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Abstract

Background: Cell to cell signaling systems in Gram-negative bacteria rely on small diffusible molecules such as
the N-acylhomoserine lactones (AHL). These compounds are involved in the production of antibiotics,
exoenzymes, virulence factors and biofilm formation. They belong to the class of furanone derivatives which are
frequently found in nature as pheromones, flavor compounds or secondary metabolites. To obtain more
information on the relation between molecular structure and quorum sensing, we tested a variety of natural and
chemically synthesized furanones for their ability to interfere with the quorum sensing mechanism using a
quantitative bioassay with Chromobacterium violaceum CV026 for antagonistic and agonistic action. We were
looking at the following questions:

I. Do these compounds affect growth?
2) Do these compounds activate the quorum sensing system of C. violaceum CV026!?

3) Do these compounds inhibit violacein formation induced by the addition of the natural inducer N-
hexanoylhomoserine lactone (HHL)?

4) Do these compounds enhance violacein formation in presence of HHL?

Results: The naturally produced N-acylhomoserine lactones showed a strong non-linear concentration
dependent influence on violacein production in C. violaceum with a maximum at 3.7*10-8 M with HHL. Apart from
the N-acylhomoserine lactones only one furanone (emoxyfurane) was found to simulate N-acylhomoserine
lactone activity and induce violacein formation. The most effective substances acting negatively both on growth
and quorum sensing were analogs and intermediates in synthesis of the butenolides from Streptomyces antibioticus.

Conclusion: As the regulation of many bacterial processes is governed by quorum sensing systems, the finding
of natural and synthetic furanones acting as agonists or antagonists suggests an interesting tool to control and
handle detrimental AHL induced effects.

Some effects are due to general toxicity; others are explained by a competitive interaction for LuxR proteins. For
further experiments it is important to be aware of the fact that quorum sensing active compounds have non-linear
effects. Inducers can act as inhibitors and inhibitors might be able to activate or enhance the quorum sensing
system depending on chemical structure and concentration levels.
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Background

Introduction

In Gram-negative bacteria, the best investigated intercellu-
lar signaling compounds are the N-acylhomoserine lac-
tones, the action of which are based on the gene products
of the luxR gene analogs [1-6]. Different bacterial species
may produce different AHL analogs that differ in length of
the N-acyl chains, ranging from 4-14 carbons and in the
substitution at the 3-position of the side chain [7-9]. A
second communication molecule, a furanosyl borate
diester, found in Vibrio harvey is suggested to be active in
interspecies signaling [10-13]. A genomic database analy-
sis indicates that this interspecies communication is pos-
sibly spread throughout the whole group of eubacteria
[14,15]. Butyrolactones (2(3H)-furanones) from Strepto-
myces species are structurally related to the N-acylhomo-
serine lactones and act as well in quorum sensing [16,17].

The AHL communication systems are highly species spe-
cific, but crosstalk may disturb proper signaling. AHLs
with side chains other than the native ones interfere with
signaling in Vibrio fischerii [18,19]. AHL-signals from Pseu-
domonas aeruginosa acted on Burkholderia cepacia in a
mixed biofilm system but not vice versa [20]. In Pseu-
domonas sp. diketopiperazines interact with the AHL
dependent signaling system [21], and Staphylococcus
aureus is sensitive to S. epidermidis quorum signals [22]. In
natural bacterial communities several mechanisms have
been found to interfere with bacterial signaling. Halogen-
ated furanones from the marine algae Delisea pulchra
inhibit quorum sensing mediated by N-acylhomoserine
lactones [23-27].

A variety of AHL analogs have been tested for agonist or
antagonist activity in quorum sensing. The length of the
side chain, the C-3 carbonyl group as well as the ring
structure influence binding of the signal molecule to the
receptor protein [19,20,28]. Furthermore some synthetic
furanones as well as structurally related compounds have
been shown to interact with quorum sensing [29-32].
Bromoperoxidase in Laminaria digitata forms hypobro-
mous acid which deactivates signaling of 3-oxohexanoyl-
homoserine lactone by oxidation [33]. Enzymes which
degrade N-acylhomoserine lactones are present in Vario-
vorax paradoxus [34], in Bacillus sp. [35,36]and in other
bacteria [37-39]

Many furanones with chemical structures similar to the N-
acylhomoserine lactones are produced in nature. Buteno-
lides (2(5H)-furanones) have been isolated from Strepto-
myces species [28,40-42] or from Hortonia species [43].
Furanones are also produced by marine green, red or
brown algae, by sponges, fungi, and ascidians [44-47]
3(2H)-furanones are sex pheromones from male cock-
roaches [48] while others are important artificial flavoring
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compounds in food industry or produced during cooking
[49] or fermentation and found in beer and soy products.
They occur naturally in pineapples or strawberries [50]
and constitute flavoring compounds in cheese and wine
[51-54]. Ascorbic acid belongs as well to the group of
furanones [50]. Naturally occuring furanones may play a
role in inhibiting bacterial infections and biofilm forma-
tion on plants which produce these. In recent years the
concept to control bacterial infections through their quo-
rum sensing system has gained much interest [55-61]. The
availability of natural and synthetic Streptomyces sp. bute-
nolides [28,29,62] and many intermediates from synthe-
sis lead us to test these compounds for agonist and
antagonist activity in the Chromobacterium test system.

Results

Bioassay with C. violaceum CV026 for N-acylhomoserine
lactone and furanone activity

As an example, the full activity test for compound 3.31
from the list of furanones given in Figure 1 is shown in
Figure 2. The compound was tested alone and in the pres-
ence of increasing concentrations of HHL. The concentra-
tion of compound 3.31 decreased horizontally from
column 1 to 12, the HHL concentration vertically from A
to F, each concentration was tested in triplicates. The
experiment showed that compound 3.31 acted as an
inhibitor of violacein production. Besides this, the com-
pound was toxic, as estimated by the decrease in turbidity
as indicator of growth (compare the growth control in H7
to H9 with H10 to H12 in the presence of compound
3.31).

The data from the experiment given in Figure 2 is plotted
in Figure 3. The control lacking compound 3.31 gave the
typical response to increasing concentrations of the native
AHL. The maximal violacein production was reached
within one decade in concentration and the maximum
dye development lay in all experiments around 3.7*10-8
M. Violacein formation did not saturate at higher concen-
trations of the signaling compound but clearly decreased
from 3.7*10-8M HHL to 10-° M by about 40%. Increasing
concentrations of compound 3.31 resulted in decreased
violacein production at all HHL concentrations tested. At
103 M of 3.31 dye formation was practically fully blocked
and the values below zero at the concentration of 102 M
indicated growth inhibition due to the toxicity of the
compound.

Induction and inhibition of violacein production in C.

violaceum CV026 by different N-acylhomoserine lactones
Antagonism towards AHL effects on violacein production
or inhibition of quorum sensing is often followed by
using the wild type C. wviolaceum. However, observing
these effects with CV026 in the presence of defined con-
centrations of the native inducer HHL allows to better
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Figure |

Structures of the tested furanones. Synthesis of furanones related to Streptomyces antibioticus metabolites and chemical
structure of the compounds tested. A) general scheme for the synthesis of furanones related to Streptomyces antibioticus metab-
olites; reagents: a: Lithium diisopropylamide, b: BBr;, c: NaBH, B) synthesized compounds (for details [29]).1.01: 5-hydroxy-4-
methylfuran-2(5H)-one a), 3.01: 5-hydroxy-3-[(| R)- | -hydroxyethyl]-4-methylfuran-2(5H)-one b), 3.02: 5-hydroxy-3-[(IS)-1-
hydroxyethyl]-4-methylfuran-2(5H)-one b), 3.1 I: 5-hydroxy-3-[(|R)- | -hydroxypropyl]-4-methylfuran-2(5H)-one b), 3.12: 5-
hydroxy-3-[(IS)-|-hydroxypropyl]-4-methylfuran-2(5H)-one ), 3.21: 5-hydroxy-3-[(IR,2S)- | -hydroxy-2-methylbutyl]-4-methyl-
furan-2(5H)-one b), 3.22: 5-hydroxy-3-[(1S,25)- | -hydroxy-2-methylbutyl]-4-methylfuran-2(5H)-one b), 3.31: 5-hydroxy-3-[(IR)-
[ -hydroxy-2,2-dimethylpropyl]-4-methylfuran-2(5H)-one ), 3.32: 5-hydroxy-3-[(IS)-|-hydroxy-2,2-dimethylpropyl]-4-methyl-
furan-2(5H)-one b), 3.41: 5-benzyloxy-3-bromo-4-methylfuran-2(5H)-one b), [63] 3.51: 5-hydroxy-3-(1-hydroxydecyl)-4-methyl-
furan-2(5H)-oned, 4.01: 3-[(IR)-1-hydroxyethyl]-4-methylfuran-2(5H)-one, 4.02: 3-[(1S)-|-hydroxyethyl]-4-methylfuran-2(5H)-
one, 4.1 I: 3-[(IR)-I-hydroxypropyl]-4-methylfuran-2(5H)-one, 4.12: 3-[(1S)- | -hydroxypropyl]-4-methylfuran-2(5H)-one, 4.21:
5-hydroxy-3-[(IR,25)- | -hydroxy-2-methylbutyl]-4-methylfuran-2(5H)-one, 4.22: 5-hydroxy-3-[(1S,2S)-|-hydroxy-2-methyl-
butyl]-4-methylfuran-2(5H)-one, 4.31: 3-[(IR)-|-hydroxy-2,2-dimethylpropyl]-4-methylfuran-2(5H)-one, 4.32: 3-[(IS)-1-
hydroxy-2,2-dimethylpropyl]-4-methylfuran-2(5H)-one, 4.5|: 3-(1-hydroxydecyl)-4-methylfuran-2(5H)-one 2. 2 Racemate b)
Mixture of the two C(5)-epimers 9 Mixture of the two C(I")-epimers 9 Mixture of all four diastereoisomersC) commercially
available flavoring compounds. | I: sotolone, 3-hydroxy-4,5-dimethylfuran-2(5H)-one; 12: emoxyfurane or EMF, 5-ethyl-3-
hydroxy-4-methylfuran-2(5H)-one; |13: dihydroactinolide, 5,6,7,7a-4,4,7a-trimethyltetrahydrobenzofuran-2(4H)-one; 14: meth-
yltetrahydrofuranone, 2-methyldihydrofuran-3(2H)-one;, 15: norfuraneol, 4-hydroxy-5-methylfuran-3(2H)-one; 16: DMHF or
furaneol, 4-hydroxy-2,5-dimethylfuran-3(2H)-one; |17: pineapple ketone acteate, 2,5-dimethyl-4-oxo-4,5-dihydrofuran-3-yl ace-
tate; 18: HF or homofuraneol; 5-ethyl-4-hydroxy-2-methylfuran-3(2H)-one; 19: methyl furyl butanal, 3-(5-methyl-2-
furyl)butanal; 20: L-ascorbic acid, (5R)-3,4-dihydroxy-5-[(1S5)-1,2-dihydroxyethyl]furan-2(5H)-one; 21: (5Z)-4-bromo-5-(bro-
momethylene)-3-butylfuran-2(5H)-one; 22: (5Z)-4-bromo-5-(bromomethylene)-3 [(|R)- | -hydroxybutyl]furan-2(5H)-one; 23:
AHL, principal structure of N-acyl-L-homoserine lactones with N-decanoyl-L-homoserine lactone as example.
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Figure 2
Bioassay for quorum sensing using C. violaceum CV026 demonstrating effects of compound 3.31 on violacein
formation. Concentrations of compound 3.31 in rows A to F: Columns | to 3 = 10-2M, columns 4 to 6 = 103 M, columns 7
to 9 = 104M, columns 10 to 12 = 10-5 M. HHL concentrations: row A 10 M, row B 3.3*[07 M, row C |.1*10-7M, row D
3.7%108 M, row E 1.2%10-8 M, row F 4.1%10-° M. Rows G and H: calibration for HHL, GI-G3 10-¢ M, G4-G6 107 M, G7-G9 10-8
M, G10-GI12 10-°M, HI-H3 10-19M, H4-H6 10-'! M. H7-H9 is a growth control of the mutant CV026 lacking HHL, wells H10-
H12 contain compound 3.31 at 10-2M to observe growth inhibition.

understand the interaction between the compound to be
tested and the native N-acylhomoserine lactone at the cel-
lular level. Inhibition or activation of violacein produc-
tion is then related to the dye development achieved with
defined concentrations of HHL.

Figure 4 summarizes the activating effect of different N-
acylhomoserine lactones on violacein formation. Activa-
tion was observed at 3.7*10-8 M for side chain lengths
from C,to Cg, while concentrations of 10 M or 104 M
were necessary to induce violacein formation for side
chain lengths of C,and C,,to C,,. None of the tested AHL
inhibited growth at the highest concentration of 104 M

(data not shown). As demonstrated in Figure 4, DHL (C,,
side chain) stimulated dye formation at concentrations
higher than 10-° M, dDHL (C, side chain) only at 10-4 M.

Violacein was optimally induced by 3.7*10-8 M HHL, this
value was again set to 1 in Figure 5. The addition of any
other N-acylhomoserine lactone except C, to cells sup-
plied with 3.7*10-8 M HHL acted inhibitory. As already
indicated in Figure 2, any increase in concentration of the
native HHL itself reduced the amount of violacein pro-
duced and the inhibition increased with chain length. At
a concentration of 10 M, compounds with C, to Cg acyl
side chains inhibited stronger than at the lower
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Quantitative presentation of the bioassay showing
effects of compound 3.31 on violacein production in
C. violaceum CVO 26 at various HHL concentra-
tions. Quantitative presentation of data from Figure 2 show-
ing effects of compound 3.31 on violacein production in C.
violaceum CVO 26 at various HHL concentrations. A value of
| is equal to the violacein production induced by 3.7%10-8 M
HHL. Values are the mean of 3 determinations, the standard
deviation was between 0.01 and 0.09 (error bars indicated).
Note that the x-axis is logarithmic.

concentration (3.7*10-¢ M). Interestingly, C,,to C,,AHLs
were more effective inhibitors at the low concentration of
3.7*10®* M compared to 10-° M.

Effects of 32 natural and synthetic furanone compounds
on growth, and on induction, inhibition and enhancement
of violacein production by C. violaceum

The complete set of furanone analogs and derivatives
illustrated in Figure 1 were tested for activation and inhi-
bition of the quorum sensing system of C. violaceum
CV026, as demonstrated before for compound 3.31 in
Figure 2. For comparison with the natural inducers, the
long chain DHL (compound 23) was included as test
compound. The data are summarized in Table 1. Synthe-
sized furanones or intermediates from synthesis, which
were not soluble in water, were not tested for biological
activities and are not listed in Table 1. Activation of quo-
rum sensing gives the effect on violacein production at 10-
4M in the absence of HHL (Column 1); 0 means no viol-
acein compared to the blank, 1 is equal to the effect of
3.7*108 M HHL. Activation of the CV026 violacein for-
mation was negative for all furanones, except for #12,
which resulted in a slight stimulation. Effects on growth

http://www.biomedcentral.com/1471-2180/4/25

1.2 1 —e— 10" [M]
10 - i’\ —®3.7410° M)
0.8 :
=
= 061
[&]
< ;
0.4 4 K 3
] Vs
0.2 4 E \%.
0.0 . r r T T . T r
BHL HHL HPHSL OHL DHL dDHL tDHL 12
Compound
Figure 4

Induction of violacein production in C. violaceum
CV026 by N-acylhomoserine lactones and compound
12 (10-4 M). Induction of violacein production was observed
by adding different N-acylhomoserine lactones to cultures of
C. violaceum CV026. The experiments where conducted
according to the well assay described in the methods section.
A value of | is equal to the violacein production induced by
3.7%10-8 M HHL, 0 = no violacein formed. Values are the
mean of 3 determinations, the standard deviation was
between 0.01 and 0.09 (error bars indicated).

are seen in the change in turbidity at 102 M (Column 2);
1 is equal to the control with no additions. Some
furanones were toxic at 10-2 M. Turbidity dropped to 40 to
60 % of the control in the presence of 10-2M of the com-
pounds 3.31, 3.32, 4.31, 4.32, 3.51, 13, 18, 19 or 22.
Some compounds induced an increase in absorption
compared to the control (3.01, 3.02, 12, DHL). It may be
that these were degraded by CV026 and stimulated
growth by acting as additional carbon source. For two acti-
vators, #12 and the long chain DHL, this increase in
absorption was partially due to the simultaneous induc-
tion of violacein formation as the assays turned purple.
Inhibition was tested at a compound concentration of 10-
4M in the presence of either 3.7*10-8 M HHL (column 3)
or 10-° M HHL (column 4); setting the effect of these con-
centrations to 1 in the absence of the added compound.
All furanones including compound DHL (see also Fig. 5)
inhibited violacein formation at 104 M in the presence of
optimum HHL concentration (column 3). The inhibition
ranged from a few percent for #19, 15, 8 and 11, to 70 to
80% for #3.01, 4.01, 3.11, 3.31 and 12. Interestingly, the
same experiment at an elevated HHL concentration of 10
6 M (column 4) resulted in different inhibitory effects for
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Inhibition of violacein production by C. violaceum
CV026 by N-acylhomoserine lactones and compound
12 (10-4 M).Inhibition of violacein production was observed
by adding different N-acylhomoserine lactones and HHL at
3.7%108 M HHL to cultures of C. violaceum CV026. The
experiments where conducted according to the well assay
described in the methods section. A value of | is equal to the
violacein production induced by 3.7*10-8 M HHL alone (no
inhibition), 0 = no violacein formed (complete inhibition).
Values are the mean of 3 determinations, the standard devia-
tion was between 0.01 and 0.09 (error bars indicated).

some furanones; it could both be larger (e.g. #3.22, 4.22,
or 3.02) or smaller (e.g. #3.41, 3.01, or 4.51) compared to
the ones shown in column 3. Enhanced expression gives
the effect on violacein production by 10-> M furanones at
a suboptimal HHL concentration of 4.6*10-° M, (Column
5); 1 is equal to the control lacking an addition. These
data indicate whether a compound acted cooperatively
with HHL present at a suboptimal concentration (4.6*10-
9 M) and enhanced expression of violacein. Obviously
quite a few furanones acted synergistically with limiting
HHL and stimulated violacein formation.

Discussion

Most compounds tested interacted in some way with
growth or violacein production in C. violaceum. Some of
them clearly inhibited growth at 10-2M (Table 1, column
2), but none showed negative effects on growth at 104 M
(data not shown). It is therefore assumed that the effects
on violacein production observed at 104 M furanone con-
centration are not due to inhibition of growth processes,
but rather based on interferences with the signaling sys-
tem of quorum sensing. Several compounds clearly
stimulated growth, suggesting that these may become
metabolized and act as growth substrates.

http://www.biomedcentral.com/1471-2180/4/25

Only one single furanone, compound 12, was found to
simulate N-acylhomoserine lactone activity and induce
violacein formation, furthermore, it stimulated growth
(Table 1, column 1 and 2). In the presence of superopti-
mal concentrations of HHL, addition of compound 12
lowered violacein production, while increasing violacein
production at suboptimal HHL (Table 1, columns 3 to 5),
which is the behavior expected for a member of the N-
acylhomoserine lactone family. Compound 12 thus acts
in C. violaceum CV026 similar to long chain AHLs; it
inhibits violacein formation in the presence of optimal
HHL, but induces it in the absence of HHL with increasing
concentrations. Furthermore, the inhibition is partially
relieved by increasing the concentration of HHL.

Halogenated furanones from Delisea pulchra are well
described as antagonists to N-acylhomoserine lactones
[24]; our data show that compound 22 inhibited viola-
cein formation stronger than compound 21, confirming
the reported results with E. coli (pSB403) [24].
Furthermore, #22 was toxic on growth at 10-2M and did
not enhance expression in the presence of suboptimal
HHL concentrations (Table 1, columns 2 and 5).

The most effective substances acting negatively both on
growth and quorum sensing were compounds 3.31, 3.32,
3.51, 4.31 and 4.32, analogs of the natural products from
Streptomyces antibioticus. Growth was inhibited by 40 to 60
% and violacein formation dropped in some cases to 20
%.

The different tests of combinations of furanones with the
natural HHL at various concentrations made it difficult to
simply group the compounds into agonists and
antagonists of quorum sensing. Although except for #12
none of the furanones exhibited an activating effect on
violacein formation, about half of them stimulated viola-
cein formation in the presence of suboptimal HHL (Table
1, column 5). This suggests some cooperative action for
binding to the receptor site. Another interaction, possibly
as well a competition for this site, is seen when the inhib-
itory effects of the furanones are compared at two differ-
ent HHL concentrations (Table 1, columns 3 and 4). With
some furanones the inhibition decreases with increasing
concentration of HHL, e.g. with compounds 3.01, 3.41,
and 4.51, while with others the inhibition is increased, as
e.g. clearly seen with 3.02 or 18.

Both cooperative and antagonistic effects are also
observed with N-acylhomoserine lactones having C, to
C,, side chains with respect to the action of HHL, the nat-
ural inducer of CV026. AHLs act in both ways depending
on the concentration. The short side chain AHLs (BHL to
OHL) induced at low concentrations but induction
became repressed with increasing concentrations. In con-
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Table I: Effects of the compounds listed in Figure | on quorum sensing and growth.

Compound Activation no HHL ~ Toxic no HHL Comp. Inhibition | HHL 3.7%10-8  Inhibition 2 HHL 10-¢  Enhanced Expression
Comp. 104M 102M M Comp. 104M M Comp. 104M HHL 4.6*10-° Comp.
10°M
| 2 3 4 5
1.0l -0.04 0.65 0.78 0.77 1.74
3.01 0.02 1.26 0.29 0.70 0.74
3.02 0.03 1.29 0.65 0.33 1.42
3.1 0.00 0.97 0.31 0.18 0.18
3.12 -0.01 0.96 0.69 0.45 1.21
3.21 -0.02 0.83 0.83 0.95 2.41
322 -0.02 0.75 0.73 0.54 1.27
331 -0.05 0.50 0.20 0.36 0.82
3.32 -0.08 0.38 0.51 0.28 1.05
341 -0.02 0.80 0.60 0.90 1.07
3.51 -0.06 0.52 0.87 0.94 1.15
4.0l 0.00 1.03 0.32 0.47 1.22
4.02 0.00 0.97 0.40 0.24 0.23
4.11 -0.01 0.86 0.58 0.67 0.94
4.12 -0.05 0.65 0.36 0.36 0.52
4.21 -0.03 0.76 0.66 0.51 1.37
422 -0.03 0.72 0.74 0.52 1.64
431 -0.06 0.49 0.44 0.32 0.86
432 -0.04 0.53 0.47 0.51 0.90
451 0.03 1.17 0.70 0.98 0.97
I 0.02 .19 0.96 0.97 2.17
12 0.11 1.79 0.42 0.62 2.66
13 -0.04 0.53 0.84 0.62 1.81
14 0.00 1.03 0.92 0.91 1.69
15 -0.03 0.68 0.46 0.25 0.96
16 0.0l 1.10 0.84 0.84 1.46
17 0.00 1.04 0.95 0.97 0.8lI
18 -0.09 0.60 0.93 0.57 091
19 -0.06 0.55 0.74 0.78 1.02
20 0.01 .12 0.92 0.84 1.63
21 -0.02 0.83 0.57 0.41 1.31
22 -0.04 0.59 0.32 0.39 0.96
DHL 0.78 3.76 0.78 0.58 2.71

Column I: activation of QS = bold. Growth control = 0, 3.7¥10-8M HHL = |. Column 2: growth stimulation (> 1.15) = bold, growth inhibition (<
0.6) = italics, growth control = |. Column 3: inhibition of QS induced by 3.7*%10-8M HHL (< 0.60) = italics, control = |. Column 4: inhibition of QS
induced by 10-¢M HHL, > 0.15 less inhibitory than column 3 = bold, > 0.15 more inhibitory than column 3 = italics, control = |. Column 5:

synergistic effect to HHL = bold, control = I.

trast, long chain AHLs acted in the opposite way as dem-
onstrated by McClean et al. [9] with less quantitative
diffusion plate tests. As these compounds activated the
quorum sensing system at higher concentrations, long
chain AHLs strongly stimulated also violacein formation
in the presence of suboptimal HHL concentrations, as
shown by DHL in Table 1.

The screening of chemically related compounds for activ-
ity with the bacterial quorum sensing system should give
some information on structure-function relationships. In

each of the three pairs of enantiomers, 3.01/3.02, 4.01/
4.02,and 3.11/3.12, the two enantiomers not surprisingly
showed a quite different behavior. While all are non-toxic
on growth, only one isomer of each pair showed a positive
cooperative effect in combination with suboptimal con-
centrations of HHL (Table 1, column 5). Similarly a 60-
fold difference between the L and D form of OHHL has
been noted by McClean et al. [9]. However, this is not true
for the other two enantiomeric pairs, 3.31/3.32 and 4.31/
4.32, where no significant difference in the activity spec-
trum was observed.
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Compounds 3.21 and 3.22, as well as 4.21 and 4.22 con-
stitute pairs of diastereoisomers differing only by an OH-
group at the furanone ring. While in the first pair the com-
pound with the R-configuration at the OH bearing carbon
atom of the side chain (3.21) was much more stimulating
than the one with the S-configuration (3.22), the situa-
tion was reversed with the second pair, the S-form (4.22)
being more active. The opposite was seen with
compounds 3.01/3.02 and 4.01/4.02, as well as with the
pairs 3.11/3.12 and 4.11/4.12, where in the presence of
the OH-group the R-form acted as inhibitor.

One is tempted to correlate some of the findings with the
length of the side chains of the furanones [63]: com-
pounds with small side chains (3.01/3.02, 4.01/4.02,
3.11/3.12 and 4.11/4.12) gave more response than the
branched and thus sterically more demanding com-
pounds (3.31/3.32, 4.31/4.32, 3.51 and 4.51).

Recently the high-resolution structure of the TraR protein
has been published [64]. Binding studies with point
mutations in the TraR protein confirm the specific amino
acids involved in the binding of the AHL [65]. The
furanone ring of the inhibitory compound 3.31 could fit
into the model of the R protein. Hydrogen bonds with
Trp57 and Tyr53 would be possible, however, the link to
the amide-N of Asp70 would not occur. Furthermore the
hydrophobic part of compound 3.31 would be at another
site than for a N-acylhomoserine lactone bound to the R
protein.

Most of the commercially available products inhibited the
HHL induced violacein production (Table 1, columns 3
and 4); exceptions are #11, 14 and 17 where the effect was
negligible. Enhanced expression at suboptimal HHL con-
centration was strongly observed with #11 and 12 (the lat-
ter compound differing only in having an ethyl instead of
a methyl side chain). Compounds 13, 14 and 16 showed
similar stimulating effects, #13 in spite of its more com-
plex structure. Within the structurally related group #14 to
#18 the addition of compounds 14 and 16 stimulated dye
formation, while #15, 17 and 18 produced no or only a
slight inhibitory effect. Interestingly, ascorbic acid (#20)
behaved like a long chain member of the AHL family,
inhibiting violacein formation at optimal and higher con-
centrations of HHL, but stimulating at suboptimal ones.

Interaction of various chemical compounds especially N-
acylhomoserine lactone analogs [18,56] with AHL signal-
ing have been investigated before. Also the azalide antibi-
otic azithromycin inhibits quorum sensing in
Pseudomonas [30], as well as metabolites from a marine
bryozoan [66] or plants [67], but so far it was not possible
to propose a general concept of the interaction of the com-
pounds with the receptor protein.

http://www.biomedcentral.com/1471-2180/4/25

Conclusions

From the results described it is difficult to find a general
structure-function relationship. All furanone compounds
tested, including the bacterial N-acylhomoserine lactones,
showed strong concentration dependent activities. Some
effects are due to general toxicity; others may be explained
by a competitive interaction for LuxR protein. Even inter-
action with a (hypothetic) second autoinducer system as
found in Vibrio harveii [10] might be possible. It must be
emphasized that when compounds interacting with the
quorum sensing system are studied, it is crucial to observe
these effects over a broad range of concentrations, since
depending on the concentration applied, also natural
inducers act as inhibitors while inhibitors are able to acti-
vate the system.

Methods

Bacterial strains and culture conditions

C. violaceum CV026 (a mini-Tn5 mutant) served as indica-
tor organism for quorum sensing by quantifying violacein
synthesis [9]. In this mutant the AHL regulated pheno-
types are specifically repressed [68]. The organism was
grown on 0.5% yeast extract and 1% tryptone. For each
experiment a fresh over night culture (27 ° C without shak-
ing) with an OD, of approximately 1.2 was used.

Signaling compounds

A series of 30 furanone derivatives was synthesized using
furanone 1 and various aliphatic aldehydes 2 (Figure 1).
Deprotection and reduction gave compounds 3 and 4,
respectively [62]. Compounds 3 and 4 are analogs to nat-
ural butenolides that were recently isolated form Strepto-
myces antibioticus [28]. All compounds tested are compiled
in Figure 1. Substances derived from 1, 3, and 4 were syn-
thesized as reported by Grossmann [29]. Eight commer-
cially available furanones were obtained from Givaudan
S.A., Ditbendorf, Switzerland (11-19, Figure 1). Two hal-
ogenated furanones (21, 22) were provided by Staffan
Kjelleberg (University of New South Wales, Sidney, Aus-
tralia). Synthetic N-acylhomoserine lactones were
obtained from Fluka (Buchs, Switzerland).

Bioassay

Experiments were conducted in 96 well flat bottom plastic
microplates (Sarstedt Inc, USA). With the mutant CV026,
violacein formation is dependent upon the external addi-
tion of N-hexanoylhomoserine lactone (HHL). Activation
of quorum sensing by furanones was tested directly by
addition of the compounds to the wells. As control, a cal-
ibration curve with HHL was obtained separately in each
experiment. To study inhibition using CV026, N-hex-
anoylhomoserine lactone at optimal induction concentra-
tion (3.7*10-8 M HHL) plus furanones were added to each
assay in four dilution steps. To the wells that were used for
growth control neither furanones nor N-hexanoylhomo-
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serine lactone were added. For toxicity control furanones
only were added. Turbidity at 660 nm was used for growth
control. The final concentrations used are given in the
results. Then, 100 pl of freshly grown CV026 were trans-
ferred into each well and the microplates incubated on a
lab plate-shaker (0.01 Hz) for 16 hours at 27°C to allow
induction of violacein formation. The plates were then
dried at 60°C until all medium had evaporated (around 6
hours or overnight). The violacein was resolubilized by
adding 100 pl of DMSO to each well and the plates incu-
bated on a lab shaker for two hours. The absorbance of
each well was measured with an automatic Anthos 2001
96 well plate reader (Anthos Labtec Instruments, Austria)
at a fixed wavelength of 590 nm. The amount of violacein
produced in the individual experiments was calibrated
with respect to the HHL calibration series present on each
microplate. Each measurement was done in triplicate.

Abbreviations for N-acylhomoserine lactones
BHL = N-butanoylhomoserine lactone, HHL = N-hex-
anoylhomoserine lactone, HPHSL = N-heptanoylhomo-
serine lactone, OHL = N-octanoylhomoserine lactone,
DHL = N-decanoylhomoserine lactone, dDHL = N-
dodecanoylhomoserine lactone, tDHL = N-tetradecanoyl-
homoserine lactone.
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