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Background: New antibacterial compounds are urgently needed; DNA gyrase is a well-validated target.
Results: Diospyrin and other naphthoquinones inhibit DNA gyrase by binding to a novel site in the B subunit.
Conclusion: Naphthoquinones are inhibitors of gyrase with a novel mechanism of action.
Significance: Naphthoquinones have potential as antibacterial compounds against TB.

Tuberculosis and other bacterial diseases represent a signifi-
cant threat to human health. The DNA topoisomerases are
excellent targets for chemotherapy, and DNA gyrase in particu-
lar is a well-validated target for antibacterial agents. Naphtho-
quinones (e.g. diospyrin and 7-methyljuglone) have been shown
to have therapeutic potential, particularly against Mycobacte-
rium tuberculosis. We have found that these compounds are
inhibitors of the supercoiling reaction catalyzed byM. tubercu-
losis gyrase and other gyrases. Our evidence strongly suggests
that the compounds bind to the N-terminal domain of GyrB,
which contains the ATPase active site, but are not competitive
inhibitors of theATPase reaction.Wepropose that naphthoqui-
nones bind to GyrB at a novel site close to the ATPase site. This
novelmode of action could be exploited to develop new antibac-
terial agents.

Infectious diseases caused by bacterial pathogens are a seri-
ous and growing problem. For example, tuberculosis (TB)4 is
the most deadly infectious disease in the world with �2 billion
people infected and �1 million deaths every year (1). Current
treatments involve therapy over a long period (�6 months),
and there are serious problems with drug-resistant strains
(multidrug-resistant TB and extensively drug resistant-TB).
One strategy for developing new antibacterials is to seek new
targets. However, despite more than a decade of research
driven by genomics and proteomics, and enormous expendi-

ture, very few promising new targets have emerged. It appears
that Nature, through millions of years of evolutionary warfare,
has already identified the “good bacterial targets,” which
include the ribosome, cell wall synthesis enzymes, and DNA
gyrase (2).
DNA gyrase is a DNA topoisomerase that is present in bac-

teria and plants, but not animals, and has been widely exploited
as a target for antimicrobial chemotherapy (3, 4). DNA topoi-
somerases are enzymes that catalyze changes in the topology of
DNA and are essential to all cells (5). They are classified into
two types, depending upon whether their reactions involve
transient single- (type I) or double- (type II) strand breaks in
DNA. All topoisomerases can relax supercoiled DNA but
gyrase, a type II enzyme, can also introduce negative supercoils
in a reaction coupled to ATP hydrolysis (4, 5). Gyrase consists
of two subunits, GyrA and GyrB, which form an A2B2 complex
in the active enzyme in which a segment of DNA is wrapped
around the protein. The GyrA subunit interacts with DNA and
contains the active-site tyrosine responsible for DNA cleavage
and the formation of a protein-DNA covalent bond during the
reaction cycle. GyrB also interacts with DNA and contains the
ATPase active site. Gyrase shares a number of features with
other type II topoisomerases but is distinct in its ability to wrap
DNA and harness the free energy of ATP hydrolysis to intro-
duce negative supercoils into DNA. The uniqueness of gyrase
has made it a successful target for antibacterial agents. Fluoro-
quinolones (e.g. ciprofloxacin, moxifloxacin) target gyrase and
are highly successful clinical agents that have been used against
tuberculosis. However, despite their efficacy, fluoroquinolone-
resistant TB is a serious problem (6).
Most of our current information aboutDNAgyrase concerns

the Escherichia coli enzyme, but it is clear that enzymes from
other bacteria have important differences that need to be inves-
tigated to exploit their potential as drug targets for specific dis-
eases. DNA gyrase from Mycobacterium tuberculosis has a
number of distinct features that warrant investigation in their
own right and that may be exploitable for the targeting of this
enzyme (7, 8). For example, M. tuberculosis gyrase has been
found to be a potent decatenase, in contrast to most other
gyrases (8–10), reflecting the fact that M. tuberculosis lacks
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topo IV, which is the predominant decatenating enzyme in
most bacteria (11). Recent advances in M. tuberculosis gyrase
have included the structures of the N- and C-terminal domains
of GyrA and the C-terminal domain of GyrB (12–14), the iden-
tification ofDNA-binding residues in theC-terminal domain of
GyrA (15), and the development of monoclonal antibodies that
specifically target the enzyme as potential therapeutic agents
(16). Recently a potential Ca2�-binding site has been identified
inM. tuberculosisGyrA, whichmay have a regulatory role (17).

Extracts from plants used in traditional medicine provide a
source for novel compounds that may have antibacterial prop-
erties. Lall and Meyer have analyzed the antibacterial proper-
ties of the South African tree Euclea natalensis. This plant, also
known as the “toothbrush tree” (native South Africans use its
twigs as toothbrushes), has been used extensively to treat a vari-
ety ofmedical complaints (e.g.bronchitis, pleurisy, venereal dis-
ease) and in oral health (18). Lall andMeyer showed that crude
extracts from E. natalensis were active against drug-sensitive
and drug-resistance strains of M. tuberculosis (19). They later
reported that the active component in these extracts was the
naphthoquinone diospyrin (Fig. 1) (20). Naphthoquinones are
widely distributed in nature, and their presence in many plants
is the basis for some folk medicines (21). They have been impli-
cated in the treatment of a variety of diseases including urinary
tract infections, trypanosome diseases, and tuberculosis (21,
22). Diospyrin, a bisnaphthoquinone (Fig. 1), has previously
been found to be an inhibitor of DNA topoisomerase (topo) I
from Leishmania donovani and can stabilize the topo I-DNA

cleavage complex (23); isodiospyrin was found to be an inhibi-
tor of human topo I, but did not stabilize the cleavage complex
(24); 7-methlyjuglone was shown to be a subversive substrate
forM. tuberculosismycothiol disulfide reductase (25). In addi-
tion, there are a number of reports of quinolones interacting
with eukaryotic type II topoisomerases (e.g. human topo II�).
For example, several naphthoquinones, including juglone, have
been shown to inhibit topo II and stabilize the cleavage complex
(26); these compounds react with thiol groups on the protein.
The lack of a clear target definition and the observation of the

efficacy of diospyrin against drug-sensitive and drug-resistance
strains of M. tuberculosis (19), prompted us to test this and
other naphthoquinones against M. tuberculosis DNA gyrase.
We have found that these compounds can inhibit gyrase and
that they target the enzyme by a novel mechanism, raising the
possibility of developing these compounds as potential anti-TB
agents.

EXPERIMENTAL PROCEDURES

Enzymes and DNA—M. tuberculosis and E. coli gyrases and
the N-terminal domain of E. coliGyrB (GyrB43) were prepared
as described previously (17, 27, 28). Staphylococcus aureus
WCUH29 gyrA, gyrB,parC, andparE genes in pETvectorswere
gifts from Hiroshi Hiasa (University of Minnesota). They were
re-cloned into plasmid pET11 (Novagen) and the proteins
expressed in E. coliRosetta 2 (DE3) pLysS (Novagen). Both pro-
teins were purified using an Äkta system (GEHealthcare) using

FIGURE 1. Structures of naphthoquinones.

Diospyrin Inhibits DNA Gyrase

5150 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 288 • NUMBER 7 • FEBRUARY 15, 2013



Q-Sepharose, heparin-Sepharose, and phenyl-Sepharose col-
umns to �95% purity.
Enzyme Assays—M. tuberculosis gyrase supercoiling, relax-

ation, and decatenation assays were carried out as described
previously (17); cleavage assays were carried out as per relax-
ation assays (�ATP) except that following incubation at 37 °C,
SDS and proteinase K were added (to 0.2% and 0.1 mg/ml,
respectively) and the incubation was continued at 37 °C for 30
min before loading onto an agarose gel for analysis. E. coli
gyrase supercoiling assays were performed as described (29). S.
aureus gyrase and topo IV assays were carried out as described
(30), apart from the buffer exchange step prior to electropho-
resis, which was omitted; samples were loaded onto agarose
gels and left for 30 min prior to electrophoresis to allow diffu-
sion of salt. ATPase assays were performed using a linked assay
as described (27), except that assays were carried out in micro-
titer plates, and A340 values were measured continuously using
an absorbance plate reader. Limited proteolysis experiments
were performed as described previously (17).
Mass Spectrometry and SPR—Nanoflow electrospray ioniza-

tion mass spectrometry (nano-ESI MS) and surface plasmon
resonance (SPR) experimentswere performed as described pre-
viously (31, 32), with the exception that SPR data collection
used a Biacore T-100 instrument (GE Healthcare), and regen-
eration was carried out with 4.5 mM sodium hydroxide. Protein
and drug stock solutions were filtered through 0.1-�m spin
filters (MerckMillipore) prior to injection over the chip surface
to prevent damage to the microfluidics caused by insoluble
aggregates. Data were analyzed was using the BIAEvaluation
software and displayed using Sigma Plot (Systat Software Inc.).

RESULTS

Inhibition of DNA Gyrase by Naphthoquinones—To deter-
mine whether diospyrin and 7-methyljugolone might targetM.
tuberculosisDNA gyrase, we assessed their effect on the gyrase
supercoiling reaction (Fig. 2). Both compounds inhibit this
reaction with IC50 values of �15 �M (diospyrin) and �30 �M

(7-methyljugolone); other naphthoquinones were also tested in
this reaction (Table 1; the IC50 values of novobiocin and cipro-
floxacin against M. tuberculosis gyrase are given for compari-
son). We tested diospyrin against M. tuberculosis gyrase in
relaxation reactions and found that this reaction is also inhib-
ited by this compound with an IC50 similar to that for super-
coiling (supplemental Fig. S1). We also tested diospyrin and
7-methyljuglone for their ability to inhibit DNA supercoiling by
E. coli and S. aureus gyrases. We found that both of these
enzymes were inhibited by these compounds with approximate
IC50 values as follows: E. coli, 4 �M (diospyrin) and 30 �M

(7-methyljuglone); S. aureus, 8 �M (diospyrin) and 60 �M

(7-methyljuglone) (Table 2 and supplemental Fig. S2). As our
assays contained 4 mM DTT (i.e. reducing conditions), and it
has been reported that quinone inhibitors of topo II are less
active under reducing conditions (33), we attempted to carry
out experiments without reducing agents. However, we found
thatM. tuberculosis gyrasewas inactive in the absence of reduc-
ing agents and even with 50 �M DTT showed no activity (data
not shown). M. tuberculosis gyrase supercoiling assays carried
out with diospyrin and 7-methyljugone in the presence of 2mM

�-mercaptoethanol gave results similar to those carried out
with 4mMDTT. In contrast we have found that S. aureus gyrase
is active in the presence of a low concentration of DTT (50�M),
andwe found inhibition by diospyrin and 7-methyljuglone sim-
ilar to that we had found at 4mMDTT (data not shown). Taken
together, it seems that there is no significant effect of reducing
agents on the inhibitory effects of diospyrin and 7-methylju-
glone for gyrase.
DNA topoisomerase IV (topo IV) is also the target of a num-

ber of antibacterial agents (34, 35), however M. tuberculosis

FIGURE 2. Inhibition of M. tuberculosis gyrase supercoiling by 7-methyl-
juglone and diospyrin. A, inhibition of supercoiling in the presence of
7-methyljuglone (1, 10, 30, 50, 100, 200 �M); Rel is relaxed DNA; 7MJ is 7-meth-
yljuglone (no enzyme); Novo is gyrase in the presence of 5 �M novobiocin; D is
gyrase in the presence of 3% dimethyl sulfoxide; Sc indicates the position of
the supercoiled DNA band. All 7-methyljuglone samples also contained 3%
dimethyl sulfoxide. B, inhibition of supercoiling in the presence of diospyrin
(concentrations as above).

TABLE 1
IC50 values for the inhibition of supercoiling by M. tuberculosis gyrase
by naphthoquinones

Compound IC50

�M

Diospyrin 15
7-Methyljuglone 30
Neodiospyrin 50
Isodiospyrin 100
Menadione �200
Shinanolone �200
Ciprofloxacin 10
Novobiocin 1

TABLE 2
Inhibition of DNA gyrases from S. aureus, E. coli, and M. tuberculosis by
diospyrin and 7-methyljuglone

Compound
IC50 for gyrase supercoiling inhibition

S. aureus E. coli M. tuberculosis

�M �M �M

Diospyrin 8 4 15
7-Methyljuglone 60 30 30
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lacks this enzyme (36); M. tuberculosis gyrase has evolved to
carry out activities catalyzed by gyrase and topo IV in other
bacteria.We tested naphthoquinones against S. aureus topo IV
and found that in general naphthoquinones favored gyrase over
topo IV, for example the IC50 for diospyrin is 4–8 times higher
for S. aureus topo IV than for gyrase (supplemental Table S1).
The success of fluoroquinolones, such as ciprofloxacin, as

antibacterial agents is due to the fact that they stabilize the
cleavage complex between gyrase and DNA (37–39), in which
the GyrA protein is covalently attached to the 5�-end of the
cleaved DNA. We tested diospyrin and 7-methyljuglone in
cleavage-complex assays under conditions (�ATP) where cip-
rofloxacin stabilizes the cleavage complex betweenM. tubercu-
losis gyrase and DNA.We found no evidence of stabilization of
the gyrase-DNA cleavage complex by these agents (data not
shown); this is in contrast with results obtained with naphtho-
quinones (e.g. juglone) and topo II (26).

The fact that diospyrin inhibits ATP-independent relaxation
by gyrase suggests that naphthoquinones are unlikely to be
ATPase inhibitors. We tested diospyrin in gyrase supercoiling
reactions at a range of ATP concentrations (Fig. 3). (This
approachhas been used previously to show that simocyclinones
are not inhibitors of the ATPase reaction of gyrase (32).) We
found thatwhereas inhibition by novobiocin (awell-established
inhibitor of the gyrase ATPase reaction) could be abrogated by
ATP, inhibition by diospyrin and simocyclinone could not, sup-
porting the contention that diospyrin is not a competitive
inhibitor of the gyrase ATPase reaction. We directly tested the

effect of diospyrin on the ATPase reaction of M. tuberculosis
GyrB, but we found that the intrinsic ATPase activity of this
protein to be very low, making this experiment problematic
(data not shown). However, we found that the ATPase activity
of S. aureusGyrB could be measured more readily and showed
that, whereas this reaction is completely inhibited by novobio-
cin, diospyrin could only inhibit the reaction by �50% (Fig. 4);
similar results were obtained with S. aureus GyrB and 7-meth-
yljuglone (data not shown). For novobiocin, the dependence of
rate on inhibitor concentration was sigmoidal, so the data were
fitted to a scheme involving the binding of two ligands to the
enzyme to achieve inhibition; in the case of diospyrin the data
showed a hyperbolic dependence on inhibitor concentration
consistent with the binding of one ligand molecule/enzyme to
achieve inhibition (Fig. 4). These data suggest that diospyrin is
not a competitive inhibitor of the ATPase reaction of GyrB, but
that its site of action is likely to be within the GyrB N-terminal
domain and can allosterically affect the ATPase reaction (see
below).
The Binding Site of Diospyrin Is in GyrB—The biochemical

data presented above suggest that diospyrin can inhibit the
topoisomerase reaction of gyrase and that it may act by binding
to the GyrB subunit. We used three further approaches to
explore this. In previous work we have used limited tryptic
digestion to probe ligand-binding sites in gyrase (17, 40–42).
Limited digestion ofM. tuberculosisGyrAwith trypsin revealed
little or nodifferencewith andwithout diospyrin (supplemental
Fig. S3A), whereas differences were observed in the case of
GyrB (supplemental Fig. S3B). In the case of E. coliGyrB43 (the
N-terminal domain of GyrB), significant differences in the
digestion pattern were also observed with and without diospy-
rin (supplemental Fig. S3C). These data support the idea that
diospyrin may bind to the N-terminal domain of GyrB, which
houses the ATPase active site (27, 44).
Nano-ESI MS has been used successfully to analyze the non-

covalent interaction between proteins and ligands (45).

FIGURE 3. Effect of ATP on the inhibition of M. tuberculosis gyrase by
novobiocin, simocyclinone, and diospyrin. The indicated concentrations
of ATP were added to M. tuberculosis gyrase supercoiling reactions containing
the indicated amounts of novobiocin (Novo), simocyclinone D8 (SD8), and
diospyrin (Dio).

FIGURE 4. Inhibition of S. aureus GyrB ATPase by novobiocin and diospy-
rin. The rates of ATP hydrolysis (s�1) by GyrB (0.6 �M) in the presence of
novobiocin (squares) and diospyrin (circles) were determined. Data were fit-
ted using SigmaPlot 12.3 to schemes involving the binding of two ligands to
inhibit ATPase activity (novobiocin) or a single ligand (diospyrin).
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Recently, we have used this method to characterize the interac-
tion between the N-terminal domain of E. coli GyrA and the
antibiotic simocyclinone D8 (29, 31). We have now analyzed
the interaction between diospyrin and gyrase by this method
(Fig. 5; note that all nano-ESI MS experiments were performed
in the absence of DTT). We found no evidence for interaction
between diospyrin andM. tuberculosisGyrA (data not shown),
but spectra of samples withM. tuberculosisGyrB and diospyrin
showed additional peaks consistent with a complex between
the two (Fig. 5A). In each spectrum two sets of charged species
are apparent (indicated by red and yellow circles), which corre-
spond to the GyrB monomer: observed molecular mass �
79,876 � 7 Da (calculated � 79,263) and a lower molecular
mass contaminant, which is likely to be a truncated form of
GyrB. In the spectra in the presence of diospyrin, additional
species are present (red stars), which correspond to the GyrB
monomer with bound ligand: observed molecular masses �
80,381 � 18 Da and 80,320 � 6 Da (the molecular mass of
diospyrin is 374 Da). E. coli GyrB43 shows three different
charged species the largest of which corresponds to theGyrB43
monomer (observed molecular mass � 43,272 � 2 Da (calcu-
lated � 43,024); the other two minor species are likely to cor-
respond to protein fragments or contaminants. In the presence
of diospyrin a further species (MW 43,313 � 10 Da) appears
corresponding to the GyrB43 monomer with bound diospyrin
(Fig. 5B). No evidence for interaction between diospyrin and
the C-terminal domain of E. coli GyrB (GyrB47) was found
(supplemental Fig. S4). Taken together, it seems very likely that
the binding site for diospyrin lies within theN-terminal domain
of GyrB.
To further evaluate the GyrB-diospyrin interaction, SPR was

employed.Control experiments showed that novobiocin bound
to E. coli GyrB43 and M. tuberculosis GyrB with equilibrium
binding constant (KD) values of 10�8 to 10�7 M (supplemental
Fig. S5), consistentwith earlier SPR studies on the interaction of
this drug with E. coliGyrB (46). In experiments with diospyrin,
we observed a specific interaction with E. coli GyrB43 (Fig. 6),
with an upper limit for theKD determined to be 10�4 M. Further
refinement of this value was impractical due to the tendency of
diospyrin to aggregate on the E. coli GyrB chip surface at high
concentrations (�50 �M; supplemental Fig. S5).
From these data it seems very likely that the binding site for

diospyrin lies in the N-terminal domain of GyrB, but does not
overlap the ATP-binding site. This suggests a mode of interac-
tion that is distinct from that of other known gyrase inhibitors.

DISCUSSION

There is a significant and immediate threat from infections
due to pathogenic bacteria that is exacerbated by the prevalence
of antibiotic-resistant bacteria and diminution in the drug-dis-

FIGURE 5. Mass spectrometry analysis of the binding of diospyrin to GyrB.
A: top, M. tuberculosis GyrB (red and yellow circles indicate two different
charged species); middle, M. tuberculosis GyrB with 8-fold excess diospyrin
(red stars indicate species containing diospyrin); bottom, M. tuberculosis GyrB
with 16-fold excess diospyrin. B: top, E. coli GyrB43 (N-terminal domain; red,
yellow, and blue circles indicate three different charged species); bottom,
E. coli GyrB43 with 16-fold excess diospyrin (red stars indicate species contain-
ing diospyrin).

Diospyrin Inhibits DNA Gyrase

FEBRUARY 15, 2013 • VOLUME 288 • NUMBER 7 JOURNAL OF BIOLOGICAL CHEMISTRY 5153

http://www.jbc.org/cgi/content/full/M112.419069/DC1
http://www.jbc.org/cgi/content/full/M112.419069/DC1
http://www.jbc.org/cgi/content/full/M112.419069/DC1
http://www.jbc.org/cgi/content/full/M112.419069/DC1


covery efforts of large pharmaceutical companies (47, 48). This
means that there is an urgent need for new compounds with
antibacterial potential. Plants are a rich and largely untapped
source of antibacterials (49–51), although plant extracts have
been used medicinally for centuries. The toothbrush tree (E.
natalensis), for example, has been traditionally utilized for its
medicinal properties by native South Africans: the roots are
chewed for oral hygiene and for the treatment of bronchitis,
pleurisy, and chronic asthma (18). Extracts from this plant have
been found to show antibacterial activities, particularly against
Gram-positive organisms (18), including M. tuberculosis (19).
Diospyrin isolated fromE. natalensiswas shown tohave activity
against drug-sensitive and drug-resistant M. tuberculosis
strains (20). Other naphthoquinones were also tested against
M. tuberculosis strains and showed the followingMICvalues (in
order of potency): 7-methyljuglone (0.5�g/ml; 2.6�M), diospy-
rin (8 �g/ml; 21.4 �M), isodiospyrin (10 �g/ml; 26.7 �M), and
neodiospyrin (10 �g/ml; 26.7 �M). However, the in vivo target
for these compounds is not clear, with 7-methyljuglone having
been identified as a subversive substrate formycothiol disulfide
reductase (25), diospyrin found to be an inhibitor of topo I from
L. donovani (23), and isodiospyrin found to be an inhibitor of
human topo I (24). In an attempt to address this issue, we have
tested diospyrin, 7-methyljgulone, and other naphthoquinones
against gyrases fromM. tuberculosis, S. aureus, and E. coli.
We have found that diospyrin and other naphthoquinones

are inhibitors of the DNA supercoiling reaction of DNA gyrase
with IC50 values that are comparable with the reported MICs.
For example, we found the IC50 value for diospyrin against M.
tuberculosis gyrase to be�15�M,which compareswith anMIC
of �20 �M (8 �g/ml). Interestingly diospyrin also inhibits the
DNA relaxation reaction of gyrase despite our evidence sug-
gesting binding to the ATPase domain of GyrB, which is not
required for relaxation activity. Our ATPase experiments sug-
gest that diospyrin is an allosteric inhibitor of this reaction, and
we propose that it binds to the N-terminal domain of GyrB
close to but not overlapping with the ATPase active site. Its
mode of action may involve stabilization of a conformation of

the N-terminal domain of GyrB that prevents strand passage
and thus inhibits both supercoiling and relaxation by gyrase.
This mode of action is similar to that proposed by Bender et al.
(52) for the action of the quinone metabolites of polychlori-
nated biphenyls on human topo II�. In the case of the action of
naphthoquinones on gyrase, the mechanism would need to
involve binding of the inhibitor to the GyrB-N-terminal
domain in amanner thatwould prevent strand passage in either
direction and not just prevent clamp closure.
The work in this paper provides evidence that gyrase is a

target for naphthoquinones. However, we have not proven that
it is the primary in vivo target in the antibacterial action of these
compounds. One way to show this would be to isolate target-
based naphthoquinone-resistant mutations and to establish a
correlation between potency and target mutations. Our efforts
to isolate such mutations in E. coli and Mycobacterium smeg-
matis have so far been unsuccessful. Most gyrase inhibitors
found so far either stabilize theDNAcleavage complex by bind-
ing to a pocket comprising residues fromGyrA,GyrB, andDNA
(such as quinolones), or bind to the ATPase site (such as ami-
nocoumarins) (3). Diospyrin does not appear to emulate either
of these modes of action but would appear to bind to a novel
binding pocket in the N-terminal domain of GyrB, i.e. it has a
completely new mode of action.
Given that naphthoquinones and other quinone compounds

have been found to inhibit eukaryotic topo II, it is interesting to
compare their modes of action with that of diospyrin on gyrase.
Several naphthoquinones, including juglone, have been shown
to inhibit topo II and stabilize the cleavage complex (26); these
compounds react with thiol groups on the protein. Lindsey et
al. (33) found that 1,4-benzoquinone is a strong cleavage-com-
plex stimulator and that the presence of reducing agents led to
a reduction in potency, suggesting that that the oxidized form
of the compoundwas the active species. Further, benzoquinone
was found to formadductswithCys residueswithin theATPase
domain of topo II (Cys-392 and Cys-405 of human topo II�);
mutation of these residues to Ala led to 50% reduction in the
potency of the compound (53). More recently, Jacob et al.
showed that etoposide quinone, ametabolite of etoposide (itself
a cleavage-complex inhibitor of topo II (43)), is effective at sta-
bilizing the cleavage complex under nonreducing conditions.
Taken together, this work suggests that compounds of this class
are cleavage-complex-stabilizing inhibitors of eukaryotic topo
II thatmay act via the formation of adducts with Cys residues in
the N terminus (ATPase) domain, although it is unclear as to
why mutation of the two key Cys residues in human topo II�
only leads to a �50% drop in potency.
In comparison, our experiments do not support a similar

mode of action. Our results suggest that the naphthoquinone-
binding site is within the N-terminal domain of GyrB, but as
one of the enzymes examined (S. aureus gyrase) lacks Cys resi-
dues in the ATPase domain, it is unlikely that covalent adducts
with Cys residues form part of the mode of binding. Moreover,
in a control experiment, usingmass spectrometry, we found no
evidence of adduct formation withM. tuberculosis gyrase, and,
in particular, the Cys residue in the N-terminal domain is
unmodified. In addition, we have also found no evidence of

FIGURE 6. SPR analysis of the binding of diospyrin to E. coli GyrB43. Sen-
sograms showing the interaction of diospyrin at selected concentrations (5
(black), 15 (red), 25 (blue), and 45 (green) �M) with E. coli GyrB43.
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diospyrin and other naphthoquinones stabilizing the gyrase
cleavage complex.
A structure of the diospyrin-GyrB complex would clearly be

of great value, but, so far, crystallization trials with diospyrin
and GyrB and fragments thereof have not yet yielded crystals
suitable for diffraction studies. Identification of the naphtho-
quinone-binding pocket in GyrBwould potentiate the develop-
ment of these compounds as potential anti-TB agents and the
design of other molecules that exploit this mode of action.
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