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Foods with health-promoting effects beyond nutritional values have been gaining increasing research focus in recent years, al-
though not much has been published on this subject in relation to bacterial infections. With respect to treatment, a novel antimi-
crobial strategy, which is expected to transcend problems with selective pressures for antibiotic resistance, is to interrupt bacte-
rial communication, also known as quorum sensing (QS), by means of signal antagonists, the so-called QS inhibitors (QSIs).
Furthermore, QSI agents offer a potential solution to the deficiencies associated with use of traditional antibiotics to treat infec-
tions caused by bacterial biofilms and multidrug-resistant bacteria. Several QSIs of natural origin have been identified, and in
this study, several common food products and plants were extracted and screened for QSI activity in an attempt to isolate and
characterize previously unknown QSI compounds active against the common opportunistic pathogen Pseudomonas aeruginosa.
Several extracts displayed activity, but horseradish exhibited the highest activity. Chromatographic separation led to the isola-
tion of a potent QSI compound that was identified by liquid chromatography-diode array detector-mass spectrometry (LC-
DAD-MS) and nuclear magnetic resonance (NMR) spectroscopy as iberin—an isothiocyanate produced by many members of the
Brassicaceae family. Real-time PCR (RT-PCR) and DNA microarray studies showed that iberin specifically blocks expression of

QS-regulated genes in P. aeruginosa.

he emergence of multidrug-resistant bacteria and problems

with the use of conventional antibiotics to treat infections
caused by bacterial biofilms have prompted scientists to ask
whether we are approaching a postantibiotic era (1). Harsh selec-
tion pressures in combination with sheer overuse promote the
evolution of multidrug-resistant bacteria that pose an increasing
threat to human health (45, 60). Another major drawback of the
use of conventional antibiotics is their failure to effectively clear
chronic infections caused by biofilms, and new measures are re-
quired (15, 16).

Since the mid-1990s, novel approaches to the development of
antimicrobial drugs have been the subject of extensive experimen-
tal work, primarily in academia. One such approach involves in-
terrupting bacterial communication instead of killing the bacteria.
Many bacteria regulate phenotypes that are essential to pathoge-
nicity and/or symbiosis through chemical signaling, known as
quorum sensing (QS) (57). A common theme in QS is that this
takes place in a cell-density-dependent manner in which individ-
ual cells release small signal molecules to the surroundings to
make their presence known. As more bacteria gather, the concen-
tration of signal molecules gradually increases until a threshold
concentration is reached, at which point a cellular response is
generated (57). Research by our laboratory has offered compelling
evidence that blocking this signaling network reinstates proper
action of the immune system, which leads to the removal of the
infecting bacteria (7, 23). Several potent QS inhibitors (QSIs) have
been identified to date, many of which have been isolated from
nature and modified by subsequent organic chemistry (23, 32, 54).
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This is to be expected, since QS and its countermeasures have
presumably existed for millions of years.

Pseudomonas aeruginosa is a Gram-negative, motile aerobic
bacterium listed among 6 pathogens identified by the Infectious
Disease Society of America (IDSA) as primary targets for antimi-
crobial research (58). This opportunistic pathogen makes use of
QS as a means to coordinate release of an arsenal of virulence
factors that contribute greatly to its pathogenicity (12, 59). It is
found in nosocomial and life-threatening infections of immuno-
compromised patients, such as AIDS patients and burn victims
(59), and is the predominant cause of chronic lung infections in
cystic fibrosis (CF) patients (18, 24, 34). Furthermore, recent work
by us has revealed its presence in chronic wounds (17, 31). The P.
aeruginosa QS system consist of two sensor systems based on the
LuxRI homologues from Vibrio fisheri (19) denoted lasRI and
rhIRI. lasI and rhll encode the signal synthetase, which catalyzes
the formation of the required signal molecules, and lasR and rhIR
encode the receptor protein that binds the signal molecule fol-
lowed by a transcription of QS genes. The LasIR system makes
use of N-(3-oxododecanoyl)-L-homoserine lactone (3-oxo-C12-
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TABLE 1 Strains used in the study

Food as a Source for QS Inhibitors

Species Name/genotype Description” Reference

P. aeruginosa PAO1 Wild type 25
rhlA-gfp Gm™%%; PAO1-ATCG, P, 14 o, (ASV)-P,, ~lasR-mini-Tn5 derivative of pMHLAS 66
lasB-gfp Gm™>*; PAO1-ATCG, P, o, (ASV)-P,,, ~lasR-mini-Tn5 derivative of pMHLAS 22

E. coli QSIS1 pUCI18Not-luxR-PluxI-RBSII-phlA TO-T1, Ap*'°°Y maintained in CSH37 53
rhlA-lacZ rhlA-lacZ from pECP60 on pJPP8, tacP-rhiIR 47
lasB-gfp MT102, P50, (ASV)-P,,~lasR-mini-Tn5 derivative of pMHLAS 22
luxI-gfp pJBA132, Tc'; pME6031-luxR-PluxI-RBSII-gfp(ASV)-T0-T1 5

“ Gm, gentamicin; Ap, ampicillin; Tc, tetracycline.

HSL) as a cognate signal molecule, while the RhIIR system utilizes
N-butanoyl homoserine lactone (C,-HSL) (37, 46, 65). The two
systems work in a hierarchical manner, as the las-encoded system
affects the expression of the rhi-encoded system (36, 48, 50). A
third sensor system denoted the Pseudomonas quinolone signal
(PQS) is present and operates between the two other systems (49).
Several investigations have indicated that the maximal production
of the PQS signal molecule (2-heptyl-3-hydroxy-4-quinolone) is
initiated at the onset of stationary phase and is not regulated by
cell population density (14, 39, 41).

Among QS-controlled factors in P. aeruginosa is the produc-
tion of rhamnolipids, which leads to killing of polymorphonu-
clear (PMN) leukocytes of the host organism, paving the way for a
successful infection by eliminating one of the host’s first lines of
defense (30). Rhamnolipids are glycolipids with strong surfactant
abilities; in particular, one of the most abundant, rhamnolipid B,
has been shown to cause necrosis of PMNs (30). The production
of rhamnolipid is encoded by the rhIA, rhiB, and rhiC genes (44,
52). In a recent study (61), we showed that a much higher clear-
ance of a rhlA mutant was observed in two different infectious
animal models, which led us to hypothesize that a great deal of the
tolerance of P. aeruginosa biofilm to agents of the immune system
can be attributed to a protective “rhamnolipid shield.”

A field within medical science dealing with food with docu-
mented health-promoting or disease-preventing properties has
been gaining increasing popularity and media exposure in recent
years. It is commonly acknowledged today that a diet rich in fish
and a moderate consumption of alcohol reduce the relative risk of
coronary heart disease and that dairy products containing probi-
otics improve gastrointestinal health (27, 38, 55). It has been put
forward that, combined with preexisting knowledge (such as fam-
ily history), functional, tailor-made diets can be made for an in-
dividual according to which risk groups he or she falls within. In
our experience, it is unlikely that any natural food source has
biologically relevant amounts of QSIs sufficient to be considered
for therapeutic purposes. However, food sources may offer pre-
ventative effects. This might especially be true in the case of CF
patients and other groups prone to bacterial infections, for whom
adiet enriched in QST activity might show prophylactic properties.

In this study, a number of common natural food products and
plants were tested for QSI activity, using three types of bacterial
screens. Column chromatography was used for isolation of activ-
ity from crude samples and liquid chromatography-diode array
detector-mass spectrometry (LC-DAD-MS) and nuclear mag-
netic resonance (NMR) spectroscopy for identification of active
compounds. Armoracia rusticana (horseradish) stood out from a
group of active crude extracts as highly active with respect to QSI
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activity against P. aeruginosa. Bioassay-guided fractionation and
purification led to identification of 1-isothiocyanato-3-(methyl-
sulfinyl) propane, commonly known as iberin, as an active QSI
compound in horseradish. Real-time PCR (RT-PCR) and DNA
microarray analysis of global gene expression revealed that iberin
specifically and extremely effectively targets two of the major QS
networks in P. aeruginosa, the LasIR and the RhlIR systems, and
was found to downregulate QS-controlled rhamnolipid produc-
tion in P. aeruginosa wild-type batch cultures.

MATERIALS AND METHODS

Bacterial strains. Escherichia coli and P. aeruginosa strains used in this
study are listed in Table 1. Cultures of QSIS1 (E. coli strain), lasB-gfp (P.
aeruginosa), rhlA-gfp (P. aeruginosa), lasR and lasB-gfp (E. coli), luxR and
luxI-gfp (E. coli), and rhIR and rhlA-lacZ (E. coli) strains used as reporters
in QSI screens were grown in BT minimal medium (B medium [11] plus
2.5 mg of thiamine liter 1) supplemented with 10% A10 (11), 0.5% (wt/
vol) glucose, and 0.5% (wt/vol) Casamino Acids for 16 h at 30°C and 180
rpm. Overnight cultures of wild-type P. aeruginosa strain PAO1, used for
RNA purification for DNA microarray and RT-PCR analyses, were grown
in BT media supplemented with 10% A10 and 0.5% (wt/vol) Casamino
Acids at 37°C and 180 rpm. Animal experiments were performed with the
wild-type P. aeruginosa strain (PAO1) obtained from Barbara Iglewski
(University of Rochester Medical Center, Rochester, NY).

Extraction of material from natural sources. All crude extracts pro-
duced in this study were processed through a standard extraction proce-
dure unless otherwise stated. The standard extraction procedure was as
follows. Samples were pureed in a standard kitchen blender with approx-
imately 200 ml of ethylacetate (EtOAc) followed by filtration through
Whatman no. 4 filter paper. The remaining dry mass was reextracted with
approximately 200 ml of methanol (MeOH) and filtered, with the solid
residue extracted a third time with approximately 200 ml of sterile water
(H,0). Volatile organic solvents were removed in a vacuum using a rotary
evaporator, and residual water from the samples was removed by freeze-
drying. Samples were finally redissolved in a minimal volume of an ap-
propriate solvent for biological testing.

Dietary supplement tablets were crushed in a mortar and extracted
with the set of solvents described above.

Column chromatography. All chromatographic columns used in the
study are listed in Table 2, while further parameters are detailed below.

C, ¢ columns were processed using a Biotage Isolera flash purification
system (Biotage, Uppsala, Sweden) at a flow rate 30 ml/min, with the
sample added as a dry load. Samples were collected as 100-ml fractions;
the first sample was eluted with 10% MeOH-H,0, the following 10 sam-
ples were eluted with a 10% to 100% MeOH gradient (1,000 ml), and all
subsequent samples were eluted with 100% MeOH (typically 500 ml).

C, columns on a semipreparative instrument were run with a 322
pump and a 172 diode array detector attached to a G2250A fraction col-
lector, all from Gilson (Semiprep 1; Gilson, Middleton, WI). The flow rate
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TABLE 2 All chromatographic columns used in the study

Column

type Instrument Specifications Manufacturer

Cig Isolera SNAP cartridge (60 g, 81 mm by  Biotage
39 mm)

Cig Semiprep 1 Luna IT (250 by 10 mm, 5 um Phenomenex
pore size)

Cis LC-DAD-MS  LunaII (50 by 2 mm, 3 um pore Phenomenex
size)

was set at 5 ml/min with various solvent gradients and time spans (de-
tailed where appropriate in Results).

LC-DAD-MS. Samples were processed through a C 4 column with a
high-performance LC (HPLC) and DAD system from the Agilent Tech-
nologies 1100 series, run at a flow rate of 0.3 ml/min with an acetonitrile
(MeCN) gradient from 15% to 100% in water over a period of 20 min.
Formic acid (20 mM) was added to both solvents. The analytes were
subsequently positively ionized with the Micromass LockSpray feature
and sent to a Micromass LCT mass spectrometer along with leucine-
enkephalin as the reference. All MS data were analyzed with MassLynx
version 4.1 from Waters’ Laboratory Informatics Solutions (Waters Cor-
poration, Milford, MA).

NMR. Magnetic resonance spectra were recorded at 25°C on a Varian
Mercury NMR spectrometer operating at 300 MHz for 'H and 75 MHz for
>C and a Varian Unity Inova spectrometer operating at 500 MHz for
heteronuclear multiple-bond coherence (HMBC) and heteronuclear sin-
gle-quantum coherence (HSQC), using a solvent signal as a reference
(CD,0D at 3.3 ppm for 'H and at 49.1 ppm for *C).

The general QSI screen. Preparation of the QSIS1 diffusion screen was
performed as described by Rasmussen et al. (53). A total of 20 ul of test
substance was typically added directly to each well, but in the case of intense
sample color, samples were administered via antibiotic disks. The plates were
left at room temperature for 1 h before being incubated overnight at 30°C. For
a detailed description of the method used, see reference 8.

Specific P. aeruginosa QSI screens. Growth medium (150 ul of BT
with 10% A10, 0.5% [wt/vol] Casamino Acids, and 0.5% [wt/vol] glucose)
was added to each well in a 96-well microtiter dish (Black Isoplate; Perkin
Elmer, Waltham, MA). Test samples (15 wl) mixed with 135 ul of growth
medium were subsequently added into the first well of each row, and a
2-fold serial dilution along the rows was made, leaving the two last wells in
each row for reference and all wells with 150 ul. An overnight culture
(grown for 16 h at 30°C in BT with 10% A10, 0.5% [wt/vol] Casamino
Acids, and 0.5% [wt/vol] glucose) of the lasB-gfp or rhlA-gfp monitor
strain was added to a total volume of 300 ul to give a final optical density
at 450 nm (OD,s,) of 0.1 (22, 66). Growth and green fluorescent protein
(GFP) expression were monitored using a Victor X4 multilabel plate
reader (Perkin Elmer, Waltham, MA) set at a constant temperature of
34°C and measuring every 15 min over a time course of 14 h. Growth was
typically monitored at OD 5, but in the case of highly colored samples was
monitored at ODg,,. GFP expression was measured as fluorescence at an
excitation wavelength of 485 nm and an emission wavelength of 535 nm.
For a detailed description of the method used, see reference 8.

Competition of iberin and acyl-homoserine lactone (AHL) mole-
cules. The following three E. coli reporter strains were used: lasR lasB-gfp,
luxR luxI-gfp, and rhIR rhlA-lacZ strains. The methods used for the Las
and Lux bioassays were similar to the method described above, with the
addition of the cognate signal molecules 3-oxo-C,,-HSL and 3-oxo0-C-
HSL, respectively, to the wells of the microtiter dish. For the Rhl bioassay,
an overnight culture of the rhIR rhlA-lacZ strain was diluted to an OD,
0f 0.05 and grown to an ODy, of 0.3 at 37°C with shaking (180 rpm). The
culture was thereafter divided in 2-ml aliquots, different concentrations of
iberin and C,-HSL were added, and the aliquots were then incubated for
90 min at 37°C. Cells were lysed with lysozyme (USB, Cleveland, OH)
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(1 mg/ml), and B-galactosidase was monitored using a 3-galactosidase
enzyme assay system with a reporter lysis buffer kit (Promega, Madi-
son, WI).

Effect of serum albumin on QSI activity. Neutralizing effects of se-
rum albumin on the QSI activity of iberin were assessed by using the P.
aeruginosa lasB-gfp monitor. Bovine serum albumin (BSA) was dissolved
in the BT media (11) supplemented with 10% A10 (11), 0.5% (wt/vol)
glucose, and 0.5% (wt/vol) Casamino Acids to a concentration of 100
mg/ml. A 300-ul volume was added to the first row of a 96-well microtiter
dish (Black Isoplate; Perkin Elmer, Waltham, MA). A 150-ul volume of
medium was added to the rest of the rows without serum albumin. A
2-fold serial dilution of serum albumin was made, and iberin was added to
achieve the following final concentrations: 100 uM and 200 wM. Finally,
150 wl of the lasB-gfp monitor strain was added to all of the wells to
achieve a final OD,5, of 0.1. Measurements of GFP and growth were made
as described above.

DNA microarray analysis of bacterial transcriptome. Exponentially
growing (ODy, of 0.5) cultures of P. aeruginosa PAO1 maintained at
37°C and 180 rpm in B medium supplemented with 10% A10 and 0.5%
Casamino Acids were diluted to an ODy,, of 0.05. After the culture
reached an ODg, of 0.5, it was divided into 5 cultures of 50 ml and the
following four concentrations of iberin were added: 8 ug/ml, 16 pug/ml, 32
pg/ml, and 64 ug/ml (no iberin was added to one culture). When the
cultures reached an ODy,, of 2.0, samples were retrieved and two volumes
of RNAlater (Ambion, Austin, TX) were added. Isolation of RNA was
performed using an RNeasy Mini purification kit (Qiagen) with on-col-
umn DNase treatment. Synthesis of cDNA and hybridization were per-
formed by the microarray core unit at Rigshospitalet, Denmark, as fol-
lows. The gene expression levels were analyzed by the use of ArrayStar
version 3.0 software (DNAstar, Madison, WI). DNA microarray analysis
of global gene expression was performed according to guidelines provided
by Affymetrix and was repeated three times with RNA from three individ-
ual growth experiments.

Real-time PCR. The purified RNA used for DNA microarray was also
used for RT-PCR. cDNA was made using 1 ug of RNA and High Capacity
RNA-to-cDNA Master Mix (Applied Biosystems). For quantitative real-
time PCR, amplification was performed with Power SYBR green Master
Mix in a Step-One-Plus Thermal Cycler (Applied Biosystems). The prim-
ers were designed using Primer Express 3.0 (Applied Biosystems). Forty
cycles were run with denaturation at 95°C for 15 s, annealing at 55°C for
30 s, and extension at 60°C for 45 s. The rpoD gene was used as a control
for standardization.

The primer sequences were as follows: for rhlA forward, 5'-GGCGAT
CGGCCATCT-3'; for rhlA reverse, 5'-AGCGAAGCCATGTGCTGAT-
3’; for lasB forward, 5'-CGACAACGCGTCGCAGTA-3'; for lasB reverse,
5'-AGGTAGAACGCACGGTTGTACA-3'; for rpoD forward, 5'-ACAAG
ATCCGCAAGGTACTGAAG-3'; and for rpoD reverse, 5'-CGCCCAGG
TGCGAATC-3'.

Rhamnolipid measurements. Samples for measurements of total rh-
amnolipid concentrations were retrieved from the cultures grown for
DNA microarray and RT-PCR analysis at OD s of 1.5 and 2.0 and kept
at —80°C until further examinations. HPLC performed with high-resolu-
tion electrospray ionization mass spectrum (HRESIMS) detection (43)
was used to quantify rhamnolipids as their [M + NH,] * (peak area) based
on external-standard quantification of an NMR-validated rhamnolipid B
standard. A series of diluted standards was analyzed before and after the
samples in order to minimize potential differences in the ionization levels
of rhamnolipid between the samples. Other rhamnolipids were assumed
to give the same ionization efficiency as rhamnolipid B. The total rham-
nolipid concentration was derived from the six major rhamnolipids with
the following masses [M + NH,]*: 668.4 (rhamnolipid B; C,,-C,,-rha-
rha), 694.4 (C,,-C,,D-rha-rha), 696.4 (C,,-C,,-rha-rha), 522.4 (C,,-
C,o-rha), 548.4 (C,,-C,,D-rha), and 550.4 (C,,-C,,-rha).

Animals. Female BALB/c mice were purchased from Taconic M&B
A/S (Ry, Denmark) at 8 to 9 weeks of age and were maintained on stan-
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dard mouse chow and water ad libitum for a minimum period of 1 week
before the challenge. All experiments were authorized by the National
Animal Ethics Committee, Denmark.

Foreign-body infection model. Silicone implants were prepared as
described previously by Christensen et al. (10) with modifications. Sili-
cone tube implants with a size of 4 mm (inner diameter, 4 mm; outer
diameter, 6 mm) were used instead of square implants and were inserted
in the intraperitoneal cavity. A bacterial pellet from a centrifuged over-
night culture was resuspended in 0.9% NaCl to an optical density at 600
nm of 0.1. Animals were challenged according to the method of Chris-
tensen et al. (10). Mice were anesthetized by subcutaneous (sc) injections
in the groin area with hypnorm/midazolam (Roche) (one part hypnorm
[0.315 mg/ml fentanyl citrate and 10 mg/ml fluanisone], one part mida-
zolam [5 mg/ml], two parts sterile water) at 10.0 ml/kg of body weight.
Pentobarbital (200 mg/ml) with lidocainhydrochloride (DAK) (20 mg/
ml) was injected intraperitoneally (ip) to euthanize the mice at the termi-
nation of the experiments.

Bacteriology. After removal from the interperitoneal cavity of the
mice, silicone implants were placed in centrifuge tubes containing 2 ml of
0.9% NaCl and keep on ice until the tubes were placed in a ultrasound
bath (Bransonic model 2510; Branson Ultrasonic Corporation) for 10
min (5 min of degas followed by 5 min of sonic treatment). After the
ultrasound treatment, 100 ml of the solution consisting of NaCl and bac-
teria was serially diluted and plated on blue agar plates (State Serum In-
stitute, Denmark) for bacterial visualization. Blue agar plates are selective
for Gram-negative bacilli (24). The plates were incubated at room tem-
perature for 2 days before determination of CFU per implant.

Preparation of iberin solution for mice experiments. Iberin pur-
chased from LKT Laboratories (St. Paul, MN) was diluted in 96% ethanol
to a concentration of 32 mg/ml followed by a 40X dilution in 0.9% NaCl.
The mice were injected with 0.2 ml of the final solution, corresponding to
8 ug/g of body weight. The placebo group was injected with a 2.4% etha-
nol solution (96% ethanol-0.9% NaCl) corresponding to the amount of
ethanol that the iberin-treated group received. Mice were treated every 12
h from day 2 preinsertion to day 2 postinsertion, and treatment was con-
tinued until 12 h before the mice were euthanized.

Statistical analysis. For analyzing the transcriptomic data, the Mann-
Whitney U test was used for calculating P values with ArrayStar version
3.0 software (DNAstar, Madison, WI). P values = 0.05 were considered
significant.

To compare the bacterial counts (CFU) between two groups of mice,
the Mann-Whitney U-test (analysis of nonparametric data) was used for
calculating P values in the statistical program GraphPad Prism, version
5.0 (GraphPad Software Inc., San Diego, CA).

RESULTS

Screening for QSIs. The general QSIS1 screen rules out growth-
inhibitory activity in the extracts and was applied as an initial
high-throughput screen. Only samples that displayed positive ac-
tivity in the screen were taken further to the specific P. aeruginosa
screen (based on a lasB-gfp fusion or a rhlA-gfp fusion), with the
exception of ginkgo biloba (MeOH extraction), kan jang, and va-
nilla, which made interpretations in the QSIS screen difficult due
to intense color. The following extracts from natural sources were
subjected to the QSIS screen: allspice, asparagus, banana, basil
(dried), blueberry, broccoli, Camembert cheese, cardamom, cau-
liflower, cayenne pepper, celery, celery salt, chervil, cinnamon,
coriander, cumin, dill, eggplant, elderberry, estragon, fennel, gar-
den cress, ginger, ginkgo biloba (EtOH plus MeOH extraction),
goji berries, green tea, hops, horseradish, Iceland moss, juniper
berries, kan jang, kiwifruit, kumquat, laurel leaves, lemongrass,
lime, liquorice root candy, Lucerne sprouts, marjoram, mint,
mustard powder, natural yoghurt, nutmeg, oregano, oyster mush-
room, Parmesan cheese, parsley, parsnip, pepper corns, pineap-
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TABLE 3 All extracts of natural sources that tested positive in the QSIS1
screen and gave various results in the lasB-gfp and rhlA-gfp screen”

QSI activity in indicated screen

lasB-gfp rhlA-gfp

Q
172}
4
1%
=

Sample

Cauliflower”

Celery salt*

Chervil®

Garden cress”

Ginkgo biloba? (MeOH)
Horseradish?
Lemongrass”
Parmesan cheese”
Radish”

Rosemary”
Tasmanian blue gum*®
Thyme®

Water cress’

T T

+
|

“ +, low QSI activity; ++, medium QSI activity; ++ =+, strong QSI activity; —, no QSI
activity.

b Fresh products purchased at local grocery stores.

¢ Dried material bought in a herbal shop.

 Fresh leaves obtained from the environment.

ple, pomegranate, Port Salut cheese, potatoes, Pu-erh tea, radish,
red onions, rosemary, shiitake mushrooms, shrimp, star anise,
strawberry, sugar peas, Tasmanian blue gum, thyme, tomato, tur-
meric, vanilla, water cress, and white poppy seeds. Table 3 lists
extracts giving a positive result with the QSISI screen. A number
of candidates previously reported to exhibit QSI activity gave neg-
ative test results in the present study. These included vanilla
(which was shown to inhibit QS in Chromobacterium violaceum),
blueberry, cinnamon, oregano, basil, turmeric, and strawberry,
which were previously shown to inhibit swarming motility of P.
aeruginosa as well as QS in C. violaceum (9, 62). Of all the samples
tested for QSI activity, horseradish, Tasmanian blue gum, and
ginkgo biloba (MeOH extraction) extracts showed the clearest
activity in both screening systems, and of those three, horseradish
showed remarkably better inhibitory activity than the other two
extracts and was therefore chosen for further testing.

Purification of iberin from horseradish. Horseradish is a
well-known producer of allyl isothiocyanate; however, this com-
pound proved growth inhibitory at all concentrations tested, sug-
gesting that the observed QSI activity was caused by other com-
pounds.

Horseradish roots were exhaustively extracted by macerating
with EtOAc and stirring overnight. After filtration, the solids were
extracted a second time with MeOH. The solvents were combined
and removed under vacuum; the solid was then redissolved in a
minimal volume of EtOAc and partitioned using water. The re-
sulting organic extract was highly oily and not suitable for pro-
cessing in a water-based C;3 matrix. Consequently, it was ad-
sorbed to 50 g of C, and eluted in two steps, first with MeOH and
subsequently with CH,Cl,. Activity was observed only in the clear,
yellowish MeOH fraction, which was adsorbed to 5 g of C,4 and
chromatographed using a flash reverse-phase column and a sharp
gradient from 10% to 100% MeOH in H,O, with collection per-
formed every 100 ml. QSI activity was detected in fractions 4 and
5 (40% to 60% MeOH). These fractions were combined and fur-
ther purified by semipreparative HPLC using a Phenomenex C, 4
column (5 wm pore size; 250 by 10 mm) at 5 ml/min, starting at
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TABLE 4 'H and >C NMR data for iberin®

Position é¢ (ppm) 8y mult (J in Hz)
1 45.0 3.77t(7)

2 24.5 2.14ddt (7,8, 8)
3a 51.4 2.96 dt (8, 13.5)
38 51.4 2.84 dt (8, 13.5)
4 38.2 2.68s

5 132.8

“ Recorded in CDCl,. 8, carbon chemical shift value; 8y, proton chemical shift value;
mult, multiplicity of proton NMR peaks; ], coupling constant(s) in hertz (Hz).

10% MeOH and increasing to 40% over 10 min, with fractions
collected every 30 s. Activity was seen in the four fractions col-
lected between 7 and 9 min. LCMS analysis showed the third ac-
tive fraction, eluting between 8 and 8.5 min, to primarily represent
one compound.

The compound was obtained as a pale, yellow oil with a pun-
gent odor. A single UV maximum at 242 nm was observed in the
UV spectrum, suggesting very little conjugation. High-resolution
electrospray ionization mass spectra (HRESIMS) showed the
presence of at least one nitrogen and two sulfur atoms and gave a
molecular formula of C;HoNOS, [HRESI(+)MS m/z calculated
for CsHGNOS,] ([M* + HJ, 164.0204; found, 164.0202). 'H and
>C NMR data (Table 4) were in very good agreement with pub-
lished data (35); predicted chemical shifts (ACD Labs) and data
from authentic samples (LKT Laboratories, St. Paul, MN) con-
firmed the compound to be the known isothiocyanate iberin
(Fig. 1).

QSI activity of iberin. Pure iberin, purchased from LKT Lab-
oratories (St. Paul, MN), displayed activity in the QSISI screen
(data not shown) and inhibited expression of the lasB-gfp and
rhlA-gfp genes in the P. aeruginosa screens. The results of the P.
aeruginosa screens illustrated in Fig. 2 show that iberin is capable
of completely inhibiting expression of the lasB-gfp fusion at ap-
proximately 100 uM (16 wg/ml) without affecting growth. A
slightly weaker inhibition was observed in the rhlA-gfp fusion,
where approximately 50% of gfp expression was inhibited at 100
M. Concentrations above 1.0 mM were found to cause signifi-
cant growth inhibition of P. aeruginosa.

Binding of iberin to regulator proteins. To investigate
whether iberin specifically targets one of the QS regulatory R pro-
teins, competition experiments were done with the E. coli lasR
lasB-gfp, luxR luxI-gfp, and rhIR rhlA-lacZ reporter strains and
their cognate signal molecules. A number of concentrations of
iberin and AHL were tested against each other. The results showed
no decrease in expression of the Las reporter with non-growth-
inhibitory concentrations of iberin, whereas a very clear concen-
tration-dependent decrease in expression could be obtained with
both the Rhl and Lux reporters and an almost complete inhibition
ata concentration of 31 wM iberin (Fig. 3). The concentrations of
the cognate signal molecules used were selected in relation to the

I 2
/S\/\/N%C 5
4 3 7 N

FIG 1 Chemical structure of iberin. The numbers refer to the positions of '>C
obtained by NMR data (see Table 4).
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FIG 2 Dose-response curves (specific fluorescence) of iberin incubated with

the QS monitor lasB-gfp (A) and rhlA-gfp (B) strains. No add, no addition of
iberin.

lowest concentration where no decrease in AHL-mediated induc-
tion could be measured. The concentrations of 3-oxo-C,,-HSL,
3-0x0-C¢-HSL, and C,-HSL were 25 nm, 25 nM, and 20 uM,
respectively.

Interference with rhamnolipid production. Batch cultures of
wild-type PAO1 were grown with iberin concentrations of 8 ug/ml
(50 uM), 16 pg/ml (100 uM), 32 pg/ml (200 uM), and 64 pg/ml
(400 uM), all of which had no effect on the growth of the bacteria
compared to a nontreated control according to optical density
(OD) measurements. Samples were withdrawn from the batches

60

ey
?

N
?

Activity relative to untreated

0-
Noadd 39uM 7.8uM 15.6 uM 31 uM
Concentration of iberin

FIG 3 Competition between iberin and AHL signal molecules. The reporter
lasR lasB-gfp (E. coli) (light gray bars), rhIR rhlA-lacZ (E. coli) (medium gray
bars), and luxR-PluxI-gfp (E. coli) (dark gray bars) strains were treated with
different concentrations of iberin and with the addition of the following con-
centrations of their cognate signal molecules: 25 nM, 20 uM, and 25 nM,
respectively. Cultures with no addition of iberin were defined as 100%. No
add, no addition of iberin. The results are based on three independent exper-
iments. Error bars represent means * standard deviations (SD).
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FIG 4 Measurements of rhamnolipid concentrations in batch cultures of P.
aeruginosa grown with different concentrations of iberin. Samples were taken
at ODgs of 1.5 and 2.0, and measurements were performed with HPLC. No
add, no addition of iberin. The results are based on three independent exper-
iments. Error bars represent means = SD.

at ODgs of 1.5 and 2.0 for rhamnolipid measurements. The OD
values were obtained after 220 min (OD = 1.5) and 300 min
(OD = 2.0) of growth with an exponentially growing culture.

The HPLC measurements showed a steadily decreasing
amount of rhamnolipid with increasing iberin concentration in
the growth medium, suggesting a concentration-dependent
downregulation of rhamnolipid production (Fig. 4). The produc-
tion of rhamnolipid by P. aeruginosa was completely abolished
with a treatment of iberin at 32 ug/ml, and there was no rhamno-
lipid production at an ODg, of 1.5 in a culture treated at 8 pg/ml.
There was an approximately 10-fold-lower concentration of rh-
amnolipid in the cultures treated with 8 pg/ml compared to the
concentration seen with the untreated culture at ODg,s of both
1.5 and 2.0. Furthermore, the measurements showed a boost in
the concentration of rhamnolipids when the cultures grew from
an ODyg,, of 1.5 to 2.0, which is coherent with the generally ac-
knowledged model of QS-regulated production of rhamnolipids.

RT-PCR and DNA microarray. RT-PCR and transcriptomic
analyses were performed on purified RNA from the same samples
taken at an ODg, of 2.0. We choose rhlA and lasB as target genes
for RT-PCR because of their central role in virulence. The results,
shown in Fig. 5, demonstrate substantial concentration-depen-
dent downregulation of both genes. Expression of lasB appeared
to be inhibited substantially more strongly than that of rh/A. The
data are based on the results of three independent experiments. It
is not possible to establish a significant difference from the stan-
dard deviation of the results regarding expression of the lasB tran-
script determined with the iberin treatments at 32 pg/ml and 64
pg/ml. However, the three independent experiments all demon-
strated a substantial downregulation, with 533-, 61-, and 54-fold
changes in response to treatment with 32 ug/ml and 928-, 520-,
and 133-fold changes in response to treatment with 64 pg/ml.

The cutoff for genes included in the analysis of the microarray
data was represented by genes significantly (P < 0.05, Student’s ¢
test) downregulated more than 5-fold (Table 5).

Of 64 genes that matched the specified criteria, 49 had previ-
ously been identified as QS genes (23). This means that roughly
76% of the most-downregulated genes are under the control of QS
in P. aeruginosa; in general, the genes were downregulated in a
concentration-dependent manner, which means that iberin is
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FIG 5 Fold change in gene expression of lasB (dark gray bars) and rhlA (light
gray bars) in P. aeruginosa grown with various concentrations of iberin mea-
sured by real-time PCR. The results are based on three independent experi-
ments. Error bars represent means * SD.

specific for QS-controlled genes. Among the particularly interest-
ing genes downregulated by iberin were genes encoding different
virulence factors, namely, rhIA (PA3479) and rhiB (PA3478),
which are involved in production of rhamnolipids, piv (PA4175),
which codes for protease IV, the cytotoxic galactophilic lectin lecA
(PA2570), lasA (PA1871) and lasB (PA3724), which are involved
in production of elastase, cbpD (PA0852) and chiC (PA2300),
which encode a chitin binding protein precursor and chitinase,
respectively, the phenazine-modifying genes phzM (PA4209), en-
coding a putative phenazine-specific methyltransferase, and phzS
(PA4217), encoding a flavin-containing mooxygenase, which are
involved in the biosynthesis of pyocyanin (40), the phzC-phzG
operon (phzC-G; PA1901 to 1905), and phzAB (PA4210 to 4211),
encoding phenazine biosynthesis proteins. All these genes con-
tribute significantly to the virulence and pathogenicity of P.
aeruginosa.

Only one of the central components of the QS network in P.
aeruginosa, rhIR (PA3477), appears to have been significantly and
potently (>5-fold) downregulated in the culture treated with 64
pg/ml iberin, whereas rhll was only moderately (approximately
4-fold) downregulated, and lasR (<2-fold downregulated) and
lasI (<2-fold upregulated) appear to have been nearly unaffected.

As shown by a comparison of the iberin QS-downregulated
gene data with the analysis of expression profiles of the lasR and
rhiR single and lasR-rhIR double mutants by Skindersoe et al. (56),
expression of 70.5% of the genes required functional lasR and
rhiIR, 15.9% required a functional lasR, and 13.6% required a
functional rhIR. In our survey, we used the definition of QS-reg-
ulated genes determined by Hentzer et al. (23).

Among the 51 genes that were significantly and highly upregu-
lated in the presence of iberin (Table 6), expression of the three
genes in the mexEF-oprN operon, encoding components of a re-
sistance-nodulation-cell division (RND) efflux pump, was seen.
mexE (PA2493), encoding a membrane fusion protein, mexF
(PA2494), encoding an efflux transporter, and oprN (PA2495),
encoding an outer membrane protein, were all highly upregulated
(from approximately 21- to 100-fold) in the culture that had been
treated with 64 ug/ml. According to Hentzer etal. (23), the mexEF
genes are also upregulated in response to treatment with furanone
C-30 (23). Furthermore, the sbp gene (PA0283), encoding a sul-
fate-binding protein precursor, was significantly upregulated
(>5-fold) in the culture treated at 64 ug/ml. Several genes encod-
ing components of ABC transporters and two genes encoding
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TABLE 5 Genes significantly downregulated (more than 5-fold) by iberin®

Downregulation by iberin at indicated concn (ug/ml)

8 16 32 64

Probe Fold P Fold P Fold P Fold P

set Gene Qs Description of product change  value  change  value change  value change  value
PA0059 osmC X Osmotically inducible protein OsmC -1.3 1 —3.5 <0.01 =5l <0.01 —4.9 <0.01
PA0122 X Conserved hypothetical protein —2.5 0.55 —9.8 0.02 —27.0 <0.01 —46.2 <0.01
PA0200 Hypothetical protein —1.8 0.93 —2.2 0.08 —3.3 0.02 —6.2 <0.01
PA0852 cbpD X Chitin-binding protein CbpD precursor —5.8 0.43 —17.8 <0.01 —24.7 <0.01 —314 <0.01
PA1130 rhiC X Rhamnosyltransferase 2 —1.4 1 —2.1 0.06 —3.6 <0.01 —5.1 <0.01
PA1323 X Hypothetical protein -1.3 1 —4.2 <0.01 —6.0 <0.01 —6.4 <0.01
PA1324 X Hypothetical protein —1.1 1 —3.5 0.03 —53 <0.01 —5.0 <0.01
PA1708 popB Translocator protein PopB —4.5 0.11 —5.3 <0.01 —4.6 <0.01 —6.7 <0.01
PA1711 exsE ExsE —3.2 0.36 —3.7 <0.01 —4.0 0.01 —5.8 <0.01
PA1869 X Probable acyl carrier protein —3.7 0.14 —6.1 <0.01 —11.4 <0.01 —14.0 <0.01
PA1871 lasA X LasA protease precursor -39 0.43 —10.1 <0.01 —39.6 <0.01 —68.4 <0.01
PA1901  phzClI, phzC2 X Phenazine biosynthesis protein PhzC —2.5 0.93 —7.0 0.03 —14.5 <0.01 —14.7 <0.01
PA1902  phzDI1,phzD2 X Phenazine biosynthesis protein PhzD —2.8 0.96 —6.4 0.02 —11.7 <0.01 —10.8 <0.01
PA1903  phzEl, phzE2 X Phenazine biosynthesis protein PhzE —2.5 0.86 —7.8 0.02 —18.7 <0.01 —19.2 <0.01
PA1904  phzFl, phzF2 X Probable phenazine biosynthesis protein -2.8 0.66 —6.6 0.02 —13.0 <0.01 —15.4 <0.01
PA1905  phzGl, phzG2 X Probable pyridoxamine 5'-phosphate oxidase —3.1 0.41 -9.9 0.01 —244 <0.01 —29.0 <0.01
PA1999  dhcA DhcA, dehydrocarnitine CoA transferase, subunit A~ —1.8 1 —3.4 0.06 =5.1 <0.01 —4.9 <0.01
PA2000 dhcB DhcB, dehydrocarnitine CoA transferase, subunit B —2.0 1 —3.4 0.06 —5.6 <0.01 —6.1 <0.01
PA2030 X Hypothetical protein —3.5 0.08 —5.2 <0.01 —5.6 <0.01 —5.3 <0.01
PA2031 X Hypothetical protein —3.3 0.03 —5.6 <0.01 —7.6 <0.01 —7.6 <0.01
PA2067 Probable hydrolase =53l 0.47 —5.6 0.02 —6.4 0.02 —7.2 0.01
PA2069 X Probable carbamoyl transferase —6.3 0.21 —13.3 <0.01 —16.0 <0.01 —17.5 <0.01
PA2146 Conserved hypothetical protein —5.2 0.66 —13.1 <0.01 —19.9 <0.01 —21.1 <0.01
PA2190 Conserved hypothetical protein —2.3 1 —5.5 <0.01 —6.1 <0.01 -7.1 <0.01
PA2193 henA X Hydrogen cyanide synthase HcnA -1.3 1 —2.6 0.04 —6.0 <0.01 —9.1 <0.01
PA2194  henB X Hydrogen cyanide synthase HcnB -1.3 1 —2.0 0.18 —4.9 0.01 —6.2 <0.01
PA2195 henC X Hydrogen cyanide synthase HenC —1.1 1 -1.7 0.42 —3.7 0.05 —6.4 0.02
PA2300 chiC X Chitinase —8.7 0.38 —28.1 <0.01 —48.2 <0.01 —57.3 <0.01
PA2366 Uricase PuuD —1.6 1 —-1.9 0.10 —2.4 0.04 —5.5 <0.01
PA2384 Hypothetical protein —2.3 0.81 =31 0.03 —3.7 0.02 -6.7 <0.01
PA2433 X Hypothetical protein —1.1 1 —3.4 0.02 —6.1 <0.01 —5.3 <0.01
PA2566 X Conserved hypothetical protein —2.9 0.30 —4.7 <0.01 —6.6 <0.01 —8.8 <0.01
PA2570 lecA X LecA —15.0 0.09 —29.8 <0.01 =423 <0.01 —47.8 <0.01
PA2588 X Probable transcriptional regulator —3.3 0.22 -39 <0.01 —4.9 <0.01 —6.9 <0.01
PA2939 X Probable aminopeptidase —4.8 0.56 =740 0.01 =7 <0.01 =1 <0.01
PA3326 X Probable Clp-family ATP-dependent protease +1.0 1 -1.9 0.05 —5.0 0.01 -8.8 <0.01
PA3331 X Cytochrome P450 +3.5 0.05 +1.1 0.85 —-2.9 0.03 =55l <0.01
PA3361 lecB X Fucose-binding lectin PA-IIL -1.5 1 —5.0 0.06 —13.8 <0.01 —23.8 <0.01
PA3477 rhiR X Transcriptional regulator RhIR —1.8 0.23 —2.3 <0.01 —3.2 <0.01 —5.3 <0.01
PA3478 rhiB X Rhamnosyltransferase chain B —2.1 0.75 —6.4 0.02 —18.0 <0.01 —42.1 <0.01
PA3479 rhlA X Rhamnosyltransferase chain A —1.8 0.65 —5.8 0.02 —222 <0.01 —59.0 <0.01
PA3520 X Hypothetical protein —3.2 0.48 =55 <0.01 =83 <0.01 —9.4 <0.01
PA3692 IptF X Lipotoxon F, LptF +1.1 1 —3.5 0.04 =5.0 <0.01 —4.5 <0.01
PA3724 lasB X Elastase LasB —4.1 0.42 —11.1 <0.01 —46.8 <0.01 —89.8 <0.01
PA3923 Hypothetical protein —3.4 0.88 —5.0 0.04 —7.2 0.02 -9.0 0.01
PA4129 X Hypothetical protein —2.2 1 —5.7 0.06 —8.38 <0.01 -9.0 <0.01
PA4130 X Probable sulfite or nitrite reductase -2.1 1 —5.1 0.05 =7.0 <0.01 —6.8 <0.01
PA4131 X Probable iron—sulfur protein —2.7 0.24 —4.9 0.01 —6.7 <0.01 —6.9 <0.01
PA4132 X Conserved hypothetical protein -2.3 0.93 —3.5 0.02 —4.5 <0.01 —5.2 <0.01
PA4133 X Cytochrome ¢ oxidase subunit (cbb3 type) —3.4 0.72 —6.5 <0.01 —11.0 <0.01 —10.2 <0.01
PA4134 X Hypothetical protein —2.3 0.93 —4.1 0.03 —5.1 0.02 —5.8 <0.01
PA4141 X Hypothetical protein —2.3 0.46 —6.6 0.01 —50.7 0.02 —284.1 <0.01
PA4142 X Probable secretion protein —5.1 0.01 —9.1 <0.01 —13.1 <0.01 —16.8 <0.01
PA4175 piv X Protease IV —54 0.24 —8.4 <0.01 —10.6 <0.01 —14.1 <0.01
PA4209  phzM X Probable phenazine-specific methyltransferase -1.5 1 —3.1 0.12 —5.8 0.02 -7.2 0.02
PA4211  phzBI, phzB2 X Probable phenazine biosynthesis protein —3.3 0.46 —20.5 0.02 —69.4 <0.01 =75.0 <0.01
PA4217  phzS X Flavin-containing monooxygenase -13 1 —5.2 0.07 —11.9 <0.01 —15.7 <0.01
PA4738 X Conserved hypothetical protein +1.0 1 —2.7 0.10 -39 <0.01 —5.2 <0.01
PA4739 X Conserved hypothetical protein -1.0 1 —32 0.04 —4.7 <0.01 —6.9 <0.01
PA5170 arcD Arginine/ornithine antiporter —17 1 —2.6 0.07 —3.8 0.02 —8.3 <0.01
PA5171 arcA Arginine deiminase —1.1 1 —1.8 0.31 —25 0.10 =Gl 0.02
PA5172 arcB Ornithine carbamoyltransferase, catabolic —1.3 1 —2.1 0.27 —2.5 0.14 —5.0 0.03
PA5220 X Hypothetical protein —2.5 1 —4.3 0.03 —5.8 0.02 —8.3 <0.01
PA5475 Hypothetical protein -1.5 1 —2.0 0.24 -2.9 0.11 —5.2 0.03

@ Genes significantly (P < 0.05; Student’s ¢ test) downregulated (more than 5-fold) by iberin are indicated with gray shading. “X” entries in the QS column mark genes previously
identified as QS regulated by Hentzer et al. (23). The results are based on three independent experiments. CoA, coenzyme A.
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TABLE 6 Genes significantly upregulated (more than 5-fold) by iberin”

Upregulation by iberin at indicated concn (ug/ml)

8 16 32 64
Fold P Fold P Fold P Fold P
Probe set Gene  Description of product change value change wvalue change value change value
PA0201 Hypothetical protein —1.1 1 +1.4 0.46 +3.3  0.05 +9.0 <0.01
PA0283  sbp Sulfate-binding protein precursor +1.0 1 +1.3 0.54 +3.3  0.05 +7.6 0.02
PA0284 Hypothetical protein -1.1 1 +1.8 0.53 +5.6 0.11 +11.7  0.04
PA0422 Conserved hypothetical protein +2.4 0.93 +2.9 0.05 +4.7 £ 0.02 +5.6 0.03
PAI1210 Conserved hypothetical protein +4.4 0.10 +5.7 <0.01 +9.5 <0.01 +148 <0.01
PA1317  c¢poA  Cytochrome o ubiquinol oxidase subunit II -1.3 1 +1.3 0.46 +3.8 <001 +64 <0.01
PA1319  ¢poC  Cytochrome o ubiquinol oxidase subunit III +1.3 0.88 +1.3 0.10 +2.8  <0.01 +5.8 <0.01
PA1332 Hypothetical protein +1.3 0.89 +2.0 0.02 +3.6 <0.01 +9.8 <0.01
PA1333 Hypothetical protein +3.3 0.49 +4.8 0.03 +9.1 <0.01 +164  <0.01
PA1334 Probable oxidoreductase +21.8  <0.01 +53.6 <0.01 +99.9 <0.01 +142.4 <0.01
PA1493  c¢ysP Sulfate-binding protein of ABC transporter -1.0 1 +1.3 0.51 +2.9  0.04 +5.6 0.02
PA1743 Hypothetical protein +1.2 1 +2.2 0.05 +5.6  0.06 +16.1  <0.01
PA1744 Hypothetical protein +2.9 0.66 +8.9 0.03 +27.8 <0.01 +80.4 <0.01
PA1970 Hypothetical protein +8.2 0.50 +16.9 0.01 +39.6 <0.01 +100.5 <0.01
PA2279 arsC  ArsC protein +1.2 1 +1.6 <0.01 +24 <001 +5.6 <0.01
PA2359 Probable transcriptional regulator +1.0 1 +1.3 0.26 +2.2  0.03 5.7 <0.01
PA2486 Hypothetical protein +6.2 0.66 +12.8 0.04 +35.7 <0.01 +95.4 <0.01
PA2491 Probable oxidoreductase +4.6 <0.01 +7.6 <0.01 +16.2 <0.01 +30.1  <0.01
PA2493 mexE  Resistance-nodulation-cell division (RND) multidrug +5.0 0.41 +18.8 <0.01 +56.8 <0.01 +101.5 <0.01
efflux membrane fusion protein MexE precursor
PA2494 mexF  Resistance-nodulation-cell division (RND) multidrug +2.3 0.43 +6.8 <0.01 +25.1 <0.01 +51.8 <0.01

efflux transporter MexF
PA2495  oprN  Multidrug efflux outer membrane protein OprN precursor  +1.5 0.93 +3.1 <0.01 +9.6 <0.01 +21.4 <0.01

PA2575 Hypothetical protein +6.6 <0.01 +10.1  <0.01 +155 <0.01 +21.1  <0.01
PA2579  kynA  L-Tryptophan:oxygen 2.3-oxidoreductase (decyclizing) +1.6 0.71 +2.3 0.06 +5.6 <0.01 +5.9 <0.01
KynA

PA2580 Conserved hypothetical protein +4.5 0.22 +7.4 <0.01 +149 <0.01 +153  <0.01
PA2759 Hypothetical protein +19.1 0.24 +55.1 <0.01 +113.4 <0.01 +265.8 <0.01
PA2811 Probable permease of ABC-2 transporter +1.3 1 +2.3 0.01 +5.6 <0.01 +11.6 <0.01
PA2812 Probable ATP-binding component of ABC transporter +1.4 0.99 +2.0 <0.01 +4.5 <0.01 +10.3  <0.01
PA2813 Probable glutathione S-transferase +2.1 0.48 +3.9 <0.01 +104 <0.01 +235 <0.01
PA2845 Hypothetical protein +1.8 0.41 +2.9 <0.01 +7.7 <0.01 +17.0 <0.01
PA2932  morB  morphinone reductase -1.0 1 +1.2 0.22 +2.0 0.07 77 <0.01
PA3229 Hypothetical protein +24.9 <0.01 +63.7 <0.01 +132.1 <0.01 +213.0 <0.01
PA3240 Conserved hypothetical protein +4.2 0.12 +6.0 <0.01 +7.8 <0.01 +10.3 <0.01
PA3443 Probable permease of ABC transporter -1.1 1 +1.1 0.78 +1.6 0.12 +6.9 0.01

PA3444 Conserved hypothetical protein +1.1 1 +1.5 0.14 +2.7 <0.01 +11.2 0.0l

PA3445 Conserved hypothetical protein +1.1 1 +1.3 0.07 +2.2 0.01 +8.5 0.02

PA3446 Conserved hypothetical protein -1.2 1 +1.2 0.43 +2.4  0.07 +12.1  <0.01
PA3450 Probable antioxidant protein —1.1 1 +1.7 0.25 +4.9  0.03 +12.3 <0.01
PA3783 Hypothetical protein +4.2 <0.01 +4.4 <0.01 +7.0 <0.01 +9.3 <0.01
PA3931 Conserved hypothetical protein -1.2 1 +1.5 0.39 +3.3  0.04 +9.6 <0.01
PA3938 Probable periplasmic taurine-binding protein precursor —-1.2 1 —1.2 0.64 +1.7 0.13 +5.0 0.02

PA4167 Probable oxidoreductase +342 <001 +714 <0.01 +128.8 <0.01 +142.6 <0.01
PA4354 Conserved hypothetical protein +2.4 0.05 +3.6 <0.01 +9.1 <0.01 +22.4  <0.01
PA4356 xenB  Xenobiotic reductase +2.4 0.24 +4.3 <0.01 +99 <0.01 +20.4 <0.01
PA4385 groEL  GroEL protein +3.2 0.48 +3.4 0.03 +4.7 0.01 +5.1 <0.01
PA4623 Hypothetical protein 9.5 0.16 +22.6  <0.01 +55.1 <0.01 +132.3 <0.01
PA4761 dnaK  DnaK protein +2.8 0.66 +2.8 0.05 +4.1  0.02 +5.7 <0.01
PA4881 Hypothetical protein +138.2  0.03 +2275 <0.01 +497.0 <0.01 +746.8 <0.01
PA4918 Hypothetical protein +3.0 0.72 +4.0 0.02 +5.0 <0.01 +6.9 <0.01
PA4919  pncBI Nicotinate phosphoribosyltransferase +3.0 0.47 +3.2 <0.01 +4.0 <0.01 +7.2 <0.01
PA5082 Probable binding protein component of ABC transporter -1.2 1 -1.0 0.91 +1.6 0.38 +7.4 0.02

PA5083 Conserved hypothetical protein -1.2 1 -1.1 0.70 +1.5 0.20 +7.6 0.01

@ Genes significantly (P < 0.05; Student’s ¢ test) upregulated more than 5-fold by iberin are indicated with gray shading. The results are based on three independent experiments.
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TABLE 7 Chemical structures and ICss of iberin and iberin analogs
calculated for QSI monitor lasB-gfp and rhlA-gfp strains®

IC5, (mM) for
indicated strain

QS inhibitor Chemical structure lasB-gfp rhlA-gfp
%
Iberin S N 0.031 0.062
C§S
Va
Cheirolin \,/SWNQC\ 0.060 0.160
(0] s
7
Sulforaphane /S\/\/\/N§C 0.200 0.800
A
s
s Ny
Iberverin I g 0.310 ND
VNN
Alyssin i Csg 1.000 1.500
o)

“ Chemical structures and IC;s of iberin and iberin analogs calculated for QSI monitor
lasB-gfp and rhlA-gfp strains are shown. ND, not detectable because of growth
inhibition.

(probable) oxidoreductases were upregulated (>100-fold). Fur-
thermore, five genes encoding hypothetical proteins were exten-
sively upregulated (>100-fold).

Foreign-body infection model. Mice were divided into two
groups of 11 (iberin and placebo) 2 days before insertion of sili-
cone implants precolonized with wild-type P. aeruginosa into the
peritoneal cavity. The mice received treatments at 12-h intervals
and were euthanized at day 3 postinsertion, at which time the
implants were collected for determination of CFU per implant.
No significant difference in clearances between the iberin-treated
and placebo groups could be found (P < 0.94) (data not shown).

Structure/activity relationship. To investigate the effect on
gene expression exerted by molecular changes in the structure of
iberin, four analogs (sulforaphane, alyssin, cheirolin, and
iberverin) of iberin were tested for QSI activity in the lasB-gfp and
rhlA-gfp screen and 50% inhibitory concentrations (IC5,s) were
calculated (Table 7). Cheirolin, sulforaphane, and iberverin
showed considerable QSI activity, with IC5, values approximately
2 to 10 times higher than those seen with iberin, whereas alyssin
showed very high ICs,s. These data suggest that a sulfinyl or sul-
fonyl group is important for QSI activity and that the length of the
carbon chain should consist of 3 carbons rather than 4 or 5. As
shown by comparisons of iberin and cheirolin, a sulfinyl group
seems to have a stronger QSI effect than a sulfonyl group.
Iberverin and cheirolin exhibited a much stronger growth-inhib-
itory effect toward P. aeruginosa than the three other compounds.
A structural difference is that iberverin and cheirolin contain a
sulfur and sulfonyl group, respectively, whereas the three other
compounds contain sulfinyl groups.

DISCUSSION

The increased knowledge of QS systems gained in the last decades
has paved the way for development of drugs that fight bacterial
infections in a manner completely different from that of today’s
selection of antibiotics. Instead of attacking the bacterium’s basal
life processes, it has been proposed that inhibition of its pathoge-
nicity would produce a more subtle method of infectious control
that would reduce the harsh selection pressure seen with conven-

2418 aem.asm.org

tional antibiotics. Disrupting the QS signaling pathway is one pos-
sible way of attaining this goal, since production and secretion of
important virulence factors in many bacteria, including P. aerugi-
nosa, are not dependent on growth per se but are instead depen-
dent on cell-cell signaling mediated through functional QS sys-
tems. This approach has been referred to as the antipathogenic
drug principle by us (21).

In the present study, 69 common food products and plants
were screened for QSI activity by the use of the QSIS1 screen.
Thirteen of the tested crude extracts showed positive activity, and
3 of them showed positive activity in the P. aeruginosa QSI screens.
This is likely to reflect that some QSIs may show specificity for the
LuxIR QS system (operating the QSIS1 screen) compared with the
RhIIR and LasIR QS systems operating in P. aeruginosa. The sam-
ples might also vary with respect to membrane permeability in the
two strains. On the other hand, it is a possibility that by using the
QSIS1 as an initial screen, extracts with activity exclusively toward
P. aeruginosa were excluded. However, our experience from
screening a multitude of extracts over the years has given us the
impression that the QSIS1 screen is far more promiscuous com-
pared with the P. aeruginosa QSI screens and therefore suitable as
a general first screen.

The purification work on horseradish led to the isolation and
identification of iberin as the QSI compound. Iberin inhibited the
Lux QS system in the QSIS1 screen and was able to completely
inhibit the expression of lasB without affecting growth in the P.
aeruginosa screen at a concentration of 100 uM (16 ug/ml).
Roughly 50% of gfp expression of the rhlA-gfp monitor was inhib-
ited at the same concentration, without growth being affected.
The rhiIA gene is a part of the rhIAB operon encoding components
for the biosynthesis of rhamnolipid (13). HPLC measurements of
total rhamnolipid concentrations in batch cultures of P. aerugi-
nosa treated with different concentrations of iberin confirmed
that iberin attenuates the QS-controlled production of rhamno-
lipids in wild-type P. aeruginosa in a concentration-dependent
manner, with a completely blockage at a concentration of 200 uM
(32 ug/ml) iberin. This means that a treatment with iberin in a
relative low concentration should have the potential to eliminate
one of countermeasures employed by P. aeruginosa against the
host immune system. The effect on gene expression in the P.
aeruginosa screen was confirmed by RT-PCR measurements.
Concentration-dependent downregulations of the rhlA and lasB
genes were seen, with approximately 100-fold (32 ug/ml) and
230-fold (64 pg/ml) differences for the rhlA gene and approxi-
mately 220-fold (32 ug/ml) and 580-fold (64 ug/ml) for the lasB
gene.

For a more comprehensive investigation of the effect of iberin
on P. aeruginosa gene expression, we employed a microarray anal-
ysis with the same 4 concentrations of iberin as used for RT-PCR
and rhamnolipid measurements. Sixty-four genes (approximately
1.1% of the total 5,570 P. aeruginosa genes) were significantly
downregulated, and 49 (77%) of these genes are QS controlled,
according to our previous work performed under identical exper-
imental conditions (23). In comparison, the antimicrobial com-
pounds patulin and penicillic acid produced by Penicillium species
targeted 157 genes (49% QS-controlled genes) and 300 genes
(34% QS-controlled genes), respectively (54). The synthetic fura-
none C-30 targeted 163 genes (80% QS-regulated genes) (23). Of
the 49 QS-controlled genes downregulated by iberin, several en-
code important virulence factors, including lasA, lasB, rhIAB,
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chiC, lecA, piv, phzC-G, and phzAB. Of the genes encoding the
central components of the QS system, only rhIR was significantly
downregulated by iberin treatments. Patulin, penicillic acid, and
furanone C-30 did not cause in any noticeable effect on lasRI or
rhIRI gene expression (23, 54).

Competition experiments with reporter fusions in the E. coli
background were employed to identify the mode of action of
iberin. The experiments showed that iberin strongly repressed
rhlA-lacZ expression but not lasB-gfp expression, which supports
a model by which iberin affects the QS circuits by initially target-
ing and blocking binding of C4-HSL to the RhIR regulator pro-
tein. The study also showed that iberin repressed luxR-PluxI-gfp
expression, which further supports the model of iberin being a
competitive inhibitor of the binding sites of short- and medium-
chain length AHL molecules. It is a general conception that mol-
ecules capable of competing with the native AHL molecules for
binding to the regulator proteins need to have a structural simi-
larity to the AHL in question. Iberin does not exhibit strong struc-
tural similarity to AHL molecules; to be able to classify iberin as a
“classic” competitor for the AHL binding site, more investigations
need to be carried out. Such experiments could entail iberin being
tested with strains carrying specific mutations in the LuxR AHL
binding site as previously done with furanones (33).

In order to assess structure/activity relationships, ICsos of
iberin and four of its analogs were calculated. There are two func-
tional iberin groups: isothiocyanate and sulfinyl. Taking into con-
sideration that structural analogs of iberin that contain the sulfinyl
(or sulfonyl) functional group and the shortest carbon chain (3 or
4 carbons) display the highest QSI activity suggests that the QSI
activity of iberin can predominantly be attributed to the methyl-
sulfinyl group and the length of the carbon chain. A possible con-
tribution of the isothiocyanate group cannot be determined from
these investigations; it might contribute indirectly to activity by
other means. In the study of Amara et al. (3), the authors demon-
strated that isothiocyanate-substituted analogs of 3-oxo-AHL
bind covalently to the cys79 residue in the OdDHL binding pocket
of LasR. The authors recorded a 3-fold reduction in expression of
a lasI-luxCDABE reporter (present in a wild-type background)
and a modest 1.5-fold reduction in pyocyanin production. Iberin,
which exhibits QS-dependent regulation of synthesis very similar
to that seen with pyocyanin, causes a significant reduction of rh-
amnolipid gene expression and synthesis. In addition, Amara et al.
(3) reported no effect on the transcriptome of P. aeruginosa. The
obvious lack of a thorough analysis of QS-regulated gene expres-
sion, taken together with the data provided by Amara et al. (3),
supports a model in which the isothiocyanate group of iberin may
contribute only insignificantly to the observed bioactivity of iberin
and its derivatives against bacterial QS. The reported modest effect
on two QS-controlled genes in combination with a sulfur-con-
taining compound, ajoene, one of the major constituents of QSI
compounds in garlic (T. H. Jakobsen, M. van Gennip, R. K.
Phipps, M. S. Shanmugham, L. D. Christensen, M. Alhede, M. E.
Skindersoe, T. B. Rasmussen, K. Friedrich, F. Uthe, P. @. Jensen,
C. Moser, K. F. Nielsen, L. Eberl, T. O. Larsen, D. Tanner, N.
Hoiby, T. Bjarnsholt, and M. Givskov, submitted for publication),
supports the view that QSI bioactivity may primarily relate to the
sulfoxide group present in both molecules. In addition, Koch et al.
(33) showed that, by replacement of a carbonyl group with a sulfur
atom in 3-0x0-C6-HSL and C6-HSL, the molecules changed their
activity from being agonists to antagonists of the Lux QS system,
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which further supports the notion of the importance of sulfur in
relation to inhibitors of QS.

Iberin was tested in an in vivo foreign-body infection mouse
model (10), and the results showed no significantly difference in
bacterial clearance between treated and nontreated mice (data not
shown). Previously published data from a study performed with
furanone C-30 showed significant differences in clearance of P.
aeruginosa from the implants in the treated mice (10). Also, ajoene
showed a strong antimicrobial effect and promoted bacterial
clearance in a pulmonary infectious mouse model (10a). It is
therefore puzzling that iberin, with its strong, reductive effect on
rhamnolipid production in vitro, is not capable of exerting a sig-
nificant attenuation of bacterial populations in the foreign-body
infection model. Rhamnolipids are considered to constitute a
shield against attacking PMN leukocytes (2, 6, 30). Recent data
published by us from work performed with similar infectious
models (61) showed that an rhlA mutant of P. aeruginosa is atten-
uated. However, data provided by Amara et al. (3) suggest that the
apparent deficiency of iberin as a functional QS inhibitor in vivo
may in fact be attributable to the reactive isothiocyanate group,
which may react with host-encoded proteins and therefore elim-
inate its bioactivity in vivo. One such eliminating agent could be
BSA. The QSI activity of iberin was not lowered when it was tested
for bioactivity in the presence of BSA. However, we recorded a
major upregulation of mexEF in the culture treated with 64 pg/ml
iberin, suggesting that the bacteria responded by inducing this
important efflux pump and thereby exporting iberin from the cell.

According to SciFinder scholar searches, iberin has not been
isolated from horseradish before, but it has been found in a variety
of cruciferous vegetables, such as cabbage and broccoli (26, 51).
Considering that the active compound identified from horserad-
ish is an isothiocyanate, it is surprising that there are not more
food products from the family of Brassicaceae (crucifers), such as
radish, broccoli, and cauliflower, that showed QSI activity. They
are commonly known to produce a variety of isothiocyanates,
iberin being one of the most common ones (64). Furthermore,
sulforaphane is found in broccoli, cauliflower, and Brussels
sprouts and iberverin in cabbages (64). Cauliflower, garden cress,
and radish did originally show activity on the QSIS1 but lost it
when tested in the P. aeruginosa screen. This was presumably due
to volatilization during the various drying or solvent removal pro-
cesses. A diet rich in cruciferous vegetables has been found to be
correlated with a decreased risk of development of common forms
of cancer, including lung, colon, and breast cancer (4, 20, 63).
Iberin has more specifically been found to inhibit growth and
induce apoptosis of human neuroblastoma and glioblastoma cells
as well as inducing phase II detoxification enzymes in rats (28, 29,
42). This makes iberin an obvious functional food ingredient, as it
is a common constituent in the diet of people around the world
and elicits activity not only as a QSI but also as an anticancer agent.
It remains, however, unknown whether iberin is present in bio-
logically relevant amounts in horseradish or whether horseradish
contains iberin-stabilizing components that help to provide a nat-
ural prophylaxis against bacterial infections. Fresh garlic extract,
for example, shows a much more pronounced effect on the tran-
scriptome of P. aeruginosa (7) than synthesized ajoene (Jakobsen
etal., submitted for publication). Garlic extracts target expression
of a multitude of QS-regulated genes (50 genes in total compared
with 11 genes targeted by synthesized ajoene). In fact, we have
found that synthesized ajoene, upon subsequent purification, lost
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close to 100% of its activity in in vivo infectious models, as deter-
mined by LC-DAD-MS (our unpublished data). An epidemiolog-
ical study on the correlation of intake of food products known to
contain QSIs (such as horseradish, garlic, cabbage, etc.) and the
incidence/severity of bacterial infections in immunocompro-
mised patients (such as CF patients) would perhaps shed some
light on the relevance of functional food in relation to a natural
QSI prophylaxis.
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