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Abstract Effects of different flavonoids on various bacte-
rial strains have been extensively reported; however, the
mechanism(s) of their action on bacterial cells remain
largely elusive. In this study, the antibacterial mechanism
of soybean isoflavone (SI) on Staphylococcus aureus
is systematically investigated using 4'6-diamidino-2-
phenylindole (DAPI) staining, pBR322DNA decatenation
experiment mediated by topoisomerase and agarose gel
electrophoresis for direct decatenation. The results of fluo-
rescence microscopy and fluorescence spectrophotometer
indicated that DAPI was integrated in Staphylococcus
aureus. Additionally, the quantity of both DNA and RNA
reduced to 66.47 and 60.18%, respectively, after treated
with SI for 28 h. Effects of SI on topoisomerase I and II
were also investigated. SI completely inhibited the
pBR322DNA unwinding mediated by topoisomerase I and
topoisomerase II at the concentration of 6.4 mg/ml and
could denature the plasmid DNA at the concentration of
12.8 mg/ml. These results indicate that topoisomerase I and
II are the most important targets by SI to restrain bacterial
cell division.
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Introduction

In recent years, there is a constant increase in the number of
antibiotic-resistant bacteria due to extensive use of antimi-
crobial agents in domestic animals, which is then subse-
quently transmitted to humans through the food chain
(Zewdu and Cornelius 2008; Angulo et al. 2000). The viru-
lence and pathogenicity of a bacterium increases with
increase in its antibiotic resistance (Levy 2005; Peterson
2005). Therefore, it is important to identify alternative
drugs that can replace traditional antibiotics, thereby reduc-
ing development and spread of resistance. Additionally,
elucidating the mechanism of action of these alternative
compounds and the resistance of bacterium to these com-
pounds will provide much needed information for the basic
research on microbiology.

Soybean isoflavone (SI) is a secondary metabolite syn-
thesized during the initial growth stages of soybeans. The
SI is present mainly in the cotyledon and hypocotyl of soy-
bean seeds, which is known to exhibit antibacterial proper-
ties. The SI is known to have low side effects, wide
availability, low cost, less drug-fast characters and other
beneficial properties. Therefore, extensive studies have
been carried out to optimize the extraction of SI from
plants. The SI surprisingly reveals a large spectrum of
biological activities, such as anti-oxidation (Wang 2008), anti-
tumor effect (Li et al. 2005; Sarkar and Li 2002), estrogen-
like activities (An et al. 2001) and antiphlogistic function,
and many studies have also investigated the antibacterial
effect (Hyunki et al. 2006). To date, researchers pay much
attention to the inhibition of the respiration and the synthe-
sis of the cell wall and the cell membrane (Sabanero et al.
1995; Kubo and Taniguchi 1988), the protein (Haraguchi
et al. 1996), DNA and RNA (Ulanowska et al. 2006), when
developing novel antibacterial drugs. Our former studies on
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SI identified antimicrobial activity on Staphylococcus
aureus, where SI affected the integrity of the cell wall and
membrane and prevented the respiratory metabolism and
protein synthesis of the bacteria (Wang et al. 2008). How-
ever, the nucleic acid metabolism plays a key role in the
cell division of bacteria. Therefore, in this study, an attempt
was made to investigate the effect of SI on DNA and RNA
of Staphylococcus aureus.

DNA metabolism of bacteria, which includes the DNA
replication, transcription, recombination and the delivery
of genetic information, is related to the dynamic changes
in their spatial configuration. DNA topoisomerase is a key
enzyme controlling the dynamic changes of nucleic acids
(McClendon and Osheroff 2007; Minkah etal. 2007;
Wang 2002), and therefore, this enzyme has become one
of the key targets for studying the antibacterial effect
of naturally occurring antibacterial drugs. In this paper,
antibacterial mechanism of SI on Staphylococcus aureus
was investigated to provide a theoretical basis for the
development of high-performance and low-toxicity anti-
bacterial drugs.

Materials and methods
Bacterial strains

Staphylococcus aureus (ATCC26112) was obtained from
the Chinese Medicine Bacteria Preservation Center. The
bacteria were cultured in beef extract peptone medium at
37°C in shaking flasks to logarithmic growth phase.

Soybean isoflavone (SI)

Soybean isoflavone (SI), at 90% purity, was extracted from
defatted soybean meal at the biology technology laboratory
of Liaoning Normal University. The SI was dissolved in
absolute ethanol, and concentrated solutions were added to
bacterial cultures to keep the ethanol concentration in the
cultures as low as possible.

In vivo nucleic acid staining

Staphylococcus aureus (final concentration 2%) was inocu-
lated into 50 ml beef extract peptone medium with SI (final
concentration 0.08%), and with ethanol for control group,
and cultured at 37°C, in a rotary shaker (120 rpm) for 28 h,
and the cells were then collected and resuspended in aquae
sterilisata. An equal volume of diluted 4'6-diamidino-2-
phenylindole (DAPI) (1:3, diluent, quarter-strength ringer’s
solution) was added to obtain the resuspended bacterial cul-
ture. The cell samples were then placed on a microslide and
kept in the dark for 10 min. The fluorescence of DAPI in
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cells was observed using inverted fluorescence microscope
(OLYMPUS IX71).

Quantification of DNA and RNA

The nucleic acids were quantified using the DAPI staining
method mentioned above. Eight hundred microliters of the
sample solution (ODsg, up to 0.6) treated with SI was added
to an equal volume of diluted DAPI and kept in the dark for
10 min. The fluorescence density of DNA and RNA was
separately estimated using fluorescence spectrophotometer
(F-4500, Hitachi, Japan) with the excitation wavelength of
364 and 400 nm, respectively. Each experiment was
repeated three times. Since standard deviation was lower
than 15%, representative results are shown.

The extraction of DNA topoisomerase of Staphylococcus
aureus

Staphylococcus aureus was collected by centrifugation at
6,000 rpm for 10 min and washed with cold PBS. The cells
were then suspended in TMN buffer (1.0 mM Tris—HCI pH
7.5, 1.5 mM MgCl,, 10 mM NaCl) and then centrifuged at
6,000 rpm for 10 min at 4°C. The pellet was resuspended in
1 ml of crude enzyme preparation buffer (100 mM NaCl,
I mM KH,PO,, 5 mM MgCl,, 5 mM EDTA, 10% glycerol,
0.5 mM PMSF, 250 mM saccharose, | mM DTT, pH 6.4)
(Sulivan et al. 1986). The cells were then incubated on ice
for 30 min and sonicated to enable cell lysis, and the Staph-
ylococcus aureus suspension was then broken up using
ultrasonic cell disrupter (SONICS & MATERIALS INC)
for 10 s in order to the complete lysis for 15 cycles with
30-s interval between each cycle. Following sonication, the
cells were centrifuged at 12,000 rpm for 15 min at 4°C. The
supernatant was then transferred to a fresh tube and stored
at —20°C. The supernatant fluid contains the crude extract
of DNA topoisomerase used to measure the specific activity
of DNA topoisomerase.

Determination of DNA topoisomerase activity

The supercoiling topoisomerase activity of DNA was deter-
mined by using 0.5 ng of pPBR322 DNA. Various dilutions
of DNA topoisomerase were added to 2.5 pl helicase buffer
I (measuring the activity of topoisomerase I) or helicase
buffer II (measuring the activity of topoisomerase II), with
the final reaction volume made up to 20 pl with distilled
water. The reactions were incubated for 30 min at 37°C.
After incubation, 1 pl Proteinase K (10 mg/ml) and 2 pl
10% sodium dodecyl sulfate (SDS) were added and incu-
bated for an additional 30 min at 37°C to stop enzyme
activity. The samples were then loaded on 1% agarose gel
and visualized using a transilluminator (Wang et al. 1991).
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Fig. 1 Fluorescent microscopic figure of Staphylococcus aureus without SI (a) and treated with SI for 28 h (b), incubated with DAPI for 10 min

The effect of ST on DNA topoisomerase I/II activity

The complete conversion of per 0.5 pg double-stranded
supercoiling pBR322 DNA to helicase DNA by cell
extracts, which without/contain ATP, was defined as one
activity unit of enzyme. One unit of topoisomerase I/Il was
added to a 20-pl reaction mix containing 2.5 pl helicase
buffer I/I1, 0.5 pg of pBR322 and 2 pl of SI or 100% etha-
nol (control). The reaction conditions were the same as
mentioned above. The direct effect of SI on pPBR322 DNA
was determined by incubating 0.5 pg of pPBR322 DNA in a
20-pul volume containing 2 pl ST or 100% ethanol control
and 2.5 ul helicase buffer I, at 37°C for 30 min. The reac-
tion was then loaded on 1% agarose gel and visualized
using a transilluminator.

Results

Effect of SI on Staphylococcus aureus nucleic acid
synthesis

DAPI is fluorescent dye that binds both DNA and RNA. The
dye increases in its fluorescence with increase in the quantity
of nucleic acids. The DAPI could be visualized using the
inverted fluorescence microscope (OLYMPUS IX71), as the
dye could penetrate into the bacteria cells and integrate with
the nucleic acids. Staphylococcus aureus cells treated with SI
for 28 h were incubated with DAPI for 10 min, and the fluo-
rescence intensities of the bacteria were recorded. The fluo-
rescence intensities of the cells treated with DAPI-SI were
significantly lower compared to the control group (Fig. 1),
which implies that SI could prevent nucleic acid synthesis of
Staphylococcus aureus, thereby reducing the nucleic acid
content. The fluorescence spectrophotometer measurements
indicated that the DNA synthesis was significantly reduced
up to 66.47% and that RNA synthesis was also significantly

reduced up to 60.18%, compared to the control group
(Fig. 2), which indicated that SI had an adverse effect on
nucleic acid synthesis. The analysis of the effect of this com-
pound on macromolecular synthesis pathways as revealed by
the incorporation of DAPI-labeled precursors showed that SI
inhibits nucleic acid synthesis in Staphylococcus aureus. Sta-
tistical analysis indicated that compared to the control group,
the difference in significant level of SI group was up to the
most notable level (P < 0.01).
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Fig. 2 Effect of SI on the synthesis of nucleic acid in Staphylococcus
aureus for 28 h by using fluorescence spectrophotometer. a Changes in
DNA of Staphylococcus aureus effected by SI, control group (filled
bar), SI group (unfilled bar). b Changes in RNA of Staphylococcus au-
reus effected by SI, control group (filled bar), SI group (unfilled bar).
Error bars show the mean &= SEM (standard error of the mean), n = 3,
*P < 0.05, **P < 0.01
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Fig. 3 Effect of SI on topoisomerase I in Staphylococcus aureus by
using pPBR322 DNA decatenation experiment and agarose gel electro-
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Fig. 4 Effect of SI on topoisomerase Il in Staphylococcus aureus by

using pBR322 DNA decatenation experiment and agarose gel electro-

phoresis. a The electrophoretogram. b, ¢ The IOD of the bands (Form
II: open circular DNA and linear DNA; Form I: supercoiled DNA; a:

Effect of SI on DNA topoisomerase activity

The DNA topoisomerase could alter the supercoiling of
double-stranded DNA, and it is a key enzyme that controls
the dynamics and synthesis of nucleic acids in bacteria. To
understand the possible mechanism of action involved in
the inhibition of nucleic acid synthesis, the effect of SI on
the DNA topoisomerase activity was investigated using
pBR322 DNA decatenation experiment (Fig. 3). The results
indicated that with the increase in the concentrations of SI,
the quantity of supercoiled DNA (Form I) increased and
that of open circular DNA and linear DNA (Form II)
decreased, compared to the no effect in the absolute ethanol
(negative control). The activity of topoisomerase I was
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pBR322 DNA; b: 1 U topoisomerase II; c: 100% ethanol, negative
control; d—k: 0.2, 0.4, 0.8, 1.6, 3.2, 6.4, 12.8, 25.6 mg/ml SI). Error
bars show the mean = SEM (standard error of the mean), n =3,
*P < 0.05, **P < 0.01 (Compared with the negative control)

significantly (P < 0.01) inhibited by SI at 6.4 mg/ml. More-
over, SI was relatively less active on topoisomerase II
where the inhibition of activity was observed at 6.4 mg/ml
(Fig. 4). This phenomenon was similar to the effect on
topoisomerase I activity. The results mentioned above sug-
gested that SI acted on both topoisomerase I and II, thereby
affecting nucleic acid synthesis and inhibiting bacterial
growth.

To investigate the direct cleavage effect of SI on
DNA, pBR322 DNA was incubated with different
concentrations of SI. The quantity of supercoiled DNA
(Form I) was decreased, when the SI concentration was
more than 3.2 mg/ml and at this concentration, the quan-
tity of open circular DNA and linear DNA (Form II)
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Fig. 5 The direct break effect of SI on pBR322 DNA (a: pBR322
DNA; b-h:0.8,1.6,3.2, 6.4, 12.8, 25.6, 51.2 mg/ml SI)

increased (Fig. 5), which indicated that SI could cleave
pBR322 DNA.

Discussion

The SI is found to have many biological activities, and it
is extensively investigated (Wang 2008; Hyunki et al.
2006; Li et al. 2005; Sarkar and Li 2002; An et al. 2001).
It has also been known that SI has antibacterial activity
with limited information on the mechanisms of its
action, especially in the facet of nucleic acid synthesis.
This study investigated the effects and mode of action of
SI on DNA and RNA quantity of Staphylococcus aureus
cells. Incubating S. aureus with SI for 28 h, signifi-
cantly, affected the quantities of DNA and RNA by
reducing to 66.47 and 60.18%, respectively, compared
to the control group (without SI). This observation
indicates that SI prevents nucleic acid synthesis in
Staphylococcus aureus.

DNA topoisomerase is necessary for DNA replica-
tion, facilitating short-term separation of single-stranded
or double-stranded DNA (McClendon and Osheroff
2007; Minkah etal. 2007; Wang 2002). It has been
reported that the efficiency of transcription of rRNA
coding genes depends on DNA topology (Hraiky et al.
2000; Rochman et al. 2004). Recent studies found that
some drugs exhibit activities by affecting DNA topoiso-
merase, thereby interfering with DNA replication, gene
expression and recombination. Oppegard et al. (2009)
found that some novel acridine-based compounds inhib-
ited the proliferation of pancreatic cancer cell lines in
vitro and were indicated to be catalytic inhibitors, not
poisons, of human topoisomerase II by a series of bio-
chemical assays. In addition, Liu and Liu (2010) showed
that nitidine chloride can inhibit hepatic carcinoma
growth in nude mice, and the anti-tumor mechanism is
probably related to the inhibitory effect on topoisomer-
ase. Some researches, at the same time, showed that gen-
istein, the main component of SI, was a typical
topoisomerase inhibitor (Chang et al. 1995; Snyder and
Gillies 2002). Although most of these studies were per-
formed using eukaryotic enzymes, considering evolu-
tionary conservation of their active domains, it is likely
that SI could influence prokaryotic DNA topology
significantly (at least those coming from some species).

This could in turn lead to strong negative effects on
DNA replication and the reduction in the quantities of
DNA. To understand the possible mode of action
involved in the inhibition of nucleic acid synthesis, the
effect of SI on the activity of S. aureus DNA topoisomer-
ase was investigated. The result showed that SI can
inhibit both DNA topoisomerase I and II activity signifi-
cantly, with complete inhibition of topoisomerase I and
IT activity at 6.4 mg/ml of SI. Therefore, from this obser-
vation, it is inferred that DNA topoisomerase could be
one of the direct targets for antibacterial action of SI.

How can SI influence activity of topoisomerase I and
II? Recent studies found that the mechanism of topoiso-
merase inhibitors was to produce drug—topoisomerase—
DNA cleavable complexes or interfere with binding of
topoisomerase to DNA (Raspaglio et al. 2005); Boege
etal. 1996). Otherwise, some researches on the quino-
lone resistance showed that quinolone-resistant mutants
exhibited an alteration in ParC (the subunit of topoiso-
merase V) and GyrA (the subunit of DNA gyrase) at a
few proteins, suggesting that the ParC subunits and the
GyrA subunits are primary topoisomerase targets
(Morrissey and George 1999; Pan et al. 1996). Accord-
ingly, it is speculated that the inhibitory effect of SI on
topoisomerase may be related to the interaction of the
drug, topoisomerase and DNA, and the primary target
may be related to the subunit of topoisomerase. How-
ever, the specific mode of action and the exact targets
involved in the inhibition of DNA topoisomerase would
be expected to study further.
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