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Autoinducer-2 (Al-2) is an important, small extracellular signaling
molecule that is used by many bacteria. It is part of the Al-2
pool, a group of equilibrium-connected compounds derived from
(S)-4,5-dihydroxy-2,3-pentanedione [(S)-DPD, 1]. Currently, these
compounds are analyzed by indirect methods relying on the lu-
minescence of sensor strains, the fluorescence of receptor pro-
teins modified with fluorophores, or by isolation procedures not
practical for quantitative analysis. Herein, we report a direct ana-
lytical procedure that allows for the unambiguous identification
and quantification of molecular species by mass spectrometry.
Phenylenediamine reacts readily and quantitatively with 1 to
form the quinoxalinediol 12 under aqueous conditions. The ex-

traction and silylation of this compound results in the formation
of a silyl ether (13), which is amenable for analysis by gas chro-
matography-mass spectrometry. The use of an isotopically la-
beled variant (16) of 12 as an internal standard opens the possi-
bility for the accurate quantification of samples containing Al-2
or its equilibrium products. The analysis of cell-free culture super-
natants of Vibrio harveyi and Streptococcus mutans allowed for
the accurate quantification of the Al-2 concentration above the
limit of detection (0.7 ng mL™'). No compounds were detected in
mutants lacking the capability to produce Al-2. In addition, the
absolute configuration of 1 can be analyzed using the derivative
13 by chiral gas chromatography.
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compounds, the so-called auto- 3
inducers. Among the known au-
toinducers, autoinducer-2 (Al-2)
plays a unique role.” Produced
by both Gram-positive and
Gram-negative bacteria, it is the
only non-species specific,
quorum-sensing molecule known that mediates intra- and in-
terspecies communication among bacteria.”’ Al-2 is biosynthe-
sized by the LuxS protein in the S-adenosylhomocysteine path-
way. LuxS cleaves the intermediate S-ribosylhomocysteine into
homocysteine and (S5)-4,5-dihydroxy-2,3-pentanedione [(S)-DPD,
1], the metabolic precursor of Al-2.* Through the processes of
cyclization (2, 3), hydration (4, 5, 10, 11), and borate ester for-
mation if enough borate is present in solution (6-9),"' DPD
exists as an equilibrium mixture of several compounds
(Scheme 1), some of which function as signaling molecules.
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Scheme 1. The Al-2 pool. Complex equilibria involving (S)-DPD (1) and its derivatives are possible in water and in
the presence of borate. The boxed compounds have been described as signaling molecules.
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Different bacterial species recognize different signals within
this Al-2 pool. For example, the LuxP receptor protein of Vibrio
harveyi binds the 2,3-borate diester of the hydrated a-anomer
(6),”) whereas Salmonella typhimurium recognizes the hydrated
B-anomer (5) with the receptor protein LsrB.”! These two forms
are linked through a chemical equilibrium, as depicted in
Scheme 1.®

The analysis of DPD and its various forms is cur-
rently difficult. Until recently, the common method
for Al-2 detection has been a bioassay based on
transposon mutants of V. harveyi,” in which changes
in the luminescence of the sensor strain are mea-
sured. However, this bioassay is sensitive to assay
conditions,"”
borate concentration and is susceptible to interfer-
ence from unknown compounds in the culture su-
pernatant as well as to Al-2 indigenously produced
by the reporter strain. Recently, a new method for
the identification and quantification of Al-2 has been
developed."” The two receptor proteins LuxP and LsrB were
converted into specific Al-2 biosensors by coupling them with
fluorophores near their ligand-binding sites. The binding of Al-
2 to the sensor proteins induces a conformational change, and
fluorescence is emitted in a concentration-dependent manner.
The detection limit is about 1 pm, and the response is linear
only up to 20 pum, making quantification difficult. Moreover,
the purification and labeling of the proteins are time consum-
ing and expensive. In addition, the possibility that compounds
other than the one of interest (Al-2) are also detected cannot
be totally excluded, which is a general drawback of indirect an-
alytical methods.

The direct identification of the active forms of Al-2, DPD, or
other components of the Al-2 pool by chemical methods using
HPLC, LC-MS, or gas chromatography-mass spectrometry (GC-
MS) is not possible at present. The low concentrations found
in biological samples, and the high polarity and water solubili-
ty of DPD makes extraction difficult and limits the use of
common derivatization techniques requiring lipophilic media.

DPD has been identified as a single, stable, quinoxaline de-
rivative (12) using the quantitative reaction of 1,2-phenylenedi-
amine with 1,2-dicarbonyl compounds in water."*'® This prod-
uct was identified by LC-MS methods or NMR,™™ but no
quantitative results were obtained. Based on this derivatization
step, we developed a highly sensitive and rapid method for
the unambiguous identification and quantification of DPD in
biological extracts. Because of its high separation power and
high sensitivity, GC-MS was the method of choice. The devel-
opment and validation of this approach will be presented in
this paper, as well as its application to quantify DPD in culture
supernatants of Vibrio harveyi BB152 and Streptococcus mutans
UA159. In addition, the absolute configuration of DPD can be
determined using the described approach.
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Results and Discussion

Method development

The analysis of DPD by GC-MS requires a two-step derivatiza-
tion procedure (Scheme 2). First, the Al-2 pool components
shown in Scheme 1 were transformed via DPD into a single,
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Scheme 2. Derivatization of DPD for GC analysis. DPD (1) represents the whole Al-2 pool
shown in Scheme 1. DCM: dichloromethane; MSTFA: N-methyl-N-(trimethylsilyl)trifluoroa-
cetamide.

stable, quinoxaline derivative, as described previously.">' The
addition of excess basic 1,2-phenylenediamine directly to the
supernatants of the bacterial cultures led to the formation of
the corresponding 1-(3-methylquinoxaline-2-yl)ethane-1,2-diol
(12). This Maillard reaction was nearly complete within 30 min,
as monitored by 'H NMR spectroscopy.'? With the addition of
basic 1,2-phenylenediamine to the supernatant, a change in
pH from 6.5 to 8.5 was observed; this induced side reactions
with components from the medium. Base-catalyzed epimeriza-
tion, isomerization, and rearrangement reactions of carbohy-
drates via the Lobry de Bruin-van Ekenstein rearrangement!®
took place, leading to the formation of DPD, and thus influenc-
ing the analysis with false positive results. In an approximately
neutral milieu, these side reactions did not occur, so that the
adjustment of the pH to 7.2 with a potassium phosphate
buffer prevented the transformation of carbohydrates into
DPD. No formation of 1 was observed in control experiments
carried out with different culture media buffered at pH 7.2.
Quantitative derivatization was achieved by the addition of
0.5 mL of buffer solution to 1 mL of the culture supernatant,
the addition of excess 1,2-phenylenediamine, and a reaction
time of 2 h at room temperature.

In order to make the polar quinoxaline derivative accessible
for GC-MS analysis, modification of the polar hydroxyl groups
was necessary. Therefore, water had to be removed from the
samples. Initially, the extracts were evaporated to dryness, and
the residue was resuspended in dichloromethane, but this
simple and direct approach did not yield satisfying results due
to matrix interferences. Similarly, neither the extraction of 12
with ethyl acetate nor dichloromethane led to an improve-
ment. The best results were obtained with liquid-liquid extrac-
tion, carried out with an EXtrelut” NT 1 column with dichloro-
methane as the eluent for the simultaneous elimination of
water and filtration of some of the insoluble matrix material;
the use of this system resulted in better peak resolution in the
GC analysis, and consequently, in a higher sensitivity.

In the second derivatization step, the dichloromethane ex-
tracts were treated with N-methyl-N-(trimethylsilyl)trifluoroace-
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tamide (MSTFA), which is an effective and strong trimethylsilyl
donor, furnishing the trimethylsilylated quinoxaline 13. The si-
lylation was complete after 30 min at 60°C. Finally, the result-
ing residue was taken up in 20 pL of dichloromethane and an-
alyzed by the injection of 2 pL of the dichloromethane extract
into the GC with the detector operated in full-scan El mode
(70 eV). Thus, the derivative formed could be easily identified
by characteristic key fragments in the mass spectrum, such as
m/z 73 [(CH5);Si "1, a significant molecular ion [m/z 348], a typi-
cal fragment ion resulting from the loss of a methyl group,
m/z 335 [M"—CH,], and the characteristic ion at m/z 245 [M™
—CH,0Si(CH,);] (Figure 1B). Furthermore, a comparison of the
retention time and mass spectrum of 13 derived from synthet-
ic 1 with those of natural 13 from the biological extract con-
firmed the success of the derivatization.

A)
100%

full-scan mass spectra, specificity can be improved by monitor-
ing only the m/z 245 and m/z 348 ions from the total ion cur-
rent.

Quantification

In addition to the detection, the determination of the DPD
concentration in biological samples is of special interest. Usual-
ly, internal standards that are chemically different to the ana-
lyte are used; this has several disadvantages that can lead to
shifts in analyte/standard ratios, resulting in inaccurate quanti-
fications. Therefore, we chose to perform quantification by iso-
tope dilution using GC-MS, a method successfully used for the
quantitative analysis of dioxins and PCBs, for example.'” In
this method, a chemically similar, isotopically labeled variant of
the analyte is added, thus effec-
tively avoiding any shifts in ana-
lyte/standard ratios during the
analytical process. In the
method described herein, the
isotopically labeled derivative 16
was added to the extract after
the first derivatization step but
before the extraction of the ana-
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lytical manipulations, the ratio
of internal standard and analyte
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As a further advantage, the iso-
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Figure 1. Analysis of the quinoxaline 13 by GC-MS. A) Total ion chromatogram of a derivatized extract of Vibrio
harveyi BB152 supernatant. Large peaks originate from phenylenediamine and carbohydrates present in the cul-
ture medium. The arrow indicates the peak of 13. V. harveyi is a strain that produces large amounts of Al-2. B) MS
and fragmentation of compound 13. The base peak is found at m/z 245 and the molecular ion at m/z 348.

A typical chromatogram of the derivatized culture superna-
tant of Vibrio harveyi BB152 and the mass spectrum of the sily-
lated DPD derivative 12 are presented in Figure 1. In this
sample, the concentration of DPD was high compared to that
of other samples. Compound 12 was positively identified by a
comparison of the retention time and mass spectrum with
those of the synthetic reference compound. For extracts con-
taining only low concentrations of DPD, exhibiting no good

marker for the identification of
the native analyte.

We used the deuterium-la-
beled standard [5,6,7,8-*H]1-(3-
methylquinoxalin-2-yl)ethane-
1,2-diol (16) because of its avail-
ability by a short and conven-
ient synthesis. 1,2-Phenylenediamine (14) was deuterated
repeatedly in the aromatic ring with Pt/C and D,O under a
hydrogen atmosphere,'® followed by its transformation into
the corresponding deuterated quinoxaline 16 by its addition
to synthetic (S)-DPD (Scheme 3).

The relative ion-intensities in the MS of the labeled (17) and
unlabeled (13) derivatives can be directly used for absolute
quantification, provided that a known amount of the standard
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Scheme 3. Synthesis of the deuterated standard 16 with subsequent silylation.
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was added. The amount of DPD in the natural sample equals
the peak ratio of the standard-specific ion trace of m/z 249
and the ion trace of m/z 245 of natural DPD in the ion chroma-
togram, according to Equation 1, in which ¥y, =DPD amount
in the sample, a,,s=peak area of the ion at m/z 245, ys=
amount of standard added, and a,,,=peak area of the ion at
m/z 249.

Uogs
Xoro = Nis ——
Uaa9

(M

Figure 2 shows the mass spectra of the silylated internal
standard 17 and a sample of V. harveyi BB152 analyzed after
the addition of the deuterated standard. During the analysis of
V. harveyi, we routinely added 50 ng (2.4x 10 mol) of 16 to
1 mL of the extract, so that the concentration of the sample
shown in Figure 2B can be calculated to be 113 ngmL™’
(0.86 um) DPD. The addition of borate to the supernatants did
not alter the results.

We note that the retention time of the deuterated standard
17 was slightly shorter than that of the unlabeled analogue
12. This well-known phenomenon of deuterium-labeled com-
pounds in GC can be explained by the slightly shorter bond
length of a C—D bond compared to that of a C—H bond.'>*

Reproducibility, method linearity, and sensitivity

Six aliquots each of a V. harveyi BB152 supernatant and a Strep-
tococcus mutans UA159 supernatant were analyzed in order to
determine the reproducibility of the method. The V. harveyi
BB152 strain contained DPD in a concentration of 258 ngmL™'
(1.95 um) with an absolute error of 17.6 ngmL™", resulting in a
standard deviation of 6.8%. The concentration of DPD in
S. mutans was calculated to be 34.2 ngmL™" (0.26 um) with an
absolute error of 1.2 ngmL", resulting in a standard deviation
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of 3.5%. The analysis of the culture media showed no presence
of DPD.

The linearity of the method was evaluated on a six-point cal-
ibration curve. Therefore, basal metal salt enrichment medium
(BMS) was spiked with known amounts of DPD in the range of
2.5-250 ngmL~', and every sample underwent the full analyti-
cal procedure including sample preparation and derivatization
followed by GC-MS analysis. The DPD concentrations were
calculated as described above, and then the linear correlation
coefficient (R?) was calculated. There was a good correlation
between the added and the measured amounts of DPD (R*=
0.9977), thus showing the response linearity of the method at
different analyte concentrations, as presented in Figure 3.

300
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y=0.956 + 1.7682

150 R?=0.9977

100

found DPD / ng mL""

50

0 50 100 150 200

added DPD / ng mL"

250 300

Figure 3. Linearity testing. The correlation coefficient was obtained by plot-
ting the amount of DPD added against the measured concentration.

The limit of detection for this method, defined as a signal-
to-noise ratio (S/N) of 5, was 0.7 ngmL™" (5.3 nm); the limit of
quantification was 2.1 ngmL™'

(16.0 nm) at S/N=15. At this
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Figure 2. Mass spectra and ion traces for the quantification of DPD. Mass spectra of A) the silylated, deuterated,
internal standard 17 and B) the integrated MS of the analytes (whole peak area) in a sample of V. harveyi superna-
tant. C) the ion chromatograms used for quantification. The GC temperature program differed from that used in

Figure 1.
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concentration, the relative stan-

249 D oSS dard deviation of the analyte
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e PR S. mutans UA159 is a cariogenic
bacterium that possesses a
functional luxS gene, recognized
as the enzyme primarily respon-
sible for the biosynthesis of
DPD.2" Although the gene was
shown to be expressed consti-
o s 348 tutively during growth,?? no Al-
|LES2 (337362 2 could be detected with the
300 350 miz 14.00 t/min V. harveyi bioassay due to the

presence of an inhibitory com-
pound in the culture superna-
tant (R. Vilchez, personal com-
munication). The method de-
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scribed above was applied to sterile culture supernatants from
the wild-type S. mutans UA159 and S. mutans UA159 AluxS, a
luxS-deficient strain lacking the ability to synthesize DPD, in
order to demonstrate the utility of the approach. In analyzing
culture supernatants of both strains for the presence of DPD,
we could unambiguously identify DPD in samples of wild-type
S. mutans, while we could not detect it in the mutant (see Fig-
ure S1 in the Supporting Information). Thus, we were able, for
the first time, to provide direct evidence that S. mutans UA159
is capable of producing and releasing DPD into culture fluids.
The amount of DPD secreted into the medium by S. mutans
UA159 during growth is shown in Figure 4. The DPD concen-

35 e S. mutans UA159
+ S. mutans UA159 AluxS
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Figure 4. Concentration of DPD during the cultivation of wild-type
S. mutans.

tration increased during the exponential growth phase and
reached a maximum value (29.3 ngmL™" or 0.22 pm) at the
transition from the late exponential to the stationary growth
phase (ODgy, = 1.2). Thereafter, a drastic decline in DPD concen-
tration was observed. A sharp decline in Al-2 concentration
in the medium at stationary phase has also been seen
in other species including Shewanella sp.**' and Salmonella
typhimurium, where it is due to Al-2-induced synthesis of a
transporter.” The analysis of the AluxS strain of S. mutans
UA159 at different times of the growth phase showed the ab-
sence of DPD (Figure 4).

The results of the analysis of V. harveyi BB152 in the late
exponential phase (see above) served as a control. Again, in
V. harveyi MM77, a strain lacking the capability to produce 1,
no DPD was found. These data prove the usefulness of our
approach.

Confirmation of the absolute configuration

DPD is a chiral molecule with a stereogenic center at C-4. The
first studies employing X-ray analysis gave evidence for DPD as
(S) configured; this was supported by extensive biosynthetic
investigations. %% A synthetic verification confirmed (S)-DPD
as the precursor of the Al-2 group of signaling molecules.”
With the derivative 13, the direct determination of the abso-
lute configuration was also possible.

ChemBioChem 2009, 10, 479 — 485
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The two DPD enantiomers were synthesized according to
published procedures, starting either from methyl (S)-isopropyl-
ideneglycerate or methyl (R)-isopropylideneglycerate."®'¥ The
enantiomerically pure products were then transformed into
the corresponding silylated quinoxalines 13 and were analyzed
by GC on a chiral hydrodex-6-TBDMS GC phase (see Figure S3).
The analysis of an extract of V. harveyi BB152 showed the pres-
ence of only one enantiomer of DPD. The co-injection of the
derivatized natural extract with the silylated (S)-quinoxaline (S)-
13 showed the coelution of both peaks (see Figure S2); thus,
this confirmed the (S) configuration of the natural DPD.

Conclusions

In this article we report for the first time the direct chemical
analysis of Al-2 through isotope dilution analysis in culture su-
pernatants of bacteria; this allows for positive identification
through direct observation of the target molecule. This
method is reliable in an appropriate buffer and is not influ-
enced by the presence or absence of borate. It allows qualita-
tive and quantitative on-target analysis over a wide range of
concentrations with a 5 nm detection limit. It can be adopted
to various concentrations with proper amounts of the internal
standard. Furthermore, the sensitivity is similar to or even
better than currently employed biological sensor systems!®'
and might be further enhanced with more sensitive mass spec-
trometric analytical techniques like detection in single-ion-
monitoring mode (SIM).

Experimental Section

Chemicals: Chemicals were purchased from Fluka or Sigma-Al-
drich and used without further purification. NMR spectra were
obtained using a Bruker AMX400 ("H NMR: 400 MHz, "*C NMR:
100 MHz) spectrometer with TMS as an internal standard.
Column chromatography was carried out using Merck silica gel
60. Thin layer chromatography was carried out using 0.2 mm
pre-coated plastic sheets (Polygram Sil G/UV,s, Marcherey &
Nagel, Duren, Germany). Solvents were purified by distillation
and dried according to standard methods.

Biological samples: Wild-type Streptococcus mutans UA159
(ATCC 700610) and a luxS-null mutant, constructed by the allel-
ic replacement of the luxS gene with an erythromycin resist-
ance cassette using the PCR mutagenesis strategy,”” were
grown at 37°C without agitation under anaerobic conditions
(80% N, 10% H, 10% CO,) in a defined semisynthetic
medium containing 0.5% sucrose.?? During growth, 5mL
aliquots of the culture were withdrawn, centrifuged at
13000 rpm at 4°C, and the resulting supernatants were used
for the Al-2 analysis. Vibrio harveyi BB152 and MM77 were incu-
bated in the AB medium described by Greenberg et al.,”*® and
cell-free culture supernatants served as positive and negative
controls in the Al-2 analysis, respectively.

GC-MS analysis: GC-MS analyses were carried out on a HP
6890 Series GC System connected to a HP 5973 Mass Selective
Detector (Hewlett—Packard Company, Wilmington, USA) fitted
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with a BPX5 fused-silica capillary column (25 mx0.22 mm id.,
0.25 mm film, SGE Inc., Melbourne, Australia). Conditions were
as follows: splitless injection (60 s valve time), inlet pressure of
77.1 kPa, He flowrate of 23.3 mLmin~', injection volume of
2 uL, transfer line temperature of 300°C, and an electron
energy of 70 eV. The GC was programmed as follows: 5 min at
100°C then to 300°C at 10°Cmin~' or 2 min at 100°C then to
250°C at 10°Cmin~" and finally to 320°C at 20°Cmin~". The
carrier gas was He at a 1 mLmin~" column head pressure.

Chiral GC analysis: Separation of the enantiomers was carried
out on a 8000Top GC (ThermoQuest, Toronto, Canada) instru-
ment fitted with a Hydrodex-6-TBDMS column (35 mx0.25 mm
i.d., Macherey & Nagel) and a flame ionization detector. Condi-
tions were as follows: inlet pressure of 30 kPa, H, flowrate of
20 mLmin~', and an injection volume of 2 uL. The GC was pro-
grammed as follows: 30 min at 150°C increasing to 220°C at
1°Cmin~". The carrier gas was H, at a T mLmin~' column head
pressure.

Synthesis of standard 16: According to the method of Sajiki
etal.,™™ a mixture of 1,2-phenylenediamine (5.0 g, 46.2 mmol)
in D,O (150 mL) and 5% Pt/C catalyst (1.0 g, 20 wt%) were
stirred in a closed apparatus under a H, atmosphere at 180°C
for 48 h. After being cooled to room temperature, the reaction
mixture was extracted with dichloromethane (3x), and the
combined organic extracts were washed with water and dried
with MgSO,. Removal of the solvent in vacuo furnished
[3,4,5,6-°H]1,2-phenylenediamine (15). This procedure was re-
peated two times to ensure complete deuteration. Finally, 15
(3.12 g, 27.9 mmol, 60.5%) was obtained with a *H incorpora-
tion of >95% (determined by GC-MS). EI-MS (70 eV): m/z
(%) =112 (100) [M]*, 84 (53), 56 (23), 42 (11).

Similar to a method of DeKeersmaecker et al.,""¥ deuterated di-
amine 15 was transformed into the quinoxaline 16. Compound
15 (28.0 mg, 0.25 mmol, 2.5 equiv.) was dissolved in dichloro-
methane (5 mlL), and (S)-4,5-dihydroxy-2,3-pentanedione (1,
13.2 mg, 0.1 mmol) in dichloromethane (2 mL) was added. The
mixture was stirred for 2 h at room temperature, the solvent
was removed, and the crude product was purified by flash
column chromatography to obtain [5,6,7,8-*H]1-(3-methylqui-
noxalin-2-yl)ethane-1,2-diol (16, 7.1 mg, 0.03 mmol, 33%, *H in-
corporation of 95.2%, as determined by 'H NMR) as a yellow
solid. R;=0.28 (dichloromethane/methanol, 19:1); 'H NMR
(400 MHz, CDCl;, TMS): 5.14-5.12 (m, 1H, CHOH), 4.05 (dd, J=
11.6 Hz, 3.5 Hz, 1H, CHH*OH), 3.86 (dd, J=11.6 Hz, 5.5 Hz, 1H,
CHH*OH), 2.82 (s, 3H, CH,).

Derivatization of DPD in culture supernatants: Potassium
phosphate buffer (0.1m, K;HPO,/KH,PO,, pH 7.2, 0.5 mL) and
1,2-phenylenediamine (2.0 mg, 18.5 umol) were added to the
culture supernatant (1 mL), and the mixture was allowed to
react for 2 h at room temperature. The deuterated internal
standard 16 (50.0 ng, 0.24 nmol) was then added, and the
sample was applied onto an EXtrelut® NT 1 column (Merck).
After 10 min, dichloromethane (1 mL) was added, and after an
additional 5 min, the sample was eluted with dichloromethane
(4 mL). The resulting dichloromethane extract was concentrat-
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ed under a gentle stream of nitrogen, N-methyl-N-(trimethylsi-
lytrifluoroacetamide (MSTFA, 50 pL) was added, and the mix-
ture was heated at 60 °C for 30 min.”?> The mixture was evapo-
rated to dryness under a stream of N, to remove excessive
reagent, the residue was taken up in dichloromethane (20 uL),
and 2 pL of the mixture were injected into the gas chromato-
graph for GC-MS analysis.

Synthesis of (S)- and (R)-4,5-dihydroxy-2,3-pentanedione (1):
Both enantiomers were synthesized according to the method
of DeKeersmaker et al. starting with either methyl (S)-isopropyl-
ideneglycerate or methyl (R)-isopropylideneglycerate.'*'¥ The
spectroscopic data matched the reported values.
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