been the G and pT segments cross at or close t§ gd/ing no
shown that the two human type Il enzymes differ in this angular preference, but that in topo IV or human topo I

aspect of specificity, topodl exhibiting a>10-fold specific- angular selection occurs as described above. One of the
ity for relaxation of positive supercoils, while topglshows attractive features of this model is its similarity to the gyrase
little or no preferencep). situation. As Roca points out, it is clear that gyrase also has

Two distinct models have been proposed to explain the two pT segments, one of which ultimately undergoes strand
specificity effects described above. Cozzarelli and co-workers passage as the true T segment. This idea can now be
(74, 77) suggested that topo IV can differentiate between combined with our knowledge of the structure and function
positively and negatively supercoiled DNA by the angle and of the C-terminal domains. In gyrase, they mediate the
handedness of the crossing of the G and T segments. Inwrapping of DNA contiguous with the G segment to deliver
plectonemically interwound DNA, the apparent crossings of two pT domains (one wrapped around each CTD) close to
the DNA strands subtend an angle-e60° measured across the N-terminal ATP clamp, whereas in topo 1V, the domains
the superhelix axis. If the topo IV enzyme is configured to lack a region (the GyrA box) that specifies that contiguity
accepa G segment aha T segment preferentially with that (23, 80); instead, the domains may be free to select
crossing angle, and with the handedness appropriate fornoncontiguous pT segments on geometrical grounds that
positive supercoils (Figure 6A), then bindinfjaoT segment  underlie the specificity of topo IV.
in positively supercoiled DNA would be facilitated, whereas  In the cases of the eukaryotic type Il enzymes, the
in negatively supercoiled DNA, considerable rotation of the corresponding C-terminal domains appear not to be homolo-
potential T segment would be required (Figure 6A). This gous with the gyrase/topo IV proteins and may consist of
model might also account for the stimulation of decatenation rather disordered and repetitive sequences (J. M. Berger,
in negatively supercoiled substrates, since the relatively personal communication; A. D. Bates, unpublished observa-
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Ficure 6: Models for selection of the T segment by type Il topoisomerases. (A) Topoisomera28s, [k4). The enzyme is optimized to

selet a G and T segment with a specific angular relationshjpViewed from aboveZ), a positively interwound DNA molecule presents

a T segment (red) ovea G segment (green) with the correct angle to be captured between the NTDs (yellow), so relaxation of positive
supercaoils is favored. In contrag)( a negative interwound molecule presents a putative T segment (blue) at the wrong angle, and relaxation

is slow. However, a “catenated” strand crossing the contour of the negatively supercoiled molecule (dashed red) could be captured with
high efficiency, so negative supercoiling stimulates decatenation. (B) Yeast top?).IlThe enzyme binds two putative T segments;(pT

and pT), before capturing and transporting one of them. The handedness of crossing of the two pT segments has been chosen such that if
pT, forms a negative node with the G segment as in a negatively supercoiled suligtra@e (hust cross the DNA contour; capture of pT

would favor decatenation. Conversely, if pfbrms a positive node, with positively supercoiled DN3),(pT: is likely to be an unlinked

strand, and capture would lead to catenation. In either case, capture wiilplead to relaxation.

tions). Nevertheless, the models described above wouldtions are not highly efficient, and Roc@d) does not suggest
predict that these domains are likewise involved in the that involvement of two pT segments is obligatory.
geometrical selectionfa T segment or two pT segments. “Rybenka” Effect. A further fundamental aspect of type
One difficulty of a three-segment model is the lack of Il topoisomerase action remained obscure until the mid-
direct evidence for topo Il and topo IV interacting with three  1990s: the enzymes require the hydrolysis of ATP, although
segments of DNA. Electron microscopy studies have not the reactions they perform (relaxation of supercoils, decat-
apparently revealed the enzymes bound to three DNA enation, and unknotting) are normally exergonic and should
segments. For example, Zechiedrich and Oshegdjffound not require an energy input. In contrast, the requirement for
Drosophilatopo Il generally bound at nodes, i.e., the crossing energy input in gyrase was apparent from the beginning: the
of two segments of DNA. However, there have been free energy of ATP hydrolysis is transduced into the torsional
observations of gyrase bound to three loops of DNA [and energy of negatively supercoiled DNA. In topo Il enzymes,
sometimes up to four or fiveBR)]; the significance of such ~ one proposal was that ATP binding and hydrolysis drove
observations is not clear. A recent study has investigatedenzyme conformational changes to increase the rate of a
the catenation by gyrase and topo IV of two tethered single- complex reaction.
stranded DNA circles incorporating short double-stranded The solution to this conundrum was revealed by Rybenkov
regions designed to form G and T segmer@8).( These et al. in 1997 84). Nonsupercoiling topo Il enzymes act to
experiments support the idea that strand passage can occushift the equilibria of topoisomerase reactions in the direction
with one T segment only. However, these catenation reac- of topology simplification. That is, they produce steady-state
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A The outstanding question was the mechanistic basis of this
4 energy coupling effect. The possibilities become clearer when
A we think about the more “obvious” gyrase effect. The

negative supercoiling reaction of gyrase relies on its ability
to selet a T segment from the same DNA molecule with
the correct orientation to ensure a decrease in linking number
after strand passage. As we have seen, this selection is
mediated by wrapping by the C-terminal domains of GyrA
Topo | (21) and is very strong; decatenation is several hundred-fold
less efficient as a reaction of gyrase than negative super-
coiling (71). This large selection in terms of binding energy
between alternative T segments ensures that a subsequent
ATP-driven unidirectional strand-passage mechanism will
result in efficient negative supercoiling. On the other hand,
the efficiency of strand passage also seems to be indepen-
dently mediated by the torsional strain present in the DNA,
once T segment capture has taken pleZé 82, 36). We
can envisage that these same steps may be the basis of the
specificity of the other type Il enzymes, although the effect
is clearly more subtle. For example, in the case of catenated
DNA at equilibrium, an enzyme must be selective (that is
operate faster) for binding, capture, and strand passage of G
Topo IV and T segments from linked circles of a catenated DNA
molecule, relative to its operation on unlinked circles. While
the wrapping by gyrase is a straightforwardly local effect,
the reactions of the other topo IIAs seem to depend on more
global topological features of their substrate DNA molecules.
The considerations are similar for knotted and supercoiled
Distance DNA, but we have used catenated DNA as the most easily
c visualized example. Note that although this notion seems,
/TPPU v on the face of it, to be similar to the specificity for
decatenation or relaxation of positive supercoils that we have
already considered above, it is actually a rather harder
problem. These nonequilibrium effects are apparent at very
low levels of supercoiling and, indeed, have been demon-
strated on nicked DNA up to 10 kb in length in the case of
decatenation and unknotting, and hence, the geometries
imposed by relatively high degrees of supercoiling are not
Linking number available for the enzymes to use for selection.
FiGUrRE 7: “Nonequilibrium” relaxed topoisomer distribution gener- A number of suggestions have been made about a possible

ated byE. colitopoisomerase IV. Topoisomer distributions gener- mechanism for this energy coupling effect, although experi-

ated by relaxation of supercoiled plasmid pBR322 DNA by wheat . . f .
germ topo | (A) anck. colitopo IV (B); top panels show ethidium- mental _eV|dence is relatively sparse and_ N SOME cases
stained agarose gel tracks, and the resulting densitometric scan§ontradictory. The models may be divided into two catego-

are shown below. (C) Plotted topoisomer distributions and fitted ries, those that rely on the “straightforward” geometric
Gaussians; topo IV produces a narrower (lower variance) distribu- selection of a preferred T segment (essentially analogous to
tion. the gyrase wrapping effect), and those that incorporate a
further kinetic selection effect mediated by ATP hydrolysis.
levels of supercoiling, catenation, and knotting lower than = Geometric Selection Modeld/ologodskii et al. {0)
those occurring at equilibrium under the same conditions. suggested that T segments might be selected geometrically
For example, in Figure 7, topo IV produces a narrower, more if the topoisomerase were to bend the G segment in a curve
relaxed topoisomer distribution (i.e., one of lower variance) toward the T segment clamp (Figure 8A). In principle, this
than topo I, which generates equilibrium product distribu- would have the effect of orienting the enzyme on a circular
tions. At the time, this proposal excited some comment DNA, with the clamp directed toward the “inside” of the
suggesting that the enzymes acted mysteriously and con-<circle, where bindingfa T segment from a catenated partner
trathermodynamically, as in Maxwell's demo5]. Of DNA, or a knotted or supercoiled strand, might be facilitated,
course, there is no mystery: since the enzymes hydrolyzeleading to selective topology simplification. Monte Carlo
ATP, they can couple the free energy produced to operatesimulations of knotted DNA with a bent hairpin segment,
against an equilibrium, just as gyrase or any other coupledas in Figure 8A, seem to suggest that this mechanism could
enzyme can. In terms of cellular physiology, this makes senseaccount for the observed unknotting effect, although this was
in that the enzymes are able to remove more supercoils,subsequently disputed by Yan et 86 who favor a more
knots, and catenanes than would be possible via an equilibraelaborate mechanism (see below). It is perhaps intuitive to
tion process. understand how the bent G segment mechanism might work
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Ficure 8: Models to explain the Rybenkov effect. (A) G segment bendni@. (f the enzyme bends the G segment in a curve or hairpin
toward the T segment clamp, then the enzyme will orient itself on a circular DNA suth Thaegment from inside the DNA contour will

be preferentially captured. (B) Hooked juxtapositioB8)( Such juxtapositions may occur more frequently in supercoiled, catenated, and
knotted DNA, if the enzyme acts preferentially at these sites, relaxation, decatenation, and unknotting will be favored. (C) Enzyme tracking
(84). The enzyme binsla G segment and another site on the DNA. ATP-driven tracking of the enzyme along the DNA at the second site
will lead to constraint of the supercoiled, catenated, and knotted potential T segment in a loop of decreasing size, facilitating its capture.
(D) Kinetic proofreading 92). A low level of T segment selectivity, such as in panel A or B, can be amplified by an ATP-dependent
process. For example, initial selectiohaoT segmentl — 2) is followed by an effectively irreversible ATP-dependent step, changing the
proteinr—DNA conformation 8). From3, there is a competition between loss of the T segnignt (1) and strand passagé{> 4). As long

as this competition is selective for transport of, for example, a catenated T segment, this step can amplify or proofread the initial selective
T segment binding.

efficiently in small DNA circles, where the DNA will have  predictions of inverse length dependence and, perhaps, of G
a relatively clearly defined inside and outside. For larger segment bending as the Vologodskii model described above.
DNA circles, it is much more difficult to see how this local Buck and Zechiedrich88) interpret the original data of
bending effect could provide the required level of selection. Rybenkov et al. §4) to suggest a greater efficiency of
At the very least, the prediction of this model ought to be unlinking at smaller circle size, consistent with their model.
that the effect would be strong in small circles and become However, this seems to require the conflation of data from
weaker as the circle size increases. In fact, in experimentsdecatenation and unknotting reactions, which does not seem

investigating the relaxation reaction $f cereisiaetopo Il, justified. As discussed above, Trigueros et 8I7)(showed
the effect decreases and is eliminated in small DNA circles conversely that the Rybenkov effect for relaxation by yeast
but is independent of circle size with larger circl&3)( In topo Il is abolished with a small circle size. Recent Monte

addition, although Volgodskii et al. demonstrate the bending Carlo simulations of catenate@89) and knotted $0) DNA
of DNA by topo IV using cyclization probability experi-  have suggested that enzyme action at hooked juxtapositions
ments, and in electron micrograph&), analogous experi-  has the potential to form the basis of the effect, although an
ments using yeast topo Il suggest that no such bending takesanalysis of the electrostatics of such juxtapositions seems to
place 87), implying that the mechanism cannot be a general cast doubt on their likely appearance under relevant condi-
one for all type 1l enzymes. tions @1). As with the bent G segment, the effectiveness of
A somewhat related suggestion has been made by Buckthis model depends on the ability of the enzyme to
and Zechiedrich&8). They suggest that “hooked juxtaposi- discriminate between alternative DNAs, particularly in large
tions” of DNA double strands (Figure 8B) will be over- circles.
represented in knotted or catenated DNA and that, if the Roca and co-workers8{) have suggested that their three-
enzymes act preferentially at these sites, perhaps by prefersite binding model (see above) might provide an explanation
ential binding of a bent G segment as above, then this canfor the nonequilibrium effects. They point out that if the
explain the Rybenkov effect. This model has the same enzyme binds two pT segments before transporting one of
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them as the true T segment, then the first pT binding will then drive the enzyme unidirectionally along the DNA at
divide a DNA circle into two smaller domains. Since smaller the second site, leading to the confining of, for example, a
circles relax to give a narrower topoisomer distribution [since catenated T segment in a loop of decreasing size, where it
the free energy differences between topoisomers are largemould be captured at a higher rate. No such increase in rate
in smaller circles Z)], subsequent relaxation of the small would occur for the capturef@a T segment from an unlinked
domains via the second pT segment can explain the non-molecule, so decatenation would be favored over catenation.
equilibrium effect. In experiments with DNA relaxation by Again, similar considerations apply to knotted and super-
yeast topo I, the narrowing of the topoisomer distribution coiled molecules. Although this proposal seems as if it would
is accompanied by a shift of the center of the distribution to work, it is hard to reconcile with our knowledge of the effect
the positive supercoiled sid8%). The authors believe that of ATP binding and hydrolysis. As we have seen, there is
this bias can be explained by the different consequences ofgood evidence that the effect of ATP binding is to close the
the binding of a positive or negative node as the first pT N-terminal clamp, leading to the trapping of a DNA segment,
segment. Both the topoisomer narrowing and the shift in the and that hydrolysis leads to the subsequent opening of the
distribution decrease together as the circle size decreaseglamp. There is nothing to suggest that this clamp closure
below~3 kb, suggesting that they are both mediated by the has the effect of translocating the enzyme along the DNA,
same process. This is consistent with three-site binding, inand in any case, such a captured T segment would be likely
that binding of a third site might be expected to become more to undergo a strand-passage reaction. In the case of relaxation
difficult as DNA bending becomes more unfavorable in a and decatenation reactions by yeast topo Il, a significant
smaller circle. This is intriguing, but there are some dif- proportion of the ATP binding events are thought to lead to
ficulties. Division of the DNA into two domains by binding  strand passage, as judged by experiments using a nonhy-
two DNA segments does not in itself lead to a nonequilib- drolyzable analogue7@). However, the large size and
rium relaxation of topoisomers, as can be seen with a thoughtcomplexity of type Il topoisomerases mean that we should
experiment. Imagine relaxation, by a non-ATP-dependent at least keep open the possibility that these enzymes can
type | enzyme, of a normal plasmid and one divided into perform another ATP-dependent reaction in addition to strand
two domains by, for example, a Lac repressor tetramer passage.

looped complex. Would the latter give a more relaxed Even ifit lacks plausibility, this suggested mechanism does
product distribution than the former? No, barring any minor raise the possibility that ATP hydrolysis may act directly to
perturbation due to the repressor binding, the result would increase the specificity of the enzyme reaction, rather than
be the same, since the low variances of the distributions in simply providing a unidirectional strand-passage step. One
the two more domains would be added together when thewell-established method for enhancing specificity is kinetic
repressor was removédFurthermore, the shift in the proofreading, which has been suggested as the basis of the
topoisomer distribution seen by Trigueros et 8I7)( which topo IIA specificity by Yan et al.&6, 92). Kinetic proofread-
seems highly correlated with the narrowing effect, was not ing is a general kinetic scheme, rather than a specific
mentioned by Rybenkov et al84), nor is it seen in more  mechanism, in which an energy-requiring step may be used
recent unpublished experiments (T. Stuchinskaya, A. D. to enhance the selectivity of an enzyme for a specific
Bates, and A. Maxwell, unpublished observations). In substrate3). One of the classic examples is in the charging
summary, the three-site model does not seem to fulfill the of tRNAs with the correct amino acid by aminoacyl tRNA
requirements for a geometrical selection of supercoiled or synthetases. The direct selection by the enzyme of the
catenated T segments simply by virtue of forming a smaller “correct” amino acid substrate relative to an “incorrect” one
DNA domain, although it may in principle combine with is in many cases insufficient to explain the observed low
some other form of selection, such as G segment bendingerror rate of charging. However, the first step of the reaction
or action at hooked juxtapositions. is the essentially irreversible ATP-dependent formation of

Kinetic Selection Modelsin fact, a three-site binding ~an activated aminoacyl-AMP, with the elimination of pyro-
model was also suggested by Rybenkov et al., in the original Phosphate. This gives an opportunity for a further selective
paper describing the nonequilibrium effegd). This model ~ Step, in which the “wrong” aminoacyl-AMP may dissociate
was not as well-developed as that in Trigueros et&) (  at a higher rate than the correct one, before the next step of
and is fundamentally different, as it posits an active role for the reaction, coupling to tRNA. Provided that these two
ATP in the selection of the T segment. In this model, it is Selective steps are separated by an irreversible reaction as
proposed that the type IIA enzyme can bindtG segment, above, their individual levels of selection can in principle

and to a second site (Figure 8C). ATP binding and hydrolysis be multiplied to give an overall much higher value; in other
words, the second selective step amplifies or “proofreads”

the first.
2In fact, it may be possible to contrive a version of this experiment ~ P
that would produce a narrowed topoisomer distribution. If a DNA Marko and co-workers86, 92) proposed that kinetic

domain of <~2 kb were constrained by the repressor [a size below Proofreading might form the basis of the specificity for
which the energetic cost per unit length of supercoiling increa®s ( topology simplification of the nonsupercoiling type Il topos.
theg re'axatlion by topo | foll?]wed by ren;.%val of thﬁ_ repressor could This model relies, as in the aminoacyl tRNA synthetase
produce a lower variance than at equilibrium. This would require e . .
stoichiometric levels of repressor, with the required energy input coming €X@mMple, on amplification of an underlying selection for a
from repressor binding. For a type Il topo to operate in this way would Catenated, knotted, or supercoiled T segment by an irrevers-
require the energy of ATP hydrolysis to be used either to produce the ible ATP-dependent step. Yan et al. suggest that the initial
smaller DNA domain (see next section), or to drive the ultimate release formation ¢ a G and T complex triggered by ATP binding

of the constrained loop, neither of which are consistent with the accepted . . .

role of ATP binding and hydrolysis in trapping and transporting a T |€ads to an activated state of the enzyme in which the T

segment. segment has been lost. A second selective capture by the
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activated enzyme leads to productive T segment capture andnvolving the passage of one DNA double helix through
strand passage. Thus, an initial low level of selection of a T another. In the case of DNA gyrase, ATP hydrolysis drives
segment on some geometrical basis is amplified through thisthe introduction of negative supercoils into DNA. The steps
two-step process. Kinetically, this scheme is entirely plau- involved in this process are now clearly defined; however,
sible, but the specific mechanism that is proposed is less so.exactly how the chemical energy of ATP is transduced to
Our understanding of type IIA mechanism as outlined here transfer the T segment through the DNA gate and the G
is that ATP binding is intimately associated with clamp segment is not clear, and the precise roles played by the
closure, and it is hard to reconcile how loss of the initial T hydrolysis of two molecules of ATP are not yet known.
segment could lead to an activated state that is still able toDetailed elucidation of this process will provide valuable
captue a T segment a second time. If the clamp were alreadyinsight into the general principles of ATP-driven mechanical
closed, for example, then recapture could not occur. Fur- processes in biology.
thermore, the loss of the T segment at the irreversible ATP-  In the case of the nonsupercoiling type Il enzymes (topo
dependent step, as described by Yan et al., would seem tdl and topo 1V), the principles governing the selectivity of
eliminate the selective effect of the initial step. their reactions (e.g., decatenation vs relaxation) remain to
One possibility for two selective steps is the following, be established. The role of ATP hydrolysis, which was
elaborated from the discussion of Yan et al. (Figure 8D). previously obscure, is now established as the generation of
An initial, low-efficiency selective binding of a potential T nonequilibrium product distributions. However, the geo-
segment by the enzyme (perhaps by the C-terminal DNA- metrical and/or kinetic mechanisms underlying the coupling
binding domains) is independent of ATP. When ATP of ATP hydrolysis to these reactions remain unclear, and a
subsequently binds, the transition to the clamp-closed, T full description of this process is likely to reveal fundamental
segment captured state must involve a conformational changégeatures of this and other energy coupling systems.
in the T segment (bending or angular change) that is sensitive
to its topology such that capture is also more probable for a ACKNOWLEDGMENT

catenated, knotted, or supercoiled T segment. Thus, the initial \ye dedicate this review to the memory of Nick Cozzarelli,

binding selectivity is proofread by the ATP-dependent i, recognition of his outstanding work in this area. We thank

topology-sensitive transition to clamp closure, whereupon jgmes Berger, Lionel Costenaro, Sylvain Mitelheiser,

strand passage takes place. Andrzej Stasiak, and Tanya Stuchinskaya for their comments
However, there is an alternative possibility that is sug- on the manuscript.

gested by our knowledge of uncoupled reactions in DNA

gyrase. As recounted above, the DNA-stimulated ATPase REFERENCES

activity of gyrase, which is believed to be dependent on the 1. Watson, J. D., and Crick, F. H. C. (1953) Molecular structure of

trapping of the T segment by the N-terminal clamp, may be nucleic acid. A structure for deoxyribonucleic achature 171
uncoupled from the strand-passage react®n35, 36). This 737-738.
has been developed into a model in which obligatory capture 2 Bit'eZ} "AE' %r,eandoM%ﬁ\évelllj @- (2005pNA Topology Oxford

H H _ versity SS, OX , U.K.
of a. .T _Segment upon ATP binding sets up a_n on-enzyme 3. Corbett, K. D., and Berger, J. M. (2004) Structure, molecular
equ'“_bnum across the DNA gate. ATP hydrolysis and clamp mechanisms, and evolutionary relationships in DNA topo-
opening can lead to either completed strand passage or  isomerasesAnnu. Re. Biophys. Biomol. Struct. 395-118.
abortive release of the T segment from the clamp without 4. Liu, L. F., and Wang, J. C. (1987) Supercoiling of the DNA

strand passage (Figure 4). In gyrase, the relative probability ~ ‘€mplate during transcriptiorkroc. Natl. Acad. Sci. U.S.A. 84

) . ’ 7024-7027.
of these alternatives is proposed to depend on the supercoil- 5 postow, L., Crisona, N. J., Peter, B. J., Hardy, C. D., and
ing torsion in the DNA 27, 36). This scheme has some of Cozzarelli, N. R. (2001) Topological challenges to DNA replica-
the features of kinetic proofreading. If a similar situation tion: Conformations at the forkProc. Natl. Acad. Sci. U.S.A.

; 1 e 98, 8219-8226.
occurs in the nonsupercoiling type lIA enzymes, the position 6. Champoux, J. J. (2001) DNA topoisomerases: Structure, function,

of the strand-passage equilibrium could itself be sensitive and mechanismAnnu. Re. Biochem. 70369-413.
to some geometrical aspect of the T segment state (as 7.Hiasa, H., Digate, R. J., and Marians, K. J. (1994) Decatenating

suggested above, it may involve bending or relative angular ~ activity of Escherichia colDNA gyrase and topoisomerase | and
topoisomerase |1l during OriC and pBR322 DNA replication in

motion _Qf_the G and T segments, for examp_le). The relative vitro, J. Biol. Chem. 2692093-2099.

prObab|!|t|eS of strand passage or abortive release for g wang, J.C.(1998) Moving one DNA double helix through another

alternative T segments would then also form an ATP- by a type Il DNA topoisomerase: The story of a simple molecular

dependent proofreading step, to amplify an initial selection machine Q. Re. Biophys. 31107-144. _

of T seament bindin 9. Bergerat, A., deMassy, B., Gadelle, D., Varoutas, P. C., Nicolas,

) g g ) A., and Forterre, P. (1997) An atypical topoisomerase Il from

It is apparent that the exact mechanism of product archaea with implications for meiotic recombinatidtature 386

simplification by type |l topoisomerases is at present unclear ~_ 414-417. _ _

and that further experimental work aimed at exploring aspects 10- €ho. H: S, Lee, S, S., Kim, K. D., Hwang, I., Lim, J. S., Park, Y.

. . : : I., and Pai, H. S. (2004) DNA gyrase is involved in chloroplast
of the models described above will be required to elucidate nucleoid partmoniggma)m Ce"% 2665-2682. P

this mechanism. 11. Wall, M. K., Mitchenall, L. A., and Maxwell, A. (2004Arabi-
dopsis thalianaDNA gyrase is targeted to chloroplasts and
CONCLUSIONS mitochondria,Proc. Natl. Acad. Sci. U.S.A. 107821-7826.

12. Gellert, M., Mizuuchi, K., O'Dea, M. H., and Nash, H. A. (1976)

; ; _ DNA gyrase: An enzyme that introduces superhelical turns into
The type Il DNA topoisomerases are extraordinary mo DNA. Proc. Natl. Acad. Sci. U.S.A. 73872-3876.

lecular machines that utilize the free energy of ATP 13 corpett, K. D., and Berger, J. M. (2003) Emerging roles for plant
hydrolysis to drive energetically unfavorable reactions topoisomerase VIChem. Biol. 10107-111.



7940 Biochemistry, Vol. 46, No. 27, 2007

14

15

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

.Wang, J. C. (2002) Cellular roles of DNA topoisomerases: A
molecular perspectivé\at. Re. Mol. Cell Biol. 3 430-440.
. Adams, D. E., Shekhtman, E. M., Zechiedrich, E. L., Schmid, M.
B., and Cozzarelli, N. R. (1992) The role of topoisomerase IV in
partitioning bacterial replicons and the structure of catenated
intermediates in DNA replicatiorCell 71, 277—288.
Zechiedrich, E. L., Khodursky, A. B., Bachellier, S., Schneider,
R., Chen, D., Lilley, D. M. J., and Cozzarelli, N. R. (2000) Roles
of topoisomerases in maintaining steady-state DNA supercoiling
in Escherichia coli J. Biol. Chem. 2758103-8113.
Liu, L. F., Liu, C.-C., and Alberts, B. M. (1980) Type Il DNA
topoisomerases: Enzymes that can unknot a topologically knotted
DNA moleculevia a reversible double-strand bregell 19 697—
707.
Brown, P. O., and Cozzarelli, N. R. (1979) A sign inversion
mechanism for enzymatic supercoiling of DN&cience 206
1081-1083.
Liu, L. F., and Wang, J. C. (1978) DNA-DNA gyrase complex:
The wrapping of the DNA duplex outside the enzyrell 15,
979-984.
Lynn, R., Giaever, G., Swanberg, S. L., and Wang, J. C. (1986)
Tandem regions of yeast DNA topoisomerase |l share homology
with different subunits of bacterial gyras8cience 233647—
649.
Kampranis, S. C., and Maxwell, A. (1996) Conversion of DNA
gyrase into a conventional type |l topoisomerd&®mc. Natl. Acad.
Sci. U.S.A. 9314416-14421.
Kreuzer, K. N., and Cozzarelli, N. R. (1980) Formation and
resolution of DNA catenanes by DNA gyrageell 20, 245-254.
Corbett, K. D., Shultzaberger, R. K., and Berger, J. M. (2004)
The C-terminal domain of DNA gyrase A adopts a DNA-bending
f-pinwheel fold,Proc. Natl. Acad. Sci. U.S.A. 107293-7298.
Ruthenburg, A. J., Graybosch, D. M., Huetsch, J. C., and Verdine,
G. L. (2005) A superhelical spiral in théscherichia coliDNA
gyrase A C-terminal domain imparts unidirectional supercoiling
bias,J. Biol. Chem. 2802617726184.
Orphanides, G., and Maxwell, A. (1994) Evidence for a confor-
mational change in the DNA gyrase-DNA complex from hydroxyl
radical footprinting,Nucleic Acids Res. 22567-1575.
Heddle, J. G., Mitelheiser, S., Maxwell, A., and Thomson, N. H.
(2004) Nucleotide binding to DNA gyrase causes loss of the DNA
wrap, J. Mol. Biol. 337 597-610.
Kampranis, S. C., Bates, A. D., and Maxwell, A. (1999) A model
for the mechanism of strand passage by DNA gyrBse¢. Natl.
Acad. Sci. U.S.A. 98414-8419.
Sugino, A., and Cozzarelli, N. R. (1980) The intrinsic ATPase of
DNA gyrase,J. Biol. Chem. 2556299-6306.
Costenaro, L., Grossmann, J. G., Ebel, C., and Maxwell, A. (2005)
Small-angle X-ray scattering reveals the solution structure of the
full-length DNA gyrase A subunitStructure 13 287—296.
Costenaro, L., Grossmann, J. G., Ebel, C., and Maxwell, A. (2007)
Modular structure of the full-length DNA gyrase B subunit
revealed by small angle X-ray scatteri@jructure 15329-339.
Gore, J., Bryant, Z., Stone, M. D.,"Noann, M., Cozzarelli, N.
R., and Bustamante, C. (2006) Mechanochemical analysis of DNA
gyrase using rotor bead trackingature 439 100-104.
Bates, A. D. (2006) DNA topoisomerases: Single gyrase caught
in the act,Curr. Biol. 16 R204-R206.
Ndlmann, M., Stone, M. D., Bryant, Z., Gore, J., Crisona, N. J.,
Hong, S. C., Mitelheiser, S., Maxwell, A., Bustamante, C., and
Cozzarelli, N. R. (2007) Multiple modes &scherichia colDNA
gyrase activity revealed by force and torqidgt. Struct. Mol.
Biol. 14, 264-271.
Ali, J. A., Jackson, A. P., Howells, A. J., and Maxwell, A. (1993)
The 43-kDa N-terminal fragment of the gyrase B protein hydroly-
ses ATP and binds coumarin dru@sochemistry 322717-2724.
Sugino, A., Higgins, N. P., Brown, P. O., Peebles, C. L., and
Cozzarelli, N. R. (1978) Energy coupling in DNA gyrase and the
mechanism of action of novobiociRyoc. Natl. Acad. Sci. U.S.A.
75, 4838-4842.
Bates, A. D., O'Dea, M. H., and Gellert, M. (1996) Energy
coupling in Escherichia coliDNA gyrase: The relationship
between nucleotide binding, strand passage, and DNA supercoil-
ing, Biochemistry 351408-1416.
Maxwell, A., and Gellert, M. (1984) The DNA dependence of
the ATPase activity of DNA gyrasd, Biol. Chem. 25914472~
14480.

38

39.

41.

42.

43.

44,

N

N

50.

)]

a1

)]

8.

9.

1.

2.

3.

Current Topics

. Wigley, D. B., Davies, G. J., Dodson, E. J., Maxwell, A., and
Dodson, G. (1991) Crystal structure of an N-terminal fragment
of the DNA gyrase B proteinNature 351 624-629.

Bjergbaek, L., Kingma, P., Nielsen, I. S., Wang, Y., Westergaard,

0., Osheroff, N., and Andersen, A. H. (2000) Communication

between the ATPase and cleavage/religation domains of human

topoisomerase dl, J. Biol. Chem. 27513041-13048.

.Ali, 3. A., Orphanides, G., and Maxwell, A. (1995) Nucleotide

binding to the 43-kilodalton N-terminal fragment of the DNA

gyrase B proteinBiochemistry 349801-9808.

Jackson, A. P., and Maxwell, A. (1993) Identifying the catalytic

residue of the ATPase reaction of DNA gyraBepc. Natl. Acad.

Sci. U.S.A. 9011232-11236.

Smith, C. V., and Maxwell, A. (1998) Identification of a residue

involved in transition-state stabilization in the ATPase reaction

of DNA gyrase,Biochemistry 379658-9667.

Roca, J., and Wang, J. C. (1992) The capture of a DNA double

helix by an ATP-dependent protein clamp: A key step in DNA

transport by type Il DNA topoisomerasesell 71, 833—-840.

Tingey, A. P., and Maxwell, A. (1996) Probing the role of the

ATP-operated clamp in the strand-passage reaction of DNA

gyrase,Nucleic Acids Res. 24868-4873.

. Bates, A. D., and Maxwell, A. (1989) DNA gyrase can supercoil
DNA circles as small as 174 base paE$/BO J. § 1861-1866.

. Maxwell, A., and Gellert, M. (1986) Mechanistic aspects of DNA
topoisomerase#dv. Protein Chem. 3869—107.

. Westerhoff, H. V., O’'Dea, M. H., Maxwell, A., and Gellert, M.

(1988) DNA supercoiling by DNA gyrase. A static head analysis,

Cell Biophys. 12157-181.

Horowitz, D. S., and Wang, J. C. (1984) Torsional rigidity of DNA

and length dependence of the free energy of DNA supercoiling,

J. Mol. Biol. 173 75-91.

Simmons, R. M., and Hill, T. L. (1976) Definitions of free energy

levels in biochemical reactiondlature 263 615-618.

Cullis, P. M., Maxwell, A., and Weiner, D. P. (1992) Energy

coupling in DNA gyrase: A thermodynamic limit to the extent

of DNA supercoiling,Biochemistry 319642-9646.

Kampranis, S. C., and Maxwell, A. (1998) Hydrolysis of ATP at

only one GyrB subunit is sufficient to promote supercoiling by

DNA gyrase,J. Biol. Chem. 27326305-26309.

Maxwell, A., Costenaro, L., Mitelheiser, S., and Bates, A. D.

(2005) Coupling ATP hydrolysis to DNA strand passage in type

IIA DNA topoisomerasesBiochem. Soc. Trans. 33460-1464.

Cullis, P. M., Maxwell, A., and Weiner, D. P. (1997) Exploiting

nucleoside thiophosphates to probe mechanistic aspedEs-of

cherichia coliDNA gyrase,Biochemistry 366059-6068.

. Roca, J., and Wang, J. C. (1994) DNA transport by a type || DNA
topoisomerase: Evidence in favor of a two-gate mechar@eti,

77, 609-616.

. Morais Cabral, J. H., Jackson, A. P., Smith, C. V., Shikotra, N.,
Maxwell, A., and Liddington, R. C. (1997) Structure of the DNA
breakage-reunion domain of DNA gyradéature 388 903-906.

. Williams, N. L., Howells, A. J., and Maxwell, A. (2001) Locking
the ATP-operated clamp of DNA gyrase: Probing the mechanism
of strand passagd, Mol. Biol. 306 969-984.

. Williams, N. L., and Maxwell, A. (1999) Probing the two-gate
mechanism of DNA gyrase using cysteine cross-linkiBip-
chemistry 38§13502-13511.

. Williams, N. L., and Maxwell, A. (1999) Locking the DNA gate
of DNA gyrase: Investigating the effects on DNA cleavage and
ATP hydrolysis,Biochemistry 381415714164.

. Roca, J., Berger, J. M., Harrison, S. C., and Wang, J. C. (1996)
DNA transport by a type Il topoisomerase: Direct evidence for a
two-gate mechanisnProc. Natl. Acad. Sci. U.S.A. 93057
4062.

. Roca, J. (2004) The path of the DNA along the dimer interface of
topoisomerase I1J. Biol. Chem. 27925783-25788.

. Baird, C. L., Gordon, M. S., Andrenyak, D. M., Marecek, J. F.,
and Lindsley, J. E. (2001) The ATPase reaction cycle of yeast
DNA topoisomerase Il: Slow rates of ATP resynthesis and P
release)]. Biol. Chem. 27627893-27898.

. Baird, C. L., Harkins, T. T., Morris, S. K., and Lindsley, J. E.
(1999) Topoisomerase |l drives DNA transport by hydrolyzing
one ATP,Proc. Natl. Acad. Sci. U.S.A. 963685-13690.

. Harkins, T. T., and Lindsley, J. E. (1998) Pre-steady-state analysis
of ATP hydrolysis by Saccharomyces cerisiae DNA topo-
isomerase Il. 1. A DNA-dependent burst in ATP hydrolysis,
Biochemistry 377292-7298.



Current Topics

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Harkins, T. T., Lewis, T. J., and Lindsley, J. E. (1998) Pre-steady-
state analysis of ATP hydrolysis byaccharomyces cerisiae
DNA topoisomerase Il. 2. Kinetic mechanism for the sequential
hydrolysis of two ATP,Biochemistry 377299-7312.

Skouboe, C., Bjergbaek, L., Oestergaard, V. H., Larsen, M. K.,
Knudsen, B. R., and Andersen, A. H. (2003) A human topoi-
somerase t heterodimer with only one ATP binding site can go
through successive catalytic cyclek,Biol. Chem. 2785768~
5774.

Oestergaard, V. H., Giangiacomo, L., Bjergbaek, L., Knudsen, B.
R., and Andersen, A. H. (2004) Hindering the strand passage
reaction of human topoisomerasex IWithout disturbing DNA
cleavage, ATP hydrolysis, or the operation of the N-terminal
clamp,J. Biol. Chem. 27928093-28099.

Corbett, K. D., and Berger, J. M. (2003) Structure of the
topoisomerase VI-B subunit: Implications for type Il topo-
isomerase mechanism and evoluti®@VBO J. 22 151-163.
Corbett, K. D., and Berger, J. M. (2005) Structural dissection of
ATP turnover in the prototypical GHL ATPase topo\&tructure

13, 873-882.

Dutta, R., and Inouye, M. (2000) GHKL, an emergent ATPase/
kinase superfamilyTrends Biochem. Sci. 224—28.

Vologodskii, A. V., Zhang, W. T., Rybenkov, V. V., Podtelezh-
nikov, A. A., Subramanian, D., Griffith, J. D., and Cozzarelli, N.
R. (2001) Mechanism of topology simplification by type || DNA
topoisomerases}roc. Natl. Acad. Sci. U.S.A. 98045-3049.
Ullsperger, C., and Cozzarelli, N. R. (1996) Contrasting enzymatic
activities of topoisomerase IV and DNA gyrase fr@scherichia
coli, J. Biol. Chem. 27131549-31555.

Roca, J. (2001) Varying levels of positive and negative supercoiling
differently affect the efficiency with which topoisomerase Il
catenates and decatenates DNAMol. Biol. 305 441-450.

Roca, J., and Wang, J. C. (1996) The probabilities of supercoil
removal and decatenation by yeast DNA topoisomerasgdihes
Cells 1, 17-27.

Crisona, N. J., Strick, T. R., Bensimon, D., Croquette, V., and
Cozzarelli, N. R. (2000) Preferential relaxation of positively
supercoiled DNA byE. colitopoisomerase IV in single-molecule
and ensemble measuremer@gnes De. 14, 2881-2892.

Charvin, G., Bensimon, D., and Croquette, V. (2003) Single-
molecule study of DNA unlinking by eukaryotic and prokaryotic
type Il topoisomerase®roc. Natl. Acad. Sci. U.S.A. 109820~
9825.

McClendon, A. K., Rodriguez, A. C., and Osheroff, N. (2005)
Human topoisomerasedlrapidly relaxes positively supercoiled
DNA: Implications for enzyme action ahead of replication forks,
J. Biol. Chem. 28039337-39345.

Stone, M. D., Bryant, Z., Crisona, N. J., Smith, S. B., Vologodskii,
A., Bustamante, C., and Cozzarelli, N. R. (2003) Chirality sensing
by Escherichia coltopoisomerases IV and the mechanism of type
Il topoisomerasesiroc. Natl. Acad. Sci. U.S.A. 108654-8659.
Corbett, K. D., Schoeffler, A. J., Thomsen, N. D., and Berger, J.
M. (2005) The structural basis for substrate specificity in DNA
topoisomerase IVJ. Mol. Biol. 351 545-561.

McClendon, A. K., Dickey, J. S., and Osheroff, N. (2006) Ability
of viral topoisomerase Il to discern the handedness of supercoiled

80.

81.

87.

©

©

92.

0.

1.

Biochemistry, Vol. 46, No. 27, 2007941

DNA: Bimodal recognition of DNA geometry by type Il enzymes,
Biochemistry 4511674-11680.

Kramlinger, V. M., and Hiasa, H. (2006) The “GyrA-box” is
required for the ability of DNA gyrase to wrap DNA and catalyze
the supercoiling reactiord. Biol. Chem. 2813738-3742.
Zechiedrich, E. L., and Osheroff, N. (1990) Eukaryotic topo-
isomerases recognize nucleic acid topology by preferentially
interacting with DNA crossover&MBO J. 9 4555-4562.

. Moore, C. L., Klevan, L., Wang, J. C., and Griffith, J. D. (1983)

Gyrase:DNA complexes visualised as looped structures by electron
microscopy,J. Biol. Chem. 2584612-4617.

. Belotserkovskii, B. P., Arimondo, P. B., and Cozzarelli, N. R.

(2006) Topoisomerase action on short DNA duplexes reveals
requirements for gate and transfer DNA segmehtBijol. Chem.
281, 25407-25415.

. Rybenkov, V. V., Ullsperger, C., Vologodskii, A. V., and

Cozzarelli, N. R. (1997) Simplification of DNA topology below
equilibrium values by type |l topoisomeras&gience 27,/690—
693.

. Pulleyblank, D. E. (1997) Of topo and Maxwell's dreg®ajence

277, 648-649.

.Yan, J., Magnasco, M. O., and Marko, J. F. (2001) Kinetic

proofreading can explain the supression of supercoiling of circular
DNA molecules by type-Il topoisomeraseBhys. Re. E 63
031909.

Trigueros, S., Salceda, J., Bermudez, I., Fernandez, X., and Roca,
J. (2004) Asymmetric removal of supercolls suggests how
topoisomerase |l simplifies DNA topologyl. Mol. Biol. 335
723—-731.

. Buck, G. R., and Zechiedrich, E. L. (2004) DNA disentangling

by type-2 topoisomerase$, Mol. Biol. 34Q 933-939.

. Liu, Z. R., Zechiedrich, E. L., and Chan, H. S. (2006) Inferring

global topology from local juxtaposition geometry: Interlinking
polymer rings and ramifications for topoisomerase actophys.

J. 90 2344-2355.

Liu, Z. R., Mann, J. K., Zechiedrich, E. L., and Chan, H. S. (2006)
Topological information embodied in local juxtaposition geometry
provides a statistical mechanical basis for unknotting by type-2
DNA topoisomerases]. Mol. Biol. 361 268—-285.

Randall, G. L., Pettitt, B. M., Buck, G. R., and Zechiedrich, E. L.
(2006) Electrostatics of DNA-DNA juxtapositions: Consequences
for type Il topoisomerase functiod, Phys.: Condens. Matter
18, S173-S185.

Yan, J., Magnasco, M. O., and Marko, J. F. (1999) A kinetic
proofreading mechanism for disentanglement of DNA by topo-
isomerasesiNature 401 932—935.

. Hopfield, J. J. (1974) Kinetic proofreading: A new mechanism

for reducing errors in biosynthetic processes requiring high
specificity, Proc. Natl. Acad. Sci. U.S.A. 74135-41309.

. DeLano, W. (2002PyMOL molecular graphics systeielLano

Scientific, San Carlos, CA.

BI700789G



