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ABSTRACT

It has long been known that type II topoisomerases
require divalent metal ions in order to cleave DNA.
Kinetic, mutagenesis and structural studies indicate
that the eukaryotic enzymes utilize a novel variant
of the canonical two-metal-ion mechanism to
promote DNA scission. However, the role of metal
ions in the cleavage reaction mediated by bacterial
type II enzymes has been controversial. Therefore,
to resolve this critical issue, this study characterized
the DNA cleavage reaction of Escherichia coli
topoisomerase IV. We utilized a series of divalent
metal ions with varying thiophilicities in conjunction
with oligonucleotides that replaced bridging and
non-bridging oxygen atoms at (and near) the
scissile bond with sulfur atoms. DNA scission was
enhanced when thiophilic metal ions were used
with substrates that contained bridging sulfur
atoms. In addition, the metal-ion dependence of
DNA cleavage was sigmoidal in nature, and rates
and levels of DNA cleavage increased when metal
ion mixtures were used in reactions. Based on these
findings, we propose that topoisomerase IV cleaves
DNA using a two-metal-ion mechanism in which
one of the metal ions makes a critical interaction
with the 30-bridging atom of the scissile phosphate
and facilitates DNA scission by the bacterial type II
enzyme.

INTRODUCTION

Virtually every eubacteria encodes two type II topoisom-
erases, gyrase and topoisomerase IV (1–6). These enzymes

help to regulate the superhelical density of the bacterial
chromosome and remove knots and tangles from the
double helix. Gyrase and topoisomerase IV alter DNA
topology by generating transient double-stranded breaks
in the genetic material and passing an intact segment of
DNA through the break (1–6). However, the two enzymes
appear to play different roles in the cell (1–6). Gyrase is
the only known type II enzyme that is able to actively
underwind the double helix. It is involved primarily in
regulating the superhelical density of chromosomal
DNA and alleviating torsional stress that accumulates
ahead of DNA tracking systems. In contrast, topoisomer-
ase IV efficiently decatenates DNA and is the major
enzyme that is responsible for unknotting and untangling
the bacterial genome (1–6).

Beyond their critical physiological functions, gyrase and
topoisomerase IV are targets for quinolone-based drugs
(1,6–9). Members of this drug class, such as levofloxacin
and ciprofloxacin, are among the most active and
broad-spectrum antibacterial agents currently in clinical
use. Quinolones kill bacterial cells by stabilizing covalent
enzyme-cleaved DNA complexes, which are requisite
intermediates in the DNA strand passage reactions of
gyrase and topoisomerase IV (1,7,8,10–12). These
‘cleavage complexes’ are converted to permanent strand
breaks by collisions with helicases and other DNA
tracking enzymes, triggering an SOS response in the bac-
terial cell (1,7,8,10–12). Gyrase and topoisomerase IV
both contribute to the cytotoxicity of quinolones
(1,7,13–15). However, the enzyme primarily responsible
for cell death appears to be species- and drug-dependent.

The ability of type II topoisomerases to cleave and
ligate DNA is central to their catalytic functions (1–6).
Topoisomerase IV is composed of two different subunits
(ParC and ParE in Gram-negative species), each of which
is present in two copies in the active enzyme (1–6).
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Each ParC subunit contains an active site tyrosine
(position 120 in Escherichia coli) (1,4,16). This residue
cuts one strand of the double helix and forms a covalent
bond with the 50-terminal phosphate that results from
scission (1–6). A 30-terminal –OH moiety also is generated
during this process. The two scissile bonds are located
across the major groove, four bases apart from one
another, such that the DNA cleavage event results in
4-base, 50-overhanging cohesive ends.

Despite the importance of gyrase and topoisomerase IV
in the regulation of DNA topology in bacteria and the
treatment of infectious diseases, many aspects of the
DNA cleavage reaction are poorly understood. To this
point, an area of emerging interest is the use of divalent
metal ions in catalyzing the DNA scission event (17,18).

Based on the ability of mutant gyrase proteins to utilize
metal ions, Noble andMaxwell (19) proposed that the bac-
terial enzyme utilizes a two-metal-ion phosphotransferase/
hydrolase mechanism similar to that of DNA primases
and polymerases (20,21). In this mechanism, one divalent
cation activates a catalytic water or ribose hydroxyl
for nucleophilic attack, the other coordinates a leaving
group and both stabilize the pentavalent transition state.
While the mutagenesis approach employed in this study
provided evidence for the use of two divalent metal ions,
it was not able to provide information on the specific
roles of the metal ions in the DNA cleavage/ligation
reaction of gyrase.

A greater understanding of metal ion usage by type II
topoisomerases was provided by enzymological and
mutagenesis studies with human topoisomerase IIa and
topoisomerase IIb (18,22–26). These studies indicated
that the human type II enzymes also employ a two-
metal-ion mechanism. Furthermore, they suggested that
one of the metal ions has an important interaction with
the bridging oxygen of the scissile bond that greatly stimu-
lates DNA cleavage. An interaction with the non-bridging
oxygen of the scissile bond also was noted, but the ability
of this interaction to stimulate DNA cleavage varied
between the two human isoforms (18,22–26).

A recent crystal structure of the covalent yeast topo-
isomerase II-cleaved DNA complex contained both
metal ions and led to the proposal that eukaryotic topo-
isomerase II employs a novel variation of the canonical
two-metal-ion mechanism for DNA cleavage (Figure 1)
(27). In this model, one metal ion (metal ion A) plays a
direct role in the transition chemistry, most likely by
promoting the leaving of the ribose 30-OH. The other
metal ion (metal ion B) appears to play a structural role
in anchoring the DNA during cleavage.

Structures for non-covalent and covalent complexes
formed between bacterial type II topoisomerases and
DNA have been reported recently (28–31). In contrast to
the work with yeast topoisomerase II, some of these struc-
tures contained divalent metal ions at site A or B, but
none contained ions at both sites. These results led to an
alternative proposal for the use of divalent cations by bac-
terial type II enzymes, suggesting that they use a ‘moving
metal ion mechanism’ in which only one of the two metal
ion sites is filled at any given time (30–33).

In order to resolve this fundamental issue regarding the
use of divalent metal ions by the bacterial type II enzymes,
we carried out enzymological studies with E. coli topo-
isomerase IV. These studies utilized a series of divalent
metal ions with varying thiophilicities in conjunction
with DNA cleavage substrates that replaced specific
bridging and non-bridging oxygen molecules with sulfur.
Results strongly suggest that topoisomerase IV mediates
DNA scission via a two-metal-ion mechanism and that
one of the required divalent cations makes critical inter-
actions with the bridging atom of the scissile bond during
the cleavage event. Thus, it is proposed that the bacterial
and eukaryotic type II topoisomerases utilize a common
metal ion-dependent mechanism for cleaving DNA.

MATERIALS AND METHODS

Enzymes and materials

E. coli topoisomerase IV was expressed and purified as
described by Peng and Marians or by a minor modifica-
tion of Corbett et al. (34,35). In the latter case, the cell
pellet was resuspended in 20mM HEPES (pH 7.5),
400mM NaCl, 10% glycerol and 2mM
b-mercaptoethanol, lysed by sonication and centrifuged.
The supernatant was loaded onto a HisTrap HP column
(GE Healthcare) and the protein was eluted with a linear
gradient of 0–200mM imidazole. The protein containing
fractions were pooled and desalted on a HiPrep desalting
column (GE Healthcare). The His-tag was removed by
overnight incubation with AcTEV at 4�C using an
OD280nm ratio 1:100 AcTEV:protein, and the cleaved
protein was filtered through a HisTrap HP column. The
protein was concentrated and further purified on a
Superdex 200 10/300 GL column (GE Healthcare). The
concentrations of ParC and ParE were quantified by UV
absorption. Negatively supercoiled pBR322 DNA was
prepared from E. coli using a Plasmid Mega Kit
(Qiagen) as described by the manufacturer.
A 50-bp oligonucleotide duplex was designed using a

previously identified topoisomerase II cleavage site from
pBR322. This site corresponds to the sequence designated
as site 2 by Fortune et al. (36). Wild-type oligonucleotide
sequences were generated using an Applied Biosystems
DNA synthesizer. The 50-mer top and bottom sequences
were 50-TTGGTATCTGCGCTCTGCTGAAGCC#AGT
TACCTTCGGAAAAAGAGTTGGT-30 and 50-ACCAA
CTCTTTTTCCGAAGGT#AACTGGCTTCAGCAGA
GCGCAGATACCAA-30, respectively (arrow denotes site
of cleavage).
DNA containing a single 30-bridging phosphorothiolate

linkage at the scissile bond (�1/+1 position) was
synthesized as described previously (37). Substrates
containing a racemic phosphorothioate in place of a
non-bridging oxygen at the scissile bond or at the �2/�1
position of the bottom strand were synthesized by Operon.
[g-32P]ATP (�5000Ci/mmol) was obtained from ICN.

Single-stranded oligonucleotides were labeled on their
50-termini using T4 polynucleotide kinase (New England
Biolabs). Following labeling and gel purification,
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complementary oligonucleotides were annealed by incuba-
tion at 70�C for 10min and cooling to 25�C.

Topoisomerase IV-mediated cleavage of negatively
supercoiled plasmid substrates

DNA cleavage assays were carried out using the procedure
of Fortune and Osheroff (38). Unless otherwise stated,
assay mixtures contained 35 nM topoisomerase IV
(1:1 ratio of ParC and ParE subunits) and 10 nM nega-
tively supercoiled pBR322 DNA in a total of 20 ml of
40mM Tris–HCl (pH 7.9), 2.5mM MgCl2, MnCl2, or
CaCl2 and 2.5% glycerol. DNA cleavage mixtures were
incubated for 10min at 37�C, and enzyme-DNA
cleavage intermediates were trapped by adding 2 ml of
5% SDS and 1 ml of 375mM EDTA, pH 8.0. Proteinase
K was added (2ml of a 0.8mg/ml solution), and reaction
mixtures were incubated for 30min at 45�C to digest the
topoisomerase IV. Samples were mixed with 2 ml of 60%
sucrose in 10mM Tris–HCl (pH 7.9), 0.5% bromophenol
blue and 0.5% xylene cyanol FF, heated for 2min at 45�C,

and subjected to electrophoresis in 1% agarose gels in
40mM Tris–acetate, (pH 8.3) and 2mM EDTA contain-
ing 0.5mg/ml ethidium bromide. DNA cleavage was moni-
tored by the conversion of negatively supercoiled plasmid
DNA to linear molecules. DNA bands were visualized by
ultraviolet light and quantified using an Alpha Innotech
digital imaging system.

Topoisomerase IV-mediated cleavage of oligonucleotide
substrates

DNA cleavage assays were carried out by a modification
of the procedure of Deweese et al. (37). Oligonucleotide
substrates were always 50-end-labeled. Unless otherwise
stated, cleavage reactions contained 70 nM topoisomerase
IV (1:1 ratio of ParC and ParE subunits) and 100 nM
double-stranded oligonucleotide in a total of 10 ml of
40mM Tris–HCl (pH 7.9), 10mM MgCl2, MnCl2 or
CaCl2, and 2.5% glycerol. In some cases, the concentra-
tion of divalent cation was varied or combinations of the
cations were used. Reactions were initiated by the addition

O
O

O P O

O

O-

Base

O

O

OO

O
O

O

MA
2+

H

3'...

hTII  D543
hTII  D559
ScTII D529
EcGyrB D500
EcParE D492

hTII  E461
hTII  E477
ScTII E449
EcGyrB E424
EcParE E418

hTII  D541
hTII  D557
ScTII D527
EcGyrB D498
EcParE D490

hTII  Y805
hTII  Y826
ScTII Y782
EcGyrA Y122
EcParC Y120

_

_

_

Base

Acid H
OPO

O

O

...5'

MB
2+

N
H

N

hTIIa
b

a
b

a
b

a

b
a

b
a

b

 H759
hTII  H775
ScTII H736
EcGyrA H80
EcParC H77

hTII  R804
hTII  R825
ScTII R781
EcGyrA R121
EcParC R119

NH
HN

H2N

+

–1 Base
+1 Base 

Figure 1. Proposed two-metal-ion mechanism for DNA cleavage and ligation mediated by type II topoisomerases. A novel variant of the canonical
two-metal-ion mechanism employed by primases and polymerases is shown. Amino acids in the active site that are postulated to function in catalysis
by human topoisomerase IIa (hTIIa) and topoisomerase IIb (hTIIb) Saccharomyces cerevisiae topoisomerase II (ScTII), and the corresponding
amino acids in the GyrA (EcGyrA) and GyrB (EcGyrB) subunits of E. coli gyrase and the ParC (EcParC) and ParE (EcParE) subunits of E. coli
topoisomerase IV are indicated. Metal ions (MA

2+ and MB
2+) are highlighted in red. The scissile bond (between the �1 and+1 bases) also is shown

in red. Interactions between metal ions and nucleic acids or acidic amino acid residues are denoted in green or blue, respectively. In the proposed
model, MA

2+ makes critical contacts with the 30-bridging atom (red) and a non-bridging atom of the scissile phosphate and plays a role in the
transition chemistry and in stabilizing the leaving 30-terminal oxygen. MB

2+ contacts the non-bridging oxygen of the phosphate that connects the �2
and �1 bases upstream from the scissile bond and plays a structural role in anchoring the DNA during scission. Figure is adapted from Schmidt
et al. (27).
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of enzyme and were incubated for up to 10min at 37�C.
DNA cleavage products were trapped by the addition of
2 ml of 10% SDS. DNA products were precipitated in
100% ethanol, washed with 70% ethanol, dried and resus-
pended in 5 ml of sample loading buffer (40% formamide,
10mM NaOH, 0.02% xylene cyanol FF and 0.02%
bromophenol blue). Cleavage products were resolved by
electrophoresis in 14% denaturing polyacrylamide gels.
To inhibit oxidation of cleaved oligonucleotides con-
taining 30-terminal –SH moieties and the formation of
multimers in the gel, 100mM DTT was added to the
sample loading buffer (37). DNA cleavage products were
visualized and quantified using a Bio-Rad Molecular
Imager.

Topoisomerase IV-mediated cleavage of linear plasmid
substrates

DNA cleavage sites were mapped using a modification of
the procedure of O’Reilly and Kreuzer (39). A linear
4330 bp fragment (HindIII/EcoRI) of pBR322 plasmid
DNA singly labeled with 32P on the 50-terminus of the
HindIII site was used as the cleavage substrate. The
plasmid was linearized by treatment with HindIII.
Terminal 50-phosphates were removed by treatment
with calf intestinal alkaline phosphatase and replaced
with [32P]phosphate using T4 polynucleotide kinase and
[g-32P]ATP. The DNA was treated with EcoRI, and the
4330 bp singly end-labeled fragment was purified from the
small EcoRI-HindIII fragment by passage through a
CHROMA SPIN+TE-100 column (Clontech).

Reaction mixtures contained 1.4 nM labeled linear
DNA and 35 nM topoisomerase IV (1:1 ratio of ParC
and ParE subunits) in 50 ml of 40mM Tris–HCl
(pH 7.9), 0–2.5mM MgCl2, MnCl2 or CaCl2 and 2.5%
glycerol. Reactions were initiated by the addition of
enzyme and were incubated for 10min at 37�C. Cleavage
intermediates were trapped by adding 5 ml of 5% SDS
followed by 3 ml of 250mM EDTA (pH 8.0).
Topoisomerase IV was digested with proteinase K (5ml
of a 0.8mg/ml solution) for 30min at 45�C. DNA
products were precipitated twice in 100% ethanol,
washed in 70% ethanol, dried and resuspended in 5 ml of
sample loading buffer. Samples were subjected to electro-
phoresis in 6% denaturing polyacrylamide gels. DNA
cleavage products were visualized and quantified as above.

RESULTS AND DISCUSSION

DNA cleavage mediated by E. coli topoisomerase IV is
promoted by an interaction between a divalent metal ion
and the bridging atom of the scissile phosphate

Escherichia coli topoisomerase IV, like other type II topo-
isomerases, requires a divalent metal ion to support DNA
cleavage and overall catalytic activity (Figure 2) (40).
Although the physiological metal ion appears to be mag-
nesium, the bacterial enzyme can utilize a variety of
divalent cations for the DNA cleavage reaction in vitro
(40,41). Figure 2 shows the effects of metal ion concen-
tration on topoisomerase IV-mediated DNA cleavage
(left panel) as well as time courses for cleavage at

constant metal ion concentrations (right panel). When
negatively supercoiled plasmid was used as the substrate,
Ca2+ supported the highest levels of DNA scission over a
broad range of metal ion concentrations (left panel). Mg2+

and Mn2+both supported DNA cleavage to a lesser extent
(2- to 4-fold lower than Ca2+), but the optimal concen-
tration of Mn2+ (�0.35mM) was nearly an order of
magnitude lower than that of Mg2+ (�2.5mM).
Biochemical and structural studies with human and

yeast type II topoisomerases suggest that active site
metal ions in the eukaryotic enzyme interact with DNA
at the bridging oxygen of the scissile bond (�1/+1
position), and non-bridging oxygen atoms at the scissile
bond and the �2/�1 position (Figure 1) (18,24–27). While
the interactions at the scissile bond are believed to help
mediate the chemistry of DNA cleavage, the inter-
action with the �2/�1 non-bridging oxygen is thought
to play a structural role in the reaction (27). In order to
characterize the role of the metal ion in the DNA cleavage
reaction of topoisomerase IV, a series of oligonucleotide
substrates was employed that substituted sulfur for
the bridging (i.e. phosphorothiolate) or non-bridging
(i.e. phosphorothioate) oxygen atoms described above.
It should be noted that the 30-terminal –SH moiety that

is generated following cleavage of the 30-bridging
phosphorothiolate is a poor nucleophile for phosphorous
(42,43) (data not shown). Because the phosphorothiolate
substrate supports ligation poorly (if at all), topoisomer-
ase IV-DNA cleavage complexes accumulate over time.
This is in contrast to wild-type oligonucleotides or sub-
strates with substituted non-bridging atoms, which estab-
lish rapid DNA cleavage-ligation equilibria and maintain
lower levels of cleavage complexes.
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Figure 2. Cleavage of plasmid pBR322 by E. coli topoisomerase IV in
the presence of different divalent metal ions. The effects of cation
concentration on DNA cleavage (10-min reactions) are shown in the
left panel. Mg2+ (closed squares), Mn2+ (open circles) or Ca2+ (closed
circles) were titrated from 0.1 to 10mM. Time courses for DNA
cleavage in the presence of 2.5mM divalent metal ions are shown in
the right panel (Mg2+, closed squares; Mn2+, open circles; Ca2+, closed
circles). Time courses in the absence of metal ion (open squares) and at
the optimal concentration for Mn2+ (0.35mM Mn2+, open triangles)
also are shown. Error bars represent the standard deviation of three
independent experiments.
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Metal ion–DNA interactions were determined by
comparing the ability of topoisomerase IV to cleave sub-
strates containing oxygen or sulfur atoms in the presence
of metal ions of varying ‘hardness’ (i.e. thiophilicity)
(42,43). Experiments took advantage of the fact that
‘soft’ metal ions such as Mn2+ (which are larger and
more polarizable) often prefer sulfur over oxygen as an
inner-sphere ligand, whereas ‘hard’ metals such as Mg2+

and Ca2+ (which have a smaller ionic radius and are
non-polarizable) usually coordinate more readily with
oxygen (44–50).
Results with the wild-type oligonucleotide (Figure 3,

top left panel) were similar to those obtained with
plasmid substrate, except that higher concentrations of
metal ions were required to yield optimal levels of DNA
scission (data not shown; see Figure 6). Once again, Ca2+

supported (by far) the highest levels of topoisomerase
IV-mediated DNA cleavage. The only difference between
results with the wild-type oligonucleotide and plasmid
substrates was the fact that Mn2+ consistently supported
higher levels of cleavage with the oligonucleotide than
did Mg2+.

A substrate containing a 30-bridging sulfur was
employed to determine whether metal ion interactions
with the bridging/leaving group facilitate catalysis. If
this were the case, relative levels (or rates) of scission
with substrates that contain a 30-bridging phosphor-
othiolate should increase in the presence of soft metals
and decrease in reactions that contain hard metals.

As seen in Figure 3 (top right panel), metal ions
produced a dramatically different cleavage pattern with
the 30-bridging phosphorothiolate as compared with the
wild-type substrate. Cleavage rates were significantly
higher and the levels of topoisomerase IV-mediated
DNA scission were nearly 10-fold higher with the
sulfur-containing substrate in the presence of the soft
metal Mn2+. Conversely, the hard metal Ca2+, which sup-
ported the highest levels of cleavage with the wild-type
substrate, generated the slowest rates of cleavage and the
lowest levels of scission with the sulfur-containing oligo-
nucleotide. Despite the fact that cleavage complexes accu-
mulate over time with the 30-bridging phosphorothiolate,
levels of cleavage seen with Ca2+ fell >10-fold as
compared with wild-type reactions. The precipitous drop
in Ca2+-supported scission of the sulfur-containing sub-
strate, coupled with the increased scission observed with
Mn2+, demonstrates that there is an important interaction
between the metal ion and the 30-bridging atom of the
scissile bond in the active site of E. coli topoisomerase
IV that promotes the DNA cleavage event. Similar con-
clusions have been drawn for human topoisomerase IIa
and topoisomerase IIb (24,26).

Divalent metal ion interactions with non-bridging
phosphate atoms

Interactions between metal ion A and the non-bridging
oxygen atom of the scissile phosphate have been
observed in the crystal structure of the covalent yeast
topoisomerase II-cleaved DNA complex (27). While
similar interactions in the active site of human topoisom-
erase IIa and topoisomerase IIb have been proposed on
the basis of kinetic experiments, their importance in the
DNA cleavage reaction of these enzymes differs consider-
ably (18,24,26). The relative ability of topoisomerase IIa
to utilize different divalent metal ions with substrates that
contain a racemic phosphorothioate at the non-bridging
position of the scissile phosphate (�1/+1) was similar to
that observed with the wild-type substrate (24). In
contrast, the interaction between the metal ion and the
non-bridging oxygen appears to play a more substantial
role in the DNA scission reaction of topoisomerase IIb
(26). The relative ability of Ca2+ to support cleavage of
the racemic non-bridging phosphorothioate decreased and
fell below that of Mg2+ (26).

Given these differences, we wanted to determine
whether the use of metal ions by topoisomerase IV was
more similar to that of topoisomerase IIa or topoisomer-
ase IIb. Therefore, we examined the ability of different
metal ions to support topoisomerase IV-mediated
cleavage of the non-bridging phosphorothioate (�1/+1)
substrate. As seen in Figure 3 (bottom left panel), the
relative use of metal ions approximated that seen with

Figure 3. Cleavage of oligonucleotide substrates by topoisomerase IV
in the presence of different divalent metal ions. The central portion of
the DNA cleavage substrate is depicted above the graphs. The asterisk
denotes the 50-end-labeled strand and the scissile bonds are indicated by
arrows. All modifications are on the bottom strand. Results for the
wild-type oligonucleotide (WT, top left panel), and substrates contain-
ing a 30-bridging phosphorothiolate at the scissile (�1/+1) bond (SPO,
top right), a non-bridging phosphorothioate at the scissile bond (�1/+1
NB, bottom left) and a non-bridging phosphorothioate at the �2/�1
position (�2/�1 NB, bottom right) are shown. DNA cleavage was
carried out in the presence of 10mM Mg2+ (closed squares), Mn2+

(open circles) or Ca2+ (closed circles). Error bars represent the
standard deviation of three independent experiments.
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the wild-type substrate. Once again, the order of metal ion
utilization was Ca2+ > Mn2+ > Mg2+. On the basis of
these data, E. coli topoisomerase IV appears to utilize
metal ion A (at least with respect to interactions at the
non-bridging oxygen of the scissile phosphate) in a
manner similar to that of human topoisomerase IIa.

As discussed above, the crystal structure of the covalent
yeast topoisomerase II-DNA cleavage complex revealed a
novel interaction between metal ion B and the non-
bridging oxygen of the phosphate at the �2/�1 position
(27). It is believed that this contact plays a structural role
in anchoring the double helix during the cleavage/ligation
reaction. Therefore, the effects of this interaction on rates
of DNA cleavage were determined. Once again, the use of
metal ions was similar to those seen with the wild-type
substrate (Figure 3, bottom right panel). These findings
cannot rule out an interaction between metal ion A or B
and the �2/�1 non-bridging oxygen atoms. However, if
these interactions exist in the active site of topoisomerase
IV, their effects on the overall rate of DNA cleavage
appear to be equivocal.

A two-metal-ion mechanism for DNA cleavage mediated
by topoisomerase IV

Biochemical, kinetic and mutagenesis studies with human
topoisomerase IIa and topoisomerase IIb indicate that
both DNA cleavage/ligation active sites contain two
divalent metal ions (22–26). Furthermore, the eukaryotic
enzymes cleave DNA using a two-metal-ion mechanism in
which metal ion site A and site B must both be occupied
(18,24–26). This model for eukaryotic topoisomerase II is
strongly supported by a recent structural study of the
covalent yeast topoisomerase II-cleaved DNA complex
(27). In this structure, both metal ion sites on each
enzyme protomer are filled simultaneously.

Noble and Maxwell (19) found that mutant gyrase
proteins with substitutions at residues believed to
complex with metal ions displayed greater DNA cleavage
in the presence of Mg2+and Ca2+ than did either divalent
cation alone. Based on these findings, they proposed that
the prokaryotic type II enzyme utilized a two-metal-ion
mechanism.

This conclusion was challenged by a recent crystallo-
graphic study that examined non-covalent complexes
between Staphylococcus aureus gyrase, DNA and inhibi-
tors (31). Although structures were generated that con-
tained a metal ion at site A or B, none was observed
that included metal ions at both sites. Based on these
findings with gyrase, the authors proposed that type II
topoisomerases utilize a moving metal ion mechanism in
which only one of the two metal ion sites in each protomer
is filled at any given time (31–33). In this model, metal ion
binding to site B promotes DNA binding, albeit in a con-
formation that does not support efficient DNA cleavage.
Once this conformation has been achieved, the first metal
ion dissociates and is replaced by a second metal ion
bound to site A, which promotes efficient DNA cleavage.

Recently, two structures of the covalent Streptococcus
pneumoniae topoisomerase IV-cleaved DNA complex were
reported. One of the structures contained no metal ions

(28), while the other contained a single Mg2 (consistent
with metal ion A) at each active site (30). Although the
authors ‘[could not] exclude the participation of a more
weakly bound Mg2+’, they also suggested the possibility
that topoisomerase IV might utilize a single dynamic
metal ion for DNA cleavage (30).
An important issue should be noted regarding the

proposed moving (or dynamic) metal ion mechanism:
the affinity of metal ion B, which would be the first to
bind the enzyme in this model, is �5- to 10-fold lower
than that of metal ion A (Figures 4–6), which is the
cation that participates directly in the chemistry of the
cleavage reaction (24–26).
Two independent approaches were used to determine

whether bacterial type II topoisomerases utilize a
two-metal-ion or a moving metal ion mechanism for
DNA cleavage. In the first, the concentration dependence
of divalent metal ions for DNA cleavage mediated by
E. coli topoisomerase IV was assessed. Initial studies
utilized end-labeled linear pBR322 as the cleavage sub-
strate. Several striking features were seen (Figure 4). The
most obvious is that no DNA scission was observed at low
concentrations of Mg2+, Mn2+ or Ca2+. For each of the
three metal ions, cleavage products were generated only
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Figure 4. Metal ion concentration dependence for topoisomerase
IV-mediated DNA cleavage of linearized pBR322 plasmid. A 4330-bp
fragment of pBR322 was singly end-labeled and employed as the
cleavage substrate. Reaction products were resolved by acrylamide gel
electrophoresis. DNA cleavage in the presence of varying concentra-
tions of Mg2+ (0, 0.25, 0.5, 0.65, 0.85, 1.0, 1.5, 2.0 and 2.5mM), Mn2+

(0, 0.025, 0.050, 0.075, 0.100, 0.125, 0.150, 0.175 and 0.200mM) or
Ca2+ (0, 0.05, 0.15, 0.25, 0.40, 0.50, 0.75 and 1.00mM) (left, center
or right, respectively) is shown. A DNA standard (DNA) also is
shown. The gel is representative of three independent experiments.
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after a threshold concentration had been reached (�0.05–
0.25mM, depending on the metal ion) and began to
accumulate coordinately for all observable DNA bands.
Furthermore, when quantified, the metal ion dependence
of DNA cleavage appeared to be sigmoidal in shape
(Figure 5).
These data strongly suggest that each enzyme protomer

contains two distinct sites for metal ion binding in the
topoisomerase IV–DNA complex, and that both are
critical for cleavage of each strand of the double helix.
One metal ion binds to the complex with higher affinity
(metal ion A) and saturates the site at levels that reflect the
threshold concentration at which cleavage appears. The
second (metal ion B) also is essential for DNA cleavage
and associates with the topoisomerase IV–DNA complex
with apparent KD values of �1.0, 0.12 and 0.40mM,
respectively, for Mg2+, Mn2+ and Ca2. It is not obvious
how the concentration dependence of DNA cleavage
seen in Figures 4 and 5 can be interpreted by a model in
which both metal ion-binding sites are not filled
simultaneously.
Results similar to those seen with the plasmid substrate

also were observed using the oligonucleotide cleavage
substrate described earlier. A biphasic concentration
dependence for Ca2+-supported cleavage of the wild-type
substrate and for Mn2+-supported cleavage of the phosph-
orothiolate substrate is shown (Figure 6). Once again,
these findings suggest a model that requires two simultan-
eously bound metal ions to support DNA scission
mediated by E. coli topoisomerase IV.
As a second approach to determine the number of metal

ions required to support the DNA cleavage reaction of
bacterial type II topoisomerases, metal ion mixing experi-
ments were performed (19,24,26). Initial studies utilized
the wild-type oligonucleotide substrate and mixtures of
Mg2+ and Ca2+. This metal ion pair was used because
Mg2+ supports DNA cleavage of the wild-type substrate
poorly, even at high concentrations, while Ca2+ efficiently

supports high levels of scission. The first time courses for
DNA cleavage were generated in the presence of either
10mM Mg2+, a saturating level, or 1mM Ca2+, a concen-
tration that saturates the site for metal ion A without ap-
preciably filling the site for metal ion B (Figure 6). As seen
in Figure 7, similar low levels of cleavage were generated
when either one of the metal ions was included in assays.
However, when both metal ions were present in reactions,
rates of cleavage increased several-fold above levels pre-
dicted from the simple arithmetic sum of scission observed
in the presence of the individual metal ions. Furthermore,
a large enhancement in the rate and level of DNA scission
(compared with calculated sums) was observed when
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Figure 5. Metal ion concentration dependence for topoisomerase IV-mediated DNA cleavage of linearized pBR322 plasmid. Data from Figure 4 and
additional experiments were quantified. Results for Mg2+(left), Mn2+(middle) and Ca2+ (right) are shown. All values were quantified relative to the
most abundant cleavage product (generated at 0.75mM Ca2+), which was set to 100. Error bars represent the standard deviation of three inde-
pendent experiments.

0 10 20
0

10

20

30
WT

[Ca2+] mM

0 5 10
0

10

20

30

40SPO

[Mn2+] mM

0 1 2.5
0

2

4

6

0 0.25 0.5
0

10

20

30

40

%
 D

N
A

 C
le

av
ag

e %
 D

N
A

 C
leavage

Figure 6. Metal ion concentration dependence for DNA cleavage by
topoisomerase IV with wild-type (WT) and phosphorothiolate (SPO)
oligonucleotide substrates. Left panel, cleavage of a wild-type
oligonucleotide in the presence of 5 mM to 20mM Ca2+. The inset
shows concentrations up to 2.5mM Ca2+. Right panel, cleavage of
an oligonucleotide containing a 30-bridging phosphorothiolate in the
presence of 5 mM to 10mM Mn2+. The inset shows concentrations up to
0.5mM Mn2+. All DNA cleavage reactions were incubated for 10min.
Error bars represent the standard deviation of three independent
experiments.
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10mM Mg2+was combined with a range of Ca2+ concen-
trations (0.1–1mM) that partially filled or saturated the
high affinity metal ion site (Figure 8).

Even more dramatic results were observed when the
oligonucleotide that contained a bridging phospho-
rothiolate was utilized as the substrate. These experi-
ments employed Ca2+, which supports only low levels
of cleavage of the sulfur-containing substrate, and
Mn2+, which supports the highest levels of topoisomerase
IV-mediated scission of this substrate. The first experi-
ment used 10mM Ca2+ and 100 mM Mn2+, which
(as above) represents the concentration that fills only
metal ion site A (Figure 6). As seen in Figure 9, the
initial rate of cleavage was �200-fold faster and the
final level of cleavage increased �20-fold in reactions
that contained both metal ions as compared with the
arithmetic sum of cleavage observed in reactions that
contained only one of the two individual metal ions.
Once again, similar results were observed in reactions
that combined 10mM Ca2+ and 1–100mM Mn2+

(Figure 10).
In the experiments discussed above, rates and levels of

DNA cleavage were greatly enhanced by mixing low con-
centrations of a metal ion that effectively fills site A with
saturating levels (i.e. high enough to fill site B) of a second
metal ion that cannot act effectively at site A. The most
straightforward interpretation of the above findings is
that the first (i.e. low concentration) metal ion acts
primarily at site A and the second (i.e. saturating) metal
ion acts primarily at site B. Taken together, these results
argue for the simultaneous use of two metal ions during

the DNA cleavage reaction mediated by bacterial topo-
isomerase IV and provide strong evidence for a
two-metal-ion mechanism for DNA cleavage.
Although the importance of metal ion binding to sites A

and B is clear, specific relationships between the two sites
have yet to be delineated. An intriguing question is
whether the metal ion in site B on one ParC subunit
might work in concert with the metal ion in site A on
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the other ParC subunit to promote DNA scission (31).
Indeed, there is precedent for trans cooperation between
residues on opposite protomers of yeast topoisomerase II
in the catalysis of DNA cleavage (51,52). At the present
time, we cannot distinguish between a two-metal-ion
mechanism in which site A and site B cooperate in cis or
trans.
Although type II topoisomerases require divalent metal

ions in order to cleave the double helix, the role of these
cations in promoting DNA scission by the bacterial type II
enzymes has been controversial. Based on the findings dis-
cussed above, we propose that topoisomerase IV cleaves
DNA using a two-metal-ion mechanism similar to that
shown in Figure 1. In this model, metal ion A makes a
critical interaction with the 30-bridging atom of the scissile
phosphate and facilitates DNA cleavage mediated by the
bacterial type II enzyme.
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