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Analysis of N-acylhomoserine lactones after
alkaline hydrolysis and anion-exchange solid-phase
extraction by capillary zone electrophoresis-mass
spectrometry

A quantitative, specific, and sensitive method for the determination of N-acylhomo-
serine lactones (HSLs – a group of bacterial semiochemicals) in the form of their
hydrolysis products (N-acylhomoserines, HSs) is presented. Real samples were ana-
lyzed by capillary zone electrophoresis-mass spectrometry (CZE-MS) after alkaline
lactonolysis and extraction by mixed-mode anion-exchange solid-phase extraction.
The presented cleanup significantly speeds up the HSL extraction procedure, strongly
reduces sample consumption, and is more selective compared to the commonly used
liquid/liquid extraction. Completeness of the hydrolysis reaction was examined by
nuclear magnetic resonance spectroscopy. This CZE-MS method complements
recently published capillary separation techniques (nano liquid chromatography-MS,
partial-filling micellar electrokinetic chromatography-MS, gas chromatography-MS)
and provides a possibility to differentiate quantitatively between the homoserines (as
naturally occurring degradation products) besides the intact homoserine lactones. The
method was found to be quantitative down to a concentration of 0.05 mg/mL (limit of
quantification), while the limit of detection was determined with 0.01 mg/mL – sufficient
for the analysis of culture supernatants.

Keywords: Capillary electrophoresis / Homoserine lactones / Mass spectrometry / Quorum sen-
sing / Solid-phase extraction DOI 10.1002/elps.200410365

1 Introduction

N-Acylhomoserine lactones (HSLs, in other publications
also referred to as AHLs, acyl-HSLs, etc.) are semio-
chemicals that play a crucial role in cell density-depend-
ent communication in bacteria (quorum sensing, QS,
reviewed in [1]) and in communication processes be-
tween bacteria and higher organisms [2]. HSLs are syn-
thesized from S-adenosyl-L-methionine and side-pro-
ducts of the fatty acid biosynthesis [3, 4]. They vary in
length and saturation of the fatty acid side chain (which
normally consists of an even number of carbon atoms),
and in substitution of the b-carbon (keto- or hydroxy
functions). Figure 1 gives an overview of naturally pro-
duced HSLs.

Despite the fact that QS attracts more and more interest
in the scientific community in the field of environment and
health (the number of publications per year rose from less
than 20 in 1993 to more than 200 in 2003), the majority of
the studies utilizes biosensors (based on genetically
modified bacteria) after thin-layer chromatography
separation to detect the produced signaling molecules.
Biosensors are limited to the specific biologically active
compounds the reporter strain is sensitive to (degradation
products are not detected). Usually, lengthy extraction
with organic solvents is required (concentration factors of
250:1 and more), structural information from TLC is limit-
ed, and the sensor strains often lack specificity (possible
cross reactions) – these problems were already discussed
in the first publications on the topic [5].

While analytical techniques like mass spectrometry (MS)
and nuclear magnetic resonance spectroscopy were used
punctually to answer specific questions (structural identifi-
cation), only a very limited number of papers were dedi-
cated to analytical techniques: for the quantitative analysis
of HSLs a GC-MS method was presented, based on the
derivatization of the b-ketone of 3-oxo-N-acylhomoserine
lactones [6] (limiting the method to a subgroup of the ana-
lytes). More common approaches were developed recently
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Figure 1. Overview of some naturally produced N-acylhomoserine lactones as described in the literature.

for the direct assessment of HSLs with classical LC-MS
[7] and with dedicated capillary techniques coupled to
ESI-MS [8–10] (MEKC-MS, nanoLC-MS, GC-MS).

Especially the mechanisms of HSL turnover and QS self-
regulation are not well understood in detail, although
interference with bacterial communication might be an
important key for treating microbial infections in plant,
animal, and human health [11]. HSLs undergo abiotic lac-
tonolysis forming the corresponding homoserines (HSs)
only in dependence of the pH, temperature, and acyl chain
length even without contribution of HSL-inactivating
enzymes. By buffering the growth medium or by acidifying
stationary-phase culture supernatants, the turnover of
HSLs to HSs can be reduced or HSLs can respectively be
recovered from HS [12]. Tobacco plants were reported to
react to bacterial attack with an activation of the proton
pumps long before physical lesions are visible [13]. This
creates an increase in the rhizosphere pH from less than
6.4 to more than 8.2 [14, 15] leading to a possible abiotic
regulation of HSL concentration at the area of action [16].

The aim of the work presented here was the development
of a rapid, sensitive, and quantitative method for the ana-
lysis of HSLs and their hydrolysis products (HSs) in com-
plex microbiological samples, limiting time-consuming
extraction procedures with organic solvents. Bacterial
cultures are complex media with high salt and protein
content, moreover, HSLs span a very broad range of
hydrophobicities with logP values ranging from 20.6 (C4-
HSL) up to 4.9 (C14-HSL) and more. In consequence, any

attempt to clean-up HSLs selectively from culture media
on the basis of hydrophobic interactions is difficult be-
cause many of the matrix components will be coextracted.
In this context, the instability of HSLs at alkaline pH opens
the possibility to extract the molecules not in their native
form (as lactones) but specifically only as organic acids,
with higher selectivity and lower effects of the matrix on
mass spectrometric detection (ion suppression).

2 Materials and methods

2.1 Chemicals and standards

2-Propanol, acetonitrile, acetic acid, ammonium acetate,
ammonium carbonate, ammonium hydroxide, formic
acid, methanol, phosphoric acid, and sodium hydroxide
(all analytical grade) were purchased from Merck (Darm-
stadt, Germany). Water (18.2 MO/cm) was purified with a
MilliQ System (Millipore, Schwalbach, Germany). Analyti-
cal standards (C4-, C6-, C7-, C8-, C10-, C12-, and C14-
HSL), methanol-d6, sodium deuteroxide, and D2O were
purchased from Sigma Aldrich (Taufkirchen, Germany). To
prepare stock solutions, the analytical standards were
dissolved in methanol (1 mg/mL) and stored at 2207C until
analyzed to avoid methanolysis as observed after a few
days when the sample was stored at room temperature.
The stock solutions were diluted as needed immediately
before the measurements. To prepare hydrolyzed stan-
dards (according to the results of the hydrolysis studies
presented below), to 500 mL stock solutions (1 mg/mL in
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methanol), 400 mL water, and 100 mL 1 M NaOH were
pipetted and the batch was incubated for 15 min at room
temperature. The hydrolyzed solution was filled up with
water to reach a concentration of 50 mg/mL.

2.2 CE-MS

For CZE-MS, a Beckman (Waldbronn, Germany) P/ACE
5510 system was coupled to a ThermoFinnigan (San José,
CA, USA) LCQ Duo ion trap mass spectrometer. To be able
to use a shorter separation capillary than possible with the
commercially available CE-MS interface kit (Beckman), the
CE instrument was positioned right of the mass spectrom-
eter, which itself was rotated horizontally by 1807. A small
hole was drilled in the upper left corner of the capillary car-
tridge and the capillary was guided directly to the laborato-
ry-constructed ESI interface.The capillary wasair-cooled at
ambient temperature. Sheath liquid coupling was per-
formed as described elsewhere [7] using conventional poly-
etherether ketone (PEEK) fittings. In brief, after optimization
as described in Section 3, sheath liquid (2-propanol/water/
acetic acid, 50/50/0.5 v/v/v) was delivered by a Hewlett-
Packard (Waldbronn, Germany) 1100 HPLC pump with an
on-line degasser operated at a flow rate of 4 mL/min. Be-
tween individual measurements, the sheath liquid channel
was flushed for 2 s with sheath liquid (5 mL/min). The tip of
the laboratory constructed coaxial electrospray interface
was positioned coaxially to the MS orifice in a distance of
5 mm. Ionization was performed in positive mode with
4.5 kV. Spray formation was monitored with a CCD camera.
The temperature of the heated capillary was adjusted to
1507C;nosupportivegas flowwas used. CE wasperformed
withuntreated fused-silica capillaries (75mm innerdiameter,
360 mm outer diameter, 50 cm length; Polymicro Technolo-
gies, Phoenix, AZ, USA). The capillaries were conditioned
before use and before/after each day for 30 min with 0.1 M

NaOH (20 psi). Between runs, the capillary was flushed for
3 min with 0.1 M NaOH and for 3 min with running buffer. The
optimization of the separation conditions resulted in a
separation voltage of 15 kV (10.5 kV effective) with a buffer
composition of 20 mM ammonium carbonate at pH 9.2 in
10% 2-propanol leading to a current of ca 20 mA. Samples
were injected hydrodynamically for 5 s with 0.5 psi.

2.3 NMR spectroscopy

NMR experiments were performed with C4-HSL, C8-HSL,
and C14-HSL. Solid standards were dissolved in 1/1 v/v
methanol-d6/D2O (C4-HSL, C8-HSL) or absolute metha-
nol-d6 (C14-HSL) at a concentration of about 1 mg/mL.
Complementary series of measurements were performed
before and immediately (90 s) after addition of 1/10 volume
of 1 M sodium deuteroxide. Additional spectra were taken

after adjusting the solution pH to about 1 with sulfuric acid
and incubation for 96 h at room temperature. NMR spectra
were acquired at 303 K with a Bruker DMX 500 NMR spec-
trometer (Rheinstetten, Germany) operating at 500.13 MHz
proton frequency by use of a 5 mm inverse geometry
broadband probehead equipped with an actively shielded
z-gradient coil (907(1H) 7.3/9.8 ms CD3OD/0.1 M NaOD;
907(13C) 21.5 ms). 1-D 1H NMR spectra (AQ: 5.23 s, relaxa-
tion delay: 0.1 s, exponential line-broadening: 0.3 Hz) were
recorded with 20–907 pulses and solvent suppressed
1HNMR (0.1 M NaOD) using the first increment of the presat-
NOESY sequence (mixing time: 0 ms). HSQC (F2 (1H):
acquisition time AQ 341 ms at spectral width SW 3000 Hz,
one bondcouplingconstant 1J(CH) 150Hz, relaxation delay
D1 1.169 s; number of scans NS 4–16; F1 (13C): SW
11319 Hz (90 ppm), 256 increments) spectra were decou-
pled [13C: GARP (70ms)] and calculated to a 2048 6 512
matrix with typical window functions in F2 (em: 3 Hz) and
shifted sine bell (p/4) in F1. Gradient (length: 1 ms; recovery:
450 ms), but not sensitivity-enhanced sequences were used
for all indirectly detected spectra. The COSY spectra (AQ
682 ms at SW 3000 Hz; 4096 6 256–512 matrix) were
multiplied by a squared unshifted sine bell in F2 and F1;
NMR spectra were referred to CD3OD (3.30/49.00 ppm) or
(H3C)3SiCO2CO2COONa (d(1H) 20.14 ppm; 0.1M NaOD).

2.4 Solid-phase extraction

For solid-phase extraction of the homoserines, 3 mL Oasis
MAX mixed mode anion-exchange cartridges (Waters,
Eschborn, Germany) were used. After optimization as
described in the results section, the following extraction
protocol was established: (i) For assaying homoserine
lactones plus autochthonous HSs (intact and degraded
molecules as sum parameters), a first aliquot (5 mL) of the
bacterial samples was hydrolyzed by addition of 500 mL
1 M NaOH and incubation for 15 min at room temperature.
The sample was acidified to pH 1.5 with 150 mL 80%
phosphoric acid and diluted with 5 mL water. (ii) To analyze
only autochthonous HSs, the second aliquot was left
unhydrolyzed. To yield identical matrix conditions, the
unhydrolyzed sample was first acidified with 150 mL 80%
phosphoric acid and after that 500 mL 1 M NaOH was
added and the sample was diluted. In both cases, the
samples were spiked with 0.5 mg/mL hydrolyzed C7-HSL
(internal standard) before extraction. Columns were pre-
conditioned before sample application with 1 volume
methanol and 1 volume water. The loaded columns were
washed first with one column volume 50 mM ammonium
acetate buffer in 10% methanol at pH 7 and additionally
with one column volume absolute methanol. Analyte elu-
tion was performed with 5 mL 2% formic acid in acetoni-
trile. The eluate was evaporated to dryness under a stream
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of nitrogen immediately after extraction and stored dry at
2207C until analyzed. The extracts were redissolved in
50% methanol immediately before assaying.

3 Results and discussion

3.1 Hydrolysis of HSLs

HSL hydrolysis was studied with direct-infusion MS and
NMR spectroscopy with the model analytes C4-HSL, C8-
HSL, and C14-HSL. Addition of 2.5 or 5% ammonia
resulted in a hydrolysis of the lactones (visible in a de-
crease of the [M 1 H]1 peak abundance and an increase

in the [M 1 H2O 1 H]1 peak abundance), which was
completed after 40 min (results not shown). After addition
of NaOH, acquisition of meaningful mass spectra was not
possible due to the ionic strength of the sample and for-
mation of sodium clusters.

Complementary NMR spectra were acquired to deter-
mine the integrity of HSLs and the extent of hydrolysis
before and after addition of a 1/10 volume of 1 M NaOD to
1 mg/mL HSL solutions (see Section 2). NMR resonance
assignments for the lactones were conducted essentially
as described elsewhere [17] and are depicted for C8-HSL
in the left column of Fig. 2. In brief, four 1H signals at

Figure 2. NMR spectra of 1 mg/mL C8-HSL in 50% methanol-d6 before (left column) and 90 s after
(right column) addition of 1/10 volume of 1 N NaOD. Nomenclature according to [17].
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d 0.85 ppm, d 1.29 ppm (superimposed proton NMR
resonances show four separate HSQC cross peaks),
d 1.58 ppm, and d 2.29 ppm in the lactone spectra origi-
nate from the octanoyl side chain in both lactone and
homoserine and are assigned on the basis of the chemi-
cal shifts, the COSY coupling pattern and the integral
values (roughly 3:8:2:2). The second spin system corre-
sponds to the lactone/hydroxy acid protons. The lactone
spectrum shows two pairs of resonances with large (2J .

12 Hz) geminal couplings at d 4.34/4.50 ppm and d 2.30/
2.57 ppm, which are confirmed by the HSQC spectra. The
low field pair is assigned to 5H on the basis of the chemi-
cal shift in both 1H and 13C spectra. Accordingly, proton
NMR resonances at d 2.30/2.57 ppm correspond to 4H
and those at d 4.58 ppm correspond to 3H. After addition
of 1/10 volume of 1 M NaOD, the spectrum changes to
that of the homoserine (Fig. 1, right column). The broad
(superimposed) resonance at d 3.60 ppm can be
assigned to the geminal 5H protons of the homoserine,
corroborated by the 13C shift value (d 60 ppm) in the
HSQC spectrum. The COSY spectrum shows coupling
between geminal protons 4Ha and 4Hb (d 1.80/2.03 ppm),
to 3H (d 4.25 ppm) and both 5H, respectively. This
assignment is confirmed by the respective 1H integral
values (1:1:2:1, 4Ha:4Hb:5Ha,b:3H).

In 0.1 M NaOD the closed-ring/open-ring conversion
reaction is complete in less than 90 s (minimum time
required for sample exchange and start of NMR meas-
urement) and no lactone resonances are detectable any-
more (purity . 99.5% under the described detection
conditions). The hydrolysis reaction is only partially rever-
sible. After acidification (pH 1, sulfuric acid) and incuba-
tion for 96 h at room temperature “lactone resonances”
are observable only to a small extent (results not shown).

3.2 MS coupling

The electrospray conditions were tuned on the basis of
visual spray stability. With water/methanol sheath liquids,
compared to water/2-propanol mixtures, no stable Taylor
cone could be produced when the separation voltage
was applied. In contrast to acetic acid, addition of formic
acid (0.1 – 1%) resulted in too high (. 25 mA) spray cur-
rents and a decrease of sensitivity. No fundamental dif-
ferences were observed when varying the acetic acid
concentration between 0.1 and 1%. For further experi-
ments, a water/2-propanol/acetic acid (50/50/0.5 v/v/v)
sheath liquid was used. Low flow rates result in a de-
crease of detection limits in ESI [18], a stable spray, how-
ever, could not be achieved with flow rates less than 4 mL/
min. Additionally, when the flow rate was lowered to 1 or
2 mL/min, we observed production of bubbles at the

grounding of the sheath liquid supply when the separation
voltage was applied. Stable Taylor cones could be pro-
duced in a range of ionization voltages from 4 to 5 kV, for
further experiments, the mean of 4.5 kV was used. A
rinsing of the sheath liquid supply after each run was
found to be essential for reproducible separation condi-
tions. Any accumulation of bubbles or electrochemical
degradation products in the sheath liquid channel
(caused by electrolysis) rapidly led to formation of clus-
ters and a drop in sensitivity. With a sheath liquid flow rate
of 4 mL/min, the heated capillary was adjusted to 1507C.
Lower temperatures led to incomplete solvent removal
and deterioration of spectral quality while higher values
caused a loss in sensitivity.

3.3 Separation and detection

Separations were performed in 20 mM ammonium car-
bonate buffer to maintain compatibility with MS detec-
tion. To improve separation, and to minimize the current
(in the presented setup the capillary is cooled only by
ambient air), 10% 2-propanol was added to the electro-
lyte. The pKa of the carboxylic groups of the HSs has a
theoretical value of ca. 4.75. Ammonium carbonate at pH
9.2 proved to be a highly stable buffer system. Changing
the separation buffer after each run proved to be essential
to obtain reproducible results. A lowering of the effective
voltage to 10.5 kV caused longer analysis times but also
an increase of baseline stability. No differences in peak
areas were observed when injecting 2.5 mg/mL hydro-
lyzed standards for 10 s or 5 mg/mL for 5 s (results not
shown), but in real samples, the longer injection time
caused substantial peak-broadening. Figure 3 shows the
separation of a mixture of hydrolyzed standards under
optimized conditions.

The incomplete extraction of HSs by the SPE method (see
below) and small variations between runs (possibly due to
inexact hydrodynamic extraction with the open-end cap-
illary) gave rise to the quantification of the analytes via an
internal standard. C7-HSL was considered as suitable for
this purpose, because HSL biosynthesis, as a side way of
the fatty acid biosynthesis, normally leads to an even
number of carbons in the acyl side chain of the analytes –
“odd-numbered” HSLs are not expected to regularly
occur in real samples. Figure 4 gives an overview of
reproducibilities after normalization to the internal stan-
dard. Linearity was determined by varying the con-
centration of hydrolyzed C4-, C6-, C8-, C10-, C12-, and
C14-HSL between 0.5 and 20 mg/mL (expected con-
centrations in real sample extracts after preconcentration)
while keeping the concentration of the hydrolyzed internal
standard constant at 5 mg/mL. Linearity parameters are
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Figure 3. CZE-MS separation of 5 mg/mL hydrolyzed
HSL standards under optimized conditions (20 mM

ammonium carbonate in 10% 2-propanol, pH 9.2; 15 kV).
The disturbance in the mass trace at 4 min is caused by
eluting Na (from NaOH).

Figure 4. Intra-day and inter-day reproducibilities of the
CZE-MS method after normalization to the internal
standard C7-HS. Hydrolyzed samples in water measured
under the conditions noted before, n 5 7.

summarized in Table 1. The smaller HS (up to C10) show
excellent linearity in the examined range, while C12- and
C14-HS still show acceptable values but leave the linear-
ity range at 5 mg/mL.

In order to be able to screen unknown samples for the
presence of HSs in all possible chain-length, substitu-
tion, and saturation forms, a detection approach with
unspecific (source) fragmentation was chosen. Frag-
mentation energies were varied from 10 to 50%, the
results are displayed in Fig. 5. While the intensity of the
[M 1 H]1 peak decreases significantly already after
application of 10% source fragmentation, the most
abundant fragmentation product (m/z 120, see below) is
visible only after application of 20% fragmentation
energy. The optimum for the formation of m/z 120 lies at
30% (C8- to C14-HSL) or 40% (C4-, C6-HSL) but at
these fragmentation energy values the [M 1 H]1 peak
intensity drops to only 10%. In consequence, for further
experiments the lowest fragmentation energy which
already produced meaningful spectra was chosen (20%).
Figure 6 shows fragmentation spectra for C7 to C12-HSL
(the other standards yielded analogous results), Fig. 7
displays the proposed fragmentation reactions. In all
spectra, an equilibrium between the closed-ring form
and the open-ring form is observed; note that the spec-
tra were acquired at the peak maxima of a CZE run, thus
the presence of the lactones (as from an incomplete
hydrolysis) can be excluded. Both the dynamically pro-
duced HSs as well as the HSL fragment to the respective
homoserine/homoserine lactone fragment: the mechan-
ism for HSL fragmentation was already published before
[7, 10].

3.4 Extraction

Extraction of HSs was performed with mixed-mode
anion-exchange SPE. To examine the quantification
yields in a representative way, 5 mL culture supernatants
harvested during the stationary growth phase of a Pseu-
domonas fluorescens strain (grown in nutrient broth (NB)
medium) which was known not to produce HSLs, and tap
water were spiked with a series of 0.05–2 mg/mL unhy-
drolyzed C4-, C6-, C8-, C10-, C12-, and C14-HSL while
keeping the concentration of C7-HSL constant at 0.5 mg/
mL. The spiked samples were hydrolyzed with 500 mL 1 M

NaOH (incubation for 15 min at room temperature). The
sample was acidified with 150 mL 85% phosphoric acid to
decrease the pH to about 1.5 and thus cause full proto-
nation of the acids and reduce sample-protein interac-
tions. After loading to the column (preconditioned with
1 column volume of each methanol and water), the car-
tridge was washed with 1 column volume 50 mM ammo-
nium acetate in 10% methanol and 1 column volume
absolute methanol. Elution was performed with 1.5 co-
lumn volumes 2% formic acid in acetonitrile. The eluate
was evaporated to dryness and reconstituted to 500 mL
with 50% methanol.
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Table 1. Linearity of the CZE-MS method after normalization to the internal standard C7-HS

C4-HS C6-HS C8-HS C10-HS C12-HSa) C12-HSb) C14-HSa) C14-HSb)

Slope 0.095 0.149 0.195 0.212 0.233 0.281 0.203 0.241
Linearity (R2) 0.998 1.000 0.999 0.999 0.996 0.999 0.996 0.999

Analytes in water, no extraction (5 mg/mL C7-HS, concentration of C4-, C6-, C8-, C10-, C12-, and
C14-HS varied between 0.5 and 20 mg/mL). For details refer to the text.
a) 0.5 – 20 mg/mL (entire calibration line)
b) 0.5 – 5 mg/mL; n 5 5

Figure 5. Influence of source fragmentation to the peak areas of hydrolyzed HSL standards ([M H]1)
in CZE-MS under optimized conditions and abundance of m/z 120 (starting from 0, see Fig. 5).

In water, acceptable extraction yields (95–105%) with the
conditions described above could be achieved for C6- up
to C14-HSL, while the recovery of C4-HSL was below
50%. Especially the rinsing step with buffer was found
critical with respect to the extraction yield of C4-HSL:
adjusting the pH to 9.2 and above caused an increase in
the recovery of C4-HSL in water to more than 90%. Three
reasons, however, led to the acceptance of lower extrac-
tion yields at pH 7.0 (50–60% in real samples): (i) in order
to quantify HSs besides HSLs, any pH increase during
extraction has to be avoided as the HSL hydrolysis reac-
tion is rapid even at moderate pH values; (ii) due to small
variations between runs, quantification via an internal
standard had to be performed anyway, and (iii) from real
samples, C4-HSL cannot be extracted (see below).

Linearity of the extraction from matrix (see above) was
examined by keeping the concentration of the internal
standard C7-HSL constant at 0.5 mg/mL while varying the
concentration of the other standards (C4- up to C14-HSL)
between 0.01 and 2 mg/mL. The samples were extracted
as above (preconcentration 10:1, Table 2). C6- up to C12-
HSL show excellent linearities in the examined ranges,
while C14-HSL leaves the linear range at 0.5 ppm. The
LOQ (signal-to-noise ratio . 10) was determined with
0.05 mg/mL, the LOD (signal-to-noise ratio . 3) was
reached at 0.01 mg/mL. Better values could be obtained
using single-ion monitoring in the MS data acquisition but
was not necessary within our study. In order to quantify
HSs from real samples, concentrations were determined
with the help of the values from Table 2 by calculating
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Table 2. Linearity of the CZE-MS method after normalization to the internal standard C7-HS

C6-HS C8-HS C10-HS C12-HSa) C14-HSa) C14-HSb)

Slope 0.547 2.698 2.857 3.075 1.712 2.438
Linearity (R2) 0.999 1.000 1.000 0.999 0.990 0.999

Extraction of spiked culture supernatants harvested during the stationary growth phase of P. fluor-
escens (0.5 mg/mL C7-HS, concentration of C4-, C6-, C8-, C10-, C12-, and C14-HS varied between
0.05 and 2 mg/mL, preconcentration 10:1). For details refer to the text.
a) 0.05 – 2 mg/mL (entire calibration line)
b) 0.05 – 0.5 mg/mL; n 5 5

Figure 6. Selected fragmentation patterns of hydrolyzed HS standards. Peak maxima of a CZE run
under optimized conditions with application of 20% source fragmentation.

Figure 7. Proposed fragmentation mechanism of HS and
equilibrium between open-ring and closed-ring form.

C 5 (Ames/Astd)/slope (with C the resulting concentration,
Ames the measured peak area, and Astd the peak area of
the internal standard).

3.5 Real samples

Measurements were performed with culture supernatants
of Burkholderia cepacia (strain Mmi 1537) grown for 8 h at
377C in NB medium (OD 5 1.2). One aliquot (5 mL) was
hydrolyzed with 1/10 volume 1 M NaOH, the second ali-
quot was left unhydrolyzed (by adding phosphoric acid
before NaOH – see Section 2) to analyze eventually pre-
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Figure 8. Real-sample measurement in CZE-MS (B.
cepacia strain Mmi 1537) after alkaline hydrolysis and
anion-exchange solid-phase extraction under optimized
conditions (20% source fragmentation). Selected mass
traces for the internal standard, C8-, C10-, and C12-HS.

sent degradation products. Both aliquots were spiked
with 0.5 mg/mL C7-HS. Extraction was performed
under standard conditions (preconcentration 10:1).
Figure 8 shows selected mass traces from the electro-
phoretic separation of the hydrolyzed sample (after
application of 20% source fragmentation). The pre-
viously described fragmentation pattern (see Fig. 7)
proved to be of highly diagnostic relevance for the
identification of the HSs in the real sample: Fig. 9
shows the mass spectra acquired at the peak maxima
of Fig. 8. Except for the more stable C12-HS, in all
cases four identifying peaks (the quasimolecular ion,
[M 1 H]1; the lactone peak, [M 1 H2O 1 H]1; the
homoserine fragment, m/z 120; and the homoserine
lactone peak, m/z 102) were observed. The concentra-
tions of homoserines plus lactones (hydrolyzed sample)
were calculated (see previous section) to be 0.26 mg/
mL (C8-HS/HSL), 1.93 mg/mL (C10-HS/HSL), and
0.16 mg/mL (C12-HS/HSL). No C8-HS and no C12-HS,
but 0.14 mg/mL C10-HS was determined as native HS
in the sample (extraction of unhydrolyzed aliquot). Fur-
ther relevant bacteria are under investigation and the
present approach now allows a quantitative assessment
of HS and the corresponding lactones also when bac-
teria are undergoing different stess conditions, a good
basis when analyzing QS on a molecular level.

Figure 9. Spectra acquired at the peak maxima of Fig. 8. Boxed, diagnostic peaks according to
Fig. 7.
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4 Concluding remarks

The presented method was found sensitive and selective
enough do determine N-acylhomoserine lactones from
bacterial culture supernatants. With the presented
extraction method, the cleanup time is significantly shor-
tened and sample consumption is strongly reduced. The
extraction method is successful for the determination of
C6-HS up to C14-HS while C4-HS gets lost during
extraction. We can only speculate about the reasons for
this loss: probably the presence of highly abundant small
highly polar anions in the matrix (such as, for example,
amino acids from the NB medium) causes concurrence
phenomena at the reactive sites of the column material.
The presented method not only allows for the determina-
tion of HSLs, but, in contrast to the methods published
before [7–10], also for an identification of already present
HSs. Ongoing studies on the kinetics of HSL production
and degradation (to form the correspondent HSs) are
significantly faciliated and will allow deeper insight in the
mechanisms of QS regulation in bacteria.

Received December 1, 2004
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