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ORIGINAL ARTICLE

Inhibition of biofilm formation in Bacillus subtilis
by new halogenated furanones

Airat R Kayumovl, Elvina N Khakimullina!, Irshad S Sharafutdinov!, Elena Y Triznal, Lilia Z Latypovaz,
Hoang Thi Lien?, Anna B Margulis!, Mikhail I Bogachev® and Almira R Kurbangalieva®

Gram-positive bacteria can cause various infections including hospital-acquired infections. While in the biofilm, the resistance of
bacteria to both antibiotics and the human immune system is increased causing difficulties in the treatment. Bacillus subtilis, a
non-pathogenic Gram-positive bacterium, is widely used as a model organism for studying biofilm formation. Here we
investigated the effect of novel synthesized chloro- and bromo-containing 2(5H)-furanones on biofilm formation by B. subtilis.
Mucobromic acid (3,4-dibromo-5-hydroxy-2(5H)-furanone) and the two derivatives of mucochloric acid (3,4-dichloro-5-hydroxy-2
(5H)-furanone)—F8 and F12—were found to inhibit the growth and to efficiently prevent biofilm formation by B. subtilis. Along
with the low production of polysaccharide matrix and repression of the eps operon, strong repression of biofilm-related ygxM also

occurred in the presence of furanones. Therefore, our data confirm that furanones affect significantly the regulatory pathway(s)
leading to biofilm formation. We propose that the global regulator, SpoOA, is one of the potential putative cellular targets for

these compounds.
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INTRODUCTION

Among the causes of the infections, including hospital-acquired
infections, Gram-positive bacteria are important contributors. Their
resistance both to antibiotics and to the human immune system that
significantly limits the therapeutic effects of antibiotics is often
associated with their location in biofilm.»? Bacilllus biofilms are
important contaminants in food industry plants, and they are also
being widely used as a model system for biofilm-related studies.’*

In the last decade, the natural and synthetic furanones were noted as
biofilm-inhibiting agents.>® First, the natural furanone from the red
algae Delisea pulchra, (5Z)-4-bromo-5-(bromomethylene)-3-butyl-2
(5H)-furanone, was shown to inhibit the growth, swarming and
biofilm formation of Bacillus subtilis.>”® The influence of furanones
on opportunistic and pathogenic bacteria and yeast was also
investigated.>!? It is known that furanones inhibit the quorum sensing
of Gram-negative bacteria by affecting both the species-specific! 12
and the non-species-specific!? autoinducer signals AlI-1 (acylated
homoserine lactones) and AI-2, respectively.!>'4 However, very little
is known about the mechanisms of the growth and of the biofilm
formation inhibition by furanones in Gram-positive bacteria.

In B. subtilis, several transcription factors control the quorum-
determined responses. The transcription factor SinR is the master
regulator redirecting B. subtilis from the planktonic form to biofilm
formation.!>!° In the exponentially growing cells, SinR constitutively

represses the biofilm-related genes.!” When nutrient limitation is
sensed, Sinl activity increases and antagonizes the SinR. This results in
the loss of motility and in biofilm production. Before the discovery of
SinR as the master regulator of biofilm formation in B. subtilis, Spo0A
and o were identified as transcriptional regulators required for
biofilm development.!>181° The yveK-T yvfA-F operon, later renamed
epsA-O, was predicted to encode products likely to be involved in
synthesis and export of the extracellular polymeric substance, or EPS
(exopolysaccharide), being under control of both Spo0OA and c™.1° Tt
was also shown that SinR binding to the eps regulatory region is
inhibited by complex formation with Sin in vitro.'® Thus, SinR acts as
a transcriptional repressor of the genes involved in producing the
extracellular matrix, and Sinl can antagonize its action.

Here we introduce the new derivatives of 2(5H)-furanones that
efficiently inhibit the growth and the biofilm formation by B. subtilis,
apparently via the repression of the biofilm-related regulatory path-
ways and probably affecting SpoOA transcriptional regulator.

EXPERIMENTAL PROCEDURE

Furanones

The structures of all studied 2(5H)-furanone derivatives are presented in
Figure 1. Mucochloric acid (3,4-dichloro-5-hydroxy-2(5H)-furanone) F1
(Shostka Chemical Reagents Plant, Shostka, Ukraine) was commercially
available and was further recrystallized from water, m.p. 127 °C. Mucobromic
acid (3,4-dibromo-5-hydroxy-2(5H)-furanone) F2 (Sigma Aldrich, USA) was

!Department of Genetics, Kazan (Volga Region) Federal University, Kazan, Russia; >A.M. Butlerov Institute of Chemistry, Kazan (Volga Region) Federal University, Kazan, Russia
and *Biomedical Engineering Research Center, St Petersburg State Electrotechnical University, St Petersburg, Russia
Correspondence: Dr AR Kayumov, Department of Genetics, Kazan (Volga Region) Federal University, Kremlyovskaya Street 18, Kazan 420008, Russia.

E-mail: kairatr@yandex.ru

or Dr AR Kurbangalieva, A.M. Butlerov Institute of Chemistry, Kazan (Volga Region) Federal University, Kremlyovskaya Street 18, Kazan 420008, Russia.

E-mail: Almira.Kurbangalieva@ksu.ru

Received 14 April 2014; revised 12 August 2014; accepted 16 September 2014; published online 22 October 2014


http://dx.doi.org/10.1038/ja.2014.143
mailto:kairatr@yandex.ru
mailto:Almira.Kurbangalieva@ksu.ru
http://www.nature.com/ja

o

B. subtilis biofilm inhibition by furanones
AR Kayumov et al

298

0 0 0 0

Cl ‘ { Br H% Cl ‘ J\) Cl- ‘ {
D 0 0

CH ]< Br— 7/ c;r\x cm@s@
H OH H OH H OCH(CH,CI), H OH

F1 F2 F8 F12

C
i

(-}

Cl-

Dy

0 0 P
BrIkO (‘I\‘ /-J\() (,I\[ <0
e I o Sl

H OCH,CH,Cl H OCH,4 H OH H QOCH;
OCH,CH,C 5 00 A\
00
F21 F23 F70 F76

Figure 1 Chemical structures of furanones used in this study.

used without further purification. 3,4-Dichloro-5-[(1,3-dichloropropan-2-
yloxy)]-2(5H)-furanone F8,%° 3-chloro-5-hydroxy-4-[ (4-methylphenylsulfa-
nyl)]-2(5H)-furanone  F12,!  3-chloro-5-hydroxy-4-[(4-methylphenylsulfo-
nyl)]-2(5H)-furanone F70?? and 3,4-dichloro-5-[(4-methylphenylsulfonyl)]-2
(5H)-furanone F76%2 were synthesized according to the previously known
procedures. 3-Chloro-5-[(2-chloroethoxy)]-4-[ (4-methylphenylsulfanyl) ]-2
(5H)-furanone F21 (Hoang Thi Lien, 2015, unpublished data) and 3-bromo-
5-methoxy-4-[(4-methylphenylsulfanyl)]-2(5H)-furanone  F23 (Kosolapova,
2015, unpublished data) have not been described earlier. The furanones were
dissolved and diluted in dimethyl sulfoxide to a final stock concentration of
20 mgml~! and stored at —20°C.

Bacterial strains, plasmids and growth conditions

B. subtilis 168 (wild type) and its mutant strains shown below were used.
B. subtilis K444 (trpC2 amyE::PyqxM-lacZ (cat)), B. subtilis K511 (trpC2 amyE::
Peps-gfp (cat)), B. subtilis WTF92 (sinR:cat), B. subtilis W1274 (sinl:spc),
B. subtilis WTF96 (spo0OA::cat) and B. subtilis W1050 (abrB::kan) were obtained
from Professor Dr Kazuo Kobayashi?® B. subtilis JMS682 (amyE:srfA-
1acZQ682 (neo)) was provided by Professor Dr Alan Grossman.* Escherichia
coli BL21 (DE3) was used for protein overexpression. Plasmids pET15b-TnrA,
pGP176 and pDG-GInK-ST for the overproduction of TnrA-Hiss, GInK-ST
and glutamine synthetase (GS), respectively, had been constructed previously.?®
B. subtilis GP250 (trpC2 amyE::Pnrg-lacZ (kan)) was obtained from Professor
Dr J. Stulke.? B. subtilis and E. coli strains were maintained and grown on the
Luria-Bertani (LB) medium. The biofilm formation was examined on the
modified Basal medium (BM) containing glucose 5g, peptone 7 g, MgSO4e7-
H,O 2.0g and CaCl, 0.05g in 1.0] tap water. Spizizen minimal medium
(SMM) was prepared as described previously?” and supplemented with 20 mm
potassium nitrate as a sole nitrogen source to provide the nitrogen-limited
conditions.?” Antibiotics were used at following concentrations: ampicillin,
100 pg ml~%; chloramphenicol, 10 pg ml~'; kanamycin, 10 ugml~; and spec-
tinomycin, 60 pgml~ 1.

Determination of the MIC

The MIC:s of furanones against B. subtilis were determined by the microdilution
method in BM. Furanones were diluted by BM in a 96-well microtiter plate to
final concentrations ranging from 1 to 100 pgml~! (1.0, 2.5, 5.0, 10.0, 25.0,
50.0, 100.0 pgml~1). A 250-pl aliquot of the bacterial suspension (2-9 x 10°
CFU ml™!) was inoculated and incubated at 37°C over 24 h. The MIC was
determined as the lowest concentration that completely inhibited bacterial
growth. The minimal biofilm-inhibiting concentration was defined as the
concentration that significantly repressed biofilm formation (ODs57(<0.1).

Crystal violet assay

The biofilm formation was studied using crystal violet staining assay as
previously described.?® Briefly, a 300-pl aliquot of the B. subtilis cells'
suspension (2-9%x10° CFU ml~!) was inoculated in BM and grown
during 72h in 96-well microtiter plate. Then, the culture supernatant was
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discarded, and the wells were washed twice with phosphate-buffered saline to
remove nonadherent cells. The plates were air dried for 20 min, and the
surface-attached cells were stained with 300 pl of 0.1% crystal violet for 20 min.
Subsequently, the crystal violet was removed and the plate was washed three
times with pure water. After 30 min of air drying, 300 pl of 96% ethanol was
added to resolubilize bound crystal violet, and the absorbance was read at
570 nm using the microplate reader Tecan Infinite 200 Pro (Tecan Austria
GmbH, Austria). Wells incubated with the cell-free medium were also stained
and served as a blank.

p-Galactosidase and glutamine synthetase (GS) assays

The B-galactosidase activity was measured by the Miller’s protocol®® with
modifications.*® Cells were collected, resuspended in 400 pl of Z-buffer (60 mm
Na,HPO, e 7 H,0, 40 mm NaH,PO, e H,0, 10 mm KCI and 1 mm MgSO,
7H,0 (pH 7.0)) containing 2mgml™! lysozyme and incubated for 10 min at
37°C. Then, 400pl of Z-M buffer containing additionally 0.005% cetyl
trimethylammonium bromide (CTAB) and 50 mm (-mercaptoethanol were
added. After preincubation at 30°C for 5min, the reaction was started by
adding of 160 pl of 4 mgml~! o-nitrophenyl-B-p-galactopyranoside in Z-buf-
fer. When the yellow color appeared, the reaction was stopped by the addition
of 400 pl of 1 M NayCOjs. For the blank solution, the Na,CO; was added before
the incubation. The (-galactosidase activity was measured at A420 nm. To
calculate the Miller units, we used the following formula: [A420/(A600 of 1:10
dilution of cells x time of incubation)] x 1000.

GS activity was measured by the biosynthetic assay.® Cells were collected,
resuspended in 450 pl of the reaction mixture consisted of 100 mm imidazole-
HCI (pH 7.0), 125 mm hydroxylamine-HCI, 20 mm MgCl,-6 H,O, 10 mm ATP,
0.005% CTAB and 0.1 mgml~! lysozyme and were pre-incubated at 37 °C for
10 min to permeabilize the cells. The reaction was initiated by adding 50 pl of
500 mm glutamate, giving a final assay volume of 500 pl. After a 20-min
incubation, the reaction was stopped by the additon of 1 ml of stop mix (5.5%
FeCl; e 6 H,O (w/v), 2% trichloroacetic acid (w/v) and 0.78% HCI) and
centrifugation for 5min at 10000g¢ to remove the precipitate. The Fe (III)
complex of the reaction product y-glutamylhydroxamate was measured
spectrophotometrically by absorbance at 540 nm. GS-specific activity was
calculated as nmol of y-glutamylhydroxamate produced per minute A600 per
cell. A reaction mixture without glutamate served as the blank.

Proteins' preparation and manipulation

TnrA from B. subtilis 168 cells carrying Hisg-tag on its N-terminus was
overproduced in E. coli BL21 strain using pET15b expression vector (Novagene,
USA) and purified on Ni-NTA column to an apparent electrophoretic
homogeneity as described previously.?> Strep-tagged GInK and GS were
overproduced in E. coli BL21 strain using pDG148 expression vector and
purified using Strep-tactin column (IBA, Géttingen, Germany) as described
previously.?> The influence of furanones on the TnrA interaction with either

GInK or GS was investigated by pull-down analysis as described previously.>%3!



Statistics

Experiments were carried out in biological triplicates (that is, newly prepared
cultures and medium) with three independent repeats in each one. Biomasses
from crystal violet staining as well as enzymes' activities in different experiments
were compared using Wilcoxon signed-rank test (paired difference test).
Differences were considered significant at P<0.05.

RESULTS

The repression of B. subtilis growth and biofilm formation

It has been shown earlier that adding (52)-4-bromo-5-(bromomethy-
lene)-3-butyl-2(5H)-furanone from the red marine algae D. pulchra
results in the twofold inhibition of the B. subtilis cells' growth at
concentration 5 pgml~! without killing the cells.” Six novel synthe-
sized furanones (Figure 1) were tested for their ability to repress the
growth and the biofilm formation by B. subtilis cells. Mucochloric acid
F1 and mucobromic acid F2 were the starting materials for the
preparation of all other compounds and thus were used as references.
The influence of furanones on the B. subtilis growth as well as on the
biofilm formation is shown in Table 1. Although the minimal biofilm-
inhibiting concentration for mucochloric acid (F1) was established to
be 25ugml~!, F2, F8 and F12 completely suppressed the biofilm
formation at 10 pg ml~!. Other tested compounds did not exhibit any
significant antibacterial activity at low concentrations and therefore
were out of further investigation.

To evaluate the biofilm formation inhibition by furanones, we
measured the activity of fB-galactosidase expressed from the ygxM
promoter, which is activated when cells switch to the biofilm
formation.?® B. subtilis K444 cells were grown 72h in BM without
shaking in the presence of F1, F2, F8 and F12 at their determined
minimal biofilm-inhibiting concentrations given above. In the pre-
sence of all furanones, the activity of p-galactosidase was significantly
reduced confirming the repression of transcription from the ygxM
promoter (Table 1). In addition, the green fluorescent protein gene
expression from the eps promoter in B. subtilis K511 strain was studied
by fluorescent microscopy on a Karl Zeiss Axio Imager (Zeiss, Optek,
Germany) 2.0 microscope (Supplementary Figure S1). In the presence
of F1 (25 ugml~1), F2, F8 and F12 (10 pgml~!), a strong decrease in
the green fluorescent protein fluorescence was observed that confirms
the inhibition of the eps operon expression.

Finding potential cellular targets of furanones
The cellular targets of furanones in Gram-positive bacteria still remain
unknown. In some of the previous investigations, the ClpP protease,

Table 1 Concentrations of furanones required for complete
inhibition of growth (MIC) and for the biofilm formation (MBIC) by
B. subtilis 168

Minimal growth inhibiting p-galactosidase activity

Furanone concentration (MIC), ugmi~1 MBIC, ugmi~1 in B. subtilis K444, U
Control — — 46+5.4
F1 50 25 44+5.4
F2 50 10 12+1.9
F8 50 10 7+14
F12 50 10 13+94
F21 >100 >100 49+6.1
F23 >100 >100 51+4.3
F70 >100 >100 46+9.4
F76 50 50 43+5.2

Abbreviation: MBIC, minimal biofilm-inhibiting concentration.
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transcription regulator ComA and some other regulatory proteins
were proposed as potential targets for furanones.® ComA is a
transcription factor regulating the competence quorum processes in
B. subtilis.>>*> We measured the activity of B-galactosidase expressed
from the ComA-dependent srf promoter in B. subtilis JMS682 strain
under conditions required for genetic competence development.>* In
the presence of F1, F2 and F8 at their minimal biofilm-inhibiting
concentrations, the activity of B-galactosidase was twofold higher
compared with the control indicating the activation of ComP—ComA
regulatory pathway; F12 had almost no impact on the f3-galactosidase
activity (Figure 2).

In further attempts to identify the intracellular targets of furanones,
we tested the biofilm formation in the presence of furanones by B.
subtilis strains lacking SpoOA, AbrB, Sinl and SinR transcriptional
factors involved in the biofilm formation.!>!® Furanones F2, F§ and
F12 were added up to the final concentration of 5 ugml~! and F1 up
to 15pgml~1, which led to approximately double inhibition of the
biofilm formation. The residual biofilm formation in the absence and
in the presence of furanones is shown in Figure 3.

The biofilm formation by the Spo0OA- and SinI-deficient strains was
low (almost at the borderline of the method sensitivity) and no
repression by any furanones could be observed. The SinR-deficient
strain exhibited twofold increase in the biofilm formation indepen-
dently of the presence of furanones, indicating that these compounds
did not affect the SinR-Sinl regulatory pathway. Unexpectedly, in the
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Figure 2 Influence of furanones on the activity of p-galactosidase expressed
from the ComA-dependent srfA promoter in B. subtilis IMS682.
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Figure 3 Biofilm formation in the presence of furanones by strains lacking
transcription factors involved in biofilm formation control (SpoOA, SinR,
AbrB and Sinl). The biofilm formation by B. subtilis strains in the absence
of furanones served as a control and was defined as 100%.
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absence of the AbrB, F8 and slightly F12 decreased the biofilm
formation.

The effect of furanones on the nitrogen metabolism of B. subtilis

In the course of our investigations, we found that the growth of B.
subtilis 168 in minimal medium (SMM) was considerably slower in the
presence of F12 under conditions of nitrogen starvation (not shown).
In exponentially growing nitrogen-limited cells, we found 10-fold
lower activities of GS and p-galactosidase expressed from the nrgA
promoter, which is activated under nitrogen-limited conditions?®
(Table 2, in situ measurements). As a control, the influence of
furanones on activities of GS and p-galactosidase was investigated
in vitro. For that, the extract of the cells grown without any furanone
was pre-incubated with compounds and the activities were measured
(Table 2). Only F12 slightly affected B-galactosidase and GS in vitro,

Table 2 Influence of furanones on the activities of GS and
p-galactosidase expressed from the TnrA-dependent nrgA
promoter in B. subtilis GP250

p-galactosidase, U GS, U
Furanone in situ in vitro in situ in vitro
No furanone 51+5.4 46+3.2 30+x24 28+34
F1 (15pgml~1) 42+10.3 39+53 25+4.4 27+4.2
F2 (5pgml~1) 49+6.7 45+5.7 26+5.6 22+4.5
F8 (5ugml~1) 45+5.1 38+7.1 24+3.4 20+8.5
F12 (5pgml~1) 6+1.3 37+6.1 3+04 18+7.3
Abbreviation: GS, glutamine synthase.
a Concentration of furanones, Lg mi !
0 0 1 5 10 20
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F1 @ > » . »
F2 e . . -
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Figure 4 The influence of furanones on the interaction of transcription factor
TnrA with the Pll-like protein GInK (a) and the GS (b). TnrA was premixed
with the strep-tagged GInK or GS in the presence of furanone, loaded onto
the strep-tactin sepharose and eluted. The elution fractions were further
analyzed by using anti-TnrA antibodies.
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indicating that the observed repression of their activities is indeed an
effect of furanones on the cellular metabolism.

In B. subtilis, the activity of the transcription factor TnrA, the
master regulator of nitrogen metabolism, that is bound to the PII-like
protein GInK at the active form,?>?%3! is repressed by the interaction
with the feedback-inhibited GS. In the absence of its partner proteins,
TnrA is eliminated by proteolysis.”’ To investigate the possible
influence of furanones on the nitrogen metabolism, we checked TnrA
interaction with both GInK and GS by pull-down analysis in the
presence of furanones, as described in Supplementary Material. F1, F2
and F8 did not affect proteins' interactions in vitro and TnrA was co-
eluted with both GInK and GS despite the presence of furanones
(Figures 4a and b). In contrast, the furanone F12 impaired the
interaction of TnrA with either GInK or GS in a dose-dependent
manner (Figures 4a and b). F12 (10 and 20pgml~!) abrogated
completely TnrA binding to the GS and GInK, respectively.

DISCUSSION

B. subtilis, like many other bacteria, forms biofilms that make them
resistant to biocides and to the immune system of the host. In nature,
the marine algae produces furanones to prevent its colonization by
bacteria.!> These natural furanones and their derivatives completely
repressed the biofilm formation at the concentrations of about
4050 ugml~!'. Here we show that the new derivatives of
furanones—F8 and F12—effectively block this process at a concen-
tration of 10 pgml~!. Therefore, they could be potentially used to
prevent the biofilm formation by Bacilli either on various surfaces or
in mixed biofilms as shown recently.>>

It has been shown previously that furanones interfere with quorum
sensing processes of bacteria being very similar to the homoserine
lactone, the signal molecule of the AI-I system.!! B. subtilis does not
have such a system and cellular targets of furanones remain
unidentified. The transcription factor ComA, that is responsible for
the quorum-dependent processes in B. subtilis,>> was activated by
furanones (Figure 2). Probably, this is related to the stress response
adaptation reminiscent to the extracellular enzymes' overproduction
controlled by DegU-DegS two-component signal transduction
system.>®%” These data indicate that furanones do not affect the
competence quorum processes in B. subtilis and, probably, could even
increase the lateral gene transfer. Apparently, Firmicutes, at least
B. subtilis, are affected by furanones in another way. Our results
suggest that the regulatory pathways linked to the SpoOA global
regulator could be the putative target (Figure 3). In the absence of the
AbrB-dependent repression, the biofilm formation increases, but is
repressed in the presence of F8 and F12, whereas AbrB is believed to
repress the biofilm-related genes as well as the SinR transcriptional
regulator.!>7 This fact could be explained either by the SinR
repression that is not being released or by the repression of the
production/transduction of the biofilm formation signal. As no effect
of the furanones was found in the strains lacking SinI or SinR, F8 and
F12 could repress the initiation of biofilm formation. We suggest the
Spo0A regulatory pathway as a potential target of these furanones. The
absence of their effect in the Spo0OA mutant could be the consequence
of either strong repression of biofilm-related genes by AbrB in the
absence of its cognate antagonist SpoOA or the effect of the low
sensitivity of the method (Figure 3).

We also found that the growth of B. subtilis 168 is repressed by F12
under nitrogen starvation conditions. Therefore, it was hypothesized
that this compound could also repress the nitrogen metabolism of
cells. In the course of our investigations, we found that F12 suppresses
the interaction between the master regulator of nitrogen metabolism



TnrA in B. subtilis with GS and GInK protein in vitro. Therefore, likely
retards the growth in the nitrogen-limited medium (Figure 4).
Probably, in the presence of F12, TnrA does not interact tightly with
those interaction partners in vivo, which affect its activity and the
whole nitrogen metabolism.>>*! Other furanones did not demonstrate
clear dose-dependent effect and therefore did not influence signifi-
cantly that interaction indicating that this effect is specific for F12.
Notably, F12 also suppressed the growth on the nitrogen-rich medium
like BM when TnrA and GS are not initially active in the cell. Perhaps,
furanone F12 is not specific for the TnrA or GS, and can interact with
many other proteins by hydrophobic p-tolyl group (see structure on
Figure 1). Therefore, the suppression of the regulatory proteins'
interaction could be a potential mechanism of the inhibition of the
biofilm formation and bacterial growth by furanones. In addition to
abolishing the TnrA-GS and TnrA-GInK interactions, F12 also likely
affects the SpoOA interaction with partner proteins that results in the
constitutive repression of the biofilm-related genes.

The targets of mucochloric acid F1 and of mucobromic acid F2 still
remain unknown. As these furanones demonstrated rather unspecific
activity, we cannot exclude that they do not have a localized target but
rather affect the whole bacterial metabolism.
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