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Chemical communication in bacteria, sometimes called
quorum sensing, is a fundamental microbial process that is
based on the exchange of molecular signals between cells. The
signaling molecules involved in this process are thermody-
namically unstable in some environments and their degradation
affects microbial communication. This work reports the
oxidation of a series of substituted N-acylhomoserine lactones
(AHLs, a class of quorum sensing signals) by hydroxyl
radicals. The corresponding bimolecular rate constants were
obtained and correlated positively with the length of the acyl side
chain (C, in numbers of carbon atoms) ranging from 2.4 ×
109 M-1 s-1 to 9.4 × 109 M-1 s-1 (C4- to C10-AHL), 2.4 × 108

M-1 s-1 for 3-oxo C6-AHL, and 2.94 × 109 M-1 s-1 for 3-oxo C8-
AHL. Liquid chromatography-mass spectrometric techniques
were applied to qualify the identity and quantify the yields
of the hydroxyl radical oxidation products of C6-AHL (aldo, keto,
and hydroxylated C6-analogues identified). The biological
activity of C6-AHL and associated products was determined
using the Vibrio harveyi bioluminescence bioassay. Oxidation
resulted in a net increase in assay response indexed against
the starting AHL. This result suggested that the application of HO•
based technologies such as advanced oxidation processes
for biofilm control may result in unintended quorum sensing
responses by microbial communities.

Introduction
N-Acylhomoserine lactones (AHLs) and their derivatives are
a class of molecules that play important roles in intercellular
microbial signaling and can induce the development of
bacterial colonies and biofilms (1-8). The common structural
features of the AHLs are a five-membered lactone linked to
an acyl chain through an amide (Figure 1). Their uptake by
cells results in changes in gene expression and consequent
biosynthesis at the cellular and community level (2, 9, 10).
The outcomes of this process include biofilm formation,

protection and dispersal; horizontal transfer of DNA within
the film, production of virulence factors, antibiotics, etc. (11).
Biofilm formation has been linked to degradation of water
quality in water distribution systems, fouling of industrial
and transport equipment, potential transfer of organic
contaminants and nanoparticles from the water column to
the food web and the persistence of disinfection resistant
pathogens (12-16). The microbial activities regulated by
AHLs relate to both their specific structures and concentra-
tions. The effects of natural attenuation on the persistence
of microbial signals are unknown (17, 18).

Sharp microscale (e.g., micrometer) redox gradients have
been shown to occur in biofilms in water pipes, condensers,
photosynthetic microbial mats, and marine sediments (e.g.,
conversion from aerobic to sulfate-reducing communities)
(19). A net result is that molecules diffusing through biofilms
can be subjected to a wide range of oxidative attenuation
processes or destabilizing conditions in a very small volume.
These changes may be particularly important to biofilms
growing in oxidizing environments such as the surfaces of
sunlit metal oxide particles at beaches; drinking water
distribution systems with secondary disinfectants or food
surfaces during electron beam treatment, etc (20).

The hydroxyl radical (E° ) 2.80 V vs NHE) is a strong
oxidant that reacts at nearly diffusion controlled rates with
most organics (21, 22). This radical occurs naturally in sunlit
natural waters and is purposefully generated in the applica-
tion of several oxidative remediation technologies (23-25).
In this work we report the application of a competitive kinetic
strategy to determine the bimolecular rate constant for the
oxidation of a series of AHLs by the hydroxyl radical and the
application of LC-MS techniques to identify their oxidation
products. The bimolecular rate constants varied positively
across the series in proportion to the molecular weight of the
AHL. Hydroxyl radicals were an unselective oxidant under
our conditions and generated a suite of products, including
the corresponding AHL ketones, aldehydes, and alcohols.
The biological activity of C6-AHL and its HO-derived oxida-
tion products were investigated using the V. harveyi biolu-
minescence bioassay for signaling activity.

Materials and Methods
N-Hexanoyl-DL-homoserine lactone (C6-AHL), N-heptanoyl-
DL-homoserine lactone (C7-AHL), N-octanoyl-DL-homo-
serine lactone (C8-AHL), N-decanoyl-DL-homoserine lactone
(C10-AHL), N-�-ketocaproyl)-DL-homoserine lactone (oxo-
C6-AHL), and N-(�-ketooctanoyl)-DL-homoserine lactone
(oxo-C8-AHL) were purchased from Sigma-Aldrich (97+%
purity). Sodium nitrate (99.1%), sodium bicarbonate (100%),
benzoic acid (99.5%), 2-propanol (99.9%), sodium phosphate
monobasic (99%), and sodium phosphate dibasic (99%) were
obtained from Fisher. Tetrahydrofuran (THF) (99.5%) was
received from EM Science. Methylene chloride (HPLC grade)
was purchased from Mallinckrodt Chemicals. All materials
were used without further purification. All aqueous solutions
were prepared using 18MΩ · cm water (Barnsted E-Pure). An
Orion 410A meter with a Cole Parmer 05997-10 Ag/AgCl
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FIGURE 1. The molecular structure of N-acylhomoserine lac-
tones (* indicates C1 for numbering purposes).
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electrode was used for pH measurement. The AHL indicator
strain V. harveyi BB120 was purchased from American Type
Cell Culture (ATCC, Rockville, MD) (26).

Experimental Procedure. For kinetics, a reference solu-
tion (pH 7.2) was prepared of 1 mM benzoate and 6 mM
sodium nitrate (27). Individual AHL stock solutions were
prepared in methylene chloride, then calculated aliquots were
added to 40.0 mL vials, and residual methylene chloride was
removed through evaporation. The contents were reconsti-
tuted with 1.0 mL aqueous solution, stirred, transferred to
2 mL screw top borosilicate vials, and irradiated with
polychromatic light (300 nm-800 nm). Seventy-two vials were
prepared, in triplicate, for each AHL (0.1 mM) including a
reference control solution without added AHL. Solutions
stored in the dark exhibited no oxidation and less than 1.0%
hydrolytic losses over the time scale of the experiments.
Samples prepared for product isolation were initially 3.0 mM
phosphate buffer (pH 5.0), 12 mM NaNO3 and 100 µM [AHL]o,
then illuminated under the same conditions.

Irradiation. Hydroxyl radicals were generated by the
photolysis of nitrate (27-33). Samples were irradiated in a
Suntest XLS+ Solar Simulator equipped with a 2200 W Xe
vapor lamp (Atlas Material Testing Solutions). Light intensity
was calibrated with an internal radiometer and determined
spatially with a nitrate actinometer (27-33). Light intensity
was set to 655 W/m2 (300 nm-800 nm). Black standard
surface temperature was maintained at 26 °C ( 2 °C.
Photoreactors were perpendicular to the incident radiation
on the illuminated surface during all experiments (34, 35).
The lamp was allowed to equilibrate for at least 60 min before
sample irradiation. During the photolysis period, three vials
from each set of samples were removed from the reaction
chamber at 70 min time intervals and either stored frozen
at -80 °C until analysis (LCMS) or analyzed immediately
(fluorescence), vide infra.

Analysis. A SpectraMax M5 microplate reader (Molecular
Devices Corporation) was used for all fluorescence measure-
ments. Fluorescence intensity was measure for each sample.
Vial contents were transferred to a 96 well plate for salicylic
acid quantification at the end of the experiment. Average
integrated fluorescence intensity was measured at an excita-
tion wavelength of 305 ( 7.5 nm and an emission of 410 (
7.5 nm (27). Intensity was correlated against known salicylate
calibration standards, and the slope of benzoate oxidation
was determined to generate the experimental rate constant
for the various AHLs (kobs). The method is selective for
measuring HO because a unique product, salicylic acid, is
the analyte rather than the loss of benzoate.

Quality Assurance. The bimolecular rate constants for
the reaction of the hydroxyl radical with THF and 2-propanol
were determined using the same experimental procedure
described above as a method validation step. The results
were compared with the reported rate constants for 2-pro-
panol (1.91 ( 0.31 × 109 L mol-1 s-1) and THF (4.0 × 109 L
mol-1 s-1) to verify that the method was in fact measuring
the rates of HO reactions and not those of possible secondary
radicals (36-38). The rate constants obtained from this work
were 1.5 ( 0.1 × 109 (L mol-1 s-1) for 2-propanol and 6.0 (
0.9 × 109 L mol-1 s-1 for THF, which agreed with the published
data within the 95% confidence interval using a two-tailed
Student’s t test.

Mass Spectrometric Analysis. AHLs and their oxidation
products were resolved using HPLC-MS techniques (39). Full
scan spectra were initially acquired to obtain retention times
of target fragments. Fragment peaks were manually collected
based on retention time. Fractions were flash frozen with
liquid nitrogen and stored at -80 °C. Frozen samples were
concentrated by centrifugation/evaporation using a vacuum
centrifuge from ThermoSavant (SPD121P).

HPLC Product Separation. Analysis of C6-AHL and its
corresponding oxidation products was conducted using high
pressure liquid chromatography (HPLC; Agilent 1100 series)
with an acetonitrile/water mobile phase (0.1% (v/v) formic
acid(aq) and 0.1% formic acid in acetonitrile) on an AquaSep
reverse phase column (150 × 2.1 mm, 5 µm; ES Industries).
The mass of the products was determined using a Micromass
Quattro triple-quadrupole tandem mass spectrometer that
was coupled to the HPLC system (Waters, Milford, MA, USA)
with an electrospray ionization source in positive ion mode.
After 2 min of isocratic flow at 5% acetonitrile the ratio was
increased over 18 min at a constant rate to 60% acetonitrile.
The column was then returned to the initial condition and
allowed to equilibrate for 5 min prior to the analysis of the
next sample. Full scan spectra were initially acquired to obtain
retention times of the products. Product peaks were manually
collected based on retention time. Product assignment was
based on previously reported work (39). Fractions were flash
frozen with liquid nitrogen and stored at-80 °C. Mass spectra
of all analytes are reported in the Supporting Information
(Figures S1-S3). No optical characterization or detection of
the products was attempted.

Luminescence Assay. The signaling activity of the acyl-
homoserine lactones and their individual oxidation products
were tested using the V. harveyi luminescence bioassay. V.
harveyi BB120 is commonly used for detection of AHLs and
is sensitive to the structures of AHLs used in this study (40).
The indicator strain was cultured in aerated Luria-Bertani
Media (21) broth (tryptone 10 g/L, yeast extract 5 g/L and
NaCl 10 g/L) at 28 °C for 16-18 h and then diluted 100 fold
in fresh broth (41). The resulting culture was distributed into
wells of a Costar 96-well black microplate (Corning, USA).
All HPLC fractions were brought to dryness, their masses
determined, then reconstituted in 500 µL of deionized water.
Triplicates of test fractions (10 µL) and deionized water (10
µL) were added to the assigned wells. The assay plate was
incubated at 28 °C for 5 h, then the luminescence intensity
of each well was read using a Veritas Microplate Luminometer
(Turner Biosystems, USA) in accordance with established
screening methods for AHLs and analogues (9, 42-44).
Relative Luminescence Units (RLU) were calculated by
dividing the luminescence intensity by the optical density
measured at 600 nm using a Power Wave 200 Microplate
Scanning Spectrophotometer (Bio-Tek Instruments, USA)
(26, 45).

Results and Discussion
Rates. All AHLs in the study oxidized upon irradiation in the
presence of nitrate. Oxidation was first order in AHL for all
cases. The bimolecular rate constants for AHL oxidation by
HO (kAHL) were determined by comparison of the experi-
mentally obtained oxidation rate (ko) obtained in the presence
of varying amounts of a known HO scavenger, benzoic acid

TABLE 1. Measured Bimolecular Rate Constants for the
Reaction of AHLs with Hydroxyl Radicala

substrates average k/109 M-1 s-1 std error

AHL-C4 2.4 0.1
AHL-C6 7.2 0.3
AHL-C7 7.7 1.6
AHL-C8 8.2 1.4
AHL-C10 9.4 2.1
3-oxo-AHL-C6 0.2 0.5
3-oxo-AHL-C8 2.9 0.9
2-propanol 1.5 0.1
THF 6.0 0.9
a Based on eq 2. Measured rates for 2-propanol and THF

oxidation are included for quality assurance (21, 37, 59).
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(Table 1) (13, 46). The fraction of HO that reacted with benzoic
acid (Fr ·OH-BA) was estimated (1)

where kBA (5.9 × 109 L mol-1 s-1) was the bimolecular rate
constant for benzoate by HO (21, 28). Rearranging eq 1 and
accounting for [HO]ss yielded an expression for obtaining
the bimolecular rate constant for the reaction of hydroxyl
radicals with a given AHL (kAHL) (2)

where k0 was the experimentally determined rate of benzoate
oxidation in the absence of AHL, and kx was the experi-
mentally determined rate of benzoate oxidation in the
presence of AHL. All rates were obtained using the method
of initial rates to avoid interference from oxidation products
(i.e., less than 20% of the initial AHL was oxidized). The AHLs
reacted with HO with bimolecular rate constants of 109 M-1

s-1 or greater, in agreement with the order of magnitude
expected for most organic molecules that are not perhalo-
genated (Supporting Information, Figure S4). The two 3-oxo
AHLs (C6 and C8) reacted more slowly than the corresponding

saturated analogues, an observation consistent with the
bimolecular rates for the oxidation of other alkane/ketone
pairs such as n-butane (2.9 × 109 L mol-1 s-1) (47) and
butanone (6.6 × 108 L mol-1 s-1) (48) or pentane (5.4 × 109

L mol-1 s-1) (49) and 2-pentanone (1.9 × 109 L mol-1 s-1) (50)
or 3-pentanone (1.4 × 109 L mol-1 s-1) (50).

AHL Oxidation Products and Bioassays. The oxidation
of C6-AHL and corresponding product evolution was followed
by HPLC-MS operating in full scan mode (Figures 2 and 3).
Products were identified according to their fragmentation
patterns and high resolution mass spectra (39). Product
detection and quantification was limited by the operational
window of the HPLC-MS, which had poor sensitivity for
products with a molecular weight <150 Da. Product yield
peaked at approximately 15 h of illumination (Σ product yield
of ∼20% on a per mole AHL consumed basis) with a
concurrent mass balance of approximately 40%.

The initial oxidation of the AHL could have occurred by HO
attack at several different locations on the molecule; however,
secondary alkyl radical centers are known to migrate to positions
� or γ to carbonyls (51). Products isolated from AHL oxidation
were consistent with this pattern of rearrangement, followed
by peroxidation to generate the corresponding structures I-IV,
with the highest yield in this study obtained for I (Figure 3)
(51, 52). There is uncertainty in the placement of the double
bond generated during rearrangement or fragmentation of the
initial radical (I and III); however, the solution pH would not
have supported the development of stable enols under our
conditions. Given the high concentration of AHL still left in the
solution at the time of sample isolation (t ) 15 h, Figure 3) it
is unlikely any of the detected products were the result of
successive oxidation steps.

This result is significant because many of the lux-based
response systems (V. harveyi, P. aeruginosa, V. cholera, etc.)
are broadly responsive to AHLs and their structural analogues
(53). All of them are sensitive to structural variations within
a particular class; i.e. those resulting from partial oxidation
of the alkyl side chain, and some of the synthesized AHL
analogues elicit stronger responses from the assays than the
naturally occurring structures (54-57).

The signaling activity coefficient of the isolated AHL
degradates (collected at t ) 15 h to maximize yield) was

FIGURE 2. Nominal structures of C6 AHL oxidation products
(I-IV) determined by LCMS in this study. The position of the
carbon-carbon double bond on III is indeterminate with this
technique (C3-C4 vs C4-C5).

FIGURE 3. The oxidation of C6-AHL and formation of corresponding oxidation products (I-IV) with mass balance during protracted
oxidation (A). An expanded view of the product profile with time is inset (B). Samples were isolated from the t ) 15 h point for
product isolation and signal activity assays. Experimental conditions: 12.0 mM NaNO3, 3.0 mM phosphate buffer pH ) 5.0, light
intensity of 655 W/m2 (300 nm-800 nm), and T ) 26 ( 2 °C.

Fr·OH-BA )
kBA[·OH][BA]

kBA[·OH][BA] + kAHL[·OH][AHL]
(1)

kAHL )
kBA × [BA] × [1 - (kx/k0)]

(kx/k0) × [AHL]
(2)
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quantified on a per mole basis by the V. harveyi BB120-based
signal bioluminescence assay (Figure 4) (58). Signaling activity
(in relative luminescence units, RLU) was estimated for the
system as a function of time based on the signaling activity
coefficient. The coefficient was obtained by normalizing the
RLU of the blank against that of the sample on a per mole basis.
Multiplying these coefficients by the concentration of products
and starting material over time allowed an estimation of the
whole sample assay response over the course of the oxidation
(Figure 5). Based on this estimate the aggregate assay response
increased by roughly a factor of 4, even though approximately
70% of the starting material was consumed. It is important to
note that “aggregate” is used in the additive sense here and
does not exclude the possibility that the starting mixture could
have elicited a synergistic response. Although it is reasonable
to speculate that the harsh conditions corresponding to this
much oxidation would partially depopulate the biofilm, these
data indicate the remaining microbes could exist in a signal
rich environment even if their population fell below the

threshold value for signal induction (7). It should be noted that
currently there is no standardized method accepted by the
community for reporting the response of this assay on a per-
molebasis,noristhequantitativestructure-activityrelationship
(QSAR) for the AHLs and this assay fully mapped. Similarly,
other bioassays for AHLs exist that presumably have different
QSAR functions. The observation that the oxidation of AHLs in
microbial communities may yield products that differentially
affect the community relative to the parent signal is nonetheless
significant.
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(16) Wicke, D.; Böckelmann, U.; Reemtsma, T. Environmental
Influences on the Partitioning and Diffusion of Hydrophobic
Organic Contaminants in Microbial Biofilms. Environ. Sci.
Technol. 2008, 42 (6), 1990–1996.

(17) Fuqua, C.; Greenberg, E. P. Listening in on bacteria: Acyl-
homoserine lactone signalling. Nat. Rev. Mol. Cell Biol. 2002,
3 (9), 685–695.

(18) Yates, E. A.; Philipp, B.; Buckley, C.; Atkinson, S.; Chhabra, S. R.;
Sockett, R. E.; Goldner, M.; Dessaux, Y.; Camara, M.; Smith, H.;

FIGURE 4. The reaction mixture was resolved using HPLC
techniques (see Methods) with MS detection. Fractions were
collected, dried, and analyzed for signaling activity by the V.
harveyi bioluminescence assay. Detected products were
uniformly more effective signaling agents as indexed against
the starting material.

FIGURE 5. The calculated signaling activity (RLU) of C6-AHL and
oxidation products (I-IV) over time based on the V. harveyi assay.

7468 9 ENVIRONMENTAL SCIENCE & TECHNOLOGY / VOL. 44, NO. 19, 2010



Williams, P. N-acylhomoserine Lactones undergo lactonolysis in
a pH-, temperature-, and acyl chain length-dependent manner
during growth of Yersinia pseudotuberculosis and Pseudomonas
aeruginosa. Infect. Immun. 2002, 70 (10), 5635–5646.

(19) Harrison, J. J.; Turner, R. J.; Marques, L. L. R.; Ceri, H. A new
understanding of these microbial communities is driving a
revolution that may transform the science of microbiology. Am.
Sci. 2005, 93, 508–515.

(20) Marais, D. J. D. Biogeochemistry of hypersaline microbial mats
illustrates the dynamics of modern microbial ecosystems and the
early evolution of the biosphere. Biol. Bull. 2003, 204 (2), 160–
167.

(21) Buxton, G. V.; Greenstock, C. L.; Helman, P. W.; Ross, A. B. Critical
review of rate constants for reactions of hydrated electrons,
hydrogen atoms and hydroxyl radicals (OH/O-) in aqueous
solution. J. Phys. Chem. Ref. Data 1988, 17 (2), 513–886.

(22) Zhang, B.-T.; Zhao, L.-X.; Lin, J.-M. Study on superoxide and
hydroxyl radicals generated in indirect electrochemical oxidation
by chemiluminescence and UV-Visible spectra. J. Environ. Sci.
2008, 20, 1006–1011.

(23) Cooper, W. J.; Mezyk, S. P.; Peller, J. R.; Cole, S. K.; Song, W. H.;
Mincher, B. J.; Peake, B. M. Studies in radiation chemistry:
Application to ozonation and other advanced oxidation pro-
cesses. Ozone: Sci. Eng. 2008, 30 (1), 58–64.

(24) Glaze, W. H.; Kang, J. W. Advanced oxidation processes. Test
of a kinetic model for the oxidation of organic compounds with
ozone and hydrogen peroxide in a semibatch reactor. Ind. Eng.
Chem. Res. 1989, 28 (11), 1580–7.

(25) Glaze, W. H.; Kang, J. W. Chemical models of advanced oxidation
processes. 1990, Paper No. 5, 28pp.

(26) Bassler, B. L.; Greenberg, P. E.; Stevens, A. M. Cross-species
induction of luminescence in the Quorum-sensing bacterium
Vibrio harveyi. J. Bacteriol. 1997, 179 (12), 4043–4045.

(27) Jankowski, J. J.; Kieber, D. J.; Mopper, K. Nitrate and nitrite
ultraviolet actinometers. Photochem. Photobiol. 1999, 70 (3),
319–328.

(28) Brezonik, P. L.; Fulkerson-Brekken, J. Nitrate-induced photolysis
in natural waters: Controls on concentrations of hydroxyl radical
photo-intermediates by natural scavenging agents. Environ. Sci.
Technol. 1998, 32 (19), 3004–3010.

(29) Jankowski, J. J.; Kieber, D. J.; Mopper, K.; Neale, P. J. Development
and intercalibration of ultraviolet solar actinometers. Photo-
chem. Photobiol. 2000, 71 (4), 431–440.

(30) Russi, H.; Kotzias, D.; Korte, F. Photoinduced Hydroxylation
Reactions of Organic-Chemicals in Natural-Waters - Nitrates
as Potential Sources for Oh-Radicals. Chemosphere 1982, 11
(10), 1041–1048.

(31) Zafiriou, O. C.; True, M. B. Nitrate Photolysis in Seawater by
Sunlight. Mar. Chem. 1979, 8 (1), 33–42.

(32) Zepp, R. G.; Hoigne, J.; Bader, H. Nitrate-induced photooxidation
of trace organic chemicals in water. Environ. Sci. Technol. 1987,
27, 443–450.

(33) Zepp, R. G.; Hoigne, J.; Bader, H. Nitrate-Induced Photooxidation
of Trace Organic-Chemicals in Water. Environ. Sci. Technol.
1987, 21 (5), 443–450.

(34) Fisher, J. M.; Reese, J. G.; Pellechia, P. J.; Moeller, P. L.; Ferry, J. L.
Role of Fe(III), phosphate, dissolved organic matter, and nitrate
during the photodegradation of domoic acid in the marine
environment. Environ. Sci. Technol. 2006, 40 (7), 2200–2205.

(35) Hefner, K. H.; Fisher, J. M.; Ferry, J. L. A multifactor exploration
of the photobleaching of suwannee river dissolved organic
matter across the freshwatersaltwater interface. Environ. Sci.
Technol. 2006, 40 (12), 3717–3722.

(36) Buxton, G. V.; Greenstock, C. L.; Helman, W. P.; Ross, A. B. Critical-
review of rate constants for reactions of hydrated electrons,
hydrogen-atoms and hydroxyl radical ( ·OH/ ·O-) in aqueous
solutions. J. Phys. Chem. Ref. Data 1988, 17 (2), 513–886.

(37) Motohashi, M.; Saito, Y. Competitive measurement of rate
constants for hydroxyl radical reactions using radiolytic hydroxy-
lation of benzoate. Chem. Pharm. Bull. 1993, 41 (10), 1842–1845.

(38) Gutteridge, J. M. C. Ferrous salt promoted damage to deoxyribose
and benzoate-the increased effectiveness of hydroxyl radical
scavangers in the presence of EDTA. Biochem. J. 1987, 243 (3),
709–714.

(39) Cui, Y.; Frey, R. L.; Ferry, J. L.; Ferguson, P. L. Identification of
hydroxyl radical oxidation products of N-hexanoylhomoserine
lactone by reversed-phase high-performance liquid chromatog-
raphy coupled with electrospray ionization tandem mass spec-
trometry. Rapid Commun. Mass Spectrom. 2009, 23, 1212–1220.

(40) Kim, M. H.; Choi, W.-C.; Kang, H. O.; Lee, J. S.; Kang, B. S.; Kim,
K.-J.; Derewenda, Z. S.; Oh, T.-K.; Lee, C. H.; Lee, J.-K. The
molecular structure and catalytic mechanism of a quorum-
quenching N-acyl-L-homoserine lactone hydrolase. Proc. Natl.
Acad. Sci. U.S.A. 2005, 102 (49), 17606–17611.

(41) Bertani, G. Studies on lysogenesis. I. The mode of phage
liberation by lysogenic Escherichia coli. J. Bacteriol. 1951, 62
(3), 293–300.

(42) Geske, G. D.; Mattmann, M. E.; Blackwell, H. E. Evaluation of
a focused library of N-aryl L-homoserine lactones reveals a new
set of potent quorum sensing modulators. Bioorg. Med. Chem.
Lett. 2008, 18 (22), 5978–5981.

(43) Geske, G. D.; O’Neill, J. C.; Miller, D. M.; Mattmann, M. E.;
Blackwell, H. E. Modulation of bacterial quorum sensing with
synthetic ligands: Systematic evaluation of N-acylated ho-
moserine lactones in multiple species and new insights into
their mechanisms of action. J. Am. Chem. Soc. 2007, 129 (44),
13613–13625.

(44) Bassler, B. L.; Wright, M.; Silverman, M. R. Multiple Signaling
Systems Controlling Expression of Luminescence in Vibrio-
Harveyi - Sequence and Function of Genes Encoding a 2nd
Sensory Pathway. Mol. Microbiol. 1994, 13 (2), 273–286.

(45) Decho, A. W.; Visscher, P. T.; Ferry, J. L.; Kawaguchi, T.; He, L.;
Przekop, K. M.; Norman, S. R.; Reid, P. R. Autoinducers extracted
from microbial mats reveal a surprising diversity of N-acylho-
moserine lactones (AHLs) and abundance changes that may
relate to diel pH. Environ. Microbiol. 2009, 11 (2), 409–420.

(46) Teiber, J. F.; Horke, S.; Haines, D. C.; Chowdhary, P. K.; Xiao,
J.; Kramer, G. L.; Haley, R. W.; Draganov, D. I. Dominant role
of paraoxonases in inactivation of the Pseudomonas aeruginosa
quorum-sensing signal N-(3-Oxododecanoyl)-L-homoserine
lactone. Infect. Immun. 2008, 76 (6), 2512–2519.

(47) Getoff, N. Radiation and photoinduced degradation of pollutants
in water. A comperative study. Radiat. Phys. Chem. 1991, 37
(5-6), 673–680.

(48) Mezyk, S. P. Rate constant and activation energy determination
for reaction of e-(aq) and .bul.OH with 2-butanone and pro-
panal. Can. J. Chem. 1994, 72 (4), 1116–1119.

(49) Rudakov, E. S.; Volkova, L. K.; Tret’yakov, V. P. Low selectivity
of the reaction of hydroxy radicals with alkanes in aqueous
solutions. React. Kinet. Catal. Lett. 1981, 16 (4), 333–337.

(50) Adams, G. E.; Boag, J. W.; Currant, J.; Michal, B. D. Pulse
Radiolysis; Academic Press: New York, 1965.

(51) Sonntag, C. V.; Schuchmann, H. P. Elucidation of peroxyl radical
reactions in aqueous solution with radiation chemistry tech-
nology. Angew. Chem. 1991, 103 (10), 1255–1279.

(52) Leitner, N. K. V.; Dore, M. Hydroxyl radical induced decomposition
of aliphatic acids in oxygenated and deoxygenated aqueous
solutions. J. Photochem. Photobiol., A 99 1996, 137–143.

(53) Khan, S. R.; Herman, J.; Krank, J.; Serkova, N. J.; Churchill, M. E. A.;
Suga, H.; Farrand, S. K. N-(3-hydroxyhexanoyl)-L-homoserine
lactone is the biologically relevant quormone that regulates the
phz operon of Pseudomonas chlororaphis strain 30-84. Appl.
Environ. Microb. 2007, 73 (22), 7443–7455.

(54) Geske, G. D.; O’Neill, J. C.; Blackwell, H. E. Expanding dialogues:
from natural autoinducers to non-natural analogues that
modulate quorum sensing in Gram-negative bacteria. Chem.
Soc. Rev. 2008, 37 (7), 1432–1447.

(55) Riedel, K.; Hentzer, M.; Geisenberger, O.; Huber, B.; Steidle, A.;
Wu, H.; Hoiby, N.; Givskov, M.; Molin, S.; Eberl, L. N-
acylhomoserine-lactone-mediated communication between
Pseudomonas aeruginosa and Burkholderia cepacia in mixed
biofilms. Microbiol-Sgm 2001, 147, 3249–3262.

(56) Winson, M. K.; Swift, S.; Fish, L.; Throup, J. P.; Jorgensen, F.;
Chhabra, S. R.; Bycroft, B. W.; Williams, P.; Stewart, G. S. A. B.
Construction and analysis of luxCDABE-based plasmid sensors
for investigating N-acyl homoserine lactone-mediated quorum
sensing. FEMS Microbiol. Lett. 1998, 163 (2), 185–192.

(57) Geske, G. D.; O’Neill, J. C.; Blackwell, H. E. N-phenylacetanoyl-
L-homoserine lactones can strongly antagonize or superagonize
quorum sensing in Vibrio fischeri (vol 2, pg 315, 2007). ACS
Chem. Biol. 2007, 2 (6), 426–426.

(58) Bassler, B. L.; Greenberg, E. P.; Stevens, A. M. Cross-species
induction of luminescence in the quorum-sensing bacterium
Vibrio harveyi. J. Bacteriol. 1997, 179 (12), 4043–4045.

(59) Gutteridge, J. M. C. Ferrous salt-promoted damage to deoxy-
ribose and benzoate. The increased effectiveness of hydroxyl
radical scavengers in the presence of EDTA. Biochem. J. 1987,
243 (3), 709–714.

ES100663E

VOL. 44, NO. 19, 2010 / ENVIRONMENTAL SCIENCE & TECHNOLOGY 9 7469


