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Our study focused on a Mesorhizobium sp. that is phylogenetically affiliated by 16S rRNA gene sequence to
other marine and saline bacteria of this genus. Liquid chromatography-mass spectrometry investigations of the
extract obtained from solid-phase extraction of cultures of this bacterium indicated the presence of several
N-acyl homoserine lactones (AHLs), with chain lengths of C,, to C,,. Chromatographic separation of the active
bacterial extract yielded extraordinarily large amounts of two unprecedented acylated homoserine lactones,
5-cis-3-0x0-C,,-homoserine lactone (5-cis-3-0x0-C,,-HSL) (compound 1) and 5-cis-C,,-HSL (compound 2).
Quorum-sensing activity of compounds 1 and 2 was shown in two different biosensor systems [Escherichia coli
MT102(pSB403) and Pseudomonas putida F117(pKR-C12)]. Furthermore, it was shown that both compounds
can restore protease and pyoverdin production of an AHL-deficient Pseudomonas aeruginosa PAO1 lasl rhil
double mutant, suggesting that these signal molecules maybe used for intergenus signaling. In conclusion,
these data indicate that the quorum-sensing activity of compounds 1 and 2 is modulated by the chain length
and functional groups of the acyl moiety. Additionally, compound 1 showed antibacterial and cytotoxic

activities.

Homoserine lactones (HSLs) possess, in addition to the lac-
tone moiety, an acyl side chain. The chain length (C, to C,y),
substitution at position 3’, and existence of a double bond in
the acyl chain vary in naturally occurring HSLs.

Bacteria employ sophisticated cell-to-cell communication
systems to coordinate their activities and to act in a concerted
manner. Gram-negative bacteria produce N-acyl homoserine
lactones (AHLs), signal molecules which allow the producer to
monitor its own population density in a process known as
quorum sensing (QS) (for reviews see references 3, 5, and 39).
These regulatory systems typically rely on two proteins, an
AHL synthase, which is usually a member of the LuxI family of
proteins, and an AHL receptor protein belonging to the LuxR
family of transcriptional regulators. At low population densi-
ties, cells produce a basal level of AHLs via the activity of the
AHL synthase. As the cell density increases, AHLs accumulate
in the growth medium. Upon reaching a critical threshold
concentration, AHL molecules bind to their cognate receptor,
which in turn activates or represses expression of target genes.

Compared to the case for bacteria from terrestrial environ-
ments, to date relatively little information is available on AHL-
based QS systems in marine bacteria. Most notably, however
the first organism for which AHL-dependent cell-to-cell sig-
naling was demonstrated was the marine bacterium Vibrio
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fischeri. Moreover, recent work has shown that AHLs are of
major importance for the transcriptional control in many ma-
rine Vibrio and Photobacterium species (4), and different
Roseobacter strains isolated from marine snow were capable
of AHL production (9). In the free-living marine bacterium
Rhodobacter sphaeroides, a QS system was identified that relies
on an AHL molecule with a C,, side chain and a double bond
at C-7 [7-cis-N-(tetradecenoyl)HSL], the synthesis of which is
directed by the AHL synthase Cerl (21). Inactivation of the
cerl gene resulted in increased exopolysaccharide production
and the formation of large aggregates of cells in liquid culture.

Mesorhizobium species are present in marine habitats and
were found during investigation of the bacterial population in
sponge samples. They have been isolated from two Demo-
spongiae (28) and were detected by DGGE analysis in the
sponge Cymbastela concentrica (34). The biological nature of
the sponge-bacterium association, however, is not known; bacte-
ria may be either symbiotic, specific and permanently associated
but not symbiotic, or merely commensally present.

The genus Mesorhizobium belongs to the class Alphapro-
teobacteria and to the order Rhizobiales, together with Sinorhi-
zobium, Bradyrhizobium, and Rhizobium. Bacteria of these gen-
era are well-investigated nitrogen-fixing organisms living in
symbiosis with plants (6). Members of the genus Mesorhizo-
bium were formerly classified in the genus Rhizobium; phylo-
genetic differences and specific phenotypic characteristics,
however, led to their transfer into the separate genus Mesorhi-
zobium (12). Mesorhizobium species are not homogenous but
are highly variable, containing symbiotic and nonsymbiotic
bacteria (23). These organisms are well known for their cell-
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cell communication by secretion and sensing of small diffusible
signaling molecules (8). Thus, AHL production was shown to
occur in the symbiotic plant bacterium Mesorhizobium huakuii
(37, 42) but has not yet been observed for marine-derived
Mesorhizobium species.

AHL production by marine bacteria isolated from sponge
samples has to date been described solely for a Vibrio sp. and
an alphaproteobacterium from the Roseobacter-Ruegeria sub-
group (33). A Mesorhizobium sp. obtained from the marine
sponge Phakellia ventilabrum thus attracted our attention due
to the extremely high levels of AHLs detected in its culture
medium. AHL molecules differ in the length and substitution
pattern of the acyl side chain, structural motifs that seem to
determine the specificity of the regulators’ response. In this
context, the recently identified unusual long-chain AHLs in
marine Alphaproteobacteria are of special interest (36). Here
we report the isolation and structure of two unusual long-chain
(Ci») AHLs from the culture of a marine Mesorhizobium sp.
Both compounds showed bioactivity in a range of assay systems
for QS: Escherichia coli and Pseudomonas putida biosensor
strains carrying plasmids with luxR-gfp and lasB-gfp transcrip-
tional fusions, which are optimally responsive to AHLs with
short (C,) and long (C,,) chain lengths, and a las! rhll double
mutant of Pseudomonas aeruginosa. Furthermore, compound 1
exhibited antimicrobial activity against Bacillus brevis and cy-
totoxic activity against two tumor cell lines, whereas compound
2 was inactive.

MATERIALS AND METHODS

Sponge collection. The sponge Phakellia ventilabrum (class Demospongiae)
was collected from the Korsfjord near Bergen, Norway, at a depth of 250 m.
After sampling, the sponge was directly transferred into a container with fresh
seawater and kept in the cold until arrival in the Berlin laboratory. The sponge
was cut into approximately 0.5- by 1-cm pieces and transferred into a continuous-
culture system, where the pieces of sponge tissue were fed with oligotrophic
medium (0.1% MB [Difco], 3% Reef Crystals [Aquarium Systems, France], 5%
silicate, 1 wM retinol [Sigma]) at 8°C in a cold room under aerobic conditions.

Isolation of bacteria. After 53 days of cultivation in continuous culture, a piece
of the sponge tissue was harvested and homogenized in sterile artificial seawater
in a glass tube squeezer. The extract was serially diluted and distributed on agar
plates with low nutrient concentrations (substrate concentrations were as men-
tioned above, with 1% MB and 1.5% Bacto agar). Subcultivation was always
performed on MB agar plates. Incubation was performed at 8°C.

Phylogenetic characterization. DNA was extracted from liquid cultures of the
bacterium by the alkaline lysis method (0.25% sodium dodecyl sulfate, 50 mM
NaOH) and incubation at 95°C for 15 min. Amplification of the 16S rRNA gene
was performed with the universal bacterial primers 616V (5'-AGA GTT TGA
TYM TGG CTC AG) and 1525R (5'-AAG GAG GTG WTC CAR CC). Cycling
conditions were as follows: 1.5 min at 96°C; 35 cycles of 2 min at 96°C, 3 min at
57°C, and 1.5 min at 72°C; and a final extension step at 72°C for 10 min. The
complete 16S rRNA gene sequence was determined by Services in Molecular
Biology, Berlin. Sequence data were assembled with the ABI Prism autoassem-
bler program, analyzed with the ARB software (14), and compared to the
EMBL/GenBank nucleotide sequence database. The tree (see Fig. 1) was cal-
culated with partial 16S rRNA gene sequences (1,420 bp; E. coli positions 42 to
1462) by using the maximum-parsimony and maximum-likelihood methods im-
plemented in ARB.

Cultivation, extraction, and isolation. The Mesorhizobium sp. (strain R8-Ret-
T53-13d) was chosen for cultivation due to striking antimicrobial and cytotoxic
activity found in a screening program for bioactive secondary metabolites. The
strain was cultivated in 20 liters of LB2 medium (tryptone, 2.5 g/liter; yeast
extract, 2.5 g/liter; glucose, 5 g/liter; NaCl, 10 g/liter; sea weed extract, 2.5
ml/liter; marine salts, 17 g/liter) with 1 kg Diaion HP21 resin (Mitsubishi Chem-
ical Industry Ltd., Diisseldorf) at 22°C, 150 rpm, and 4.5 liters air/min in a
fermentor (Biostat A-20; Braun, Melsungen) for 4 days. As the inoculum, 12 ml
of a 3-day-old culture in LB2 was used. The cultures were harvested after 4 days
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by filtration over a Biichner funnel. The HP21 resin was stirred with 3 liters
acetone and 100 ml water for 30 min. After filtration, the acetone was evaporated
and the water phase extracted twice with ethyl acetate. Evaporation of the
combined ethyl acetate phases yielded 250 to 440 mg crude extract per fermentor.

Isocratic fractionation (2 ml/min, acetonitrile-H,O gradient) with a reversed-
phase C,g column (Macherey-Nagel Nucleodur 100; 250 mm by 10 mm, 5 pm)
yielded 10 fractions. High-pressure liquid chromatography (HPLC) separation of
fraction 8 yielded 3 mg of compound 1. Fraction 10 gave 25 mg of pure com-
pound 2. Recultivation of the bacteria under identical conditions in 60 liters
culture broth and reisolation gave 36 mg of compound 1 and 35 mg of compound
2. HPLC was carried out using a Waters system consisting of a 600 pump, a 996
photodiode array detector, a 717 plus autosampler, and a fraction collector.

Structure elucidation. All nuclear magnetic resonance (NMR) spectra were
recorded on Bruker Avance 500 DRX or 300 DPX spectrometer. Spectra were
referenced to residual solvent signals with resonances at 8y, 7.26/77.0 (CDCl;-
dy). UV and infrared (IR) spectra were obtained with Perkin-Elmer Lambda 40
and Perkin-Elmer Spectrum BX instruments, respectively. High-resolution elec-
trospray ionization-Fourier transform-ion cyclotron resonance-mass spectrome-
try (HR-ESI-FT-ICR-MS) measurements were recorded on a Bruker Daltonics
APEX III FT-ICR-MS spectrometer. Low-resolution (LR)-ESI-MS measure-
ments were recorded with an API 2000 instrument (Applied Biosystems/MDS
Sciex).

5-cis-3-0x0-C,,-HSL (compound 1). Data for compound 1 (36 mg, 0.6 mg/liter)
are as follows: [a]*P —12° (¢ 0.94 MeOH); UV (MeOH) \,,,,. (log €) 223 (3.57),
286 (3.38) nm; IR (ATR) v,,., 3316, 2925, 1776, 1710, 1658, 1537, 1172 cm™};
LR-ESI-MS m/z 296 [M + H"], 294 [M — H"]; HR-FT-ICP-MS m/z 294.17120
(calculated for [M — H*] C;H,,NO, 294.17053). 'H and '*C NMR data are
given in Table 1.

5-cis-C1,-HSL (compound 2). Data for compound 2 (25 mg, 1.3 mg/liter) are
as follows: [a]**P —7° (¢ 0.42 MeOH); UV (MeOH) . (log €) 217 (3.44) nm;
IR (ATR) v, 3311, 2923, 1777, 1650, 1535, 1175, 1021 cm™!; LR-ESI-MS m/z
282 [M + H™'], 280 [M — H"]; HR-FT-ICP-MS m/z 280.19190 (calculated for
[M — H*] C;4H,sNO; 280.19182). 'H and '*C NMR data are given in Table 1.

Antimicrobial assays. Antibacterial activities were tested with Bacillus brevis
(ATCC 9999), Micrococcus luteus (ATCC 21415), Staphylococcus aureus (ATCC
11632), Acinetobacter calcoaceticus (DSM 30006), and Proteus vulgaris (DSM
30119), for antifungal activities Nematospora corylii (ATCC 10647), Mucor michei
(TG 284), Fusarium solani (CBS 166.87), and Candida albicans (ATCC 10231)
were used. Bacteria were grown on nutrient agar (Difco) at 37°C and fungi on
YMG agar. Test plates were seeded with 5 X 10° cells or spores per ml. Filter
disks (6-mm diameter) were loaded with the compounds to be tested (50 pg) and
placed on the agar plates. The diameters of inhibition zones were monitored
after 24 h.

Cytotoxic activities. Cytotoxic activity was assayed as described previously (41)
with slight modifications. Jurkat cells (ATCC TIB 152) were grown in RPMI
1640 medium (GIBCO, BRL), and HeLa S3 cells (ATCC CCL 2.2) were grown
in Dulbecco modified Eagle medium (GIBCO, BRL), supplemented with 10%
fetal calf serum (GIBCO, BRL), 65 pg/ml of penicillin G, and 100 pg/ml of
streptomycin sulfate. The assay mixtures contained 1 X 10° cells/ml medium.

Detection of AHLs. The AHL biosensor strains Escherichia coli MT102
(pSB403) (40) and Pseudomonas putida F117(pKR-C12) (29) were grown
overnight in Luria-Bertani (LB) medium (1) at 30°C, diluted fourfold in fresh
medium, and grown for another hour. Aliquots (100 pl) of cultures were pipetted
into the wells of microtiter plates (FluoroNunc; Polysorp). Compound 1, com-
pound 2, or synthetic AHLSs (3-0x0-C4-HSL and 3-oxo-C,,-HSL) were added to
the wells at final concentrations ranging from 0 to 1,000 nM. The microtiter
plates were incubated at 30°C for 4 h before bioluminescence and green fluo-
rescent protein fluorescence were measured with a Sirius HT reader (MWG
Biotech). Data were processed with the KC4 software (Bio-Tek Instruments).
The biosensor P. putida F117(pKR-C12) was also used to visualize compounds 1
and 2 on thin-layer chromatography (TLC) plates. To this end, 10-pl samples of
compounds 1 and 2 and 5 ul of the AHL standard 3-oxo-C,,-HSL were applied
to C,4 reversed-phase TLC plates (Merck no. 1.15389) and dried with a stream
of cold air. Samples were separated using methanol (60%, vol/vol) in water as the
mobile phase. For detection of AHLs, the TLC plate was overlaid with a thin film
of 0.8% (wt/vol) LB agar (143 ml) seeded with 7 ml of an exponentially grown
AHL biosensor and was then incubated at 30°C for 24 h. Green fluorescence was
visualized by illuminating plates with blue light, using an HQ 480/40 filter (F44-
001; AHF-Analysentechnik, Tiibingen, Germany) in combination with a halogen
lamp (Intralux 5000-1; Volpi, Schlieren, Switzerland) as a light source. Illumi-
nation took place in a darkbox equipped with a C2400-40 camera connected to
a Pentax CCTV camera lens and an HQ 535/20 filter (F42-001; AHF-Analysen-
technik).



VoL. 73, 2007 A MARINE MESORHIZOBIUM SP. PRODUCES NOVEL AHLs 3589
TABLE 1. One- and two-dimensional NMR spectral data for compounds 1 and 2 in CDCl,
Compound 1 (5-cis-3-ox0-C;,-HSL) Compound 2 (5-cis-C,,-HSL)
Position . THP § (ppm . . ¢ § (ppm
C< 3 (ppm) (multiplicit;f’g [r)lz]) cosy* HMBC> °C3 (ppm) (multiplicitg)g [f)lz])
2 174.7 () 175.5 (C)
3 49.0 (CH) 4.58 (m) 4a/b 49.3 (CH) 4.57 (m)
4a/b 29.9 (CH,) 2.76 (m), 2.25 (m) 3, 5a/b 2,3 30.7 (CH,) 2.89 (m), 2.18 (m)
Sa/b 66.0 (CH,) 4.48 (t, 8.8), 4.28 (m) 4a/b 2,3 66.1 (CH,) 4.49 (t, 8.4), 4.31 (m)
1’ 166.2 (C) 173.6 (C)
2 47.3 (CH,) 3.51 (s) 1,3’ 35.5 (CH,) 2.28 (t, 7.3)
3 204.5 (C) 25.3 (CH,) 1.73 (p, 7.3)
4 42.6 (CH,) 3.28 (d, 7.0) 5’ 3,56 26.5 (CH,) 2.10 (q, 7.3)
5 119.0 (CH) 5.51 (dt, 9.6, 7.0) 4,6, 7 128.2 (CH) 5.36 (m)*
6 135.3 (CH) 5.67 (dt, 9.6, 7.0) 507 131.3 (CH) 5.45 (m)*
7 27.6 (CH,) 2.03 (q, 7.0) 5,6 5,6,8 27.3 (CH,) 2.02 (q, 6.6)
8’ 29.2 (CH,) 1.29 (m) 29.6 (CH,) 1.29 (m)
9 28.9 (CH,) 1.29 (m) 29.0 (CH,) 1.29 (m)
10’ 31.7 (CH,) 1.29 (m) 31.7 (CH,) 1.29 (m)
11’ 22.6 (CH,) 1.29 (m) 12 12', 10 22.6 (CH,) 1.29 (m)
12 14.1 (CH3) 0.88 (t, 7.0) 11’ 11', 10 14.1 (CH3) 0.90 (t, 7.0)

“300/75.5 MHz.
»500/125.7 MHz.

¢ Assignments are based on extensive one- and two-dimensional NMR measurements (HMBC, HSQC, and COSY).

4 Numbers refer to proton resonances.
¢ Numbers refer to carbon resonances.
/Implied multiplicities determined by DEPT.

& Jus ue = 10.6 Hz, determined with homonuclear decoupling NMR experiments.

Measurement of protease activity and pyoverdin production in Pseudomonas
aeruginosa. Wild-type P. aeruginosa PAO1 and the AHL-deficient lasI rhil double
mutant were grown overnight in LB medium in the absence and in the presence
of 350 nM 3-oxo-C,,-HSL and 700 nM of compounds 1 and 2. Proteolytic activity
was measured as described previously (19). Briefly, 250 ul of 2% (wt/vol) azo-
casein (Sigma) in 50 mM Tris-HCI and 150 pl of the sterile filtered supernatants
were incubated for 4 h at 4°C. After precipitation of undigested substrate with 1.2
ml of 10% (wt/vol) trichloroacetic acid for 15 min at room temperature, followed
by 10 min of centrifugation at 15,000 rpm, 1.4 ml of 1 M NaOH was added to the
supernatant. The A4,  of the supernatant was measured. Pyoverdin production in
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the same cultures was monitored by absorbance of sterile filtered supernatants at
380 nm as described elsewhere (21).

Nucleotide sequence accession number. The 16S rRNA gene sequence was
deposited in the EMBL database under accession number AM183167.

RESULTS

Isolation and phylogenetic characterization. By using a con-
tinuous-culture system with an oligotrophic medium and sub-

ga[ Mesorhizobium sp., AY620680
Mesorhizobium sp. R8-Ret-T53-13d, AM183167
6 Measorhizobium sp., AY258096
uncultured alpha, AYS515418
100[— Afrensia sp., AJS82085
Afrensia sp., AJ582087
Antarctic bacterium, AJ441009
100 Masorhizobium alexandrii, AJ786600
~ bacterium K2-76, AY345472
alpha protecbacterium, AB016848
63| bacterium RBS3-62, AJS3E673
100/ ' bacterium RRP3-6, AJ536674
pacterium RRP-E2, AJ536676
Mesorhizobium chacoense, AJ278249
Mesorhizobiumgenosp., 294817
tMasorhizobiumsp., AF410835
Mesorhizobium loti, 50164

Eicsorm'.zobium sp., AYER0674

100

uncultured bacterium, DQ125549
Mesorhizobium sp., AJ271200

99" Rhizobium sp., US0168

- Mesorhizobium loti, UST185
Mesarhizobium loti, AP003001

L Escherichia coli, AJSE7608

0.01

FIG. 1. Phylogenetic maximum-parsimony tree calculated with partial 16S rRNA gene sequences (1,420 bp). The isolated Mesorhizobium sp.
strain R8-Ret-T53-13d is indicated in bold. Maximum-parsimony (1,000 resamplings) bootstrap values are provided for relevant groups. Only
values of >50% are shown. The maximum-likelihood consensus tree shares the same topology. The scale bar indicates 1% sequence divergence.

The tree was rooted using Escherichia coli as an outgroup.
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FIG. 2. LC-ESI(+)-MS fingerprint of raw extract, showing, in addition to compounds 1 and 2 (molecular masses of 295 and 281, respectively),
several masses corresponding to other AHLs. The chromatogram represents overlaid mass chromatograms for the [M + H]" ions extracted from

the total ion chromatogram.

sequent serial dilutions on low-nutrient agar plates, the bac-
terium R8-Ret-T53-13d (BOSMAN stock collection) was
isolated from the marine sponge Phakellia ventilabrum. The
sponge originated from 250 m of depth from the Korsfjord
near Bergen in Norway. The isolated bacterium is phylogeneti-
cally closely related to the genus Mesorhizobium of the class
Alphaproteobacteria. As shown in Fig. 1, the 16S rRNA gene
of the isolated bacterium has more than 99% homology to
two Mesorhizobium species (accession no. AY690674 and
AY690680; unpublished) isolated from the rhizosphere soil of
salt marshes from the southwestern coasts of Korea as well as
to the Mesorhizobium sp. strain DG1023 (AY258096) (10) as-
sociated with the dinoflagellate Gymnodinium catenatum,
which causes paralytic shellfish poisoning. Mesorhizobium alex-
andrii obtained from the toxic dinoflagellate Alexandrium
minutum (AJ786600; unpublished), bacterium K2-76 from the
Hawaiian Lake Kauhako (AY345472; unpublished), an Ant-
arctic bacterium from microbial mats of Antarctic lakes
(AJ441009) (35), and an uncultured alphaproteobacterium
from the coastal region of the German Wadden Sea
(AY515416) (30) show 98 to 99% homology to Mesorhizobium
sp. strain R8-Ret-T53-13d. Furthermore, Mesorhizobium sp.
strain R8-Ret-T53-13d shows 97 to 98% homology to the two
Ahrensia spp. from the dinoflagellate Alexandrium lusitanicum
(AJ582085 and AJ582087) (20). All mentioned nearest neigh-
bors are from marine (i.e., saline) origins. Other phylogeneti-
cally affiliated bacteria that share less than 97% homology to
our isolate are either soil bacteria or symbiotic plant bacteria.

Cultivation and structure elucidation. Mesorhizobium sp.
strain R8-Ret-T53-13d was cultivated in the presence of an
adsorber resin. Liquid chromatography-MS (LC-MS) investi-
gations (Fig. 2) of the extract obtained from solid-phase ex-

traction indicated the presence of several AHLs with chain
lengths of C,, to C,,. Chromatographic separation of the ac-
tive bacterial extract using reversed-phase HPLC yielded un-
usually large amounts (0.6 mg/liter for compound 1 and 1.3
mg/liter for compound 2) of the two major acylated homo-
serine lactones (compounds 1 and 2) in this bacterium (Fig. 3).

The molecular formula of compound 1 was deduced from
accurate mass measurement (HR-FT-ICR-MS) to be
C,,H,5NO,, implying five degrees of unsaturation. The '*C
NMR spectrum contained 16 resonances resulting from one
methyl, nine methylene, three methine, and three quaternary
carbons (Table 1). The distortionless enhancement by polar-
ization transfer (DEPT) spectrum revealed 24 protons at-
tached to carbons. Therefore, the remaining proton has to be
present as an OH/NH group. "H-"H correlation spectroscopy
(COSY) correlations between H-3, H,-4 and H,-5 as well as
'H-'*C heteronuclear multiple-bond correlation (HMBC)
cross peaks from H,-4 and H,-5 to C-2 (3. 174.7) indicated
a y-butyrolactone. The *C and 'H NMR shift value of CH-3
(B 4.58/49.0) determined this group to be connected to a
nitrogen atom, resulting in a homoserine moiety. The remain-
ing part of the molecule was identified as an acyl group. One of
the methylene groups (3, 3.51/47.3) within this acyl moiety
appeared as a singlet in 'H NMR spectra and showed "H-*C
HMBC cross peaks to the quaternary carbon 8. 166.2 (C-1")
and to the keto function 8- 204.5 (C-3"). Thus, it has to be
located between C-1’ and C-3'. The chemical shift value of
C-1' is in agreement with a connection to the NH group form-
ing an amide function. The residual protons belonged to an
unsaturated alkyl chain with one CH=CH double bond (8,
5.51/119.0, 8y, 5.67/135.3), six methylene groups, and a ter-
minal methyl group. Methylene group CH,-4" (3, 3.28/42.6)
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5'-¢is-3-0x0-Cy,-HSL

2 5-gis-CyyHSL

FIG. 3. Acylated homoserine lactones isolated from the Mesorhizobium sp.

showed a doublet multiplicity in '"H NMR spectra and 'H-
13C HMBC correlations to both double-bond methine groups
(C-5'/C-6") and C-3'. Therefore, C-4" was directly bonded to
the carbon-carbon double bond A% ¢ and to the quaternary
keto function C-3'. From 'H and *C NMR spectra, ‘H-'H
COSY, and 'H->C HMBC correlations, an n-hexyl chain
(CH,-7" to CH;-12") was deduced, which clarified the other
end of the double bond, i.e., C-7' to C-12'. The planar struc-
ture of compound 1 (Fig. 3) was thus determined, leaving the
configuration at C-3 and of the A>" ¢’ to be established. H-5'
showed 'H-"H coupling constants of 7.0 Hz to H,-4" and of 9.6
Hz to H-6'. The value of the Ji5. 16 coupling enabled us to
assign the cis configuration for A>" ¢,

All natural occurring HSLs are regarded as having the L
configuration; however, even though a large number of litera-
ture reports deal with AHLSs, hardly any proof for their abso-
lute configuration has been presented. For purchasable enan-
tiomerically pure L-homoserine lactone, optical rotation values
are given by the supplier (Sigma-Aldrich) (L-HSL - HBr, [«]*°°
—21°% L-HSL - HCl, —28° [H,0]). We measured the specific
optical rotation of L-3-oxo-hexanoyl-HSL (3-oxo-C,-HSL;
Sigma K3007) as [a]*® —21° (MeOH). N-Octanoyl-L-homo-
serine lactone was recently synthesized (36) and had a specific
optical rotation of [a]**®> —24° (MeOH). The optical rotation
of compound 1 was determined as [a]**® —12° (MeOH), and
thus the configuration at C-3 was assigned to be L. The sys-
tematic [IUPAC name for compound 1 is (Z)-3-0xo-N-[(35)-2-
oxotetrahydro-3-furanyl]-5-dodecenamide. According to liter-
ature precedents, we propose the half systematic name 5,6-cis-
3-oxo-dodecenoyl-HSL (= 5-cis-3-oxo-C,,-HSL).

HR-MS data for compound 2 showed the molecular formula
of this molecule to be C,;H,,NO;. Comparison of NMR spec-
tral data for compound 2 with those of compound 1 revealed
close similarity (Table 1). From NMR and MS data it can be
deduced that in compound 2 a carbonyl group is replaced by a
methylene moiety. This was confirmed by the presence of ad-
ditional NMR signals for a CH, group at 8y, 1.73/25.3 show-
ing 'H-'H COSY cross peaks to H,-2" (8¢ 2.28/35.5) and

H,-4" (81y,c 2.10/26.5). A '*C NMR signal for the keto group
C-3" was missing. All other deductions from COSY, hetero-
nuclear single-quantum coherence (HSQC), and HMBC NMR
experiments were identical to those for compound 1, revealing
that compound 2 possessed a methylene group at position 3’
instead of the keto function as deduced for compound 1. In 'H
NMR spectra the methine protons of the double bond (A% ©")
appeared as multiplets. Homonuclear decoupling NMR exper-
iments revealed Jys. 6 to be 10.6 Hz and endorsed the cis
configuration. According to the optical rotation value of [a]*°"
—7° (MeOH), the configuration at C-3 was attributed to the L
form. We propose the name 5,6-cis-dodecenoyl-HSL (= 5-cis-
C,,-HSL) for compound 2.

UV data for compound 1 revealed an unexpected maximum
at 286 nm (MeOH), although on first sight the structure pos-
sesses no extended chromophore. In this context it is also
noteworthy that NMR spectra of compound 1 when measured
in deuterated methanol show no signals for CH,-2', due to the
occurrence of keto-enol tautomerism. Obviously, the B-diketo
function connected to the homoserine moiety and its tauto-
meric forms provide an expanded m-electron system which is
responsible for the UV maximum at 286 nm. Compound 2 is
lacking a UV maximum beyond 217 nm, which is consistent
with the missing keto functionality at position 3.

According to LC-MS and 'H/"*C NMR data, at least five
additional and structurally different AHLs are produced by this
bacterial strain. ESI MS data (Fig. 2) indicate molecular
masses of 269 and 297, presumably derived from 3-oxo-C, -
HSL and 3-oxo-C,,-HSL, previously identified from Vibrio
aguillarum (16) and Pseudomonas aeruginosa (18, 24), respec-
tively. The molecular masses of 327 and 339 are assumed to
correspond to hydroxy-C,,-HSL and C,,-HSL (15, 25), respec-
tively, whereas 341 accounts for an AHL with an uneven num-
ber of carbon atoms, that is, hydroxy-C,s-HSL.

Biological activity. Compound 1 showed antibacterial activ-
ity against Bacillus brevis (8-mm inhibition zone at 50 pg/disk).
No activity was found for the other tested organisms. Cytotoxic
activity was found against Jurkat and HeLa S3 cells: at 10
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FIG. 4. Detection of Mesorhizobium sp. signal molecules by the
AHL monitor strain P. putida F117(pKR-C12). The biosensor was
grown in the presence of 3-oxo-C,,-HSL or compound 1 or 2 in a
concentration range of 0 to 1,000 nM. Green fluorescence of the
cultures was recorded with a microtiter plate reader at 515 nm. The
measured values were corrected for autofluorescence and plotted as a
function of AHL concentration. Fluorescence of the sensor in the
presence of 1,000 nM 3-oxo-C,,-HSL was arbitrarily set to 100%.

wg/ml, proliferation of Jurkat cells was reduced by 90%; at 50
pg/ml, proliferation of HeLa S3 cells was decreased by 50%.
Compound 2 appeared to be inactive in the antimicrobial as
well as in the cytotoxic bioassays.

To test whether compounds 1 and 2 are QS functional, we
employed two AHL biosensors with different specificities:
Escherichia coli MT102(pSB403) (38) and Pseudomonas putida
F117(pKR-C12) (29). The sensor plasmid pSB403 contains the
Vibrio fischeri luxR gene together with the luxI promoter region
as a transcriptional fusion to the bioluminescence genes luxC-
DABE of Photorhabdus luminescens. The QS system of V. fis-
cheri relies on 3-oxo-hexanoyl-HSL (3-oxo-C4-HSL), and the
sensor plasmid consequently exhibits the highest sensitivity for
this AHL molecule. When the two compounds were tested
with the aid of this sensor, activation was observed only at a
concentration of at least 2 uM (data not shown). For compar-
ison, the sensor is fully induced in the presence of 10 nM
3-0x0-C4-HSL.

The second sensor plasmid, pKR-C12, contains a transla-
tional fusion of the lasB elastase gene of Pseudomonas aerugi-
nosa to the gfp gene encoding the green fluorescent protein.
The sensor also expresses LasR, the cognate 3-oxo-C,,-HSL
receptor protein. As expression of lasB is controlled by the las
QS system, this biosensor is most sensitive for 3-oxo-C,,-HSL
and related long-chain AHLs and cannot be activated by AHLs
with acyl chains shorter than Cg. As expected from their struc-
tures, both compounds activated this biosensor (Fig. 4). Com-
pounds 1 and 2 were approximately 20- and 100-fold less effi-
cient in the bioassay than 3-oxo-C,,-HSL, respectively. We
also employed the biosensor to visualize the compounds on
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FIG. 5. Measurements of protease activity (A) and pyoverdin pro-
duction (B) in wild-type P. aeruginosa PAO1 and the AHL-deficient
lasI rhil double mutant grown in the absence or presence of 350 nM of
3-0x0-C,,-HSL and 700 nM of compound 1 or 2. Sterile filtered su-
pernatants were used for enzymatic measurements of proteolytic ac-
tivities on azocasein and spectrophotometric quantification of pyover-
din. The activity of the wild type was arbitrarily set to 100%. The data
represent mean values from three independent experiments. Error
bars represent the standard errors of the means.

TLC plates. The compounds exhibited mobilities that were
similar but not identical to that of 3-oxo-C,,-HSL (data not
shown).

In the opportunistic human pathogen P. aeruginosa, produc-
tion of extracellular proteases and the siderophore pyoverdine
is dependent on the synthesis of 3-oxo-C,,-HSL. When a las rhl
double mutant, which is defective in both QS circuits operating
in P. aeruginosa and thus produces greatly reduced levels of
pyoverdin and proteases (17, 31), was grown in the presence of
compounds 1 and 2 or 3-ox0-C,,-HSL, the defects were at least
partially rescued (Fig. 5). In conclusion, these data provide
clear evidence that the two new compounds isolated from the
Mesorhizobium sp. are biologically active and can stimulate QS
systems present in other bacteria.

DISCUSSION

Bacteria of the genus Mesorhizobium have rarely been ob-
served in connection with marine sponges. By employing mo-
lecular techniques, a range of sponges was analyzed in regard
the microbial diversity associated with them, but this did not
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yield any data suggesting a widespread occurrence of Mesorhi-
zobium spp. (11, 38). In one of our previous large-scale inves-
tigations of marine sponge-associated bacteria from the Sula
Ridge (Norway), no Mesorhizobium species could be detected
(2). Studies on two sponges from the Korsfjord led to more
than 800 bacterial isolates (data not shown), only one of which
was a Mesorhizobium species (strain R8-Ret-T53-13d). From
these data we assume that there is no close and specific asso-
ciation between the isolated Mesorhizobium strain and the
sponge. Nevertheless, to date, there are three further reported
cases of such microorganisms obtained from Demospongiae
(28, 34).

Our isolate affiliates in the vicinity of strains derived from
marine (i.e., saline) origins (such as marine dinoflagellates),
soil of salt marshes, and different lakes (Fig. 1). Mesorhizo-
bium sp. strain R8-Ret-T53-13d produces extraordinarily large
amounts of different AHLs (0.6 mg/liter for compound 1).
Typically, AHLs are present at only nanomolar concentrations
or less in culture media (36). LC-MS data suggest the presence
of at least seven structurally different AHL compounds (Fig.
2) with chain lengths of C,, to C,5. In some cases the acyl
chain bears additional functional groups such as keto and
hydroxyl functionalities, as well as carbon-carbon double bonds.
Schripsema et al. (26) reported the isolation of a new unsat-
urated HSL from Rhizobium leguminosarum (7-cis-3-OH-C,,-
HSL), Puskas and coworkers (22) isolated 7-cis-C,,-HSL from
the photosynthetic bacterium Rhodobacter sphaeroides, and
HSL molecules with side chains composed of 16 and 18 carbon
atoms (15, 25), some with one or two double bonds (36), were
also reported. AHLs with an uneven number of carbon atoms,
e.g., C,s, are extremely rare (36).

The two major AHLs of the Mesorhizobium sp. were isolated
in pure form, and their structures were rigorously character-
ized by making use of spectroscopic data. The reference data
provided are of prime importance, because despite the many
reports on AHL signaling molecules, frequently physicochem-
ical characterizations are incomplete and a definite structure is
merely implied. This of course is not astonishing given that
AHL molecules are usually produced in nanomolar concentra-
tions. In the case of our Mesorhizobium sp., extraordinarily
large amounts (i.e., in the milligram range) of AHLs could be
retrieved. It is estimated on the basis of LC-MS data for HPLC
fractions of the raw extract that overall, approximately one-
quarter of the crude extract is composed of this class of sub-
stances. This amounts to a production of about 5 mg of HSLs
per liter of cultivation medium.

As discussed by Wagner-Dobler et al. (36), the method of
cultivation and extraction (e.g., addition of adsorber resin to
the culture medium) may influence the amounts extracted and
the type of HSLs. Our screening results from the cultivation of
our Mesorhizobium sp. on four different media showed that the
production of biologically active metabolites was greatly en-
hanced when the adsorber resin was added to the medium.

QS activity of compounds 1 and 2 was evaluated in three
biosensor systems, i.e., E. coli and. P. putida biosensor strains
responsive to AHLs with short (C,) and long (C,,) chain
lengths and a lasI rhll double mutant of P. aeruginosa. Since the
E. coli biosensor is best induced with 3-ox0-C,-HSL, the ob-
served lower activity of compounds 1 and 2 is in accordance
with the extended carbon chain (C,,) and the presence of a
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carbon-carbon double bond in our compounds. These results
are also in agreement with previous studies that showed that
long-chain AHLs can be detected by the sensor, albeit with low
sensitivity (7, 40). Compounds 1 and 2 were also approximately
20- and 100-fold less efficient in the bioassay employing the P.
putida F117(pKR-C12) biosensor than was 3-oxo-C,,-HSL.
The diminished activity of our compounds (compounds 1 and
2) compared to the control may be explained by the presence
of a double bond in a side chain, clearly modulating the bio-
activity. In all QS bioassays, compound 1 was somewhat more
efficient than compound 2, and both were less active than the
indigenous AHL molecules 3-ox0-C,-HSL and 3-oxo-C,,-
HSL. The slightly enhanced bioactivity of 5-cis-3-oxo-C,,-HSL
(compound 1) compared to 5-cis-C,,-HSL (compound 2) must
be due to the additional keto function in compound 1.

In our assays compound 1 showed antibacterial activity and
cytotoxicity towards cultured tumor cells. The relatively high
concentration of AHLs detected in our bacterial strain may
point towards additional biological functions of these mole-
cules. For bacteriocin small (7-cis-3-OH-C,,-HSL), antibacte-
rial activity towards the producing strain was reported (26).
Kaufmann et al. described additional functions of AHLs, par-
ticularly bactericidal activity against gram-positive bacteria
(13). Cytotoxic activity of 3-oxo-C,,-HSL was observed in neu-
trophils and monocytic cell lines (32). In order to judge the
ecological role of AHLs produced by bacteria in the marine
environment, the in situ production of these molecules must be
analyzed. Recently, Schupp et al. (27) described the enhanced
detection of AHLs in sponge material by using solid-phase
extraction.
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