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ABSTRACT: Microcin B17 (MccB17) is a DNA gyrase poison; in previous work, this bacterial toxin was
found to slowly and incompletely inhibit the reactions of supercoiling and relaxation of DNA by gyrase
and to stabilize the cleavage complex, depending on the presence of ATP and the DNA topology. We
now show that the action of MccB17 on the gyrase ATPase reaction and cleavage complex formation
requires a linear DNA fragment of more than 150 base pairs. MccB17 is unable to stimulate the ATPase
reaction by stabilizing the weak interactions between short linear DNA fragments (70 base pairs or less)
and gyrase, in contrast with the quinolone ciprofloxacin. However, MccB17 can affect the ATP-dependent
relaxation of DNA by gyrase lacking its DNA-wrapping or ATPase domains. From these findings, we
propose a mode of action of MccB17 requiring a DNA molecule long enough to allow the transport of
a segment through the DNA gate of the enzyme. Furthermore, we suggest that MccB17 may trap a transient
intermediate state of the gyrase reaction present only during DNA strand passage and enzyme turnover.
The proteolytic signature of MccB17 from trypsin treatment of the full enzyme requires DNA and ATP
and shows a protection of the C-terminal 47-kDa domain of gyrase, indicating the involvement of this
domain in the toxin mode of action and consistent with its proposed role in the mechanism of DNA
strand passage. We suggest that the binding site of MccB17 is in the C-terminal domain of GyrB.

Microcin B17 (MccB17)1 is a 3.1-kDa peptide antibiotic
produced byEscherichia coli(1, 2) that displays a high level
of posttranslational modification, with the formation of
thiazole and oxazole heterocycles (Figure 1C) (2-7). Evi-
dence that DNA gyrase is the intracellular target of MccB17
came from the observation that MccB17 traps the gyrase-
DNA complex in its cleavage complex form, leading to the
accumulation of double-stranded DNA breaks, inhibition of
DNA replication, and cell death (8-10). Furthermore, in
addition to uptake-deficient mutants, a mutation of the DNA
gyrase B subunit (Trp751 f Arg) was identified as resistant
to MccB17, confirming that gyrase is the cellular target of
the toxin (8). In vitro experiments showed that the gyrase-
MccB17 complex on DNA blocks the passage of DNA
polymerase (10). In addition, it has been found that, under
specific conditions, MccB17 can inhibit the ATP-dependent
supercoiling and ATP-independent relaxation of DNA by
gyrase (11, 12).

DNA gyrase is a DNA topoisomerase that negatively
supercoils DNA using ATP hydrolysis as a source of energy.
The active enzyme is an A2B2 heterotetramer with the A
subunit largely responsible for DNA wrapping and DNA
breakage-reunion and the B subunit responsible for ATP
hydrolysis and the interaction with GyrA and DNA. To

supercoil DNA, gyrase wraps a double-stranded segment of
DNA around itself, cleaves both strands, transports the
wrapped DNA through the break, and reseals the DNA (for
recent reviews see refs13 and 14). The cleaved DNA
segment is known as the “gate” or “G” segment, and the
segment that is passed through the enzyme is known as the
“transported’ or “T” segment (15). High-resolution structures
of certain domains of gyrase are now available. GyrA
consists of an N-terminal domain comprising the active site
tyrosine and residues involved in interaction with quinolones
and a C-terminal domain involved in DNA wrapping. High-
resolution crystal structures of both of these domains are
available (16, 17). GyrB comprises an N-terminal ATPase
domain and a C-terminal domain involved in interactions
with GyrA and DNA; a high-resolution crystal structure of
the ATPase domain is available (18). A complex including
just the N-terminus of GyrA (GyrA59) and GyrB can carry
out ATP-dependent DNA relaxation, low levels of ATP-
independent DNA relaxation, but not DNA supercoiling (19).
A complex including just the C-terminus of GyrB (GyrB47)
and GyrA can perform ATP-independent DNA relaxation
but not DNA supercoiling (20, 21). Because gyrase is an
essential enzyme in bacteria and is not present in humans,
this enzyme is extensively studied as a target for antibacterial
agents, such as the aminocoumarins and quinolones, and the
bacterial toxins CcdB and MccB17 (22). Despite the
significant amount of knowledge accumulated on MccB17,
its mode of action on gyrase is still not known.

In previous work (12), we found that MccB17 could not
block the gyrase reaction immediately, as inhibition of the
DNA supercoiling and DNA relaxation reactions by gyrase
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only occurs when the enzyme has completed several catalytic
cycles, and MccB17 only decreased the rate of DNA strand
passage by a factor of∼3. Moreover, MccB17 increased the
rate of cleavage of the second strand of DNA, and this
cleavage-complex stabilization by MccB17 was greatly
dependent on the presence of ATP and the topological state
of the DNA substrate. The findings of these experiments
prompted us to explore the possibility that the mode of action
of MccB17 on gyrase involves DNA strand passage through
the enzyme. To shed more light on the interaction of MccB17
with gyrase, the present work investigates the characteristics
of ATP hydrolysis by the enzyme-toxin complex. After
showing that the inhibitory effect of MccB17 on ATP
hydrolysis by gyrase is dependent on the presence of DNA,
we use the ATPase reaction of gyrase to probe the relation-
ship between DNA length and the extent of inhibition by
MccB17. To complement the findings of the ATPase
reaction, we also investigate the DNA length requirement
of the MccB17-induced cleavage reaction, as well as the
toxin effects on DNA relaxation by the A592B2 enzyme,
lacking the DNA wrapping domain, and the A2B472 enzyme,
lacking the ATPase domain. Our results indicate that
MccB17 action depends on the presence of a linear DNA
fragment long enough to permit a segment of DNA to be

passed through the enzyme, while the wrapping and ATPase
domains of gyrase are not essential for toxin action. Finally,
using limited proteolysis experiments, we found that binding
of MccB17 to the full (A2B2) enzyme-DNA complex
induces a protection of the C-terminal 47-kDa domain of
GyrB.

MATERIALS AND METHODS

Materials. GyrA and GyrB were purified as previously
described (23). GyrB was a gift of Mr. Sylvain Mitelheiser
(John Innes Centre); GyrA and relaxed and supercoiled
pBR322 DNA were gifts of Mrs. Alison Howells (John Innes
Enterprises). Mouse monoclonal antibody directed against
the C-terminal domain of GyrB (GyrB47) was used at 1/1000
dilution in Western blots, according to the manufacturer’s
instructions (John Innes Enterprises). The 59-kDa N-terminal
GyrA fragment and the 47-kDa C-terminal GyrB fragment
(gift from Dr. Clare Smith) were prepared as described
previously (24, 25). DNA topoisomerase IV was a gift of
Dr. Ruth Flatman (John Innes Centre). Ciprofloxacin, novo-
biocin, and trypsin (Sigma) were dissolved in water. Microcin
B17 was purified and dissolved in Me2SO as described
previously (26). Linear pBR322 was prepared by digestion
of the supercoiled form withEcoRI, followed by ethanol

FIGURE 1: DNA fragments used in this study. Black dots indicate the center of the major quinolone-induced cleavage site in (A) plasmid
pBR322 [990 site (27)] and (B) pMP1625 [Mu site (28, 36)]. The figure shows the fragment sizes with the distances in base pairs from (A)
the pBR322 cleavage site at position 990 and (B) the bacteriophage Mu cleavage site at position 17875 (54). (C) Structure of MccB17.
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precipitation and resuspension in 10 mM Tris-HCl (pH 7.5)
and 1 mM EDTA. Linear DNA fragments, listed in Figure
1, were obtained by PCR using Ampli Taq Gold DNA
polymerase (Applied Biosystems),∼20 bp oligoprimers
(Sigma-Genosys), and two different templates: pBR322,
containing the preferred quinolone-induced gyrase cleavage
site at 990 bp [Figure 1A (27)], and pMP1625, a pBR322-
based plasmid containing a 1.4 kbBamHI1-ClaI fragment
comprising the strong gyrase site from the center of the
bacteriophage Mu genome at theBamHI site of pBR322
[Figure 1B (28)]. Each PCR product was checked on a 1%
agarose gel for a single DNA band of the expected size and
purified using the Qiaquick PCR purification kit (g100 bp)
or Qiaquick nucleotide removal kit (<100 bp) from Qiagen.
DNA concentrations were quantified by UV absorption at
260 nm. The amount of template used in PCR reactions (1
ng/µL) accounted for∼1% of the concentration of the
purified DNA product (60-120 ng/µL), was not visible on
the gel, and did not interfere in the enzyme assays.

Enzyme Assays.ATP hydrolysis by DNA gyrase was
linked to the oxidation of NADH using a pyruvate kinase
(PK)/lactate dehydrogenase (LDH) coupled-enzyme assay
and measured at 340 nm on a Spectramax Plus microplate
reader (Molecular Devices). The ATPase assay was similar
to that described previously (29), with some modifications.
Each 100µL reaction contained 50 mM Tris-HCl (pH 7.5),
24 mM KCl, 5 mM MgCl2, 6.5% (w/v) glycerol, 4 mM
dithiothreitol, 0.4 mM NADH, 0.8 mM phosphoenolpyruvate,
1% (v/v) PK/LDH mix (Sigma), 40-80 nM gyrase enzyme,
and 5% Me2SO, with or without MccB17 or CFX generally
at 30 µM, unless stated. Where indicated, the reaction
included novobiocin at 0.05 or 1µM. The reactions were
measured in the presence or the absence of linear DNA of
lengths varying from 54 to 4362 bp (full-length pBR322)
and either at a fixed concentration of 10µg/mL or at a varied
concentration between 0.5 and 30µg/mL. Reactions were
initiated by the addition of 2 mM Mg‚ATP and measured at
25 °C over 1.5 h. Errors bars were omitted in Figures 4-7
for better clarity; each ATPase assay was repeated at least
twice, and standard deviations of data points were less than
or equal to 10%.

Cleavage of small linear DNA fragments by gyrase was
assayed under conditions similar to those reported earlier
for the closed-circular plasmid (10, 12, 30), except that the
reactions contained 200 nM gyrase,∼10µg/mL linear DNA
(60-200 nM, depending on the size), 5 mM MgCl2, 2 mM
Mg‚ATP, and 4% Me2SO, with or without 30µM MccB17
or CFX. After incubation at 25°C for 2 h, the reactions were
treated with SDS and proteinase K as described previously
(10, 30). DNA products were analyzed by electrophoresis
through 8% polyacrylamide gels, and the intensity of the
DNA bands was quantified as described previously (12).

ATP-dependent relaxation of negatively supercoiled DNA
by the A592B2 enzyme (gyrase lacking the DNA-wrapping
domain) was as previously described (19), except that each
30 µL reaction contained 20 mM KCl, 1.7 mM ATP, 20
µg/mL (7.1 nM) negatively supercoiled pBR322, and 2.5%
Me2SO, with or without 30µM MccB17. Reactions were
started by the addition of 20 nM enzyme and incubated at
25 °C for 4 h. For ATP-independent DNA relaxation, ATP
was omitted, and the enzyme concentration was 80 nM. DNA
cleavage was measured by treating reactions with SDS and

proteinase K and analyzing the reaction products on agarose
gels, as previously described (10, 30). Cleavage assays and
ATP-independent relaxation of negatively supercoiled DNA
by A2B472 (47 nM) enzyme (gyrase lacking the ATPase
domain) were performed at 25°C for 3-6 h under the same
conditions as previously described for the full gyrase enzyme
(12).

Limited Proteolysis. Proteolysis experiments were per-
formed as described previously (31), with some modifica-
tions. Reactions contained 0.3 mg/mL gyrase (A2B2 enzyme)
and 0.24 mg/mL linear pBR322 DNA in 50 mM Tris-HCl
(pH 7.5), 24 mM KCl, 5 mM MgCl2, 4 mM dithiothreitol,
6.5% (w/v) glycerol, 3.3% Me2SO, and 2.5 mM Mg‚ATP.
When present, MccB17 was included at 40µM. After
incubation for 1 h at 25°C, trypsin was added at a final
concentration of 100-500µg/mL and the proteolysis allowed
to proceed for 1 h at 37°C. Samples were quenched by
adding an equal volume of 125 mM Tris-HCl (pH 6.8), 20%
(w/v) glycerol, 4% (w/v) SDS, 10% (v/v)â-mercaptoethanol,
and 0.004% (w/v) bromophenol blue and boiling for 5 min.
The products were analyzed by SDS-PAGE.

RESULTS

Kinetics of ATP Hydrolysis in the Presence of MccB17.
Previous work from our laboratory suggested that there was
no significant effect of MccB17 on both DNA-dependent
and DNA-independent ATPase activities of gyrase (10). In
the present work, we confirmed that MccB17 (up to 50µM)
does not affect the ATPase activity of GyrB or gyrase (A2B2)
in the absence of DNA (data not shown). However, we were
able to detect inhibition of the gyrase ATPase reaction in
the presence of DNA. Results presented in Figure 2 show
that, at saturating concentrations (30µM), MccB17 could
inhibit the rate of ATP hydrolysis at ATP concentrations
above 0.2 mM, with a maximal inhibition at 1.5-2 mM ATP.
Fitting of the data in Figure 2 to the Michaelis-Menten
equation shows that MccB17 lowered the apparentKM and
Vmax for ATP by 2.3-fold and 1.6-fold, respectively. In
comparison, saturating concentrations of CFX (100µM)
decreased the apparentKM and Vmax by 1.6-fold and 2.7-
fold, respectively. Although the Michaelis-Menten equation

FIGURE 2: Effects of a saturating concentration of MccB17 or CFX
on the kinetics of ATP hydrolysis by gyrase. Each reaction contains
44 nM GyrB dimer, 80 nM GyrA dimer, 7.5 nM linear pBR322,
and 5% Me2SO, with or without 30µM MccB17 or 100µM CFX.
Reactions were initiated by adding ATP (0.1-2 mM), and the rate
of ATP hydrolysis was measured at 25°C in a PK/LDH coupled-
enzyme assay (29). Data are fitted to eq 1 described in the Results
section.
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can be used to analyze the ATP hydrolysis reaction of gyrase
(32, 33), this is a simplification as it is known that two
binding sites for ATP are present per enzyme heterodimer,
and nucleotide binding and hydrolysis at the two sites are
not independent (29, 33). We therefore fitted the data in
Figure 2 to the equation reported previously (34) that
accounts for the two ATP-binding sites of gyrase:

where ν is the rate of ATP hydrolysis, [E0] is the total
concentration of enzyme in the reaction, andKd1, Kd2, and
k3 are equilibrium dissociation constants and a first-order
rate constant, according to the reaction scheme:

Although the experimental data (Figure 2) were better
fitted by eq 1 than by the Michaelis-Menten equation, large
standard errors were obtained on the equilibrium dissociation
constants, particularly onKd1 (data not shown). It is beyond
the scope of the present paper to undertake extensive kinetics
analysis of the ATPase reaction, and more data points
(particularly at ATP concentration belowKd1) would be
required to accurately fit the kinetic parameters of the
reaction scheme. Nonetheless, Figure 2 shows that CFX and
MccB17 have distinct effects on the kinetics of the gyrase
ATPase reaction.

Rate of ATP Hydrolysis as a Function of MccB17
Concentration.Saturation curves in inhibitor concentration
(dose-response curves) were used to compare the potency
of MccB17 with that of CFX in the DNA-dependent ATPase
reaction. The rate of the DNA-dependent ATPase reaction
was measured as a function of MccB17 concentration to
estimate the apparent dissociation constant,Kd. MccB17
inhibited the ATPase reaction of gyrase in the presence of
linear pBR322 DNA (Figure 3); data were fitted to the

hyperbolic equation:

whereν is the rate of the reaction,ν0 is the initial rate in the
absence of inhibitor,R is the ratio of rate at infinite inhibitor
concentration (ν∞) over the rate at zero inhibitor concentration
(ν0), L is the ligand (MccB17 or CFX) concentration, and
Kd is the apparent dissociation constant for L. MccB17
inhibited the DNA-dependent ATPase activity of gyrase by
∼40% at saturation (R ) 0.6) with an apparentKd of 11 (
2 µM (Figure 3). We found that a saturating concentration
of CFX could inhibit the ATPase reaction by∼50% with
an apparentKd of 70 ( 9 nM, ∼150-fold less than theKd

for MccB17 (Figure 3). When increasing concentrations of
MccB17 were tested on a mutant enzyme containing GyrB
with a MccB17-resistant mutation [Trp751 to Arg; (8)], little
or no inhibition by the toxin was seen (data not shown),
supporting the idea that the inhibition observed with the wild-
type enzyme is significant.

ATPase Reactions with Competing Inhibitors. Since
MccB17 and CFX showed distinct levels of inhibition, we
tested both inhibitors in the same ATPase reaction. When
MccB17 concentration was varied in the presence of 0.05
or 2 µM CFX (Figure 4A), no additive effect was observed
with CFX at the higher concentration; at the lower concen-
tration, additional inhibition was seen in the presence of
MccB17. The reverse experiment was carried out in which
[CFX] was varied in the presence of 5 or 30µM MccB17
(Figure 4B). In both cases, the addition of CFX caused
increased inhibition of the ATPase activity to reach the level
expected at high CFX concentrations. These data show that
in the presence of excess CFX (2µM; Figure 4A) the effect
of this inhibitor dominates, while in the presence of limiting
CFX (0.05 µM; Figure 4A) inhibition at low [MccB17]
reflects partial inhibition by CFX, while at high [MccB17]
the effect reflects the characteristic MccB17 rate. In no case
was the effect of MccB17 and CFX additive; i.e., the
inhibition never exceeded that found in the presence of excess
CFX. These results suggest either that these two inhibitors
have overlapping binding sites, i.e., the binding of one
precludes the binding of the other, or that they share a
common allosteric mechanism of inhibition of the ATPase
reaction.

For comparison, novobiocin was tested in the same
reaction with MccB17 or CFX (Figure 4C,D). We tested
increasing concentrations of MccB17 or CFX in the ATPase
reaction with or without 0.05 or 1µM novobiocin. At
saturation (1µM), novobiocin completely inhibited the
reaction, regardless of the presence of CFX or MccB17. At
limiting novobiocin concentration (0.05µM), both CFX and
MccB17 caused additional inhibition of the ATPase reaction.
At saturating CFX or MccB17 concentration, novobiocin
could still produce additional inhibition. This suggests that
novobiocin can bind to the enzyme at the same time as CFX
and MccB17 and its effect dominates that of the two other
inhibitors.

DNA Dependence of the MccB17-Characteristic ATPase
Rate.In earlier work we used the ATPase reaction to probe
the formation of the enzyme-DNA complex as a function
of DNA concentration (32, 34) and found that the dependence

FIGURE 3: Effects of increasing concentrations of MccB17 or CFX
on the gyrase ATPase reaction. Reactions were measured at 25°C
and contained 48 nM gyrase, 7.5 nM pBR322, 2 mM ATP, and
5% Me2SO. ATPase activity is expressed relative to the rate in the
absence of inhibitor (equal to 1 s-1), and curves are from the fit to
eq 2.

ν
[E0]

)
2k3[ATP]2
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ν
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)
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(2)

DNA Length Dependence of Microcin B17 Action on Gyrase Biochemistry, Vol. 44, No. 11, 20054207



of the ATPase rate on DNA concentration is steeper in the
presence of CFX than in its absence (34). In the present work,
we wanted to see if the MccB17-characteristic rate was
dependent on DNA concentration in the same way. Gyrase
(48 nM) was incubated with various concentrations of linear
pBR322 DNA, and ATPase rates were determined in the
presence of 5% Me2SO, with or without 30µM MccB17 or
CFX (Figure 5). Data for the CFX-bound enzyme reached a
plateau at a lower DNA concentration than those for the drug-
free enzyme, with a CFX-characteristic rate corresponding
to ∼40% inhibition of the maximal rate without drug.

MccB17 displayed a characteristic rate distinct from that of
CFX, corresponding to∼30% inhibition of the maximal rate
obtained for the drug-free enzyme. Moreover, Figure 5 shows
that, unlike CFX, the curve with MccB17 did not reach a
plateau earlier than the one without inhibitor. These results
indicate that, unlike CFX, MccB17 does not increase the
binding affinity of gyrase for DNA. This finding is confirmed
in the next section with short DNA fragments.

DNA Length Dependence of the MccB17-Characteristic
ATPase Rate.Our previous work on the action of MccB17
on the DNA cleavage and supercoiling reactions of gyrase
suggested an involvement of DNA strand passage for the
toxin action (12). To find evidence for the requirement of
strand passage in MccB17 action, we used the ATPase
reaction of gyrase to probe the effect of DNA length on the
inhibition by MccB17. We also tested CFX as a control, since
the DNA length requirement for the effect of quinolone on
the ATPase reaction is well-known (34). We performed the
ATPase assays with linear DNA varying in concentration
from 0.5 to 30µg/mL and in length ranging from 54 to 220
bp. These DNA fragments contain, approximately in the
middle of the sequence (Figure 1), the preferred quinolone
(27, 35, 36) and MccB17 (10) cleavage site of pBR322 at
position 990 (Figure 6A,B) or, alternatively, the strong
quinolone cleavage site from the Mu bacteriophage (Figure
6C,D) (36).

DNA fragments of less than 85 bp (54, 76 with the 990
site; Mu72 with the Mu site) were tested in the ATPase
reaction, with or without MccB17 or CFX (Figure 6A,C).

FIGURE 4: Competition between two inhibitors in the same ATPase assay. Various concentrations of MccB17 or CFX were tested on the
ATPase reaction in the same conditions as in Figure 3. Where indicated, the reactions also included either CFX at 0.05 or 2µM, MccB17
at 5 or 30µM, or novobiocin at 0.05 or 1µM. ATPase activity is expressed relative to the rate in the absence of inhibitor (equal to 1 s-1),
and curves are from the fit to eq 2.

FIGURE 5: Dependence of the MccB17- or CFX-characteristic
ATPase rate on linear DNA concentration. The reactions were
incubated at 25°C and contained 2 mM ATP, 48 nM gyrase, 0.5-
30 µg/mL linear pBR322, 5% Me2SO, and, where indicated, 30
µM MccB17 or CFX.
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At the highest DNA concentration tested in the assay (30
µg/mL), very little stimulation of the ATPase reaction of
the drug-free enzyme was observed with the 54 and the Mu72
DNA fragments, but a significant level of activation by the
76 bp DNA was reached, in good agreement with previous
work where binding studies indicated a very weak interaction
between gyrase and a 55 bp linear DNA fragment (32). In
the presence of CFX, the ATPase rate was stimulated
similarly with the 54 and 76 bp fragments, with a sharp
increase at low DNA concentrations to reach a plateau at
∼0.7 s-1 with 200-280 nM (10µg/mL) DNA (Figure 6A).
Similarly, CFX stimulated the ATPase rate with the Mu72
DNA, with a 4.4-fold enhancement at 210 nM (10µg/mL)
DNA (Figure 6C). A similar stimulation of the ATPase
activity of gyrase by CFX with DNA fragments as short as
20 bp was reported previously and can be explained by CFX
stabilizing the interaction between gyrase and DNA (34).
Unlike CFX, MccB17 was unable to significantly activate
the ATPase reaction in the presence of the short DNA
fragments of 54-76 bp (Figure 6A,C).

DNA fragments of 100 bp or more were able to fully
activate the ATPase reaction, typically by∼15-fold (data
not shown), consistent with earlier work (32). Figure 6B
shows that, with a 220 bp DNA from the 990 site, MccB17
and CFX inhibited the ATPase reaction to a level similar to
the inhibition observed with full-length pBR322. With 70
nM (10 µg/mL) Mu217 DNA (Mu site), MccB17 and CFX
inhibited the ATPase reaction of gyrase respectively by
∼50% and 80% (Figure 6D), hence a stronger inhibition
compared to the one obtained with the long pBR322 DNA
fragments containing the 990 site. The trends with a DNA
length of 147 bp were remarkably different between MccB17
and CFX. At 100 nM (10µg/mL) 147 DNA (pBR322 site)
or Mu147 DNA (Mu site), MccB17 inhibited the ATPase

reaction by only 10% and 8%, respectively, in sharp contrast
with CFX, which strongly inhibited the reaction by 70% and
90%, respectively (Figure 6B,D). The most significant result
was the total absence of inhibition by MccB17 when the
DNA length was lowered to 100 bp, whereas the same
reaction was still inhibited by CFX (Figure 6A,C). This result
clearly shows that, despite activation of the gyrase ATPase
reaction by a 100 bp DNA fragment, this length of DNA is
not sufficient for the inhibition of the reaction by MccB17;
i.e., the toxin needs a longer DNA fragment.

Various linear DNA lengths from 54 to 372 bp (with the
preferred 990 or Mu cleavage sites at or near the center,
Figure 1) were tested at a fixed concentration of 10µg/mL
in the ATPase reaction of gyrase, and the effects of MccB17
and CFX were determined. Figure 7A shows that MccB17
requires a DNA length of more than∼150 bp to inhibit the
ATPase reaction, in sharp contrast with CFX, which affected
the ATPase reaction with all of the DNA fragments tested
here. Moreover, this finding was not specific to a particular
preferred nucleotide target sequence since the same DNA
length requirement for MccB17 was found with DNA
fragments surrounding both the 990 site of pBR322 and the
strong gyrase cleavage site from bacteriophage Mu. The 198
bp DNA gave an anomalous result since MccB17 had no
effect, even after increasing the DNA concentration up to
100 µg/mL (data not shown). However, when we took a
different nucleic acid sequence of the same size (198 bp)
but outside the preferred gyrase 990 cleavage site, we found
34% inhibition of the ATPase by MccB17. We cannot easily
explain the result found with the 198 bp DNA containing
the 990 site from pBR322, but it is likely that the exact
location(s) of gyrase on the DNA fragment can greatly
influence the effect of MccB17 on the ATPase reaction. It
is known that the DNA sequence specificity of gyrase is not

FIGURE 6: Dependence of the MccB17- or CFX-characteristic ATPase rate on length of linear DNA fragments. Conditions are the same
as in Figure 5, except for the reactions with DNA fragments<100 bp where the gyrase concentration was increased to 80 nM. Linear DNA
fragments contained, approximately in the middle of the sequence (Figure 1), the preferred quinolone cleavage site of pBR322 at position
990: (A) 54, 76, 100; (B) 147, 220; pMP1625 with the strong bacteriophage Mu site; (C) Mu72, Mu100; (D) Mu147, Mu217. D) Me2SO
only; M ) 30 µM MccB17; C ) 30 µM CFX.
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very strict, and it is possible for the enzyme to bind at sites
other than the well-known gyrase preferred sequence (37).

DNA Length Dependence of the MccB17-Induced DNA
CleaVage.To complement the results found with the ATPase
reaction, DNA cleavage assays were performed by incubating
DNA gyrase with linear DNA fragments (containing the 990
or Mu preferred cleavage sites) from 54 to 250 bp, in the
presence of 4% Me2SO, with or without 30µM MccB17 or
CFX. The product of each reaction was run on an 8%
polyacrylamide gel from which the percentage of DNA
cleavage was quantified. Results for the cleavage reaction
are presented in Figure 7B, next to the one for the ATPase
reaction (Figure 7A) to facilitate comparison. The cleavage
reaction shows approximately the same DNA length depen-
dence for MccB17 action as the ATPase reaction, i.e., a
requirement for a long DNA fragment of more than∼150
bp. In contrast, CFX could induce the cleavage of DNA as
short as 54 bp, in good agreement with previous reports that
showed quinolone-induced cleavage of a 20 bp DNA
fragment (38, 39).

The pattern of DNA cleavage bands gives further informa-
tion on the actual number of cleavage sites on the DNA and,
hence, on the position of the enzyme on its DNA substrate.
It has been suggested that cleavage site specificity with short
DNA fragments is determined by the specific drug-DNA
interactions, whereas with long DNA fragments the position-
ing of the DNA wrap around gyrase dictates the site of
cleavage (39). Figure 7C illustrates the cleavage patterns of
some of the DNA fragments used in this study. Overall, the
major cleavage bands correspond to the preferred cleavage
site observed previously with quinolones, at the 990 position
of pBR322 (39) or at the strong gyrase site of bacteriophage
Mu (28, 36, 40). However, particularly for the 990 site of
pBR322, one or two secondary cleavage sites were found,
as reported previously in the case of the enoxacin-induced
DNA cleavage (36). The 189 and 198 bp DNAs were cleaved
multiple times in the presence of both inhibitors; at least six
to eight bands were visible on the gel (data not shown).
Multiple cleavage of short DNA fragments in the presence
of CFX has been reported previously (39). It is worth noting

FIGURE 7: The action of MccB17 on the ATPase and DNA cleavage reactions of gyrase requires a DNA fragment longer than 150 bp. The
reactions contained 40-80 nM (ATPase) or 200 nM (cleavage) gyrase, 2 mM ATP, 4-5% Me2SO, and, where indicated, 30µM MccB17
or CFX. Samples were incubated at 25°C in the presence of 10µg/mL linear DNA fragments, 54-372 bp, containing the preferred
quinolone cleavage site from pBR322 at position 990 or from bacteriophage Mu (Figure 1). (A) The DNA length dependence of the
MccB17- and CFX-induced inhibition (or activation) of the ATPase reaction. (B) The DNA length dependence of the MccB17- and CFX-
induced DNA cleavage. (C) The pattern of DNA bands obtained from cleavage of the 72-220 bp fragments surrounding the 990 site of
pBR322 (top gel) or the Mu site (bottom gel). D) Me2SO only; M ) 30 µM MccB17; C ) 30 µM CFX.
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that when multiple secondary cleavage sites were present in
the DNA (i.e., with 189 bp, 198 bp, linear pBR322 DNA;
data not shown), the pattern of bands was very similar
between MccB17 and CFX, suggesting that both inhibitors
share the same cleavage site preference.

Effect of MccB17 on the Reactions of A592B2 and A2B472

Gyrases. The requirement for long (>150 bp) DNA frag-
ments for the action of MccB17 on gyrase prompted us to
investigate whether the DNA wrapping domain of GyrA is
necessary for the MccB17 mechanism of action. Therefore,
we tested the effect of MccB17 on the ATP-dependent and
ATP-independent DNA relaxation activities of A592B2

gyrase lacking the DNA wrapping domain of GyrA. In the
control reaction with the full enzyme (A2B2; data not shown),
MccB17 showed the slow inhibition of DNA supercoiling
and the DNA cleavage complex stabilization observed
previously (12). In the present conditions, MccB17 had little
or no inhibitory effect on the ATP-independent relaxation
of DNA by A592B2 but induced a significant amount of DNA
cleavage in this reaction (Figure 8, lanes 2 and 3). Note that
the ATP-independent DNA relaxation by A592B2 was a slow
reaction and progressed little after 4 h incubation, even with
an enzyme concentration 4 times higher than in the ATP-
dependent DNA relaxation reaction. The poor inhibition by
MccB17 of this ATP-independent DNA relaxation reaction
may be due to insufficient enzyme turnover. MccB17
significantly inhibited the efficient ATP-dependent DNA
relaxation by A592B2 and, to a lesser extent than with the
wild-type enzyme, induced DNA cleavage (Figure 8, lanes
5 and 6). These results indicate that MccB17 does not need
the wrapping domain of GyrA for its mechanism of action
on gyrase.

In another set of experiments, MccB17 was tested on the
ATPase reaction of A592B2 (data not shown). It has been
shown previously that A592B2 exhibits a preference for
supercoiled DNA and has a reduced affinity for DNA
compared to gyrase, but CFX stabilizes the relatively weak

enzyme-DNA complex (19). We saw that linear pBR322
failed to stimulate the ATPase of A592B2 due to the poor
affinity of the enzyme for linear DNA, but the presence of
CFX increased the ATPase activity by an order of magnitude
(data not shown), in agreement with previous observations
(19, 34). In contrast with CFX, MccB17 was unable to
stimulate the low ATPase activity of A592B2 (data not
shown), presumably because MccB17 could not stabilize the
weak interaction between the truncated enzyme and the linear
form of DNA. Consistent with this, we could not see any
cleavage of linear pBR322 in the presence of MccB17 and
ATP when the A592B2 enzyme replaced gyrase (data not
shown). Note that, in contrast with linear DNA, MccB17
could induce cleavage in the DNA relaxation reaction by
A592B2 (Figure 8) because this enzyme interacts preferen-
tially with the supercoiled form (19).

We also tested the effect of MccB17 on the DNA
relaxation and DNA cleavage reactions of the A2B472 gyrase
lacking its ATPase domain. MccB17 could interact with the
truncated gyrase as the toxin could significantly stabilize the
formation of the cleavage complex and weakly inhibit the
DNA relaxation reaction by A2B472 (Figure 8, lanes 8 and
9). These results suggest that MccB17 does not require the
ATPase domain of GyrB (GyrB43) for its action on gyrase.

Proteolytic Signature of MccB17. We have used limited
trypsin proteolysis to probe the binding of MccB17 to DNA
gyrase. The proteolytic pattern resulting from trypsin treat-
ment of GyrA and GyrB in various experimental conditions
is well documented (30, 31, 41, 42). Proteolysis of GyrA
produces one major fragment of∼62 kDa corresponding to
the N-terminal domain (41), and at high trypsin concentra-
tions this fragment is broken down into a∼45-kDa fragment
(31) that we observed in Figure 9. Proteolysis of GyrB
produces three bands at 43, 33, and 25 kDa (41, 42) that we
observed in Figure 9. When the enzyme-DNA complex was
incubated with 40µM MccB17 prior to trypsin treatment,
one more fragment was produced, with an approximate size

FIGURE 8: Effect of MccB17 on the reactions of DNA relaxation
and DNA cleavage by A592B2 and A2B472 gyrases. The reactions
contained 7.1 nM negatively supercoiled DNA, 2.5% or 3.3% Me2-
SO, and, where indicated, 30µM MccB17 and 1.7 mM ATP.
Following incubation at 25°C for 3-6 h, the samples were either
not treated (top gel A) or treated (bottom gel B) with SDS and
proteinase K, prior to analysis on agarose gels, without (A) or with
(B) 1 µg/mL ethidium bromide. Lanes 1, 4, and 7 (from left):
reaction without enzyme. Lanes 2 and 3: ATP-independent
relaxation of DNA by 80 nM A592B2. Lanes 5 and 6: ATP-
dependent relaxation of DNA by 20 nM A592B2. Lanes 8 and 9:
ATP-independent relaxation of DNA by 47 nM A2B472. DNA
forms: R ) relaxed; S) negatively supercoiled; OC) open
circular; L ) linear.

FIGURE 9: The MccB17-characteristic tryptic fingerprint. (A)
Reactions containing 0.3 mg/mL A2B2, 0.24 mg/mL linear pBR322,
2.5 mM ATP, and 3.3% Me2SO, with or without 40µM MccB17,
were incubated at 25°C for 1 h. Samples were then treated with
100 µg/mL trypsin for 1 h at 37°C and the products analyzed on
SDS-PAGE. On the left is a diagrammatic representation of the
gyrase fragment corresponding to each band (31, 41, 42). (B)
Western blot of the gel from (A) with monoclonal antibody directed
against GyrB47. D) Me2SO only; M ) 40 µM MccB17.
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of 47 kDa (Figure 9). Peptide mass fingerprint analysis from
MALDI-TOF mass spectrometry identified 11 peptides
covering∼40% of the C-terminal domain of GyrB, from
residues 461 to 789; Western blot analysis also identified
this fragment as the 47-kDa domain of GyrB (Figure 9).
When gyrase was incubated with MccB17 in the absence of
DNA or ATP, no protection of the 47-kDa domain was
observed (data not shown), consistent with the findings of
the ATPase reaction. In the presence of MccB17, this 47-
kDa fragment was observed regardless of the type of DNA
substrate used (linear, relaxed, or negatively supercoiled
pBR322; data not shown) and with a trypsin concentration
as high as 500µg/mL, indicating its strong resistance to
further degradation, as previously reported (41). We also
tested the MccB17-resistant mutant of GyrB (Trp751 f Arg)
and found no extra 47-kDa fragment in the presence of
MccB17 (data not shown).

DISCUSSION

In a previous paper (12), we showed that MccB17 had
distinct effects on the DNA supercoiling and relaxation
reactions and the DNA cleavage-religation equilibrium of
gyrase, compared to the quinolone CFX. First, we found that
MccB17 cannot block immediately the DNA supercoiling
and relaxation reactions: inhibition by the toxin becomes
visible when these reactions are run over an extended period
of time. Second, kinetic simulations of the reactions of DNA
cleavage and religation showed that MccB17 only enhances
the cleavage of the second strand of DNA, i.e., the conversion
of open circular DNA to linear DNA. Finally, we found that
the effect of MccB17 on the DNA cleavage reaction of
gyrase depends on the topology of the DNA substrate: when
starting from relaxed DNA (supercoiling conditions),
MccB17 can stabilize the cleavage complex only weakly in
the absence of ATP but more efficiently with the nucleotide;
the cleavage complex can be stabilized more efficiently in
the absence of ATP if negatively supercoiled DNA (DNA
relaxation conditions) replaces relaxed DNA. From these
findings, we suggested that the mode of action of the toxin
may involve inhibition of the DNA strand-passage process,
possibly by interacting with the gyrase-DNA complex near
the DNA gate.

The hypothesis of MccB17 inhibiting DNA strand passage
by gyrase raises questions about the toxin’s mode of action.
Is DNA strand passage required? Are the DNA-wrapping
domain and the ATPase domain of gyrase necessary? Where
does it bind on gyrase? In this paper, our results show that
MccB17 can inhibit the ATPase reaction of gyrase, provided
that DNA and both subunits are present. Then, we probed
the effect of DNA length on the action of MccB17 in the
ATPase and DNA cleavage reactions of gyrase and showed
that MccB17 requires a fragment of DNA of at least 150 bp
[approximately the minimum length necessary for DNA to
form a wrapped complex (43-45)]; this is evidence for the
role of DNA strand passage in the mechanism of toxin action.
We also found that the wrapping domain of GyrA and the
ATPase domain of GyrB were not essential for MccB17
action, thus indicating that strand passage only is necessary
for toxin action. Finally, MccB17 binding to the enzyme
induces a protection of the C-terminal 47-kDa domain of
GyrB, only when DNA and ATP were present.

Inhibition of the ATPase Reaction by MccB17. As with
CFX (34), MccB17 could inhibit the ATPase reaction of
gyrase only when DNA was present in the reaction. We
found that the rate of ATP hydrolysis in the presence of
MccB17 shows a near-hyperbolic dependence on [ATP] that
is distinct from the toxin-free, the CFX-bound, and the CcdB-
bound enzymes (refs31 and 34 and Figure 2). Unlike
novobiocin (29), but similar to CFX or CcdB (31), MccB17
partially inhibited the ATPase reaction: some activity
remains at saturation with inhibitor. However, a noticeable
difference is the absence of inhibition by MccB17 at [ATP]
<0.2 mM, in contrast with the three other inhibitors
novobiocin, CFX, and CcdB (29, 31). The 2-fold decrease
of KM for ATP in the presence of MccB17 (i.e., MccB17
increased the affinity of gyrase for ATP), combined with
the mild effect onVmax, may explain the apparent absence
of inhibition by the toxin at low [ATP]. The apparentKd for
MccB17 (∼10 µM) in the ATPase reaction (Figure 3) is 1
order of magnitude higher than the IC50 of 1 µM found in
the DNA cleavage reaction, whereas that for CFX (∼70 nM)
is lower than the IC50 of 0.2µM reported earlier in the DNA
cleavage reaction (10, 12). Similarly to the ATPase reaction,
we found that the inhibition of the DNA supercoiling reaction
also required a high concentration (∼20 µM) of MccB17
(data not shown). This distinction between MccB17 and CFX
indicates a different mechanism of action at the molecular
level. Competition experiments between MccB17 and CFX
suggest that these inhibitors may have overlapping binding
sites. However, MccB17 and CFX have very different
structures, and it is unlikely that they have identical modes
of binding to gyrase.

MccB17 Does Not Stabilize the Gyrase-DNA Interaction.
In earlier work (32, 33), it was found that a minimum of
∼85 bp DNA was required to fully activate the ATPase
reaction; the effectiveness of long DNA fragments in
stimulating the ATPase correlates with efficiency of their
binding to the enzyme. A model was proposed in which at
least two DNA-binding sites separated from each other on
the enzyme must be occupied in order to stimulate the
ATPase activity, consistent with the requirement for a G-
and T-segment to be bound to the enzyme (46). In the present
work, DNA fragments of various lengths were tested in the
ATPase reaction, and our results are entirely consistent with
these earlier experiments.

It has been shown that CFX can stabilize the weak
interaction between gyrase and small DNA fragments,
probably by increasing the enzyme affinity for the G-segment
of DNA (38, 39). The present work provides evidence that
MccB17 does not increase the affinity of gyrase for DNA,
in sharp contrast with CFX. First, the dependence of the
formation of the enzyme-DNA complex on [linear pBR322]
was not steeper in the presence of MccB17 than in its absence
(Figure 5). Second, when linear pBR322 was used as DNA
substrate, MccB17 could not increase the weak ATPase
activity of the A592B2 enzyme (due to weak linear DNA
binding), nor induce DNA cleavage in the reaction (data not
shown). Finally, MccB17 was unable to stimulate the low
gyrase ATPase activity in the presence of short DNA
fragments of 54-76 bp (Figure 6).

The Action of MccB17 on Gyrase Requires a Linear DNA
Longer than 150 bp.We found that MccB17 was unable to
reach its maximal inhibitory effect on the ATPase reaction
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of gyrase, unless DNA fragments of more than 150 bp were
present in the reaction, in sharp contrast with CFX (Figure
7A). We believe that the difference between 85 and 150 bp
(or more) reflects the difference in size of DNA required
for ATPase stimulation and DNA strand passage, respec-
tively. In other words, the critical requirement in DNA length
by MccB17 strongly indicates that the toxin requires a DNA
long enough, not only for activating the ATP hydrolysis but
most importantly for allowing DNA strand passage through
the enzyme.

It was found previously that in the presence of quinolones
gyrase can cleave DNA fragments as short as 20 bp (38,
39), whereas CcdB-induced gyrase cleavage requires a DNA
length of at least 165 bp (47). In good agreement with the
ATPase reaction, our results on the DNA cleavage reaction
demonstrated that, unlike CFX, but similarly to CcdB,
MccB17-induced cleavage required a length of DNA of more
than 150 bp (Figure 7B,C).

MccB17 Action Does Not Require the Wrapping and
ATPase Domains of Gyrase.Among topoisomerases, gyrase
is unique in its ability to negatively supercoil DNA, due to
specific DNA wrapping by the C-terminal domain of GyrA.
DNA cleavage experiments have been carried out with
negatively supercoiled DNA and A642B2 gyrase lacking its
DNA-wrapping domain, and it was found that CcdB could
not stabilize the cleavage complex (47). Unlike CcdB, we
found that the DNA-wrapping domain of gyrase is not
necessary for MccB17 action (Figure 8). Because of the
significant effect of MccB17 on A592B2, we tested the toxin
on the ATP-dependent DNA relaxation and DNA decatena-
tion reactions of topo IV (data not shown); we found no
effect on decatenation and a weak inhibition on relaxation.
Unlike CFX, MccB17 could not induce significant formation
of a DNA-topo IV cleavage complex, suggesting that gyrase
is the primary target of MccB17 in vivo. Note that Trp751 of
GyrB is not conserved but replaced by an Arg residue in
topo IV, suggesting that the toxin may bind inefficiently to
the enzyme.

We found that MccB17 could affect the A2B472 enzyme
reactions (Figure 8); thus, the ATPase domain (GyrB43) is
not required and ATP hydrolysis is not mandatory for toxin
action. This result indicates that the subtle effect of MccB17
observed above on the ATPase reaction is not through its
direct binding at the ATPase domain of gyrase but is an
allosteric effect from a binding site distant from the nucleo-
tide-binding domain. From these experiments with the
A592B2 and A2B472 enzymes, we can deduce that the
MccB17 binding site is likely to involve one or both of the
remaining domains of gyrase, i.e., GyrA59 and/or GyrB47.

The MccB17 Proteolytic Signature Corresponds to the
C-Terminal 47-kDa Domain of GyrB47. Using limited
trypsin proteolysis, we showed that MccB17 binding to the
enzyme-DNA complex was associated with a characteristic
proteolytic fingerprint involving a protection of the C-
terminal 47-kDa domain of GyrB47. This proteolytic sig-
nature of MccB17 is reminiscent of that reported earlier for
CFX, which also required DNA (41), but, unlike CFX,
addition of ATP in the reaction was also mandatory. The
CFX-induced fingerprint was shown to result from a drug-
induced enzyme conformational change involving the GyrB
subunit, not from a direct protection of the proteolytic site
(41). Unlike CcdB (31), in the absence of nucleotide,

MccB17 did not increase the susceptibility of the GyrA 62-
kDa fragment to proteolysis and did not induce the conver-
sion of the 62-kDa fragment to a 49-kDa product. In the
case of CcdB, this 49-kDa fragment was assumed to arise
from the specific binding of CcdB at the Arg426 site in GyrA,
and such an event seems unlikely with MccB17. In the
presence of ATP, however, an additional fragment corre-
sponding to the C-terminal 47-kDa domain of GyrB was also
reported in the presence of CcdB (31), raising the possibility
that the CcdB-, CFX-, and MccB17-stabilized cleavage
complex may share a similar conformational change in
gyrase.

Because the protection of the 47-kDa domain of gyrase
was previously observed with CFX and CcdB, the fact that
we saw the same pattern here with MccB17 does not prove
that the toxin binds to this domain. However, it is striking
that the mutant of gyrase resistant to MccB17 action, i.e.,
the Trp751 f Arg, maps to the C-terminal 47-kDa domain,
and the quinolone-resistant mutations associated with the
GyrB subunit also map to this domain (48). Furthermore,
there may be an additional relevance for MccB17 to target
the GyrB47 fragment more specifically, as the toxin is highly
bactericidal against a broad variety of phylogenetically
related Gram-negative bacteria (2): the GyrB ofeubacteria
has a stretch of about 165 amino acids in the C-terminal
half, which is lacking in other GyrB subunits and type II
topoisomerases and which has been shown to play an
important role in DNA binding and gyrase activity both in
vivo and in vitro (49). Therefore, MccB17 may act on gyrase
by binding at, or near, this stretch of important amino acids
in GyrB47. However, attempts to directly measure binding
of MccB17 to GyrB47 or to gyrase (A2B2) have been
unsuccessful (data not shown). It is likely that a conformation
change in GyrB47 only present during enzyme catalysis (i.e.,
DNA strand passage) is necessary for MccB17 binding.
Consistent with this, we saw that the GyrB47 domain alone
is highly susceptible to a low concentration of trypsin, and
MccB17 could not protect it from proteolysis (data not
shown). This is in sharp contrast with the high MccB17-
induced resistance of GyrB47 to proteolysis when tested with
the full enzyme subunits, DNA and ATP.

Model for the Interaction of MccB17 with DNA Gyrase.
The present work has identified common features between
MccB17 and CFX, like the requirement for DNA and both
gyrase subunits for inhibition of ATPase activity and
proteolytic signature and, possibly, overlapping binding sites
on gyrase. But the mechanism of action of MccB17
resembles more that of CcdB (47, 50) in terms of requirement
for ATP (12) and long DNA fragments. However, unlike
CcdB (47), MccB17 does not need the wrapping domain of
gyrase. Moreover, the formation of the MccB17-stabilized
cleavage complex is reversible by treatment at 80°C (data
not shown), in contrast with the cleavage complex stabilized
by CcdB (40, 50). Finally, our proteolysis experiments
indicate that the two toxins do not bind in the same way to
gyrase.

Several methods have established that the extent of
interaction between gyrase and DNA involves a DNA
segment of 130-140 bp (44-46). In addition, it was found
that DNA gyrase can supercoil DNA circles as small as 174
bp (43). Therefore, we believe that the minimum DNA size
requirement (at least 150 bp) found in the present work for
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the action of MccB17 matches reasonably well the expected
DNA size required for an extended gyrase-DNA interaction
allowing T-segment passage and enzyme turnover. At
present, we can only speculate on the mode of binding of
MccB17 to gyrase, since only one mutant (the Trp751 f Arg
mutation in GyrB47) is known to confer resistance to
MccB17 (8). In the case of the toxin CcdB, it is reasonable
to think about a model in which the small protein would
require an open gate conformation of gyrase to have access
to its binding site, since it has been proposed that the CcdB
dimer binds into the central hole of the 59-kDa N-terminal
fragment of GyrA, after disruption of the head dimer
interface of GyrA (51). As for CcdB, one can propose a
model in which MccB17 needs strand passage to have access
to its binding site within the central enzyme cavity. However,
in the homologous domain of GyrB47 in the yeast topo II
structure (B′ domain), the residue corresponding to Trp751

(Arg614) is apparently not within the central cavity, regardless
of whether it is the open, intermediate, or closed conforma-
tion of the enzyme (52, 53). We suggest that MccB17 traps
a transient intermediate state of the gyrase reaction only
present during DNA strand passage, as has been proposed
for CcdB (40); such a mode of action is depicted in Figure
10. We can speculate that the hydrophobic nature of the
MccB17 molecule suggests that it binds a hydrophobic
surface of the protein that is only exposed during the strand
passage cycle. Interestingly, rotation of the B′ domains of
yeast topo II has been proposed by comparing different
enzyme structures (open, intermediate, and closed), and it
was suggested that the reorganization of this domain may
assist the transport of the T-segment as the enzyme ap-
proaches its open conformation (53). It is possible that,

similar to the topo II B′ domain, the movement of GyrB47
during strand passage reveals a suitable surface for the
binding of MccB17. Further experiments will be required
to elucidate the molecular details of this model.
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